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Preface

In the last two decades, nanoscience and nanotechnology have found widespread 
application in various fields of study relating to the properties of inorganic, organic 
and biological objects on the nanoscale. Analytical chemistry takes advantage of the 
new possibilities and phenomena offered by nanoscience and nanotechnology and 
apply them for two purposes: to solve classical analytical problems arising in different 
methods of separation, preconcentration and analysis, and to develop new methods 
of nanoobjects analysis and characterization. So far this new area of analytical che-
mistry has no agreed-upon name or consensus on its definition. Therefore, Chapter 1  
of this book proposes and justifies the use of the term “Nanoanalytics”, its concept 
and definition. The aim of this chapter is to share and discuss with professional ana-
lysts and other specialists involved in the area of nanoanalytics an integrated view on 
this area of analytical chemistry to find new possibilities for development of chemical 
analysis. Toward the aim, this chapter is mainly focused on the many faces of nanoob-
jects and nanotechnologies used as tools for nanoanalytics. It is proposed to subdi-
vide the nanoobjects into two groups: solid (hard) and liquid (soft) ones. The solid 
0D-3D nanoobjects (nanoparticles) are characterized by unusual quantum-sized, sur-
face-to-volume ratio, shape and composition effects with highly enhanced analytical 
characteristics based on unique spectroscopic, electrochemical, sorption or magnetic 
properties of nanosized matter. Liquid nanoobjects can exist only in liquid medium 
and contrary to solid ones are equilibrium and thermodynamically stable systems. 
Their characteristic features that are valuable for analysis are based on local micro-
environment effect, compartmentalizing and distance effects that enhance the reacti-
vity, stability, decrease hydration of reactants, change the chemical reaction pathway 
and rate, increase electron and energy transfer due to solubilization and inclusion 
effects as well as change dynamically the sorbent surface properties. Nanoanalytics 
deals with different nanotechnologies that in turn can be also subdivided into two 
groups. First one includes measuring physical technologies that are applied to cha-
racterization of the particle sizes as well as chemical composition in order to find 
their relation to the amplification of the analytical signal when using nanoobjects. 
A design of new analytical instruments based on new approaches can also be fit into 
this group. The second group includes synthetic technologies for development of new 
kind of nanoobjects or modification of their surface to get new analytical possibili-
ties. It should be noted that nanoanalytics is both an actor in the development of the 
nanoobjects and nanotechnologies, and simultaneously a user of the resulting nanos-
tructures, technologies and devices. The combination of these tools helps to apply 
new driving forces to improve different classical analytical methods and to create new 
types of analytical procedures. In addition, the roles of nanoanalytics in solving cell 
imagine and theranostics problems as well as problems of nanometrology are discus-
sed. Nanoanalytics is highly multidisciplinary field, ranging from chemistry, physics, 
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VI   Preface

and biology to medicine and engineering. Thus, it is crucial to integrate researchers 
who are experts in the mentioned fields to make possible and foster communication 
between them to generate novel approaches in nanoanalytics.

The book also contains eleven reviews containing up-to-date information on 
a wide range of developments and applications of solid and liquid nanoobjects in 
various methods of analysis, separation and preconcentration of organic, inorganic 
and biological substances. So Chapters 2, 3, 4, 5 represent reviews that are devoted to 
the use of nanoobjects and nanotechnologies in spectrometric (molecular absorption 
and luminescence) methods of analysis. Chapter 2 is written by biologist and physi-
cists who have extensive experience in applying of gold nanoparticles in bioassay. 
Chapter 3 describes the use of different kinds of nanoparticles (gold, silver, quantum 
and carbon dots, lanthanide chelates, etc) to enhancement of absorption and lumi-
nescence signals for application in rapid immunotests. Chapter 4 provides informa-
tion on the use of nanofilms (produced by self-assembled monolayers, layer-by-layer 
or Langmuir-Blodgett technique) as sensitive layers of chemical and biochemical 
sensors. Chapter 5 focuses on the application of excitation electron energy transfer in 
liquid and solid nanoobjects for luminescent analysis of organic, pharmaceutical and 
bioorganic substances.

The Chapters 6, 7, and 8 are reviews devoted to advantageous of the use of nano-
materials in electrochemical analysis. Chapter 6 reviews the specific properties of dif-
ferent nanomaterials (high adsorptive capacity, catalytic activity, excess of surface 
Gibbs free energy) that influence on the kinetics and thermodynamics of the electrode 
processes and their use in chemical and biochemical sensors. Chapter 7 is devoted to 
the application of carbon nanomaterials and surfactants as electrode surface modi-
fiers in organic electroanalysis. In Chapter 8 the development of electrochemical DNA 
sensors and aptasensors based on nanoparticles different in nature, size, shape, and 
preparation protocols has been considered with particular emphasis to the mecha-
nism of their influence on signal readout and way of implementation in the biosensor 
assembly.

The last part of the monograph consists of four chapters that review recent 
progress in the use of nanoobjects in separation and preconcentration methods. 
Chapter 9 describes of modern trends in the field of molecular imprinted polymers 
that are representatives of nanoporous materials used as the selective sorbents in 
solid-phase extraction but also in creation of various types of sensors. Chapter 10 
talks about carbon nanotubes that are the widely used in analytical chemistry for 
sorption, separation and preconcentration of metal ions, radioisotopes, and organic 
substances owing to high sorption capacity, completeness of analyte extraction–reex-
traction stages, and their easy modifications. Advances in application of microemul-
sions for extraction and concentration of hydrophobic target compounds and metals 
ions from various food, pharmaceutical, ecological, and other objects which can 
then be analyzed by high performance liquid chromatography (HPLC) are the topic of 
Chapter 11. Finally, Chapter 12 gives a review of application surfactant micelles in thin 
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layer chromatography and HPLC that allow the modification of mobile and stationary 
phases in dynamic mode.

Nanoanalytics is the first book of its kind and will be of interest to researchers, 
students and all specialists in Chemistry, Physics, Biology, Material, Life and Environ-
mental Sciences, as well as those who are involved in the development of analytical 
methods and procedures based on nanoobjects and nanotechnologies or analysis of 
nanomaterials.

Sergei Shtykov
Saratov, December 2017
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https://doi.org/10.1515/9783110542011-001

S. N. Shtykov
1  Nanoanalytics: Definitions, Classification, History, 

and Primary Advances
1.1  Introduction

The last decade of twentieth century and the beginning of twenty-first century have 
witnessed a new paradigm in the scientific community. This paradigm is based on the 
unique properties of nanosized samples of different substances and combines the 
previously disembodied data observed by physicists, chemists, biologists, and mate-
rial scientists. It was also brought about by an advent of new instrumental methods 
such as scanning tunneling microscopy (STM), atomic force microscopy (AFM), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 
several other methods, the potential of which helped to form a new interdisciplin-
ary research field – nanoscience – and its practical implementation – nanotechnol-
ogy. Implementation of these methods allowed researchers not only to visualize and 
directly produce nanosized objects but also to control them.

It should be noted that “nanotechnologies” gained a more widespread, although 
not necessarily justified recognition than “nanoscience” did. By the end of twenti-
eth century, nanotechnologies became a blanket term used to describe a large area 
of science dedicated to studying nanostructures and involved in their application 
phenomena, measurements of nanosized objects, as well as practical implemen-
tation of this knowledge in various fields of science and technology. Nevertheless, 
today “nanoscience” and “nanotechnologies” received international recognition 
as separate terms with their own meanings. This is evidenced by publication of  
a number of monographs such as UNESCO encyclopedia entitled “Nanoscience 
and Nanotechnologies” [1], “Nanoscience and Nanotechnologies in Engineering” [2], 
and “Nanoscience” [3]. All these publications clearly differentiate “nanoscience” and 
“nanotechnologies.” 

The response of scientific community to emergent nanoscience and nanotech-
nologies is very diverse. Some consider these concepts a “novel,” revolutionary trend 
but also carefully admit that nanoscience and nanotechnologies have yet to leave the 
academic laboratory level and that it is still not clear how fast can advances of nano-
science be transformed into real industrial nanotechnological applications [4]. Other 
researchers believe that nanoscience is not yet a scientific discipline on its own, and 
may never become one, because it is not yet evident that the Laws of Nature are par-
ticularly special between 1 and 100 nm [5]. Therefore, one may conclude that nano-
science is merely a collection of fragments of traditional classic disciplines – physics, 
chemistry and biology – which describe the properties of nanoobjects using quantum 
chemistry and surface science, or those currently existing terms and definitions have 
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4   Part I:  Nanoanalytics: Concepts, Elements, and Peculiarities

social but not scientific value. The purpose of these definitions is to convince the 
society that there is a certain threshold in objects size, which distinguishes nanoob-
jects from micro- and macro-objects. At the same time, the definitions do not provide 
the fundamental reasons that can be used to explain the existence of such a bound-
ary, given a variety of anomalies exhibited by nanoobjects whose size varies from  
1 to 100 nm.

Currently, “nano-words” are broadly used by people from all layers of society, 
including scientists, engineers, physicians, ecologists, military officers, politicians, 
and economists. Their use increases dramatically and pervades common language. 
Analysis of the reports presented at the world largest conference on analytical 
chemistry in Pittsburgh distinguishes more than 30 different terms using “nano-”  
as a prefix. The most common “nano-words” are collected and systematized in 
Tab. 1.1.

In addition, in nanotechnologies, there is a wide range of terms describing prop-
erties and phenomena typical for nanoobjects, including size effect, self-assembly, 
self-organization, surface plasmon resonance (SPR), superparamagnetism, and smart 
materials. Another field closely related to nanotechnologies is originated from various 
metering and visualization techniques such as electron microscopy (TEM, SEM) and 
multiple variations of scanning probe microscopy, the most famous of which are STM, 
AFM, magnetic force microscopy (MFM), and near-field scanning optical microscopy 
(NSOM), which find a wide application in nanoobjects research.

Popularity of this research field resulted in creation of national nanotechnology 
development programs adopted in more than 55 countries. The first of such programs 
was the National Nanotechnology Initiative in United States, which was proposed in 
1998 and finally implemented in 2001. However, only a few people fully understand 
the significance and capabilities as well as positive and negative aspects of current 
achievements of nanoscience and nanotechnology, especially their potential. There 
are numerous assumptions and false information (hoaxes), regarding capabilities, 
positive and negative effects, and ethics of nanoscience and nanotechnology applica-
tion, both in society (spread by mass media) and among scientific community; at the 
same time, business, science, and society are united in their attitudes to maximizing 
the profit from such applications. Nanoscience and nanotechnologies, in particular, 
became a sort of icon for the idea of “breakthrough to the future.” 

The illusion of fast and easy synthesis of nanomaterials and achievement of 
their practical application led to first successes in several countries, in the first 
instance, in United States, Germany and Japan, where hundreds if not thousands 
of companies already made money off nanotechnologies. At the same time, a few 
people note that the last decade of the twentieth century was marked by large-
scale fundamental studies of the unexplained properties of nanosized and nano-
structural objects, which, in turn, led to foundation of the basic nanoscience. And 
only after that, in the twenty-first century, as the amount of data on nanosized 
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compounds and their change patterns increased, first real nanotechnologies 
started to emerge.

So, the question is arisen: which of the current scientific fields can be surely clas-
sified as nanotechnology? According to experts’ opinions, they include [1–9]:
– nanoelectronics and spintronics, where the size of individual device elements 

does vary between 50 and 100 nm;

Tab. 1.1: Examples of words with “nano” prefix

General terms Objects Measurement Units

Shape Nature Functions

Nanoscience Nanotube Nanoobject Nanoreactor Nanodimension
Nanochemistry Nanowire Nanostructure Nanoelectrode Nanoscale
Nanophysics Nanofiber Nanomaterial Nanobalance Nanosize
Nanobiology Nanobelt Nanocrystal Nanomembrane Nanometer
Nanomedicine Nanorod Nanocolloid Nanoseparation Nanogram
Nanotechnology Nanotubulene Nanosuspension Nanoprobe Nanoliter
Nanoelectronics Nanowhiskers Nanodispersion Nanosensor Nanovolume
Nanophotonics Nanosphere Nanocomposite Nanobiosensor Nanoidentation
Nanospectroscopy Nanocapsule Nanofluid Nanotweezers Nanometrology
Nanoelectrochemistry Nanolayer Nanopowder Nanotemplate  
Nanolithography Nanofilm Nanoclusters Nanochannel  
Nanotribology Nanosheet Nanopaper Nanobarcode  
Nanodevices Nanoring Nanoribbon NEMS
Nanoindustry Nanorose Nanosome Nanoencapsulation
Nanobusiness Nanoshell Nanoceramics Nnaoactuators
Nanopharmacology Nano-onion Nanoglass Nanorobot
Nanobiotechnology Nano-dot Nanocarbon Nanodrugs
Nanoeducation  Nanodiamons Nanotoxicity
Nanomarket
Nanoparticle

 Nanogold Nanoflow
Nanosilver Nanopores
Nanomagnetite Nano-HPLC
Nanohardness Nano-SCF
Nanofiller Nanoelectrospray
 Nanoionics

Nanobattery
Nanoglue
Nanocars
Nanothermometer
Nanoink
Nanomaterial- 
based vectors

NEMS nanoelectro-mechanical systems
HPLC high-performance liquid chromatography
SCF Supercritical Fluid
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– nanobiotechnologies and medical (pharmaceutical) technologies in which nano- 
and microcapsules are used to transport therapeutic agents to and inside the 
organs affected by a disease; over the last 5 years such technologies have been 
incorporated into a new field of science called theranostics;

– production of nanomaterials;
– production of metering equipment and devices for nanotechnology;
– production of fuel cells that convert chemical energy into electricity using 

nanoparticles (NPs);
– car industry and automotive remediation based on catalytic properties of NPs;
– cosmetics industry using NPs for preparing lotions, creams, or shampoos;
– textile industry using NPs to produce stain-repellent and gas-filtering fabrics.

It should be noted that some of the nanotechnologies evolved from previously estab-
lished microtechnologies; the most prominent example of such phenomenon is nano-
electronics, which is the next logical downscaling step after microelectronics. Novel 
or “revolutionary” nanotechnologies include production of fullerenes, quantum dots, 
and carbon nanotubes, various types of metal and metal oxide NPs (gold, silver, mag-
netite, etc.), and especially, emergence of types of scanning probe or electron micros-
copy, which is capable of separating and identifying single atoms on the surface  
of nanoobjects.

At first, professional analytical chemists did not pay attention to nanotechnologies 
as much as physicists, material scientists conducting synthesis of inorganic materials, 
or even biologists did. However, analytical chemistry is an interdisciplinary science, 
so that it could not ignore an appearance of new spectral or other physicochemical 
phenomena. Likewise, opportunities provided by application of nanoobjects and nan-
otechnologies in chemical analysis should not be neglected, especially due to unique 
capabilities of nanomaterials, including detection of mind-bogglingly small quantities 
(femto-, atto-, or even zeptomoles!) of inorganic, organic, and biological substances 
using chemical sensors. Physicists, in their turn, developed different types of “probes” 
to measure the size and even to make a conclusion about the nature of atoms or mole-
cules comprising the sized nanoobject. We speak here about atomic, molecular, or mag-
netic force microscopy; STM; and electron (TEM, SEM) microscopy or spectroscopy. It 
should be particularly pointed out that in the near future a great qualitative advance 
of mankind life can be anticipated as a combination of four basic technologies of the 
twenty-first century: Nano-, Bio-, Info-, and Cogno-technologies abbreviated as NBIC.

Similar to physicists, while acquiring new materials and technologies, mate-
rial scientists and biologists (probably unwittingly) overtook analytical chemists in 
developing novel approaches for chemical analysis. Therefore, if analytical chemists 
want to keep the pace (we believe they do), they have to cooperate with nanoscience 
and nanotechnology experts and try to gain a better understanding of fundamen-
tal capabilities of new methods not only to detect but also to concentrate, separate, 
and determine different compounds. This will help them to see in a new light already 
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well-established methods and approaches and to propose new ones, which cannot 
be foreseen by specialists from other fields because of their specific background and 
vision. This remark is especially true for metrology, particularly its part dealing with 
the development of different fields of nanometrology and their application for nano-
analytical chemistry. Creation of standards (Certified Reference Materials [CRM]) for 
nanomaterials and nanoobjects is equally important. The key role of analytical chem-
ists for these nanometrology problems, which exactly tasks, is obvious.

1.2  Brief historical overview

Nanotechnologies did not emerge suddenly in the last decade of the last century 
but stemmed from a gradual evolution (and perfection) of several high-temperature 
techniques used in the production of glass and luster potteries over ages [9–15]. As 
it is evident from these publications, chemical synthesis of metallic NPs incorpo-
rated into glass or luster glaze used for covering dishes, potteries, and decorations 
has been performed since ancient times, probably from the bronze age [10]. Usually, 
such techniques were discovered accidentally by various craftsmen during Ancient 
and medieval periods. Data provided by modern electronic and scanning microscopy 
investigations of many antique artifacts with an unusual coloration proves the pres-
ence of metallic NPs, as has clearly been shown in a special issue of the Journal of 
Nano Research in 2009 [14].

One of the first examples of such nanotechnology is “Egyptian blue,” an inorganic 
material with tremendous cultural significance [1, 9–14]. This term refers to a complex 
mixture of primary CaCuSi4O10 and SiO2 (both glass and quartz), which has the dis-
tinction of being the first synthetically produced pigment in human history. Historical 
and archeological evidence indicates that it was being manufactured since as early 
as the third millennium B.C. Egyptian blue was used extensively for decorative pur-
poses in Ancient Egypt, Mesopotamia, Greece, and Roman Empire. It was shown by 
modern investigations that Egyptian blue consists of both nanosheets (<10 nm thick) 
and nanoplatelets (>10 nm thick) of CaCuSi4O10. In some cases, the thickness of such 
sheets is close to 1 nm.

The second well-known and famous example of using nanotechnology is the 
glass Lycurgus Cup (4th century A.D., Rome), which is kept in the British Museum 
(Fig. 1.1). The most remarkable feature of this cup relies on its dichroism. It contains 
gold and silver alloyed NPs (with sizes varying from 5 to 60 nm), which are distributed 
in such a way as to make the glass looking wine-red when viewed in the transmitted 
light, but green in the reflected light [1, 10, 11].

Other well-known examples of nanotechnology are stained glass windows of 
many medieval European cathedrals, for example, Cassius Purple. Several Christian  
cathedrals built between the fourth and twelfth centuries in Rome and then in 
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seventeenth century in other parts of Europe are decorated by ruby glass or Cassius 
Purple containing gold NPs [10–14].

Damascus steel swords from the Middle East were made between 300 and 1700 A.D. 
and are known for their impressive strength, shatter resistance, and exceptionally 
sharp cutting edge. It was established that the steel blades contain oriented nanoscale 
wire- and-tube-like carbon structures that almost certainly enhanced the material’s 
properties [15]. A further example of nanotechnology is silver photography, in which 
the specificity of very small nanosized particles resulted of photochemical reaction 
was used from the nineteenth century [9, 16].

Francesco Selmi (Italy, 1843) was the first to investigate systematically colloids 
by studying aqueous colloidal solutions of sulfur, Prussian blue, and casein. He con-
cluded that these solutions are not true solutions but suspensions of small particles 
in water [17]. One of the first scientific experiments in the field of nanotechnology was 
carried out by Michael Faraday (England, 1857), who prepared stable solutions of red 
colloidal gold and investigated some of their optical properties [18]. Fifty years later, 
Gustav Mie proposed a theory that explained these unusual optical properties [19, 20].

Works published in 1861 by British chemist Thomas Graham have actually led 
to foundation of a new independent field of science – colloid chemistry that studies 
dispersed matter and surface phenomena in disperse systems. Graham [21] summa-
rized all existing research data, introduced new concepts, such as “colloid,” “sol,” 
and “gel,” and described several features characteristic to colloidal matters.

Colloid chemistry was advanced further by Russian chemists – I. Borschov (1869), 
P. von Weimarn (1904), A. Dumansky (1904), and P. Rehbinder (1928), who systemati-
cally studied surfactant solutions, as well as their European and American colleagues 
– H. Schulze, W. Hardy, (1883), R. Zsigmondy and R. Siedentopf (1903), A. Einstein 
and M. Smoluchowski (1906, theory of Brownian movement of colloid  particles), 
J. McBain (1913), I. Langmuir (1916), T. Svedberg (1919, development of ultracentrifu-
gation technique), W. Ostwald, and many others [17, 22–24].

Fig. 1.1: The Lycurgus Cup, illuminated from outside (left) or from inside (right). Trustees of the 
British Museum. 
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At the turn of twentieth century, biological colloid particles similar to their inor-
ganic counterparts were also discovered. In 1892, D. Ivanovsky discovered the first 
biological colloid particle – Tobacco mosaic disease virus (https://en.wikipedia.org/
wiki/Dmitri_Ivanovsky), and in 1901 W. Reed found the yellow fever virus, which was 
the first human virus discovered. Later, it was established that the size of this virus 
ranged from 40 to 80 nm [22–24].

It should be noted that until 1903, when R. Zsigmondy and R. Siedentopf devel-
oped their optical ultramicroscope with a resolution of up to 5 nm, “colloid particles” 
were defined as particles, which are invisible in ordinary optical microscopes with a 
resolution of up to 300 nm. However, the lack of capability to observe such particles 
did not prevent P. von Weimarn from stating the fundamental principle of universality 
of colloid or ultradisperse state of matter, which gains new characteristic physical 
and chemical properties. Other singular examples in colloid chemistry development 
are foundation of the first laboratory dedicated to the related research by A. Duman-
sky and systematic studies of surfactant micelles by P. Rehbinder in 1930–50s [22–24].

It is also interesting to note systematic studies of properties and forms of surfac-
tant micelles conducted at the beginning of the twentieth century by J. McBain. A new 
step of studying colloids and interfaces began in 1916 when I. Langmuir described 
his method of production and study of monolayers (two-dimensional nanoobjects) at 
phase interface. Later Langmuir and his student, K. Blodgett, developed a technique 
for transferring monolayers from water surface onto a solid support. Another promi-
nent achievement was made in 1931 when E. Ruska and M. Knoll developed the first 
electron microscope. Therefore, one can consider colloid chemistry, which subject 
is to study colloid (ultradisperse) state of matter, that is, the nanosized objects, as a 
predecessor of contemporary nanoscience, as was stated by A.I. Rusanov. The reader 
interested in a more detailed historical evidence of development of nanoscience and 
nanotechnologies is referred to refs. [17, 22–24].

Nonetheless, it is generally accepted that the nanotechnology era began with the 
famous lecture of R. Feynman given at the meeting of American Physical Society in 
1959. He was the first one to raise the question whether there are any fundamental 
restrictions on manipulations with certain atoms or groups of atoms [25]. Fifteen years 
later, in 1974, Taniguchi [26] for the first time introduced the term “nanotechnology”.

The next event that played a very important role in nanotechnology formation was 
the development of scanning tunnel microscope by G. Binnig and H. Rohrer in 1981, 
followed by the development of atomic force microscope by G. Binnig in 1986. After 
these powerful sizing tools became available, the era of scanning probe microscopy 
was started, which currently has over 30 different variations [27]. As a result, nowa-
days scientists are able not only to visualize nanoobjects but also to manipulate them.

For quite a long time, such studies were conducted intuitively in separate labo-
ratories and were not considered as a part of a single scientific field. Specific interest 
in nanotechnologies became expressed by both scientists and the public only after 
Drexler [28] published his book in 1989, in which he demonstrated in popular terms 
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the fantastic capabilities of nanoworld for humanity, both of positive and negative 
effects. For example, Drexler discussed the possibility of engineering nanorobots and 
said that their fast self-replication would lead to formation of so-called “grey goo,” 
which may eventually wipe out the humanity from the Earth.

Among other events important for stimulating the development and formation 
of a new nanotechnological paradigm are the discovery of fullerenes by R. Smalley, 
H. Kroto, and R. Curl (1986) [29] and carbon nanotubes (CNTs) by Iijima in 1991 [30]; 
production of the first CNT-based field-effect transistor in 1998 [31]; production of 
graphene by A.K. Geim and K.S. Novoselov in 2004 (Nobel prize award, 2010) [32]; 
and the development of graphene-based sensor capable of sensing a single molecule 
of adsorbed gas, in 2007 [33]. The year of 2007 was also marked by the development of 
transmission electron microscope, with a definition of 0.05 nm and fast-acting scan-
ning tunnel microscope, which allows online tracking nano-level processes [1, 2, 23].

Significant advances in the application of nanomaterials and nanotechnologies 
for chemical analysis were made by Mirkin [34], who used modified gold NPs for detect-
ing biomolecules, and by Alivisatos [35] and Nie [36], who implemented semiconduc-
tor quantum dots. During the past 15 years, dozens of reviews, tens of monographs, 
and more than 3,000 research papers were published, which provided examples on 
various applications of solid nanoobjects – metallic; metal oxide; chalcogenide; and 
other NPs, nanotubes, nanofilms, and nanoporous materials – for different types 
of analysis, including separation and enrichment steps. However, these studies, as 
mentioned above, were mostly conducted separately by different research groups of 
physicists, chemists, biologists, and material scientists and never considered to be 
within the frames of a single research field. This is likely the main reason why “nano-
analytics” term has emerged only 10 years ago, that is, much later than the majority 
of other “nano-” terms and has not gained widespread recognition [37]. For this very 
reason, this term is absent in dictionaries and glossaries of nanotechnological terms 
[8, 38–40] and has so few Internet references. Moreover, the nanoanalytics term was 
initially used (and still used) by physicists to designate the laboratories and research 
methods in use, such as STM, AFM, TEM, and X-ray diffraction (XRD) methods, with 
the purpose to investigate the morphology, size, interphase boundaries, and, to an 
extent, chemical composition of nanoobject surface [41].

Since 2007 “nanoanalytics” has started to be also used by analytical chemists to 
define the field of science concerned with the application of nanoobjects in various 
traditional methods of separation and identification of compounds, as well as chemical 
sensors [37]. Scientometric analysis shows that “nanoanalytics” is still rarely used and 
has no certain definition even among scientists specializing in analytical chemistry. 
Some define nanoanalytics as analysis of chemical composition of NPs, and others as 
chemical analysis of surface, nanofilms, and interphase boundaries; still others mean 
sizing and characterization of nanoobjects morphology, while yet others think of appli-
cation of nanoobjects for the purpose of chemical analysis and sometimes of using 
the nanovolumes of analyzed liquid media [42–45]. Among the aforementioned goals, 
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precise evaluation of physical size of nanoobjects is the most difficult task as it requires 
using standards and conducting precise image processing, which resulting in develop-
ment of nanometrology. However, metrology was always an important part of analytical 
chemistry. Thus, there are still many problems for analytical chemists to solve.

Concept development and classificatory generalization have to be interesting 
both for scientists involved in that field and for state and business bodies funding 
such research, as well as for education institutions with chemical analysis and nano-
technologies disciplines.

This chapter is dedicated to a brief description of the concepts and primary topics 
of nanoanalytics, nanoobjects, and nanotechnologies, as well as certain metrological 
aspects of its constituent parts. With this objective, the author intends to provide a 
certain narrative logic and systemize all primary fields of nanoanalytics development 
without merely listing the most interesting experimental facts. At the same time, the 
proposed classification shall be supported by exciting general and specific exam-
ples of analytical techniques that are already practiced by scientists worldwide. It 
is important to mark the goalposts for nanoanalytics development and establish its 
place in contemporary analytical chemistry. Also in author’s opinion, it is necessary 
to account for discrepancies between the specialists on the role of nanotechnology 
in analytical chemistry, as some believe in limitless possibilities and revolutionary 
nature of nanotechnologies, whereas others are skeptical about their possibilities for 
improving analysis; there are yet some who critically consider that everything with 
the prefix “nano” is merely another “bubble.” 

Concepts proposed in this chapter are based on the analysis of numerous reports on 
nanoobjects and nanotechnologies application for chemical analysis published during 
the last decade [42–51]. At the same time, the author understands the importance of 
comprehending or even listing all aspects of such diverse and interdisciplinary area of 
analytical chemistry. This notion is supported by the famous statement of A. Einstein 
that “no problem can be solved from the same level of consciousness that created it.” 
Nanoanalytics serves as a proof of that statement as it cannot be developed merely by 
professional analytical chemists but also by chemists, specializing in other fields, as 
well as by physicists, material scientists, biologists, metrologists, and mathematicians. 
The main purpose of this chapter is to share with the analysts and other specialists 
working in the area of nanoanalytics, an integrated view on its subject to find new pos-
sibilities from nanoscience and nanotechnology for nanoanalytics development.

1.3  The concept of nanoanalytics

The absence of consensus among various specialists on opinion regarding the term 
of “nanoanalytics” can be eliminated if the concept of nanoanalytics after discus-
sion becomes generally accepted. Such concept shall not only unite the abovemen-
tioned views on this area of analytical chemistry but also enlarge the wide world of 
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nanoscale objects and nanotechnological data used in chemical analysis, that is, to 
extend the nanoanalytics scope of application. Generalization of scarce literature 
sources, which use the term, and a large number of experimental papers allowed to 
distinguish several branches that constitute the subject of nanoanalytics as shown in 
the following schematic (Fig. 1.2).

As a result, nanoanalytics can be defined as follows: Nanoanalytics is an area of 
analytical chemistry that develops the principles and methods of application of nan-
otechnologies and specific properties of nanosized objects in chemical analysis. This 
version of the definition and corresponding concept have been formed and discussed 
throughout the term of nearly 10 years at various analytical chemistry conferences in 
Russia and other countries [46–51].

According to this concept, nanoanalytics consists of three primary branches:
– application of various types of nanotechnologies in analytical chemistry: chemical 

one that includes the synthesis and modification of nanomaterials for subsequent 
chemical analysis as well as sampling and physical one including measurement 
(evaluation) of size, shape, and morphology of nanoobjects in order to find their 
relation to analytical signal;

– application of various nanoobjects as tools for chemical analysis, which can be 
used to modify sensitivity and selectivity of analytical signal;

– chemical analysis of nanoobjects themselves via chemical and physical methods 
and corresponding metrological problems.

Fig. 1.2: The proposed concept of nanoanalytics.
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Let us discuss each of these three branches consecutively in accordance with defini-
tions of some other nano- terms.

1.4  Nanoobjects as tools for nanoanalytics

As we can see from the schematic (Fig. 1.2), one of branches of nanoanalytics 
involves utilization of solid and liquid nanoobjects for analysis, separation, and 
preconcentration (enrichment) techniques as means of tools for solving traditional 
analytical problems, particularly, increase in sensitivity and selectivity of analytical 
determinations.

1.4.1  Definition, classification, and fundamental properties  
of nanoobjects

Consistent use of terminology is especially important in new fields of scientific activ-
ity like nanoscience, nanotechnology, or nanoanalytics to ensure common under-
standing of concepts and tools among different stakeholders, such as science experts, 
regulatory authorities, industry, and consumers. This situation in the field of “nano” 
requires the ongoing global discussion on the meaning of some important key terms 
in this field. Up to the present time, the information about main “nano” terms has 
become so numerous and diverse that its systematization is due for this field. Every-
body understands that “nano,” of course, means “billionth of” something, usually 
size, but a question arises: what is the boundary at which properties become unusual? 
What is the boundary that can separate nanoobjects from atoms and molecules on 
one side and from bulk material on another? Therefore, many people, especially sci-
entists, question themselves – “what is nano?” “Is nano a bubble?” [52]. Distrust for 
everything new is increasing because every day we hear about a bubble in a national 
economy or a housing market. So, bubbles are ubiquitous, and everybody can ask: 
“Are nanoscience and nanotechnology bubbles, and if so, how can we avoid such a 
violent collapse?” 

If someone believes that nano-effect is a real phenomenon, then the next ques-
tion follows: “To be nano or not to be nano?” [53]. In other words, can we distin-
guish nanoobject with unusual properties (and in what field of physics, chemistry, or 
biology they can be applied for?) between nanoobjects with bulk properties? In the 
case of positive answer, other questions can arise, such as “What can nano do?” [54] 
and “What are the products of nanotechnology?” [55]. Nevertheless, in spite of many 
questions, during the last two decades the era of nano has had a tremendous posi-
tive impact on scientific research and in some extent on the technology level across 
the global world. Therefore, many developed countries have created nano-dedicated 
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research programs, research fellowships, networks, special institutes, and educa-
tional initiatives that aim to understand and leverage nanoscale discoveries [56].

In this part of the chapter, we shall become acquainted with tools that nanosci-
ence and nanotechnology employ in their practice, that is, nanoobjects. First of all, 
we need to provide our definition of nanoobject using chemical concepts and describe 
their nature compared with atoms, molecules, and phases specific for macro-objects. 
According to ISO 80004-1-2015, “nanoobject” is a discrete piece of material with one, 
two, or three external dimensions in the nanoscale, that is, with length range approx-
imately from 1 to 100 nm. This is physical description of nanoobject without regard 
for chemical nature and aggregate state. It is evident only that nanoobjects fall in 
between phases and atoms, which have diametrically opposite properties from ther-
modynamics standpoint [57–59]. Phases are macroscopic objects and only internal 
energy matters for them. On the opposite, in the case of atoms (molecules) only exter-
nal energy matters, while their internal energy is considered constant. The specific 
feature of nanoobjects is that both internal and external are equally important for 
understanding their properties.

Examples of external energy manifestation include NPs’ gaseous phase in the air 
or osmotic pressure of liquids. The internal energy of the system changes as a result 
of such processes as breakage or heating (both of solid and liquid NPs). Therefore, an 
important question arises – what model better describes the structure of nanoobjects? 
Are they small phases or very large molecules? The author of papers [57–59] believes 
that chemical approach shall have priority, that is, first we need to evaluate the inter-
nal energy and then (when it is not considered a constant) we can apply the phase 
approach. This may help us to consider both crystalline and amorphous nanoobjects 
as supramolecules; if a certain amount of such molecules have similar nature but 
growing size, they can be considered homologues (e.g., fullerenes C60, C70, …, 140, 
260, etc. or a series of magnetic NPs with varying magic numbers), while molecules 
with different structures can be considered isomers [59]. Such approach may lead to 
formation of a strict thermodynamic NPs theory, which utilizes the concept of chemi-
cal potential [57]. As a result, the formula was proposed showing the possibility of the 
particle size boundary below which the stable existence of NPs becomes impossible 
due to their spontaneous dissolution.

On the other hand, nanosized objects can be considered as a transition territory 
(area) of matter from laws of classical mechanics to laws of quantum mechanics, that 
is, nanoobjects means quantum-sized structure.

A few words shall be said about nanoobjects terminology. Such terms as nanoob-
ject, nanostructure, and nanosystem can be considered in some extent as equivalents 
as they have mostly the same meaning as indicators of objects size and complexity. 
Nanoparticle has a narrower definition and cannot be applied, for example, to nano-
sized films or nanoporous materials. At the same time, nanostructure and nanostruc-
tured object are not equivalent terms as the latter may include not only nano- but also 
micro- or macrosized bulk parts.
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In the twenty-first century, the era of nanotechnologies thrusts solid nanoob-
jects, which can be produced both in solution and by simple solid phase dispersion, 
into the spotlight. However, it was aptly noted that some nanoobjects may be created 
as a result of spontaneous association of molecules or ions in the solution forming 
so-called liquid nanoobjects [57–59]. The most graphic example of such nanoob-
jects are the well-known micelles, microemulsions, or vesicles, which form in liquid 
media as a result of self-organization (self-assembly) of surfactant molecules or 
ions. This category of nanoobjects includes many biological (proteins, RNA, DNA) 
and some synthetic compounds with high molecular mass and their complexes with 
surfactants.

Surfactant micelles are typical nanostructures both in size (3–10 nm) and in 
nature. Unlike solid nanoobjects, micelles do not act as nucleating seeds for new 
phases, that is, they exist only in nanosized state and form truly balanced and stable 
nanostructured systems. Thus, the majority of nanoobjects can be separated on the 
grounds of their phase into two groups – solid and liquid. Both of these groups find 
widespread application as tools of nanoanalytics, which (in addition to nanotechnol-
ogies) separate this field from classical analytical chemistry. Therefore, let us further 
discuss the properties of liquid and solid nanoobjects and spheres of their application 
for chemical analysis.

1.4.2  Liquid nanoobjects

Liquid nanoobjects (nanosystems, nanostructures) include micelles and microemul-
sions (enclosed monolayers) and vesicles (enclosed bilayers) formed by diphilic sur-
factant molecules and also their complexes with macromolecular substances [57, 59]. 
Micelles and microemulsions are considered as the most typical examples of nano-
structures for both their size (which may vary from three to tens of nm) and their 
unique characteristics and properties. Unlike solid molecular aggregates, which act 
as nucleating seeds for new phases and form an unstable equilibrium with the solu-
tion or vesicles, which posses only kinetic stability, micelles are an example of truly 
equilibrium and thermodynamically stable nanostructures. They can exist even in 
oversaturated solution, which only reinforces the concept of their inability to act as 
nucleating seeds for new macroscopic phases [57]. Thus, the term “nanostructure” 
gains its true meaning when applied for micelles as they have no macroscopic coun-
terparts and may exist only in nanosized state [57, 59]. This statement is true for both 
direct and reverse micelles and oil/water or water/oil microemulsions existing in 
polar water or non-polar solvents, respectively. In addition to micellar objects, the 
second type of liquid nanoobjects (nanostructures) includes receptor molecules like 
cyclodextrins, calixarenes, cyclopeptides, etc.

The studies of distinctive features of organized media containing both types 
of liquid nanoobjects, which can be used for chemical analysis reached their peak 
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during 1980–90s. A prerequisite of their application in analytical chemistry was the 
emergence of the following problems during the beginning of 1980s, which resulted 
from well-known restrictions of contemporary molecular spectrometry, separation, 
and preconcentration techniques [60–62]:
– the need for close proximity and localized preconcentration of analyte and reagent 

in very dilute solutions within detection threshold (10−8–10−18 M) when chemical 
reaction could not be executed; this resulted in significant improvement of detec-
tion sensitivity and decreased the detection limits for many compounds;

– the need for overcoming incompatibility of simultaneous detection of hydro-
philic and hydrophobic components of analytical reaction in aqueous solution 
or implementation of interaction between analyte and reagent molecules with 
vastly different solubility;

– the need for increased efficiency of intra- and intermolecular electronic exci-
tation energy transfer and electron transfer in order to increase the sensitivity of 
methods, which utilize their effects;

– implementation of potential simultaneous separation of hydrophilic and hydro-
phobic components of analyzed mixture via chromatography and capillary elec-
trophoresis;

– radical change the surface properties of sorbents in dynamic mode to facilitate 
substance concentration and separation.

Thus, we can establish two groups of molecules that form  nanostructures in the solu-
tion by the means of liquid nanoobjects formation [60–62]:
– media containing organized micellar systems that form their own nano-pseu-

dophase;
– media containing receptor molecules that have an internal three-dimensional 

cavity and function in a “guest–host” manner.

The term micellar systems originated from the name of the simplest representatives 
of this type of organized system – surfactant micelles. Examples of micellar systems 
include both direct and reverse micelles, microemulsions (water/oil and oil/water), 
vesicles, liposomes, Langmuir–Blodgett films, and liquid crystals, which form spon-
taneously as a result of association of diphilic molecules or surfactant ions (Fig. 1.3).

Receptor molecules (cyclodextrins, calixarenes, cyclophanes, cyclopeptides, 
cavitands, carcerands, etc.) (Fig. 1.4) form rigid three-dimensional cavities in their 
environments and act as “hosts” (receptors) for “guests” (substrates) – solubilized 
organic reagents or analytes. Sometimes, they are called supermolecules and corre-
sponding solutions are called pre-organized media [63, 64].

In order to make a single group for solutions containing micellar systems or recep-
tor molecules, a general term – microheterogeneous (actually, nanoheterogeneous) 
organized media – was proposed in the early 1980s. These media include transpar-
ent optically isotropic solutions, which have various supra- or supermolecular 
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nanosystems dispersed in the bulk of solvent (aqueous or non-aqueous dispersion 
medium) with each of such nanosystems forming their own nano-pseudophase. Every 
single micellar nano-pseudophase actually serves as example of nanoreactor present 
in the bulk of solvent [60–62, 65]. Existence of the nano-pseudophase can be easily 
proved via changes in the color of solubilized molecular probes – special dyes or 
indicators, which colors (spectra) vary in the media with different polarities [65–67]. 

Fig. 1.3: The examples of liquid micellar self-assembled nanosystems.
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By this means liquid organized media are homogeneous at a macroscale (look like as 
single macrophase), but they also are microheterogeneous at a nanoscale [61, 62, 68].

In fact, liquid nanoobjects (nanoreactors) and derived from them organized 
media serve as examples the achievements of nanochemistry and principles of 

Fig. 1.4: The examples of supermolecular systems.
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supramolecular chemistry that have found a wide application in nanoanalytics because  
of self-assembly (supramolecular) effect and thermodynamic stability in solution  
[63, 64, 69].

Micellar nanosystems have some specific features, which separate them from 
solid NPs [60–62]:
– they form by self-assembly (via supramolecular interaction) of diphilic molecules 

and ions with their size varying from 3 to 100 nm;
– they have no macroscopic counterparts and do not act as seeds for new phases;
– they are equilibriums and stable systems; the mass action law is applicable for 

them;
– their solubility increases with increase of their size;
– they form abruptly, contain molecules with polar and non-polar fragments, and 

have a developed surface, while ionic nanosystems have high surface electro-
static potential (SEP) up to 100 mV on several nm2;

– they are capable of spontaneous solubilization (act as co-solvents) of other sub-
stances at their surface or in their core by self-assembly effect, so they can act as 
nanoreactors;

– they can change the physicochemical, spectroscopic and electrochemical proper-
ties of reacting compounds and the analytical system as a whole, as well as direc-
tion of chemical reaction that is a result of changing of medium properties in the 
microenvironment of substances due to surface potential influence or donor–ac-
ceptor and hydrophobic interactions.

Enormous variety of diphilic surfactant molecules and receptor molecules serve as 
a basis for the most important advantage of liquid nanostructures – the possibility 
of controlling their composition and properties in the solution. This resulted in sig-
nificant improvement of analytical signal characteristics (sensitivity, reproducibil-
ity) for various methods of analysis as well as selectivity of analytical determination 
and processes [60–62, 68, 69]. It should be noted that such control over properties 
of liquid nanoobjects has several aspects, which helps to regulate the properties of 
liquid nanoobjects in the following ways:
1. By way of direct choose the type of organized nanosystem (direct or reverse 

micelles, microemulsions [oil/water or water/oil], cyclodextrins);
2. By way of direct choose the nature of surfactant or receptor molecules, which 

form the abovementioned organized nanosystems, for example:
– the nature of hydrophilic group of surfactant (cation, anion, length of oxyeth-

ylene (oxypropylene) chain);
– the nature of hydrophobic group (aliphatic or aromatic);
– hydrophilic–lipophilic balance between surfactant and analyte molecules;
– ratio between the sizes of cavity (or functional group charges) of receptor and 

analyte molecules.
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3. By way of regulation of organized nanosystem properties through changing the 
following factors:

– the charge density and surface potential of the micelle;
– the hydration and hydrophobic properties of micelles phase boundary;
– the micropolarity and microviscosity of micelles nano-pseudophase;
– the size and aggregation number of micelles and microemulsions;
– the distance between reacting agents solubilized in micelle [67];
– the degree of electron excitation energy transfer, electron transfer, and substrate 

exchange kinetics for micelle–solvent system;
– the concentration of oxygen and other gases inside the micelle.

Primary factors establishing the ability of liquid nanoobjects for making significant 
changes to properties and reactivity of analytical reaction components are as follows 
[60, 61]:
– the ability to solubilize (dissolve) compounds with low solubility in the solvent 

forming the dispersion medium, which results in local changes of medium prop-
erties in microenvironments of analytical reaction components;

– the ability to bring close together and to concentrate the components of an ana-
lytical reaction, even though they are considerably different in hydrophobicity, in 
the nanophase of an organized system;

– the multicenter and multifunctional (electrostatic, donor – acceptor, van der 
Waals, and hydrophobic) interactions of the components or parts of a nanophase 
with a solubilized substrate; among these interactions, the hydrophobic interac-
tion plays a predominant role;

– the pronounced oriented sorption and cavity effect, in which the nature and geo-
metric compatibility between the host and the guest are the decisive factors in the 
binding of a substrate analyte;

– the considerable microheterogeneity of a medium within nanoreactor in a direc-
tion from the water (bulk solvent) interface to the center, which manifests itself 
in dramatic changes in the dielectric constant, microviscosity, micropolarity, 
microacidity, and other physicochemical properties of the medium and solubi-
lized analyte itself.

It should be noted that not only formation of micellar nanoreactor but also solubi-
lization of analytical reaction components within them performed by self-assembly 
principles, that is, both processes have supramolecular nature typical for live organ-
isms [60–62, 68–70]. Similar self-assembly occurs during formation of inclusion com-
plexes, resulting from interactions between analytes and receptor molecules.

Liquid nanoobjects are used in analytic chemistry since the end of 1970s. They 
helped not just to improve metrological characteristics of spectrometric, electrochemical,  
chromatographic, extraction, and other analytical separation and preconcentration 
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techniques but also to developed new variations of such methods as described in several 
reviews and books on the subject [60–62, 68–92]. These new variations include room 
temperature phosphorescence (RTP) and sensitized RTP of luminophors in micelles, 
microemulsions and cyclodextrins, which allow one to eliminate the use of liquid nitro-
gen to obtain a low temperature necessary for phosphorescence method [74–80]. Another 
example is sensitized fluorescence of some lanthanide chelates, which helped to develop 
highly sensitive methods for metal ions as well as many toxic substances, antibiotics, pes-
ticides, and other organic compounds determination [81–83].

Some of the examples of liquid nanoobjects application for separation and pre-
concentration techniques are micellar liquid chromatography, micellar (cyclodex-
trin) electrokinetic chromatography, micellar extraction, micellar ultrafiltration, 
and several other methods, which made a significant impact into development of 
separation and collection techniques [68, 70, 85–92]. Figure 1.5 shows a generalized 
schematic illustrating the widespread application of different organized liquid nano-
objects for various analysis, separation, and preconcentration techniques.

Fig. 1.5: Application of liquid micellar nanoobjects in chemical analysis.
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The number of studies dedicated to application of liquid nanosystem for analy-
sis reached its peak during late 1980s and early 1990s. Currently, surfactant mole-
cules and their self-assembly process are used for functionalization, modification, 
and surface protection of solid nanoobjects, particularly various NPs (gold, silver, 
quantum dots, carbon nanotubes, magnetic NPs); thus, these two “nano” approaches 
to analytical methods improvement can be used simultaneously.

1.4.3  Solid nanoobjects (nanomaterials)

One of the definitions of materials states that they are substances or mixtures that can 
(after sufficient processing) be turned to products with specifically required features. 
This definition distinguishes materials from raw materials (substances). Thus, the 
concept of materials is mostly associated with solid compounds, which can be used to 
develop some devices or their components. Nanomaterials currently do not have any 
particular definitions either in different countries or in various state or international 
organizations [1, 2, 38–40, 42, 44, 93–98]. Sometimes this term is substituted with 
more narrow one nanostructured materials or even nanoparticles. In our opinion solid 
nanoobjects is a more general term, which can include nanomaterials, NPs, and most 
nanostructured materials within nanometer range including nanoporous objects and 
films.

Generalization of existing concepts allows to define the solid nanoobjects (nano-
materials) as “objects (materials) with qualitatively new properties, functional and 
operational characteristics which size or structural elements do not exceed 100 nm 
in at least one dimension” [1–4, 6–8, 38–40, 44, 50, 51, 53, 69]. From this point of 
view, the properties of nanoobjects are more important than their size [47–51, 53]. 
The most important parameters determining the properties of nanomaterials are the 
nature of compounds along with size and shape of nanoobjects. For these reasons, the 
nanoscale phenomena play a role but rare and exclusive one [7].

There are multiple several classifications and terms describing nanomaterials of 
various size and shapes; however, they are not always clearly defined and consistent. For 
example, the 7th International Conference (2004) list of terms was proposed; however, 
these terms were based on different structural and morphological principles, and thus 
they should not have been combined into a single classification. The list goes as follows:
– NPs (nanoobjects with complex geometric shape, which have no usual counter-

parts being shaped as, for example, roses, nails, clams, brushes, rings, etc.);
– nanotubes (carbon, metal, oxide, organic);
– nanofibers (nanowires, nanorods, nanoribbons);
– nanocrystals (size may vary from 5 to 100 nm, number of atoms may vary from 

103 to 108 atoms);
– nanoclusters (particles with organized structure, which size varies from 1 to 5 nm 

and may contain up to 1000 atoms);
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– nanoporous structures (porous silicon, sol and gel materials and films [mem-
branes] with molecular imprints, which properties are derived from the nature of 
material and pore size);

– nanofilms (Langmuir–Blodgett, polyelectrolytes, graphene-based sheets);
– nanocomposites – arrays of nanoobjects with varying chemical composition.

The most simple and easy to understand classification, unfortunately lacking any fun-
damental basis, is nanoobjects’ classification by their geometric shape into NPs with 
unclear geometric shape (brushes, snowflakes, roses) and particles with clearly defined 
geometric shape (spheres, prisms, cubes, tubes, ribbons, rods, fibers, wires, rings).

Other classifications take into consideration the object structure (clusters, crys-
tals, nanostructured or nanoporous materials) or material nature (inorganic – carbo-
naceous, oxide, chalcogenic or metallic – organic–inorganic hybrid or composition 
materials). Gleiter [99] proposed to divide all nanomaterials into three classes, which 
take into account their physical dimensionality: NPs; nanolayers, nanofilms, and 
surface structures; and three-dimensional nanostructured materials.

One of the proposed criteria is that the assignment of substance to nanoobject 
or nanostructured material can be significant impact of its size or nanosized struc-
tural elements on discussed properties. In such a situation, it is certainly possible that 
some properties of material are specific for nanoobjects, while others are not; thus, 
the material may not be classified as a nanoobject or nanostructured material.

The most fundamental fact from the scientific point of view is the classification 
that strictly divides various types of nanoobjects on the basis of their dimensional-
ity. This classification mostly accounts for spatial anisotropy and divides NPs into 
zero- (0D), one- (1D), two- (2D), and three- (3D) dimensional particles [1–4, 6–8, 13, 
42, 44, 69, 93]. In turn, 0D particles are called quantum dots, 1D quantum wires, and 
2D quantum wells.

Zero-dimensional nanoobjects are objects in which three dimensions (length, 
breadth, and height) are nanoscale and are less than or equal to the so-called “crit-
ical” diameter (length), that is, they are fully confined in 3D space. The value of the 
diameter does not have any certain meaning because it is dictated by a critical char-
acteristic of some physical phenomena (free path length of electrons and phonons, 
length of de Broglie wave, length of external electromagnetic and acoustical waves, 
correlation length, penetration length, diffusion length, magnetic domain, etc.) 
giving rise to quantum-size effects. Examples of such objects are semiconductor NPs 
(so-called quantum dots, QD), metal (Au, Ag, Cu) NPs, or carbon QD with size up to 
10, 40–50, or 1–3 nm, respectively. Thus, 0D objects include clusters of various materi-
als, which size usually rarely exceeds 5–10 nm and the number of atoms or molecules 
is less than 1,000–5,000; this group includes fullerenes, carbon, and quantum dots, 
and many other nanostructures.

One-dimensional nanoobjects are solid nanoobjects (nanostructures) with one 
dimension significantly exceeding two others, which may range from 1 to 100 nm. If 
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length-to-diameter ratio is greater than 1,000, these nanoobjects are called nanowires 
or nanofibers. Such objects also include wire-like nanocrystals – whiskers – whose 
thickness ranges from 20 to 40 nm. If width and thickness of such whiskers differ, 
then such objects are called nanobelts. In addition, there is a whole class of tubular 
nanoobjects – nanotubes. When the length of nanoobjects is greater than their diam-
eter by 10 times or less, such objects are called nanorods. The most famous examples 
of 1D nanostructures are carbon nanotubes. In addition to carbon, such objects can 
be formed by Si, Ge, Se, Au, Ag, Fe, Ni, Cu, as well as oxides (MgO, Al2O3, Ga2O3, SnO2, 
SiO2, TiO2), nitrides (BN, AlN, InN, GaN, Si3N4), chalcogenides (ZnS, ZnSe, PbS, CdTe), 
complex oxides formed by several elements, and protein molecules.

Two-dimensional nanoobjects are nanoscale only for one dimension – width 
that may not exceed 100 nm. These objects include various films formed by metals, 
non-metals, oxides, and other compounds, which exhibit conductor, semiconduc-
tor, dielectric, and magnetic properties. Synthesis and practical application of these 
objects began several decades ago. They were produced using both physical and chem-
ical methods such as precipitation from gaseous or liquid phase. Most famous phys-
ical methods include molecular beam epitaxy, pulsed laser deposition, and cathode 
sputtering by direct current. Chemical methods include chemical vapor deposition 
(CVD) from gas phase and chemical precipitation from solution via spin-coating, 
dip-coating, or spray coating. Nanofilms of organic and biomolecules are produced 
via Langmuir–Blodgett or Langmuir–Schaefer technique.

Recently, the list of two-dimensional objects was extended by graphene mono-
layers and their derivatives such as graphane, graphene oxide, and graphene fluo-
ride (fluorographene) [100]. In addition, graphene-like hexagonal silicone sheets and 
graphene-like binary phases such as GeC and SnC or boronitrene (white graphene), 
B–C–N triple systems as well as graphene-like AIIBVI phases (ZnO, BeO) and metal 
carbides have been produced.

Three-dimensional nanoobjects (nanostructures), as stated by IUPAC, are three-di-
mensional arrays of nanoobjects and nanocomposite materials. They may include as 
constituents the 0D, 1D, and 2D or nanoporous structures.

The most distinctive features of solid nanoobjects or nanomaterials are their unique 
optical, electrical, magnetic, mechanical or catalytic properties, which are not inherent 
in bulk objects. As is the case of traditional bulk materials, nanomaterials can have 
various composition and functions (organic and inorganic compounds, metals, semicon-
ductors, dielectrics, magnetic and catalytic materials) and shape (spherical NPs, rods, 
wires, belts, tubes, cubes, triangular prisms, and porous materials). Due to their highly 
developed and active surface, NPs can be easily functionalized by physical, chemical, 
and biological means, which serve as a basis for potentially limitless variety of func-
tional nano-sized devices with practical applications, including chemical analysis.

As said above, NPs act as an intermediate between phases and atoms, which ther-
modynamics describe from completely opposite positions – for phases, only internal 
energy matters, while for atoms – only external energy does [57–59]. For nanoparticles, 
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both energies are relevant. Therefore, abovementioned unique properties of NPs are 
caused by two factors: surface (high surface-to-bulk atoms ratio) and quantum-sized 
effects. The latter are especially significant when dimensions of solid NPs are compa-
rable with correlation radius of a physical phenomenon (free path length of electrons 
and phonons, size of magnetic domain or excitons, etc.) [1–4, 6–8, 13, 69, 101, 102].

Thus, generalization of solid nanoobjects’ properties results in distinguishing the 
following characteristic features of nanoobjects [48–51]:
1. Solid nanoobjects (nanomaterials, nanostructures, NPs) occupy an intermediate 

position between phases and atoms, which are described by opposite thermody-
namic concepts – in the case of phases only internal energy is taken into account, 
while in the case of atoms only external energy is considered significant. For solid 
nanoobjects, both kinds of energies are equally important. These nanoobjects 
can be considered polymers or supramolecules.

2. Solid nanoobjects can be produced by dispersion of macrophase (top-down) or by 
self-assembling (down-top) of atoms (molecules); they act as nuclei for new phases. 
There is a size boundary below which the nanoobject cannot exist in solution.

3. Very high ratio of surface atoms to bulk ones: for NPs which size is close to 3 nm, 
the ratio is about 50%, and for particles which size varies between 1.5 and 2 nm, 
this ratio is almost 80% (!). This results in their greatly enhanced catalytic activity 
for chemical and biochemical reactions.

4. Quantum-sized effects: they are especially great when the sizes of nanoobjects 
are comparable with correlation radius of physical phenomenon (the length of 
free pass of electrons and photons, the size of exciton or magnetic domain, etc.). 
“Internal atoms” form a continuous energy zone and energy levels of “surface” 
atoms are discrete and clearly expressed.

5. The defects of crystal structure are small or absent leading to high durability 
of nanoobjects. For example, carbon nanotubes have tensile strength that is 
10 times greater than steel.

Application of nanomaterials for improvement of analytical determination character-
istics was the primary topic of special issues of Analytical and Bioanalytical Chemistry 
in 2010 and 2011 [103, 104]. They contained several general reviews dedicated to appli-
cation of various types of nanomaterials in various methods of chemical analysis [42, 
46, 69, 98, 105–108]. Other reviews considered application of solid nanoobjects for 
sample preparation [109, 110], separation and preconcentration techniques [111–114].

Nanoobjects application in various spectroscopic methods of analysis is based 
on their unique optical properties including absorption, emission, and diffraction of 
electromagnetic radiation by different nanoobjects. These properties include surface 
plasmonic resonance (SPR) and surface-enhanced Raman scattering (SERS). It has 
been established that SPR effect for 2D objects and local SPR characteristic for 0D NPs 
increase the molar absorption coefficient of light by 1 to 5 orders of magnitude (up to 
106–1010) (!), thus allowing one to determine femto- and attograms of analytes. Similar 
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anomalous increase of analytical signal intensity is observed when giant Raman 
scattering (SERS) is applied; in this case, signal intensity may increase by 4 to 12 (!) 
orders of magnitude. The results obtained were published in the monograph [115] and 
a series of reviews [116–121] and shall be discussed further in subsequent chapters 
of this book. Another effect is caused by application of unique quantum dots (both 
semiconductor [122–124] and carbon [125, 126]) fluorescence parameters for chemical 
analysis.

Solid nanoobjects are widely used in environmental analysis [127], foodstuff anal-
ysis [128], medicine and clinical diagnostics [129, 130], bioanalysis and biodiagnostics 
[118, 131–133], explosives detection [134], living cell sensors [135, 136], and as primary 
components of various sensors [44, 127, 130, 137–140].

Nanomaterials, especially carbon nanotubes (CNTs), found widespread applica-
tion in electrochemical analysis including electrochemical sensors [46, 141–147]. In 
addition to CNT, graphene [100, 148–151] and carbon dots [152, 153] also became a 
popular choice for electrochemical and other types of chemical analysis during the 
last 5 years. The scope of nanomaterials application for analysis is shown in Fig. 1.6.

As we can see, in addition to abovementioned techniques, nanomaterials are used for 
extraction, sorption, and capillary electrophoresis [154, 155]. Magnetic NPs are widely 
used for separation and preconcentration of organic, bioorganic, and inorganic sub-
stances as they allow decreasing the time required to separate sorbent from matrix 
solution down to tens of seconds [156–160]. For now, the number of studies on solid 
nanoobjects application is less than that for liquid nanoobjects and organized media, 
but it is growing rapidly. It should also be noted that theoretical and practical study 
on the subject began nearly 25 years later than those for liquid nanoobjects.

Fig. 1.6: Application of solid nanoobjects in chemical analysis.
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1.5  Nanotechnologies as tools for nanoanalytics

While a definition of the term “nanomaterial” has been intensely debated during the 
last 15 years, less focus has been put on a definition of “nanotechnology” [161]. At the 
same time, the proposed concept (see Fig. 1.2) clearly shows that nanotechnologies 
are also an integral part and tool of nanoanalytics; thus, it is important to define the 
elements of this term when applied to nanoanalytics. The reason is that if you can’t 
define a term, you can’t evaluate its elements and importance in the field intend for. 
Thus, let us first review some general definitions of this term and then the types of 
nanotechnologies inherent in nanoanalytics.

As was the case for nanomaterials, academic and nanotechnological commu-
nities of various countries as well as official international societies provide various 
definitions of nanotechnologies, that is, the meaning of this word is not yet well 
established [2, 8, 23, 38–40, 69, 95, 97, 102]. Some authors try to provide a comparative 
analysis of various definitions of “nanotechnologies” accepted in different countries 
and international organizations [8, 38–40, 47–51, 97, 102, 162, 163]. It is evident that 
nanotechnology often has different meaning in different fields of science (chemistry, 
physics, biology, medicine, or materials science) or pursues different goals. There-
fore, it may appear that there is no single perceive of nanotechnology and this term 
broadly refers to the fields mentioned above.

Nevertheless, the definitions of nanotechnology shall have a fundamental base 
and shall not conceptually differ. Balzani [164] argues that first of all it is important 
to understand that “technology” has a quite different meaning from an apparently 
similar word “technique”. Technique is a method of doing or performing, with skill 
acquired by experience, something that has already been established. Technology can 
be defined as the ability of making advantage of the progress of science to create novel 
opportunities for practical applications. Therefore, technology is a driving force for 
the progress that provides a lot of novel materials, devices, and methods capable of 
improving the quality of industry and human life, and, in our case, developing ana-
lytical chemistry. In general terms, Balzani considers “nanotechnology” as a “tech-
nology concerning objects of nanometer dimensions.” 

A comparative analysis of tens currently accepted definitions of “nanotech-
nology” shows that they differ by the extent of generalization and can be classi-
fied into several groups. One group of definitions describes nanotechnologies as 
“manipulation of individual atoms, molecules and nanosized objects to develop, 
produce and apply physical, chemical or biological materials, structures, devices 
or systems which size varies from 1 to 100 nm” [38]. More general definition pro-
posed in [165] states that nanotechnology is “application of scientific knowledge to 
manipulate and control nanoscale matter to utilize size- and structure-dependent 
properties and phenomena distinct from those associated with individual atoms or 
molecules or bulk materials.” The same but more concise definition is published 
in Wikipedia: “Nanotechnology is manipulation of matter on an atomic, molecular, 
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and supramolecular scale” [166] or “Nanotechnology manipulates individual atoms 
and molecules to produce materials for applications at the submicroscopic level” 
[167]. The keywords for this group of definitions are “manipulation … to produce…” 
of atoms, molecules, nanosized objects, or simply objects. This definition fits the 
initial concepts of Feynman [25] and Drexler [28] but is poorly suitable for practical 
application.

Authors of another group of definitions regard nanotechnologies as a collection 
of methods and techniques that can be used for controlled production of materials, 
devices, and technological systems operation of which is based on components that 
are not more than 100 nm in size [38]. The keywords here are a collection of methods 
and techniques and production of materials. As can be seen later, the both of afore-
mentioned types of definitions are rather broad and do not always correlate with 
practical actions specific for nanotechnologies in nanoanalytics.

Online “nanodictionary” includes more than 15 definitions of the term nano-
technologies, such as: “Nanotechnologies are design, characterization, production 
and application of structures, devices and systems by controlling shape and size at 
nanometer scale”. These definitions contain a third group of keywords related only 
to practical results [168]. This group is also the first that contains the word “appli-
cation.” 

The fourth group of definitions combines properly the terms “nanoscience” 
and “nanotechnologies.” An example of such broad definition is provided in the 
program of National Nanotechnology Initiative (United States): “Nanotechnology 
is science, engineering, and technology conducted at the nanoscale which is about 
1 to 100 nanometers” [169]. Another example is a definition provided in [102]: “Nan-
otechnologies are a group of fundamental and applied studies and designs aimed 
at researching the specific behavior of substances and controlling their properties 
within 1 to 100 nm range … .” Finally, the nanotechnologies are identified with nano-
science: “Nanotechnology can be defined as the science of manipulating matter at 
the nanometer scale in order to discover new properties and possibly produce new 
products” [170].

In essence, one should consider that definitions of “nanotechnologies” provided 
by various national and international organizations are merely working definitions. As 
such, they reflect specifics of particular programs and projects they were formulated 
for, that is, they vary depending on the sphere of application, the scope of problem 
they are intended for and the authority level of such organization. Nevertheless, gen-
eralization of all variations of “nanotechnology” definition helps in a broad sense to 
reveal three primary components of this term [102]:
– fundamental research and studies of properties and characteristic features of 

nanosized or nanostructured compounds, which form the basis of nanoscience;
– variety of laboratory and industrial methods, techniques, and technologies appli-

cable for any nanosized objects;
– nanoindustry and its products.
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It should be noted that formulating the definition of “nanotechnologies” is very 
important not just for any particular science or institution but also for potential inves-
tors who may fund research in that field of science. A consistent definition of “nan-
otechnologies” is appealed to determine the boundaries of the area to be considered 
and to exclude unnecessary.

In accordance with concept (Fig. 1.2) nanotechnologies used in nanoanalytics 
can be divided into several groups. The first group includes metering physical nano-
technologies purpose of which is establishing physical dimensions of NPs and their 
size-based distribution and characterization of surface morphology and interphase 
boundaries down to single atoms. This group includes various forms of scanning tun-
neling, atomic, and molecular force microscopy, that is, probing microscopy as well 
as TEM, dynamic light scattering, and other similar methods [50, 69]. As this kind of 
equipment is designed for nanoobjects characterization, it is multifunctional and can 
also be used to determine chemical composition of nanomaterials; thus its application 
for such tasks surely lies within competence of nanoanalytics [41, 69].

Thus, combinations of electron and probing microscopy with different varia-
tions of X-ray spectroscopy, such as dispersive X-ray (EDX) spectroscopy and elec-
tron energy-loss spectroscopy (EELS) are considered standard nanoanalytical tools 
today [167, 171]. These combinations are the basis for chemical speciation analysis 
within localized nanoareas and subsequent visualization of spatial distributions of 
specific chemical states (speciation) with high spatial resolution, so called spectrum 
imaging.

Characterization of nanoobjects using the combination of aforementioned and 
other similar methods allows performing complex research providing data about size, 
shape, structure, surface area, sign, and magnitude of its electrostatic potentials, 
electric charge, chemical composition, and concentration of various nanoobjects. 
The basis and justification for vital assignment (connection) of physical measurement 
and chemical analysis of nanoobjects to development of nanoanalytics is that physi-
cochemical properties of nanoobjects and, therefore, unique metrological character-
istics of analysis significantly depend on their 3D morphology (size, shape, surface 
topography), surrounding medium and spatial microenvironment.

This direction of nanoanalytics also includes development of new types of nano-
analytical tools by nanoengineering methods (using various lithography techniques 
such as photolithography, e-beam, and laser lithography), for example, NEMS and 
some forms of optical, electrochemical, and other types of sensors or devices, such as 
nanoscales [167, 170]. A special feature of this direction is that nanoanalytics serves 
both as developer of these structures and methods and as important user of the result-
ing devices as new tools for analysis. Intensive development of this direction can be 
attributed to considerable joined efforts by various physicists and chemists; however, 
physicists still play a more active role. Recently, there have been studies dedicated to 
identification of various ions at the surface of crystalline lattice as well as other mol-
ecules that utilize new variations of field probing methods [43].
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Second group of nanotechnologies is fundamentally different from the first 
one as it is chemical in nature and includes methods of synthesis, construction and 
modification of various solid nanoobjects (nanomaterials or sensitive nanolayers of 
electrochemical, piezoelectric, optical and chemical sensors, specific nanoprobes 
or sorbents) to improve analytical and metrological characteristics of determination 
of various inorganic and organic compounds using traditional methods of chemical 
analysis [1, 2, 44, 46, 50, 69, 167, 170]. Materials developed by nanotechnologies can 
have homogeneous or hybrid (“core-shell”) chemical composition; they can be as 
independent tools for analysis or act as nanoobjects placed within the macroscopic 
matrix of optical, piezoelectric, or electrochemical sensors. They can be both com-
pletely inorganic (metals, oxides, chalcogenides) and have attached organic mole-
cules that improve selectivity of analysis or merely solubility of NPs in water. The 
most prospective for synthesis and modification of nanoobjects are supramolecular 
chemical methods based on self-assembling effects.

Let us consider several examples of successful application of different types of 
nanotechnologies for chemical analysis. Sol–gel nanotechnology, which can develop 
chemical and biochemical nanomaterials with required nanopore sizes, has been 
used for quite a long time [44, 69, 172, 173]. They are essentially chemical and bio-
logical variations of nanotechnologies, that is, they are a subject of studies for both 
nanochemistry and nanobiotechnology as they utilize well-known chemical and bio-
chemical reactions and processes for nanoobjects instead of traditional macroscopic 
objects. These reactions may have specific features caused by distinctive reactivity of 
atoms and molecules at the nanosized surface or kinetics of undergoing processes, 
but generally the pattern of synthesis remains consistent. This field of studies mostly 
attracts analytical chemists, specialists in organic and inorganic synthesis, biochem-
ist, and, to a lesser degree, physicists.

Other well-known examples of nanotechnologies used for chemical analysis 
include the Langmuir–Blodgett technique [44, 174, 175] proposed at the dawn of 
twentieth century, layer-by-layer self-assembling technique [44, 176–178] proposed 
in 1997–98, production of self-assembling monolayers such as alkylthiols [178, 179] 
that are further used to obtain nanosized films with variable layer width for chemical 
sensors [44]. Physicists have been successfully using various forms of lithography as 
well as molecular-beam and gas epitaxy to produce nanosized coating with required 
configuration for quite a long time.

Other types of nanotechnologies used for analysis are utilization of nanotubes, 
nanoribbons, and nanorods as nanoelectrodes and nano-“bar codes” or modifica-
tion of electrodes by NPs [46, 167, 170], production of nanoporous materials and 
nanofilters for separation of gaseous and liquid compounds via molecular imprint-
ing technique. More details about these applications shall be provided in respective 
chapters of this monograph. All the more so as listing and describing all types of 
nanotechnologies utilized by analytical chemists has never been the point of this 
section.
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1.6  Nanoanalysis and nanometrology

1.6.1  Definitions and elements

The term “nanoanalysis,” like “nanoanalytics,” does not have a common definition, 
which reveals the subject of research. At the same time, in contrast to “nanoanalyt-
ics,” it is used rather often in various papers, conference proceedings, and commer-
cial advertising of analytical equipment. Some researchers suppose that the term 
“nanoanalysis” refers to techniques used for “determining the atomic structures of 
materials” especially crystals [180]. In special dictionary, we can find two kinds of 
nanoanalysis. One for “physics” defined as “the analysis of a surface or material 
at the nanometer level,” while second for “chemistry” defined as “the analysis of 
nanogram amounts of material” [181]. However, such dichotomy is not convenient 
for everybody, and even both definitions do not embrace all fields of modern nano-
analysis.

Another definition is presented in [38]: “Nanoanalysis is an area of chemical 
analysis aligned to determination of chemical composition of individual nanoobjects 
and (or) local chemical analysis with nanometer dimensionality.” This definition 
pursues only “chemical” targets and excludes physical characterization of nanoo-
bjects related to analytical signal as well as analysis of biological nanoobjects like 
single cell characterization.

In our opinion, the terms “nanoanalysis” and “nanoanalytics” are as related to 
each other like traditional “analysis” and “analytical chemistry” or “analytics” are. 
If we define that “Nanoanalytics is an area of analytical chemistry that develops the 
principles and methods of application of nanotechnologies and specific properties of 
nanosized objects in chemical analysis,” then we in general can define “Nanoanalysis 
as a tool (or service) of nanoanalytics.” 

At the same time, the term “Nanoanalysis” compared with common term 
“analysis” possesses a significant specificity owing to unique nature and prop-
erties and, therefore, possibilities of nanoobjects and nanotechnologies. This 
specificity presumes that nanoanalysis involves not only qualitative and quan-
titative determination of chemical composition but also measures and evaluates 
dimensions and form or morphology of nanoobjects as these parameters can also 
influence analytical signal due to size-related and quantum-sized effects. Bioob-
jects nanoanalysis, as a consequence, shall involve visualization (detection) of 
nano- and microscale areas, for example, separate cell parts. It may also include 
a proof of drug delivery to a target organ and its subsequent transformation, that is, 
theranostics.

Moreover, traditional procedures of common analysis in many cases can also 
change radically and bring new problems for both analyst and consumer. One problem 
is that we cannot see the nanoobject when we are sampling and analyzing it and we 
cannot analyze and control the chemical composition of any particular (0-, 1-, 2-, or 
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3D) NP in a nanopowder or nanocomposite material. In turn, nanoanalysis divides 
chemical analysis of nanoobjects or nanostructured objects into two variations, that 
is, analysis of single NPs and general analysis of the nanopowder (nanomaterial) as 
a whole or local analysis. In both cases, a new problem related to standards or ref-
erence materials as well as metrological aspects of chemical determination arises. 
Development of standards for nanomaterials and nanoobjects (NPs) is important for 
both cases.

Another problem specific for nanoobjects is physical measurement of their size 
and morphology as these characteristics define chemical, physical, optical, mag-
netic, electrochemical, and catalytic properties of such objects. The purpose of this 
part of the chapter is to share peculiarities of nanoanalysis with other analysts and 
involved researchers. It is especially important because an interesting opinion on the 
subject of nanoanalysis was expressed by Valcárcel scientific group [98].

1.6.2  Analysis of chemical composition of nanoobjects

Methods used for analysis of chemical composition of nanoobjects can be divided 
into two conventional groups: first group involves chemical analysis of single NP or 
nanopowder, while second one involves analysis of chemical composition of local 
nanosized areas of various surfaces and interphase boundaries (local analysis).

Local surface and interface analysis. Development of surface analysis methods 
has been stimulated by growing needs of semiconductor and electronics industry 
since as early as 1980s. Therefore, let us review some examples of contemporary 
capabilities for utilizing new variations of such methods. Methods utilized for local 
chemical composition analysis of surfaces and interphase boundaries can be divided 
into four groups based on the nature of interaction between electromagnetic emission 
and compound, that is, on the nature of probe used for analysis. Such probes include 
electrons, photons, ions, and force fields [182]. Each group of methods consists of 
dozens of different variations; however, no more than 15–20 of such methods are used 
in practice. These methods allow describing multiple properties of nanomaterial sur-
faces, such as their topology, morphology, elemental composition of primary and 
additional components of nanomaterial, chemical bond structure, and geometry and 
electron structure of the material.

One of the most rapidly evolving methods are hybrid ones, which are capable 
of simultaneous characterization of dimensions, shape and morphology of parti-
cles and surfaces as well as their chemical composition. With any instrument used 
for nanoanalysis, there is a limit to the resolution of nanoobject or local area on the 
surface. This is true when the instrument works directly with electromagnetic radia-
tion such as infrared, ultraviolet or visible light, or X-rays, and also when the instru-
ment employs high-speed subatomic particles such as electrons or ions. However, it 
is impossible to observe objects, which diameters are less than wavelength of incident 
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radiation. In general, as the wavelength becomes shorter, the required particle or 
wave energy increases. This stimulates scientists involved with nanoanalysis to seek 
ever-more-powerful machines with which to observe samples.

A fine illustration of such approach is provided in a review [183] that describes 
advances in theory and application of electron microscopy (EM) and scanning micro-
analysis, including theoretical aspects of electron beam – solid interactions, instru-
mentation, and methodology of particular techniques and image analysis, sample 
preparation, and some typical applications. Various electron–specimen interactions 
generate significant structural and analytical information in the form of emitted elec-
trons and/or photons and internally produced signals such as elastically and inelas-
tically scattered electrons, Auger electrons (AE), X-rays, and cathodoluminescence 
(CL), which can be analyzed in different operating modes. Inelastic interactions form 
the basis for all chemical analytical techniques like energy-dispersive and wave-
length-dispersive X-ray spectroscopy, EELS, energy-filtering TEM (EFTEM), AE spec-
troscopy, and CL spectroscopy [183]. It was shown that application of multivariate 
curve resolution technique enhances resolution of spectral imaging by scanning TEM 
(STEM) and EELS or EFTEM that allows one to provide a 2D spatial distribution map 
of different elements speciation [171].

Recent advances in nanoanalysis of surface and edges of graphene as the most 
popular nanomaterial using scanning probe techniques were reviewed in [184]. 
It should be noted that contemporary studies have shifted from homogeneous to 
composite materials, from almost perfect single-crystal surfaces to surfaces with 
functionalized “active sites,” and from thin-film materials to promising 2D materi-
als with thickness of one or several atomic layers [185]. In this case, the most prom-
ising nanoanalytical method is surface-enhanced Raman spectroscopy (SERS) that 
strongly relies on optical resonance properties of some metal nanostructures, 
largely owing to excitation of SPR. Based on similar mechanisms, many other vari-
ations of SERS including two important ones – tip-enhanced Raman spectroscopy 
(TERS) and shell-isolated NP-enhanced Raman spectroscopy (SHINERS) – as well 
as ultraviolet SERS, near-infrared SERS, and surface-enhanced nonlinear Raman 
spectroscopy have been developed for a wide range of applications. The above-
mentioned techniques can be collectively described as plasmon-enhanced Raman 
spectroscopy [185]. It was shown that besides Au, Ag, and Cu, there are other plas-
monic materials such as Al, Ga, In, Sn, Tl, Pb, and Bi, which can be used for ultra-
violet plasmonics [186]; Al:ZnO, Ga:ZnO, and n-type semiconductors, including 
n-GaAs, n-InP, and n-Si, for near-infrared plasmonics; III–V or IV–IV semiconduc-
tors for mid-infrared plasmonics [187], and Sn:In2O3 and graphene for terahertz 
plasmonics [188].

Currently, there is no doubt that surface characterization and interfacial chemis-
try in biological systems is one of the most challenging problems of surface and inter-
face analysis [189]. Techniques with nanoscale lateral resolution, such as standard 
AFM, STM, and SEM, typically provide no chemical information. At the same time, 
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there is no single analytical method that can do this. The analyst has to use a col-
lection of complementary techniques of molecular analysis, each with their special 
advantages. Many of these techniques such as nanoscale fluorescence imaging [190], 
TERS [191], secondary ion mass spectrometry (SIMS) [192], and others have been 
described in a special issue of Current Opinion in Chemical Biology [189]. Near-field 
fluorescence spectroscopy, near-field Raman spectroscopy, and near-field laser abla-
tion mass spectrometry are also powerful analytical methods that can be used for 
characterization of thin molecular films and biological samples whose lengths vary 
from 20 to 200 nm [193].

The AFM potentialities for detecting and visualizing separate biomolecules and 
emerging their surface topography with accuracy of 1 nm for width and 0.1 nm for 
height as well as the possibility of local activation and manipulation of such mol-
ecules directly in buffer solution has been discussed in [194]. There are examples 
of gas molecules [195] and picomoles of oligonucleotide detection were described 
[196]. According to authors of [194], an array of two or even hundreds of cantile-
vers conjugated with a diode array has a great potential for utilization in biolog-
ical nanoanalysis. The other capabilities of TERS, for example, chemical reaction 
mechanisms, evaluation of components distribution, and identification and local-
ization of specific molecular structures at the nanometer scale have been analyzed 
[197, 198]. Capabilities of nanobiophotonics as a new tool of biological system and 
cell nanoanalysis were reviewed in [119]. The potential of resonance optical antenna 
[199] and scanning electrochemical microscopy [200] as a nanoanalysis tool has also 
been evaluated.

Chemical analysis, sizing, and size distribution of single NPs. In 2011 the 
European Commission introduced new regulations on how nanomaterials should be 
defined [201]. According to these regulations, a more complete characterization of 
NPs includes not just mass and size determinations, but also determination of parti-
cle number concentrations and, of course, chemical composition of NPs.

Mass spectrometry (MS) has gained much importance in recent years as a pow-
erful tool for reliable analytical characterization of NPs. MS can offer invaluable ele-
mental and molecular information on the composition, structure, and chemical state 
of NPs and their bioconjugation to target biomolecules and can be used to quantify 
them. This fact is important for nano- and environmental sciences, nanobiotechnol-
ogy, nanomedicine, toxicology, etc. In order to find more reliable methods of sample 
introduction, two different modes of NP suspension analysis via inductively coupled 
plasma mass spectrometry (ICP-MS) were investigated and compared – pneumatic 
nebulization of single particle (SP-ICP-MS) and microdroplet generation (MDG-
ICP-MS) [202].

Efforts to couple effective online separation techniques with ICP-MS for evalu-
ation of NPs mainly focused on characterizing NPs size distribution offer another 
growing field of nanoanalysis. In particular, detection by SP-ICP-MS coupled with a 
proper separation technique offers a bright future for these applications [203–206]. 
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Determination of elemental composition can be achieved both after acidic decom-
position of NPs, which concentration does not exceed 1 μg L−1, and directly which is 
the case of aluminum, titanium, cerium and zinc oxides, or gold and silver NPs. It is 
important to note that high sensitivity of ICP-MS also allows finding micro-contami-
nants within NPs after their microwave-assisted acidic decomposition, for example, 
finding trace metals in carbon nanotubes. This ability was used by ISO to develop a 
standard for determination of CNT elemental impurities [207].

A novel method for separation and quantitative characterization of NPs in aqueous 
suspension was established by coupling thin layer chromatography (TLC) with laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) [208]. Gold NPs 
(AuNPs) of various sizes were used as the model system. It was demonstrated that TLC 
not only allowed separation of AuNPs from ionic gold species by using acetyl acetone/
butyl alcohol/triethylamine (6:3:1, v/v) as the mobile phase, but also achieved sepa-
ration of differently sized gold NPs (13, 34, and 47 nm) by using phosphate buffer (0.2 
M, pH = 6.8), Triton X-114 (0.4 %, w/v), and ethylenediaminetetraacetic acid (10 mM) 
as the mobile phase.

Another example of SP-ICP-MS coupling with separation method is online pre-
concentration by capillary electrophoresis (CE-SP-ICP-MS), which features 5 μs time 
resolution (100 % duty cycle) to separate and quantify mixtures of silver NPs (AgNPs) 
as described for the first time in [209]. Field-flow fractionation (FFF) and SP-ICP-MS 
are even better examples of this approach [210, 211].

Three emerging techniques have been compared including hydrodynamic chro-
matography (HDC), asymmetric flow FFF (AF4), and SP-ICP-MS. The pretreatment 
procedure of centrifugation was evaluated. HDC can estimate the AgNP sizes, which 
were consistent with the results obtained from DLS. AF4 can also determine the size of 
AgNPs but with lower recoveries, which could result from interactions between AgNPs 
and working membrane. For SP-ICP-MS, both the particle size and concentrations can 
be determined with high AgNP recoveries. The particle size found by SP-ICP-MS also 
corresponds with the TEM observation. Therefore, HDC and SP-ICP-MS are recom-
mended for environmental analysis of samples after their pretreatment as established 
in [212]. Very interesting information concerning application of surface chemical 
analysis for characterization of NPs (3D structures instead of above-described 2D 
local surface analysis) is reviewed in [213], which briefly summarizes the kind of infor-
mation that can be obtained from NP analysis via Auger electron spectroscopy, X-ray 
photoelectron spectroscopy (XPS), time-of-flight SIMS, and low-energy ion scattering 
including STM and AFM.

Many other applications of ICP-MS for chemical analysis, including NPs size 
determination and distribution were published in reviews [214–216] and original 
papers [217–219] over the last 5 years. Recent publications describe methods of detec-
tion and separation of NPs in various media, for example, metal and oxide NPs in food 
and water [212, 220, 221], biological tissues [222], silver NPs in blood plasma [223], 
and cerium (IV) NPs in plants [224]. It is interesting to note that ICP-MS techniques 
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used for NPs detection, counting, and size determination are very expensive but also 
simple and available to all researchers molecular spectrophotometric methods  can 
be applied for this purpose [225, 226].

Combination of ICP-MS with data provided by spectrophotometry, luminescent 
spectrometry, X-ray diffraction, or transmitting electron microscopy can be used 
to provide full characterization of NPs. Information about grafted ligands can be 
obtained by combining ICP-MS with electrospray MS and MALDI. Chemical com-
position of NPs can be found by using SIMS in combination with glow discharge, 
XPS Raman–Fourier spectroscopy, and other methods, which potentialities were 
described in special issues of Analytical and Bioanalytical Chemistry (numbers 1 and 
3) [103]. In conclusion, it should be noted that analysis of chemical composition of 
nanoobjects is a very important and prospective field of studies as resulting knowl-
edge can be used to create standard materials and improve reproducibility of peculiar 
physical effects and analytical signals. The problem of creation of standard samples 
of nanomaterials and development of metrological standards is still relevant as it has 
yet to receive much attention from scientific community [227].

1.6.3  Imaging of bioobjects and theranostics

Over the last decade nanoanalytical methods devoted to chemical imaging of small 
areas of biological tissues or single cells for medicine and biology have been a subject 
of intensive research dedicated to improve their spatial resolution, sensitivity, selectiv-
ity, and accuracy [228]. Nanoobjects are the most promising multifunctional platform 
for delivery, therapeutic and diagnostic applications based on contrast imaging and 
sensing. This leads to development of new direction in  nanomedicine named thera-
nostics that is defined as a combination of aforementioned functions in one platform. 
Wide variety of both liquid and solid nanoobjects are used in theranostics [229–232]: 
micelles, liposomes, vesicles, polymeric nanostructures, peptides, proteins, ribonucleic 
acid (RNA), carbon dots and nanotubes, nanodiamonds, graphene as well as the other 
inorganic materials such as  mesoporous silica NPs, superparamagnetic iron oxides 
(SPIONs), quantum dots (QDs), plasmonic NPs, gold nanoclusters, and upconverting 
NPs. In most theranostics applications, different kinds of contrast agents are attached 
to functionalized NPs that may have targeting moieties for magnetic resonance, radiola-
bels, fluorescent, SPR or SERS imaging, different kinds of computer tomography, optical 
techniques, nano- and microengineered implants, etc. As mentioned above, many of 
these nanoscale objects have unique size- and shape-dependent optical, electronic, 
and magnetic properties that serve as the basis for their application in theranostics. It 
should be noted that control over interactions between NPs and biosystems is essential 
for the effective utilization of these materials in biology and medicine.

There is much work to be done in all areas of nanomedicine and theranostics 
where the help of analytical chemist is required. Optical imaging involves inexpensive 
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and highly sensitive absorption, luminescence (bioluminescence), and scatter-
ing-based spectroscopic methods that use UV, IR, and visible light [231]. Fluorescence 
provides analytical signal for analytes with concentration of 10−9–10−12 M and biolu-
minescent probes can push detection limit down to 10−15–10−18 M. Core/shell function-
alized quantum dots or rare earth element complexes are often used as luminescent 
probes that have great potential in the form of multiplexing or fluorescence resonance 
energy transfer imaging mode [230, 233].

Gold NPs possess many advantageous features for their utilization as a delivery 
platform such as stability, easy modification, and biocompatibility. Their imaging 
properties are based on SPR that can be used in photoacoustics, photothermal abla-
tion, or SERS effect [234, 235]. The main disadvantage of this approach is that gold is 
expensive. Carbon nanotubes, modified silica NPs [236, 237], are also used in thera-
nostics as well as iron oxides, especially biocompatible and inexpensive magnetite 
NPs (MNPs). The superparamagnetism of MNPs allows them to be used as magnetic 
resonance imaging (MRI) contrast agents [238, 239]. External magnetic field can be 
used for tissue targeting and drug delivery.

Different directions in future theranostics that can revolutionize personalized 
medicine are discussed in [231]. Nanomedicine and theranostics as a subtype of nano-
analytics lie within interdisciplinary field. Therefore, success in nanoanalytics that 
combine efforts of biologists, physicists, engineers, and medics can serve as one of 
foundations for theranostics development.

1.6.4  Nanometrology in nanoanalytics

One of the greatest problems in nanomaterials science is determining the best way 
to characterize increasing number of complex nanostructures and nanoobjects 
developed by chemists, physicists, and material scientists [240]. Without generally 
accepted methods of characterization, both reproducibility and quality control are 
rendered impossible, and application of such irreproducible materials will be a com-
plicated problem. One reason for this situation is that nanoscale materials are often 
fabricated or synthesized in different ways and by different specialists (chemists, 
biologists, physicists, or material engineers) that use different processes and methods 
(different top-down, down-top or e.g. bacteria-based approach).

Nanomaterials may have different dimensions, size distribution, composition, 
and structural hierarchies; they may be amorphous, composite (mixed or core/shell), 
or polycrystalline. Another problem is that nanoscale materials may be formed as 
thin films, dry powders, or solution-dispersed materials. The products of nanotech-
nology besides nanomaterials include bionanosystems, nanosystems for target drug 
delivery, procedures for chemical composition analysis, electronic devices, sensors, 
etc. Common characterization methods are neither obvious nor applicable to all dif-
ferent classes of nanomaterials [240]. It is important to recognize that there is great 
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difference in metrological requirements associated with transition from micro- to 
nanoscale [241]. For example, interferometry using visible light with a wavelength 
of a few hundred nanometers is ideal for examining microstructures but cannot be 
applied when dimensions are two or three orders smaller. Moreover, in comparison 
of measurement results, consideration should be given to the nanoobjects composi-
tion change with time, handling, and environmental conditions [242]. Therefore, the 
time between analysis and application is important and some types of consistency or 
verification process can also be important. A record of sample provenance informa-
tion for a set of particles can play a useful role in identifying some of the sources and 
decreasing the extent of particle variability and the lack of reproducibility observed 
by many researchers.

It is obvious that due to wide variety of nanomaterials, one single characteriza-
tion method is not applicable for all cases. On the contrary, characterization of certain 
properties can be reliably provided using similar methodologies. For example, struc-
tural properties of nanomaterials can be characterized by TEM, SEM, STM, AFM, XRD, 
ICP-MS, elemental analysis, etc. as standard techniques. It is often typical that for 
one nanoobject there is not only one “size,” but different methods will produce dif-
ferent “types” of sizes [243]. Standardization of nanotechnology has been accelerated 
not only to promote industrial application of nanotechnology but also to bring about 
social acceptance of nanotechnology [240, 241, 244].

Therefore, a pressing need for nanomaterial science community is to consolidate 
and agree on the methods of characterization and minimal levels of nanomaterials 
analytical data. As a result, many national, European, and international organizations 
have been developing standards associated with synthesis, studies, and application 
of nanomaterials. Established specific committees on nanotechnology have also been 
developing regulations on protection of human health and environment from produc-
tion and application of chemicals and consumer products that use nanomaterials. For 
this reason, in 2004 ISO picked up the challenge of making standards in nanotech-
nology field and initiated a technical committee (TC) on nanotechnologies (TC 229), 
which was established in May 2005 [245, 246]. One year later, TC 229 implemented 
a collaboration with IEC TC 113 (Nanotechnology Standardization for Electrical and 
Electronic Products and Systems) in the form of Joint Working Groups (JWG) JWG1 
and JWG2. Both committees actively cooperate with each other and similar national 
organizations. By now, 37 countries participate in TC 229 activities and 14 countries 
have the observer status; their joint efforts resulted in developed by now 57 published 
standards and 37 standards under development [245].

Furthermore, in 2005–2006, several major standards development organizations 
also established technical committees (TCs) focused on nanotechnology: European 
Committee on Standardization CEN TC 352, American Society for Testing and Mate-
rials (ASTM) International E56, American National Standards Institute (ANSI), Orga-
nization for Economic Cooperation and Development (OECD) with Working party on 
Manufactured Nanomaterials (WPNM) as well as such Committees in Germany, Great 
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Britain, Japan, Russia, China, and many other countries. The combined efforts of 
these Committees have produced a large body of standards concerning terminology; 
physicochemical and biological measurements; and the environmental, health, and 
safety of nanomaterials and nanotechnologies. However, as CEN and ISO collaborate 
on nanotechnology standardization and ISO has the lead in most working groups, 
ISO has been the focus here [247]. The Working Groups and Task groups that form the 
basis for ISO/TC 229 are outlined in Tab. 1.2.

A first step in standard development is review of project application sent by a national 
organization or ISO members by a majority of committee members. In the case of a 
positive review, the authors of application are given 6 months to prepare a draft of 
project, which is then reviewed by Committee for 12 months; during this time all its 
members and observers provide their commentaries, and the draft has to be approved 
by 2/3 of its members. During the next year, the ISO standard has to be approved by 
2/3 of ISO constituent members, 9 more months is required to approve the project, 
and 3 months is needed to publish it. Thus, the whole procedure takes 3 years and the 
standard is reviewed every 5 years.

The primary goal of created TC 229 is promotion of standardization of nano-
technologies, scientific research and industrial production of nanomaterials and 
nanosystems. Their priorities include the following tasks: development of terms and 
definitions; development of metrology guidelines and new testing and measuring 
methods; development of standard nanomaterial samples to measure size, composi-
tion, structure, and properties; process modeling; developing health and safety regu-
lations and establishing environmental impact. Each of these tasks is accomplished 
by corresponding work groups supervised by separate countries [241, 244, 247]. In 
addition to development of official methods, several groups of scientists also develop 
alternative, usually rather simple methods of NP characterization [213, 225–227, 248–
250] as well as standard materials [251].

However, regardless of the concept presented above, nanoanalytics consist of 
several very different sections; thus, metrological problems characteristics for these 

Tab. 1.2: The structure of ISO TC 229 Nanotechnologies [245]

Type of group Title

ISO/TC 229/CAG Chairman Advisory Group
ISO/TC 229/JWG 1 Terminology and nomenclature

28 participants from 17 countries
ISO/TC 229/JWG 2 Measurement and characterization
ISO/TC 229/TG 2 Consumer and societal dimensions of nanotechnologies
ISO/TC 229/TG 3 Nanotechnologies and sustainability
ISO/TC 229/WG 3 Health, safety, and environmental aspects of nanotechnologies
ISO/TC 229/WG 4 Material specifications
ISO/TC 229/WG 5 Products and applications
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sections and their complexity also differ. It should be noted that in the case of liquid 
nanoobjects that form nanoheterogenous organized media used in chemical analy-
sis, metrological approaches shall be the same as those used for ordinary homog-
enous solutions. In this case, nanoobjects only serve as nanoreactors that change 
the medium in microenvironment of analyte, while analytical signal is measured in 
normal macroscopic conditions. Reproducibility of dimensions of such nanoreactors 
that form spontaneously in the solution with a constant (maintained) surfactant con-
centration lies within the limits of error of corresponding method of analysis and does 
not significantly influence reproducibility of analytical signal and results of analysis. 
In some cases, metrological characteristics can even improve due to solubilization of 
analytical reagents in micelles leading to decrease of their aggregation, that is, dis-
persion into single molecules.

Much more complex problems arise from using solid nanomaterials for anal-
ysis, as their size and especially surface modification greatly depend on synthesis 
conditions, handling, and storage conditions and do not have required reproduc-
ibility. This is caused by different experimental conditions in this field of studies as 
well as ongoing process determining stabilization and protection conditions of NP 
aggregations as well as time and thermal instability of their nanosized state caused 
by high surface energy. Almost all approaches to increasing stability of solid NPs 
in solutions are based on charging their surface by adsorbing organic ions with 
low or high molecular weight, for example, surfactants or polymer polyelectrolytes; 
however, this problem is not completely solved yet. Another problem related to 
this one is the necessity of standardization of such materials both in their size and 
homogeneity of chemical composition; this problem does not have a fast and simple 
solution.

The most complex problems are related to nanoobjects geometry measurement 
as it requires developing theory, methods, and tools for measuring nanoscale param-
eters of such objects as well as creation of corresponding standard instruments, stan-
dard samples for comparison and finding correlation between these standards and 
macroscopic ones. If we can find a general solution to all of these problems, we can 
form a basis for uniformity of measurements and observe an increase in their quality 
for nanometrology purposes.

1.7  Conclusions

The last decade of twentieth century and the beginning of twenty-first century have 
witnessed a new paradigm in the scientific community. This paradigm is based on 
the unique properties of nanosized samples of different substances and combines the 
previously disembodied data observed by physicists, chemists, biologists, and mate-
rial scientists. It also was brought about by an advent of new instrumental methods 
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such as STM, AFM, SEM, TEM, and several other methods, the potential of which 
helped to form a new interdisciplinary research field – nanoscience – and its practical 
implementation – nanotechnology. The response of scientific community to emergent 
nanoscience and nanotechnologies is very diverse. Some consider these concepts a 
“novel,” revolutionary trend; other researchers believe that nanoscience is not yet a 
scientific discipline on its own because it is not yet evident that the Laws of Nature 
are particularly special between 1 and 100 nm. Nevertheless, nanoscience and nano-
technologies, in particular, became a sort of icon for the idea of “breakthrough to the 
future.” 

Significant advances in the application of nanomaterials and nanotechnolo-
gies for chemical analysis were made by different research groups of physicists, 
chemists, biologists, and material scientists and never considered to be within the 
frames of a single research field that can be denoted as “Nanoanalytics.” Therefore, 
professional analytical chemists, at first, did not pay attention to nanoobjects and 
nanotechnologies as aforementioned scientists did. However, analytical chemistry 
is an interdisciplinary science, so that it could not ignore an appearance of new 
possibilities and phenomena that put at disposal nanoscience and nanotechnology. 
Scientometric analysis shows that “nanoanalytics” is still rarely used and has no 
certain definition even among scientists specializing in analytical chemistry. The 
absence of consensus among various specialists involved in chemical analysis on 
opinion regarding the term of “nanoanalytics” can be eliminated if the concept of 
nanoanalytics after discussion becomes generally accepted. Such concept bringing 
to analysts shall not only unite the abovementioned views on this new area of ana-
lytical chemistry but also enlarge the wide world of nanoscale objects and nano-
technological data used in chemical analysis, that is, to extend the nanoanalytics 
scope of application.

In this chapter, an attempt at brief description of the concepts and primary 
topics of nanoanalytics, nanoobjects, nanotechnologies, their current definitions, 
as well as certain metrological aspects of its constituent parts were performed. With 
this objective, the author intends to provide a certain narrative logic and systemize 
all primary fields of nanoanalytics development without merely listing the most 
interesting experimental facts. At the same time, the proposed classification is 
supported by exciting general and specific examples of analytical techniques that 
are already practiced by scientists worldwide. It is important to mark the goalposts 
for nanoanalytics development and establish its place in contemporary analytical 
chemistry. Also in author’s opinion, it is necessary to account for discrepancies 
between the specialists on the role of nanoscience and nanotechnology in analyti-
cal chemistry, as some believe in limitless possibilities and revolutionary nature of 
nanotechnologies.
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2  Gold Nanoparticles in Bioanalytical Techniques
2.1  Introduction

Gold is one of the first metals discovered by humans, and the history of its study 
and application is estimated to be a minimum of several thousand years. The first 
information on colloidal gold (CG) can be found in tracts by Chinese, Arabic, and 
Indian scientists who obtained CG as early as in the fifth and fourth centuries B.C. and 
used it, in particular, for medical purposes (the Chinese “gold solution” and the Indian 
“liquid gold”). In the Middle Ages, alchemists in Europe actively studied and used 
CG. Probably, wonderful color changes that accompany condensation of gold atoms 
prepared by reduction of salt solutions led alchemists to believe in transformations of 
elements, CG being considered as a panacea. Specifically, Paracelsus wrote about the 
therapeutic properties of quinta essentia auri, which he obtained through reduction of 
auric chloride with alcohol or oil plant extracts. He used “potable gold” to treat some 
mental disorders and syphilis. Paracelsus once proclaimed that chemistry is for making 
medicines, not for making gold out of metals: “Many have said of Alchemy, that it is 
for the making of gold and silver. For me such is not the aim, but to consider only what 
virtue and power may lie in medicines.” His contemporary Giovanni Andrea applied 
aurum potabile to the treatment of lepra, ulcer, epilepsy, and diarrhea. The first book 
on CG preserved to our days was published by philosopher and doctor of medicine 
Francisco Antonii in 1618 [1]. It contains information on the preparation of CG and 
on its medical applications, including practical suggestions. From the seventeenth 
century, CG was used for the production of red (ruby) glasses, decoration on porcelain 
(purple of Cassius), and silk coloration [2]. In 1633, alchemist de Planis-Campy [3], 
surgeon to the King of France Louis XIII, recommended his “elixir of longevity” – an 
aqueous CG solution – as a means of life prolongation. In 1712, Heicher [4] published 
a complete summary of gold’s medicinal uses, which describes the solutions and the 
gold stabilization with boiled starch, which is an example of stabilization of CG with 
ligands.

The beginning of scientific research on CG dates back to the mid-nineteenth 
century, when Faraday [5] published an article devoted to methods of synthesis and 
properties of CG. In this article, Faraday described, for the first time, aggregation 
of CG in the presence of electrolytes, the protective effect of gelatin and other high-
molecular-mass compounds and the properties of thin films of CG. CG solutions 
prepared by Faraday are still stored in the Royal Institution of Great Britain in 
London.

In 1898, Zsigmondy [6] published the fundamental paper on the properties of CG. 
He was the first to describe methods of synthesis of CG with different particle sizes 
with the use of hydrogen peroxide, formaldehyde, and white phosphorus as reducing 
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agents and report on important physicochemical (including optical) properties of 
gold sols. Zsigmondy used CG as the main experimental object when inventing (in 
collaboration with Siedentopf) an ultramicroscope. In 1925, Zsigmondy was awarded 
the Nobel Prize in Chemistry “for his demonstration of the heterogeneous nature of 
colloid solutions and for the methods he used, which have since become fundamental 
in modern colloid chemistry.” 

Studies by the Nobel Prize laureate Svedberg [7] on the preparation, analysis 
of mechanisms of CG formation, and sedimentation properties of CG (with the use 
of the ultracentrifuge he had invented) are also among classical studies. Svedberg 
investigated the kinetics of reduction of gold halides and formulated the main 
concepts about the mechanism of formation (chemical condensation) of CG particles.

CG in color analytical reactions toward spinal-fluid and blood-serum proteins has 
been used since the first half of the twentieth century [8].

Methods of synthesis of CG (and other metal colloids) can be arbitrarily divided 
into the following two large groups: dispersion methods (metal dispersion) and 
condensation methods (reduction of the corresponding metal salts). Dispersion 
methods for the preparation of CG are based on destruction of the crystal lattice of 
metallic gold in high-voltage electric field [9] or laser ablation [10]. If an electric arc 
is created in a liquid between two gold electrodes under electric field, its blazing 
leads to the mass transfer between electrodes accompanied by the CG formation. The 
yield and shape of gold particles formed under electric current depend not only on 
the voltage between electrodes and the current strength, but also on the presence of 
electrolytes in solution. The use of direct current leads to the formation of nonuniform 
gold particles. The addition of even very small amounts of alkalis or chlorides and 
the use of high-frequency alternating current for dispersion substantially improve the 
quality of gold hydrosols.

Condensation methods are more commonly employed than dispersion methods. 
CG is most often prepared by reduction of gold halides (e. g., of HAuCl4) with the use of 
chemical reducing agents and/or irradiation (ultrasonic and UV irradiation, pulse or 
laser radiolysis). Various organic and inorganic compounds (more than 100) serve as 
chemical reducing agents. At present, the most popular colloidal synthesis protocols 
involve the citrate reduction of HAuCl4, as suggested by Borowskaja [11], Turkevich 
et al. [12], and Frens [13], to produce relatively monodisperse particles with controlled 
average equivolume diameters of 10–100 nm.

Despite the centuries-old history, a “revolution in immunochemistry,” 
associated with the use of gold nanoparticles (GNPs) in biological research, took 
place in 1971, when British investigators Faulk and Taylor [14] published an article 
titled “An immunocolloid method for the electron microscope.” In that article, 
they described a technique for conjugating antibodies to CG for direct electron 
microscopic visualization of Salmonella surface antigens, representing the first time 
that a CG conjugate as an immunochemical marker. From this point on, the use of CG 
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biospecific conjugates in various fields of biology and medicine became very active. 
There has been a wealth of reports dealing with the application of functionalized 
GNPs (conjugates with recognizing biomacromolecules, for example, antibodies, 
lectins, enzymes, or aptamers) [15, 16] to the studies of biochemists, microbiologists, 
immunologists, cytologists, physiologists, morphologists, and many other specialist 
researchers.

Functionalization of GNPs with surface molecules is aimed at fabricating 
multifunctional nanoparticle (NP) bioconjugates possessing various modalities, such 
as active biosensing, enhanced imaging contrast, drug delivery, and tumor targeting. 
At present, bioconjugation chemistry, recently reviewed comprehensively by Sapsford 
et al. [17], can be considered a separate specific branch of nanobiotechnology. Sapsford 
et al.’s review is based on 2,081 literature sources and covers a broad range of particle 
types (including GNPs) and a great variety of functionalization technologies. For more 
detailed information, we point readers to this section; what follows is a description of 
only some general principles.

The range of uses of GNPs in current medical and biological research is extremely 
broad. In particular, it includes genomics; biosensorics; immunoassay; clinical 
chemistry; detection and photothermolysis of microorganisms and cancer cells; 
targeted delivery of drugs, peptides, DNA, and antigens; and optical bioimaging and 
monitoring of cells and tissues with the use of state-of-the-art nanophotonic recording 
systems. It has been proposed that GNPs be used in practically all medical application, 
including diagnostics, therapy, prophylaxis, and hygiene [18, 19]. Such a broad range 
of application is based on the use of the unique physical and chemical properties of 
GNPs. Specifically, the optical properties of GNPs are determined by their plasmon 
resonance, which is associated with the collective excitation of conduction electrons 
and is localized in a wide region (form visible to infrared, depending on particle size, 
shape, and structure) [20].

In the past few years, hybrid NP systems have attracted significant interest, as 
they combine different nanomaterials in a single multifunctional nanostructure that 
exhibits the modalities of its component modules [21]. Theranostics, an emerging 
trend in nanomedicine, is capable of combining all the above advanced properties 
into a single nanostructure with simultaneous diagnostic and therapeutic functions, 
which can be physically and chemically tailored for a particular organ, disease, or 
patient [22, 23]. The first time that the term “theranostics” appeared in the literature 
was in 2002 [24, 25]. In 2010, Lukianova-Hleb et al. [26] presented a complete concept 
of theranostics. Theranostics is closely related to the fabrication and application of 
multifunctional NPs, which combine therapeutic and diagnostic possibilities within 
a single structure [27, 28].

This chapter summarizes data on bioanalytical use of GNPs, their applications 
in homophase and solid-phase analytical techniques. A special section is devoted to 
applications of GNPs in plasmonic biosensors.
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2.2  Homophase techniques

Beginning in 1980s, CG conjugates to recognizing biomacromolecules were coming 
into use in various analytical methods in clinical diagnostics. In 1980, Leuvering 
et al. [29] put forward a new immunoanalysis method that they called sol particle 
immunoassay (SPIA). This method is based on two principles: (1) the sol color and 
absorption spectrum change little when biopolymers are adsorbed on individual 
particles [30]; (2) when particles move closer to each other by distances smaller than 0.1 
of their diameter, the red color of the sol changes to purple or gray and the absorption 
spectrum broadens and red-shifts [31]. This change in the absorption spectrum can 
easily be detected spectrophotometrically or visually (Fig. 2.1a, b [32–35]).

The authors employed on optimized variation of SPIA (by using larger gold 
particles and monoclonal antibodies to various antigen sites) to detect human 
chorionic gonadotropin [36]. Subsequently, the assay was used for the immunoanalysis 
of Shistosoma [37] and Rubella [38] antigens; estimation of immunoglobulins  
[39, 40], thrombin (by using aptamers) [41], glucose [42], ATP [43], alpha-fetoprotein 
[44], C-reactive protein [45], lysozyme [46], fecal calprotectin [47], fibronectin [48], 
and selenoprotein P [49]; direct detection of cancerous cells [50] and antigens [51]; 
detection of Leptospira [52], bacteriophage [53], and influenza A virus [54]; detection 
of Alzheimer’s disease markers [55]; determination of protease activity [56]; and 
other uses [57–61]. The simultaneous use of antibody conjugates of gold nanorods 
and nanospheres for the detection of tumor antigens was described by Liu et al. [62]. 
Wang et al. [63] provided data on the detection of hepatitis B virus in blood by using 
gold nanorods conjugated to specific antibodies.

All SPIA versions proved to be easy to implement and demonstrated high sensitivity 
and specificity. However, investigators came up against the fact that antigen–
antibody reaction on sol particles does not necessarily lead to system destabilization 
(aggregation). Sometimes, despite the obvious complementarily of the pair, changes 
in solution color (and, correspondingly, in absorption spectra) were either absent or 
slight. Dykman et al. [64] proposed a model for the formation of a second protein layer 
on gold particles without loss of sol aggregative stability. The spectral changes arising 
from biopolymer adsorption on the surface of metallic particles are comparatively 
small [65] (Fig. 2.1c, d). However, even such minor changes in absorption spectra, 
resulting from a change in the structure of the biopolymer layer (specifically, its 
average refractive index) near the GNP surface, could be recorded and used for assay 
in biological application, as demonstrated by Englebienne et al. [34, 66].

For increasing the sensitivity of the analytic reaction, new techniques for 
recording interaction are used, including photothermal spectroscopy [67], laser-
based double beam absorption spectroscopy [68], hyper-Rayleigh scattering [69], 
differential light-scattering spectroscopy [70], and dynamic light scattering [71]. 
In addition, the vibrational spectroscopy method – surface-enhanced infrared 
absorption spectroscopy [72–74] and surface-enhanced Raman spectroscopy (SERS) 
[75–79] – have been proposed for use in recording SPIA results.
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The ability of gold particles interacting with proteins to aggregate with a solution 
color change served as a basis for the development of a method for the colori-
metric determination of proteins [80]. A new version of gold aggregation assay 
using microplates and enzyme-linked immunosorbent assay (ELISA) reader, with 
CG-conjugated trypsin as a specific agent for proteins, was advanced by Dykman 
et al. [81].

A new version of gold aggregation assay was advanced by Mirkin et al. [82] for the 
colorimetric detection of DNA. Currently, the colorimetric detection of DNA includes 
two strategies: (1) the use of GNPs conjugated to thiol-modified ssDNA [82–86] or 
aptamers [87]; (2) the use of unmodified GNPs [88–90]. The first strategy is based 
on the aggregation of conjugates of 10- to 30-nm GNPs with thiol-modified ssDNA 
probes after the addition of target polynucleotides to the system. It used two types  
of probes complementary to two terminal target sites. Hybridization of the targets and 
probes leads to the formation of GNP aggregates, which is accompanied by a change 
in the absorption spectrum of the solution and can readily be detected visually, 
photometrically [91], or by the method of dynamic light scattering [86, 92]. Within 
the limits of the first strategy, Sato et al. [93] used a diagnostic system based on the 
aggregation of GNPs modified with probes of one type, with DNA targets added to 
the solution under high ionic force condition. Contrary to their data, Baptista et al. 
[85, 94] devised a detection method based on the increased conjugate stability after 
the addition of complementary targets even at high ionic force (2 M NaCl), and they 
observed aggregation for noncomplementary targets. The apparent contradictions 

Fig. 2.1: Sol particle immunoassay. (a) Scheme for the aggregation of conjugates as a result of 
binding by target molecules and (b) the corresponding changes in the spectra and in sol color. (c) 
Scheme for the formation of a secondary layer without conjugate aggregation and (d) the corre-
sponding differential extinction spectra at 600 nm. Reprinted with permission from [18]. Copyright 
2012 Royal Society of Chemistry.
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between the two approaches were explained by Song et al. [95], be the difference in 
surface functionalization density.

The second strategy [89] is based on the fact that at high ionic force, ssDNA pro-
tects unmodified GNPs against aggregation, whereas the formation of duplex during 
hybridization cannot stabilize the system. This approach was employed to detect hep-
atitis C virus RNA [96]. Recently, Xia et al. [97] described a new version of the second 
strategy that uses ssDNA, unmodified GNPs, and a cationic polyelectrolyte. The same 
approach proved suitable for detection of a wide range of targets, including peptides, 
amino acids, pesticides, antibiotics, and heavy metals. As distinct from techniques 
employing usual GNPs, He et al. [90] proposed a method for detecting HIV-1 U5 virus 
DNA by using nanorods stabilized with cetyltrimethylammonium bromide (CTAB) 
and light scattering with a detection limit of 100 pM. In an optimized version using 
absorption spectroscopy [98], the detection limit was lowered to 0.1 pM. Recently, it is 
also possible to use CTAB-coated positively charged GNPs in combination with spec-
troscopic and dynamic scattering methods [99].

The above-listed versions of the method of sol particle aggregation at the cost of the 
hybridization reaction have been used for the detection of the DNA of Mycobacterium 
[85, 100, 101], Staphylococcus [102], Streptococcus [103], Chlamydiae [104], Serratia 
[105], Bacillus [106], Salmonella [107], and Acinetobacter [108] in clinical samples.

2.3  Dot blot immunoassay

At the early stages of immunoassay development, preference was given to liquid-phase 
techniques in with bound antibodies were precipitated or unbound antigen was 
removed by adsorption with dextran-coated activated charcoal. Currently, the most 
popular techniques are solid-phase ones (first used for protein radioimmunoassay) 
because they permit the analysis to be considerably simplified and the background 
signal to be reduced. The most widespread solid-phase carriers are polystyrene plates 
and nitrocellulose membranes.

The solid-phase immunoassays are based on adsorption of antigens onto a 
solid substrate followed by binding of adsorbed target molecules with biospecific 
labels. In the membrane version, the solid-phase immunoassay can be called  
“dot-immunoassay” as usually a drop of analyte is deposited into center of a 5 × 5-mm 
delineate square and the reaction outcome looks like a colored dot. The simplicity of 
analyses and the saving of antigens and reagents allow one to implement the solid-
phase immunoassays in laboratory, field, or even domestic circumstances to detect 
proteins (Western blotting), DNA (Southern blotting), or RNA (Northern blotting).

Membrane immunoassays (dot and blot assays) commonly employ radioactive 
isotopes (125I, 14C, 3H) and enzymes (peroxidase, alkaline phosphatase, etc.) as labels. 
In 1984, four independent reports were published [109–112], in which CG was pro-
posed for use as a label in solid-phase immunoassay. The use of GNP conjugates in 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 2 Gold Nanoparticles in Bioanalytical Techniques   61

solid-phase assay is based on the fact that the intense red coloration of a gold-con-
taining marker allows the results of a reaction run on a solid carrier to be determined 
visually. Immunogold methods in dot-blot assay outperform other techniques (e. g., 
enzyme immunoassay) in sensitivity (Tab. 2.1), rapidity, and low cost [113–115]. After 
an appropriate immunochemical reaction is run, the sizes of GNPs can be increased by 
enhancement with salts of silver [116] or gold (autometallography) [117], considerably 
expanding the application limits of the method. An optimized solid-phase assay using 
a densitometry system afforded a lineal detection range of 1 pM to 1 µM [118] with 
detection limit of 100 aM, which was lowered to 100 zM by silver enhancement. His 
use of state-of-the-art instrumental detection methods, such as photothermal deflec-
tion of the laser beam, caused by heating of the local environment near absorbing 
particles by heating laser impulses [119], also ensures a very broad detection range (up 
to three orders of magnitude to the extent of several individual particles in a dot spot).

In specific staining, a membrane with applied material under study is incubated in a 
solution of antibodies (or other biospecific probes) labeled with CG [120]. As probes, 
“gold” dot or blot assay uses immunoglobulins, Fab and scFv antibody fragments, 
staphylococcal protein A, lectins, enzymes, avidin, aptamers, and other probes. 
Sometimes, several labels are used simultaneously (e. g., CG and peroxidase or alka-
line phosphatase) for detection of multiple antigens on a membrane [121, 122].

CG in membrane assay have been used for the diagnosis of parasitic diseases 
[123–128], viral diseases [129–132], fungal diseases [133, 134], tuberculosis [135–137], 
melioidosis [138], syphilis [139], brucellosis [140], shigellosis [141], E. coli infections 
[142], salmonellosis [143, 144], yersiniosis [145, 146], and early pregnancy [147]; blood 
group determination [148]; dot blot hybridization [149]; detection of diphtheria toxin 
[150], ferritin [151], thrombin [152], β-amyloid peptide [153], tumor-associated antigens 
[154], and antibiotics [155]; diagnosis of myocardial infarction [156] and hepatitis B 
[157]; and other purposes.

The immunodot assay is one of the simplest methods for analyzing membrane-
immobilized antigens. In some cases, it permits determination quantity of antigen. 
Most commonly, the immunodot assay is employed to study soluble antigens [158]. 
However, there have been several reports in which corpuscular antigens (whole 

Tab. 2.1: Sensitivity limits for immunodot/blot methods on nitrocellulose filters by using various 
labels (according to [113])

Label Sensitivity limit (pg of protein/fraction)

125I 5
Horseradish peroxidase 10
Alkaline phosphatase 1
CG 1
CG  +  silver 0.1
Fluorescein isothiocyanate 1,000
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bacterial cells) were used as a research object in dot assays with enzyme labels [159]. 
Bogatyrev et al. [160, 161] were the first to perform a dot assay of whole bacterial cells, 
with the reaction products being visualized with immunogold markers (“cell gold 
immunoblotting”), with a view to serotyping nitrogen-fixing soil microorganisms of 
the genus Azospirillum. Subsequently, this method was applied for the rapid diagnosis 
of enteric infections [162] and for the study of surface physicochemical properties of 
microorganisms [163]. Gas et al. [164] used a dot assay with GNPs to detect whole cells 
of the toxic phytoplankton Alexandrium minutum.

Khlebtsov et al. [165, 166] first presented experimental results for the use of gold 
nanoshells (GNSs) as biospecific labels in dot assay. In the experiments, three types of 
GNSs were examined that had silica core diameters of 100, 140, and 180 nm and a gold 
shell thickness of about 15 nm. The biospecific pair was normal rabbit serum (target 
molecules) and sheep antirabbit immunoglobulins (recognizing molecules). When 
the authors used a standard protocol for a nitrocellulose-membrane dot assay, with 
15-nm CG as labels, the minimum detectable quantity of rabbit IgG was 15 ng. Replac-
ing CG conjugates with GNSs increased the assay sensitivity to 0.2 ng for 180/15-nm 
gold nanoshells and to 0.4 ng for 100/15-nm and 140/15-nm nanoshells (Fig. 2.2). Such 
a noticeable increase in sensitivity with nanoshells, as compared with nanospheres, 
can be explained by the different optical properties of the particles [167].

By using multicolor composite GNPs (Ag nanocubes, Au–Ag alloy NPs, and Au–Ag 
nanocages), was recently developed a multiplexed variant of immunodot assay [168]. 
As in usual immunodot assay, the multiplexed variant is based on the staining of 
analyte drops on a nitrocellulose membrane strip by using multicolor NPs conjugated 
with biospecific probing molecules. Depending on the Ag–Au conversion ratio, the 
particle plasmon resonance was tuned from 450 to 700 nm and the suspension color 
changed from yellow to blue (Fig. 2.3).

The particles of yellow, red, and blue suspensions were functionalized with 
chicken, rat, and mouse IgG molecular probes, respectively. The multiplex capabil-
ity of the assay is illustrated by a proof-of-concept experiment on simultaneous one-
step determination of target molecules (rabbit antichicken, antirat, and antimouse 
antibodies) with a mixture of fabricated conjugates. Under naked eye examination, 
no cross-colored spots or nonspecific bioconjugate adsorption was observed, and the 
low detection limit was about 20 fmol [168].

A very promising direction is the use of CG to analyze large arrays of antigens in 
micromatrices (immunochips) [169, 170]. These enable an analyte to be detected in 
384 samples simultaneously at a concentration of 60–70 ng/L or, with account taken 
of the microliter amounts of sample and detecting immunogold marker, with a detec-
tion limit of lower than 1 pg. One area with prospects is the development of com-
mercially available, handheld, sensitive readers for evaluation of quantitative results 
and the integration into systems designed to optimize the performance of the overall 
assay from sample to answer [171–173].
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Fig. 2.2: Dot assay of normal rabbit serum (1) by using suspensions of conjugates of 15-nm GNPs (A) 
and SiO2/Au nanoshells (100- and 180-nm silica core diameters and 15-nm gold shell, B and C,  
respectively) with sheep antirabbit antibodies. The amount of IgG in the first square of the top 
row was 1 µg, decreasing from left to right in accordance with twofold dilutions. The lower rows (2) 
correspond to the application of 10 µg of bovine serum albumin to each square as a negative control. 
The detected analyte quantity was 15 ng for 15-nm GNPs and 0.4 and 0.2 ng for 100/15- and  
180/15-nm nanoshells, respectively. Reprinted with permission from [18]. Copyright 2012 Royal 
Society of Chemistry.

Fig. 2.3: Scheme for the multiplexed dot immunoassay (a, b) and its experimental verification (c). 
At the first step (panel a), antichicken rabbit antibodies Ab1 were spotted in squares A2, B3, C1, D4, 
and E3; antirat rabbit antibodies Ab2 were spotted in squares A1, B2, C4, D3, and E2; antimouse 
rabbit antibodies Ab3 were spotted in squares A3, B1, C2, and D1; and for negative control, BSA was 
spotted in squares A4, B4, C3, D2, and E1. The concentration of all analytes was 100 µg/mL. After 
staining in a mixture of conjugates (C1 + C2 + C3), the expected spot colors are shown in panel b. 
The experimental panel c confirms the expected assay results. Reprinted with permission from [168]. 
Copyright 2012 Springer.
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2.4  Immunochromatographic assays

In 1990, several companies began to manufacture immunochromatographic test 
system for instrument-free handheld diagnostics. Owing to their high specificity and 
sensitivity, these strip tests have found a wide utility in the detection of narcotics 
and toxins, and in screening for highly dangerous infections and urogenital diseases 
[174–181]. Methods have been developed for the diagnosis of tuberculosis [182, 183], 
helicobacteriosis [184], staphylococcal infection [185, 186], hepatitis B [187], shigellosis 
[188, 189], diphtheria [190], pseudorabies [191], botulism [192], chlamydiosis [193], 
E. coli infections [194], prostatitis [195, 196], and early pregnancy [197]; for DNA 
hybridization [198]; for the detection of pesticides [199, 200], aflatoxin [201, 202], 
fumonisin [203], hexoestrol [204], and antibiotics [205–207] in environmental 
constituents; and other purposes.

The immunochromatographic assay is based on eluent movement along the 
membrane (lateral diffusion), giving rise to specific immune complexes at different 
membrane sires; the complexes are visualized as colored bands. As labels, these 
systems use enzymes, colored latexes, but mostly GNPs [208–210].

The sample being examined migrates along the test strip at the cost of capillary 
forces. If the sample contains the sought-for substance or immunochemically related 
compounds, there occurs a reaction with colloidal-gold-labeled specific antibodies at 
the instant the sample passes through the absorbing device. The reaction is accompa-
nied by the formation of antigen–antibody complex. The colloidal preparation enters 
into a competitive binding reaction with the antigen immobilized in the test zone 
(as a rule, the detection of low-molecular-weight compounds employs conjugates of 
haptens with protein carrier for immobilization). If the antigen concentration in the 
sample exceeds the threshold level, the conjugate does not possess free valences for 
interaction in the test zone and the colored band corresponding to the formation of 
the complex is not revealed. When the sample does not contain the sought-for sub-
stance or when the concentration of that substance is lower than the threshold level, 
the antigen immobilized in the test zone of the strip reacts with the antibodies on the 
surface of CG, which leads to the development of a colored band.

When the liquid front moves on, the gold particles with immobilized antibodies 
that have not reacted with the antigen in the strip test zone bund to antispecific anti-
bodies in the control zone of the test strip. The appearance of a colored band in the 
control zone confirms that the test was done correctly and that the system’s compo-
nents are diagnostically active. A negative test result – the appearance of two colored 
bands (in the test zone and in the control zone) – indicates that the antigen is absent 
from the sample or that its concentration is lower than the threshold level. A positive 
test result – the appearance of one colored band in the control zone – indicates that 
antigen concentration exceeds the threshold level (Fig. 2.4).

Studies have shown that such assay systems are highly stable, their results 
are reproducible, and they correlate with alternative methods. Densitometric 
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characterization of the dissimilarity degree for the bands detected yields values 
ranging from 5 % to 8 %, allowing reliable visual determination of the analysis results. 
These assays are very simple and convenient to use.

In summary, being effective diagnostic tools, rapid tests allow qualitative and 
quantitative determination, in a matter of minutes, of antigens, antibodies, hor-
mones, and other diagnostically important substances in humans and animals. Rapid 
tests are highly sensitive and accurate, as they can detect more than 100 diseases 
(including tuberculosis, syphilis, gonorrhea, chlamydiosis, and various types of viral 
hepatitis) and the whole gamut of narcotic substances used, with the reliability of 
detection being high. An important advantage of these tests is their use in diagnostics 
in vitro, which does not require a patient’s presence.

However, immunochromatographic test strips are not devoid of weak points, 
related to reliability, sensitivity, and cost-effectiveness. Reliability and sensitivity 
depend, first, on the quality of monoclonal antibodies used in a test and, second, 
on the antigen concentration in a biomaterial. The quality of monoclonal antibodies 
depends on the methods of their preparation, purification, and fixation on a carrier. 
The antigen concentration depends on the disease state and the biomaterial quantity. 
For increasing the analysis sensitivity, it has been proposed to employ the silver 
enhancement procedure [211] or GNRs [212] or GNSts [213] as labels. Several studies 
demonstrate the novel application of an artificial non-immunoglobulin structures 
(aptamers, DARPins) as the new line of a visible detector using a rapid diagnostic 
test with characteristics that have the potential to be superior to those that utilize 
antibody-based tests [214, 215]. In addition, semiquantitative and quantitative 
instrumental formats of immunochromatographic analysis have been developed that 
use special readers for recording the intensity of a label’s signal in the test zone of a 
test strip [216–219].

Fig. 2.4: Results of an immunochromatographic assay: positive, negative, and invalid determination 
because of the absent coloration in the control zone. Reprinted with permission from [18]. Copyright 
2012 Royal Society of Chemistry.
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2.5  Plasmonic biosensors

In recent years, gold and silver NPs and their composites have been widely utilized as 
effective optical detectors of biospecific interactions [220]. In particular, the resonant 
optical properties of nanometer-sized metallic particles have been successfully used 
for the development of biochips and biosensors. There are many types of sensors, 
viz. colorimetric, refractometric, electrochemical, piezoelectric, and certain others 
[221, 222]. Such devices are of much interest in biology (determination of nucleic 
acid, protein, and metabolite content), medicine (screening of drugs, analysis of 
antibodies and antigens, diagnosis of infection), and chemistry (rapid environmental 
monitoring, assays of solutions and disperse systems). Of particular significance is 
the detection of specified nucleic acid (gene) sequences and the construction of 
new materials, which is based on the formation of 3D ordered structures during 
hybridization in solutions of complementary oligonucleotides that are covalently 
attached to metallic NPs [223].

The detection of biospecific interaction that is based on a change in the optical 
properties of the NP-carrier system can be assigned to biosensoric, a comparatively 
new domain of science. The biosensor is constituted either by the system itself in 
its entirety or by an individual marker particle (an elementary sensor). Among the 
localized plasmon resonance biosensors, CG occupies a special place, because it can 
serve both as a label in a nanosensing device and as a tool in molecular biological 
studies, which is used in vitro, in situ, and in vivo.

For more than 10 years, biospecific interactions have been studied in systems 
in which GNPs are represented as ordered structures: self-assembling (thin films) 
[224] or as part of polymer matrices [225]. Such structures have been actively used 
for detection of biomolecules and infectious agents, development of DNA chips, and 
other purposes. In this case, investigators directly realize the possibility in principle 
of using the sharp enhancement of the optical signal from the probe (GNPs conjugated 
to biospecific macromolecules) resulting from the strengthening of the exciting local 
field in the aggregate formed from gold nanoclusters. Currently, biosensors are built 
with novel, unique technologies, including monolayer self-assembly of metallic 
particles [226–229], nanolithography [230], vacuum evaporation [231], and others. It is 
of fundamental importance to note that the optical response of NPs or their aggregates 
(especially ordered ones) in substantially influenced by particle size and shape [232], 
interparticle distance [233, 234], and the properties of the particles’ local dielectric 
environment [235, 236], which enables the “tuning” of sensors to be controlled. 
These properties of metallic clusters served as a basis for creation of new promising 
(localized) surface plasmon resonance biosensing systems [(L)SPR biosensors] based 
on the transformation of biospecific interactions into an optical signal. The theory 
behind the creation of such systems and their use in practice have been considered in 
the numerous books and reviews [237–269].
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In experimental work with SPR biosensors, three stages can be singled out [238]: 
(1) one of the reagents (target-recognizing molecules) is covalently attached to the 
sensor surface. (2) The other reagent (target molecules) is added at a definite concen-
tration to the sensor surface along with the flow of the buffer. The process of complex 
formation is then recorded. (3) The sensor is regenerated (dissociation of the formed 
complexes).

As this takes place, the following conditions should be met:
– reagent immobilization on the substrate should not lead a critical change in the 

conformation of native molecules;
– the relatively small difference between the refractive indices of most biological 

macromolecules forces one to use a high local concentration of binding sites on 
the sensor surface (10–100 µM);

– the reagent being added should be vigorously agitated to achieve effective 
binding to the immobilized molecules, and unbound reagent should be promptly 
removed from the sensor surface to avoid nonspecific sorption.

Apart from that, the sensitivity, stability, and resolution of a sensor depend directly on 
the characteristics of the optical system being used for recording. The most popular 
sensor system of this type is BIAcoreTM [270–272]. The measurement principle of the 
planar, prismatic, or mirror biosensors is similar to the principle of the method of 
frustrated total internal reflection, traditionally employed to measure the thickness 
and refractive index of ultrathin organic films on metallic (reflecting) surfaces 
[221]. The excitation of the plasmon resonance in a planar gold layer occurs when 
polarized light is incident on the surface at a certain angle. At the metal/dielectric 
interface, electromagnetic fields are excited that run along the interface and are 
localized near it at the cost of an exponential decrease in amplitude perpendicularly 
to the dielectric with a typical attenuation length of up to 200 nm (the effect of total 
internal reflection, Fig. 2.5). The reflection coefficient at a certain angle and light 
wavelength depends on the dielectric properties of the thin layer at the interface, 
which are ultimately determined by the concentration of target molecules in the 
layer.

GNP-based biosensor are used not only in immunoassay [273–275] but also for 
the supersensitive detection of nucleotide sequences [82, 223, 276, 277]. In their pio-
neering works, Raschke et al. [278] and McFarland et al. [279] obtained record-high 
sensitivity of such sensors in the zeptomolar range, and they showed the possibility 
of detecting spectra of resonance scattering from individual particles. This opens up 
the way to the recording of intermolecular interactions at the level of individual mol-
ecules [251, 280]. To make the response stronger, investigators often use avidin–bio-
tin, barnase–barstar, and other systems [281]. In addition, GNPs are applied in other 
analytical methods (various versions of chromatography, electrophoresis, and mass 
spectrometry) [282].
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SPR and LSPR biosensors were compared in side-by-side experiments by Yonzon 
et al. [283] for concanavilin A binding to monosaccharides and by Svedendahl et al. 
[284] for biotin–streptavidin binding. It was found that both techniques demonstrate 
similar performance. As the bulk refractive index sensitivity is known to be higher for 
SPR, the above similarity was attributed to the long decay length of propagating plas-
mons, compared with the localized ones. The overall comparison of SPR and LSPR 
sensors can be found in [251, 255].

Future development of low-cost SPR and LSPR biomedical sensors needs increas-
ing the detection sensitivity and creating substrates that can operate in biological 
fluids and can be easy to functionalize with probing molecules, to clean, and to reuse 
[285, 286].

A special class of plasmonic sensors is based on SERS nanoplatforms that can be 
divided into two main subclasses. The first includes top-down approaches, in which 
a metal layer is controllably deposited on a parent rough or nanoscale arranged 
surface. Well-known examples are SERS substrates fabricated by use of nanosphere 
lithography [287] or “film-over-spheres” platforms [288]. The second consists in the 
bottom-up formation of metal NP aggregates or self-assembled NP structures. Thanks 
to the recent progress in metal NP synthesis, the published examples of bottom-up 
SERS substrates include assemblies made of noble metal nanospheres [289], 
nanorods [290–292], nanostars [293–295], and other NP types. For improving the 
reproducibility of self-assembling processes, parent microstructures such as micron-
sized pillars [296], elastomeric templates [297, 298], and colloidal silica crystals 

Fig. 2.5: Typical setup for analyte detection in a BIAcore-type SPR biosensor. The instrument detects 
changes in the local refractive index near a thin gold layer coated by a sensor surface with probing 
molecules. SPR is observed as a minimum in the reflected light intensity at an angle dependent on 
the mass of captured analyte. The minimum SPR angle shifts from A to B when the analyte binds to 
the sensor surface. The sensogram is a plot of resonance angle versus time that allows for real-time 
monitoring of an association/dissociation cycle. Reprinted with permission from [18]. Copyright 
2012 Royal Society of Chemistry.
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[299, 300] have been proposed. Quite recently, a novel type of multilayered SERS 
probes with embedded Raman reporters has been proposed (see, e. g. [301, 302] and 
references therein). Such SERS multilayered structures, also called nanomatryoshkas 
(NMs) have great potential for analytical applications owing to several advantages: 
(1) Raman molecules are protected from desorption, subjected to a strongly enhanced 
electromagnetic field in the gap and their SERS response does not depend on the 
environmental conditions; (2) owing to bright and uniform spectral pattern, NMs 
provide a linear correlation between probe concentration and SERS intensity 
and allow for a real-time in vivo imaging and high throughput sensing with short 
integration times; (3) NM probes can be multiplexed by incorporating different 
Raman molecules into multilayered NMs.

An important analytical task is a rapid, simple, and sensitive detection of 
pesticides [303, 304]. From this point of view, SERS seems very promising due 
to the fingerprint nature of SERS spectra, low-spectrum accumulation time, and 
accessibility of cheap and portable Raman devices. But many pesticides usually 
have very small Raman cross sections and a low affinity for gold or silver surfaces. 
For example, in the first pesticide study, Alak and Vo-Dinh [305] demonstrated 
that an accidentally spilled pesticide can be detected in soil samples only when 
present at a high concentration (1.25 % by weight). More recent studies have 
focused on the development of SERS substrates and their testing with simple 
pesticide solutions [306–310], but only few were aimed at real-life detection. 
For example, Shende et al. [311] conducted rapid SERS detection of 50 parts-per-
billion of Chlorpyrifos-methyl artificially added to orange juice. The overall time 
of analysis was about 12 min, including the time taken by solvent and solid-phase 
extraction.

In our work [312], we employed a simple wet-chemical approach to fabricate 
centimeter-scale gold nanoisland films (NIFs) with tunable morphology of islands, 
strong electromagnetic coupling between them, and with excellent reproducibility. 
The optimized NIFs demonstrated the Raman scattering enhancement factor of  
3 × 108, as found by use of 1,4-aminothiophenol Raman reporters. In principle, such 
enhancement factors are large enough to enable the detection of single-molecule 
responses. Variations in SERS response were as low as 6 % in point-to-point and 
batch-to-batch measurements. As the large-area NIFs are easy and cheap to make, 
they can be helpful in label-free immunoassays, biosensing, and fast detection of 
pesticides. As an example, thiram fungicide concentrations at least 100-fold lower 
than the levels currently permissible in farming were fast detected on apple peels. 
Specifically, the NIF-based label-free SERS technology detected thiram on apple peel 
down to level of 5 ng/cm2 (Fig. 2.6), which is almost one order lower than that reported 
previously [310].
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2.6  Conclusions

GNP conjugates have found numerous applications in analytical research based on 
both state-of-the-art instrumental methods and simple solid-phase or homophase 
techniques (dot assay, immunochromatography, etc.). The following two examples are 
illustrative: (1) by using GNP–antibody conjugates, it is possible to detect a prostate-
specific antigen with a sensitivity that is millionfold greater than that in the ELISA 
[313]. (2) The sharp dependence of the color of the system on interparticle distances 
enables mutant DNAs to be detected visually in a test known as the Northwestern 
spot test [83]. Along with the literature examples of clinical diagnostics of cancer, 
Alzheimer’s disease, AIDS, hepatitis, tuberculosis, diabetes, and other diseases, new 
diagnostic application of GNPs should be expected. Progress in this direction will be 
determined by success achieved in increasing the sensitivity of analytical tests with 
retention of the simplicity of detection. The limitations of homophasic methods with 
visual detection are due to the need to use a large number (on the order of 1010 [314]) 
of NPs. Even at the minimal ratio between target molecules and particles (1:1), the 
detection limit will be on the order of 0.01 pM, which is considerably (millionfold) 
higher than the quantity of target molecules that needs to be detected, for example, 
in typical biopsy samples [314]. Thus, sensitivity can be improved either by enhancing 
the signal (polymerase chain reaction, autometallography, etc.) or by using sensitive 
instrumental methods. For instance, single-particle instrumental methods [280] have 
a single-molecule detection limit that is attainable in principle. Specifically, the SERS 
is a trend technique to detect very low concentrations of solutes (see, e. g., the recent 
review and reports by Liz-Marzán and coworkers [315–317] regarding SERS detection 
of biological molecules). However, the topical problem is to create multiplex sensitive 
tests that do not require equipment and can be performed by the end used under non-
laboratory conditions. An example of the prototype of such devices is Pro StripsTM, 

Fig. 2.6: Schematic illustration of the gold NIF fabrication through overgrowth of gold seeds and 
SERS detection of thiram fungicide in apple peals with sensitivity 5 ng/cm2. Reprinted with permis-
sion from [312]. Copyright 2015 American Chemical Society.
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which can simultaneously detect five threads: antrax, ricin toxin, botulinum toxin, 
Yersinia pestis (plague), and staphylococcal enterotoxin B. The physical basis of 
the new tests may be associated with the dependence of the plasmon resonance 
wavelength on the local dielectric environment or on the interparticle distance.
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3  Extinction and Emission of Nanoparticles for 

Application in Rapid Immunotests
3.1  Introduction

Immunochemical rapid tests occupy leading positions in the field of rapid screen-
ing, when the result must be obtained immediately. Historically, the first tests were 
developed for clinical analysis (point-of-care). The quick result, without the need to 
send a sample to the laboratory and without services of trained personnel, allows 
not only to reduce costs, but also to make timely diagnose, prescribe treatment, and 
also to save the patient from waiting for the result of the tests. The next area of immu-
nochemical test application is the food quality control. The speed of analysis and the 
possibility of its implementation in the non-laboratory environment are especially 
important for perishable products. When determining toxicants in food facilities, an 
important parameter is the sensitivity of the test methods, since it is often necessary 
to determine their ultra-low concentrations. The latter also concerns the control of 
natural objects.

The need to determine both high-molecular-weight analytes and low-molecular- 
weight substances led to the application of two immunoassay formats: a non- 
competitive sandwich format for high-molecular-weight compounds and a competi-
tive format for low-molecular-weight substances.

The concept of the rapid tests does not involve long-term sample preparation 
and preconcentration, while it is often necessary to determine ultra-low concentra-
tions. To solve this problem, there are two main approaches. The first is to improve 
the properties of the immunoreagents (recognition system) and optimize the method 
of analysis. The second approach involves the development of new labels, which 
are responsible for the appearance of the analytical signal, and the corresponding 
readers.

In the last decade, various nanoparticles are in the focus of attention. The advan-
tages and disadvantages, the principles of generating an analytical signal, and the 
prospects for their application in immunoassay are the subjects of this chapter.

In the area under consideration, there are a number of reviews of different 
orientations. So the application of immunochromatographic strips in the clinical 
analysis is described in two reviews, published in 2009 [1, 2]. The use of nanola-
bels in optical sensor devices is considered in the review [3]. The methods of syn-
thesis of inorganic nanosized labels and their functionalization are summarized in 
the review [4], which also considers approaches to increasing the sensitivity of the 
determination.
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The optimal labels should be colloidal in water, have a uniform size and shape, 
be easily conjugated to biomolecules, should generate an intense analytical signal, 
and demonstrate resistance to aggregation during storage and analysis. Conju-
gation of nanoparticles with biomolecules is usually carried out with the help of 
amino or carboxyl groups. The main features of nanoparticles, unlike molecular 
labels, are photostability and resistance to degradation. The optimal size of nano-
labels is 15–800 nm [1], which allows such particles without significant difficul-
ties to move along the membrane for the realization of immunochromatographic 
methods.

3.2  Extinction of nanoparticles

3.2.1  Colloidal gold

Colloidal gold is the most popular label used in immunochemical test methods [3]. 
The first application of gold nanoparticles (GNPs) conjugated with antibodies was 
described in 1981 [5]. Further rapid progress in their application is associated with 
a set of unique physical properties of GNPs that depend on the size, shape, and dis-
tance between nanoparticles.

One of the important advantages of GNPs is the lack of toxicity of the material itself. 
This simplifies the biological application of these labels and eliminates the need to coat 
the label with an inert material. Functionalization of GNPs occurs due to the coating 
of their surface with substances containing various bifunctional groups, for example, 
amphiphilic polymers, sugars, nucleic acids, and proteins that contain an active thiol 
sulfur atom capable of forming a strong bond with the surface of the GNP [6].

The use of GNPs as labels in noninstrumental test methods is based on their 
red color caused by surface plasmon resonance (or limited [local] surface plasmon 
resonance). This effect is observed when the frequency of the photon incident on 
the nanoparticle falls into resonance with the collective vibrations of its valence 
electrons [3, 6]. The color of the GNPs and, correspondingly, the wavelength of the 
absorption maximum, essentially, depend on their size and shape. The brightness 
or intensity of the color of GNPs light absorption is determined by their size, which 
can be easily adjusted during the production process. Among the spherical GNPs, 
particles with a diameter of about 30 nm have the greatest brightness. The sensitivity 
of the analyte detection is 2–4 times higher than that of particles with a diameter of 
15 nm [7]. In another paper, it has been shown that gold nanospheres with a diameter 
of 80 nm are much more sensitive than standard molecular luminescent labels, such 
as Cy-3 and Cy-5 [8]. At the same time, according to the data of [9], experimental work 
with GNPs greater than 30–40 nm can be difficult because of the instability of their 
solutions.
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GNPs are now standard labels for immunochromatographic strips [10–14], 
applied in such areas as clinical analysis and food quality control. In recent years, 
immunochromatographic strips based on GNPs have also been developed to monitor 
the state of the environment. However, the use of spherical GNPs as labels is limited 
by the insufficient sensitivity of the test.

Two main approaches can be distinguished, which make it possible to increase 
the brightness of the label, and, consequently, to improve the sensitivity of the analy-
sis. The first is modification. This approach does not lead to complication of the anal-
ysis procedure. The determination remains one-step procedure, without the use of 
any additional reagents. In the second approach, sensitivity is improved by introduc-
ing additional steps into the analysis procedure.

Modification of GNPs allows increasing the sensitivity of the determination 
without introducing additional steps into the analysis procedure. In particular, the 
replacement of spherical GNPs with the core–gold shell nanoparticles makes it pos-
sible to increase their brightness. Based on the theoretical estimate, it was shown 
that the brightness of a quartz/gold nanoparticle 1000 nm in diameter can be 1,000 
times higher than a normal GNP with a diameter of 15 nm [9]. It has been shown that 
replacing traditional GNPs with silver/gold nanoparticles as labels allows increasing 
the sensitivity of the determination of aflatoxin B1 [15]. In this case, the reproduc-
ibility of the results and the stability of the tests are maintained. Similarly, the use of 
nanoparticles of iron oxide coated with GNPs as a mark increased the sensitivity of 
the determination of aflatoxin B2 [16]. Various additional steps to increase the sen-
sitivity of the determination are usually carried out after the implementation of the 
standard immunoassay procedure. In this case, two methods of determination can 
be used: the signal is read immediately after the determination procedure, and if the 
sensitivity is not sufficient, the determination is repeated using signal amplification 
techniques [17].

Precipitation of silver. One of the methods of modifying the GNPs is to cover 
them with silver. With the addition of a solution containing silver ions, the formation 
of metallic silver is observed on the surface of GNPs, which can be fixed both visually 
and with the help of a reader device – instrumentally. This phenomenon, known as 
autometallography, was described in 1930 and used to amplify the signal of GNPs 
associated with antibodies in 1986 [18]. The role of GNPs consists in bringing elec-
trons from the reducing agent in solution to silver ions on the surface of the nanopar-
ticles [19]. The detection sensitivity can be increased approximately 100-fold [20]. 
The limitation of the approach is the complication of the analysis procedure, since 
very thorough washing is required to remove the chloride ions. There are a number 
of examples of application of silver deposition to increase the sensitivity of various 
immunoassay formats: a multi-channel chip for detecting human immunoglobu-
lin G with a digital camera [21] and a model analyte with a scanner [22]. It should 
be noted that silver deposition can be used not only to increase the GNPs’ signal, 
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but also to use the silver nanoparticles themselves in immunochromatographic test 
methods as labels [23].

Enhancement with GNPs. The GNPs itself can also act as signal amplifiers. 
Examples of such use are described for the determination of high-molecular-weight 
analytes. After the realization of the immunochromatographic determination, the 
GNPs conjugated to the primary antibodies are applied to the strip and they accumulate 
on the test and control lines, thus allowing the detection limit to be reduced 50-fold 
[24, 25]. To implement such an approach, and to avoid additional steps, preliminary 
separate application of two different conjugates is possible: GNPs conjugated with 
antibodies and blocked by bovine serum albumin (BSA) and GNPs conjugated with 
BSA-specific antibodies. It was shown that in this case an important role is played by 
the size of GNPs. The optimal combination of GNPs’ sizes (using 10 and 40 nm GNPs 
in the first and second conjugates, respectively) made it possible to 100-fold increase 
the sensitivity of the tests [26]. An additional advantage of using GNPs for enhancing 
the immunochemical signal is the possibility of using standard readers, as well as for 
unmodified immunochromatographic strips.

Enhancement with enzymes. The use of horseradish peroxidase (HRP), which, 
in the presence of a suitable chromogenic substrate, produces blue-colored products, 
makes it possible to make the red color of the GNPs darker and more contrast and to 
increase sensitivity of the determination by an order of magnitude [17]. The use of cat-
alytic properties of GNPs allows them to be used for chemiluminescence detection, in 
particular when using the reaction of luminol and AgNO3. This approach was used to 
detect human immunoglobulin G [27].

A fundamentally different way of using GNPs for visual detection is based on 
their ability to change color depending on the distance between nanoparticles. 
When individual GNPs are at a small distance not exceeding their diameter mul-
tiplied by 2.5, the surface plasmon resonance of individual GNP becomes group. 
As a result, the color changes from red to violet and blue. This effect was first used 
to determine polynucleotides [28]. A similar principle was used in homogeneous 
immunoassay [29].

The ability of GNPs to change color depending on the distance between them 
was used to determine low-molecular-weight analytes containing several functional 
groups, such as melamine, dopamine, and ascorbic acid. Due to the presence of three 
amino groups, melamine molecules cause rapid aggregation of GNPs and turning the 
solution color into blue (violet), which allows determination of up to 0.4 ng/mL of 
melamine in milk in 12 minutes, including centrifugation, pH optimization, and fil-
tration [30, 31]. A similar approach was used to determine dopamine in the presence 
of Cu2+ ions, which increase the sensitivity of the reaction by forming a complex with 
two dopamine molecules [32]. Ascorbic acid in the presence of Cu2+ also causes dis-
coloration, due to the aggregation of GNPs, functionalized with azide and alkaline 
groups [33].
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The dependence of the color of the GNPs on the distance between them was used 
not only when working with solutions, but also in solid-phase methods, which is more 
convenient for screening. The first immunochromatographic test using color change 
in the aggregation/disaggregation of GNPs was described in [34]. Later this approach 
was used for dot analysis [35] and in sensors [36].

To realize the multidetection, specific immunoreagents are applied to separate 
zones of the immunochromatographic strip and then the presence/intensity of red 
staining of the GNPs is fixed [37, 38]. Variations in the shape, size, and composition of 
metal nanoparticles make it possible to obtain colloids of various colors. When silver 
atoms are replaced by gold atoms, cubic nano-sized particles of different colors are 
obtained. Depending on the degree of substitution, the color of the formed colloids 
varies from yellow to blue. On the example of cubic silver nanoparticles with partial 
substitution of silver atoms for gold atoms of yellow red and blue colors, the possibil-
ity of using such particles in dot immunoanalysis was shown [39].

3.2.2  Colloidal carbon

The black color of carbon nanoparticles can be detected visually with a 
sufficiently high sensitivity. For the first time, the use of colloidal carbon as label 
in immunoassay was described in 1993 [40]. Synthesis, functionalization and 
application of carbon nanoparticles in immunochemical test methods are reviewed 
in [41]. Carbon nanoparticles are cheap since methods for their production in large 
quantities have been developed. In addition, they allow the use of “gray pixel” for 
detection of grayscale, having a higher sensitivity than color variants. Due to the 
strong absorption of light, it is possible to detect carbon nanoparticles at a very low 
level of 0.04 ng/mm2 (0.02 atmol/mm2) using a scanner and 0.2 ng/mm2 (0.1 atmol/
mm2) with the naked eye [42]. For comparison, it can be noted that these values are 
comparable to the detection sensitivity of enzyme labels (alkaline phosphatase with 
the corresponding substrate and chemiluminescence detection can be determined 
in the amount of 0.02 atmol, β-galactosidase with the corresponding substrate 
and fluorescence detection – 0.1 atmol, HRP with an appropriate substrate and 
photometric detection – 5 atmol).

The sensitivity of immunochromatographic tests when used as carbon nanopar-
ticle labels is comparable to traditional solid-phase enzyme-linked immunosorbent 
assay (ELISA) [43]. Using the example of a model system, the detection limits of the 
most frequently used labels, such as GNPs, GNP with signal enhancement by silver 
deposition, blue latex labels, and carbon nanoparticles, are equal to 0.1 μg/mL,  
1 μg/mL, 1 mg/mL, and 0.01 μg/mL, respectively [44]. It should be noted that in other 
cases, the use of GNPs has proved to be more effective: for example, in immunochro-
matographic tests for the determination of mycotoxin sporidesmin A, the use of GNPs 
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allowed obtaining a detection limit of 4 ng/ml, and using colloidal carbon – 25 ng/ml 
[45]. At present, immunochromatographic tests based on carbon nanoparticles have 
been developed to determine human chorionic gonadotropin [46], immunoglobulin 
E [42], and other high-molecular [47–49] and low-molecular [50] weight compounds. 
More complex carbon nanostructures (carbon nanorods) can further improve the sen-
sitivity of immunochromatographic tests [51, 52].

3.2.3  “Colloidal” dyes

Molecules of organic dyes are not bright enough to be used as labels. For creating 
labels on their basis, various approaches are used, which allow several individual 
molecules to combine into one brighter label. The use of commercial Blue colloidal dye 
(D-1) and Dadisperse navy blue (SP) in immunochromatographic strips is described 
[53–55]. As a label in immunofiltration tests, a red colloidal dye (R-3) was also pro-
posed, the results were comparable with those for solid-phase ELISA [56]. It is shown 
that the use of colloidal dyes allows for both qualitative and quantitative detection. 
To increase the intensity of the chromophore signal, the dye molecules were bound to 
a polylysine of different molecular weights. The use of dyes of different colors allows 
the qualitative determination of several analytes, and when using a densitometer and 
quantitative too [57].

Another principle of creating a label is the use of nanoparticles containing a 
precursor of a brightly colored component. An example of such a label in an immu-
nochromatographic test is a nanoparticle containing colorless indigo precursor 
5-bromo-4-chloro-3-indolyl acetate [58]. As a result of hydrolysis of this compound, 
intensely colored blue 5-bromo-4-chloro-3-hydroxyindole forms, which after disso-
lution forms a blue precipitate of 5,5′-dibromo-4,4′-dichloroindigo. A mixture of the 
reagents required for hydrolysis is added after the immunochromatographic analysis 
is performed. A determination using a label of this type was more sensitive than using 
GNPs.

3.3  Emission of nanoparticles

Labels suggesting luminescent detection are now widely used in clinical studies 
since they allow achieving high sensitivity and using simultaneously for detections 
of different colors labels. In some cases, the sensitivity of luminescent labels is com-
parable to the sensitivity of enzymatic labels, while the analysis procedure is much 
simpler.

All luminescence emitters can be divided into two groups. The first group is 
luminophores, which emit photons with energy less than the absorbed photons 
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(down-converting), respectively; the wavelength of the emission is greater than the 
wavelength of the absorbed light. These are the most common processes, including 
fluorescence, phosphorescence, and most intermolecular energy transfer processes. 
There is also another group of emitters capable of emitting photons with energy 
greater than that of upconverting photons. Such a process is realized when two or 
more photons are absorbed.

3.3.1  Fluorescence dyes

The simplest type of luminescent labels is luminescent dyes. Historically, fluoro-
phores, such as fluorescein, rhodamines, and cyanine dyes, are widely used as labels 
for fluorescence microscopy and cell biology. At present, a number of fluorescent dye 
series with improved fluorescence characteristics are available (high quantum yield, 
large Stokes shift, photo- and chemical stability) such as Alexa Fluor (Invitrogen and 
Molecular Probes), PromoFlor (PromoKine), DyLight Fluor (Dyomics), ATTO Dyes 
(ATTO-TEC), and Hilyte Fluor (AnaSpec).

Such dyes can be used as labels in rapid tests. However, it should be noted that 
their use is complicated by high light scattering of membranes and fluorescence of 
proteins (antibodies) and sample components, such as, for example, polycyclic aro-
matic hydrocarbons and mycotoxins. The disadvantages of fluorescent dyes in com-
parison with nanoparticles are low photostability, high probability of quenching of 
fluorescence, and more pronounced concentration quenching.

To increase the brightness of labels, several separate molecules of fluorescent 
dyes could be associated with one carrier, and then with immunoreagents. This allows 
the label–antibody ratio to increase and, accordingly, to improve the detection sen-
sitivity. It is proposed, in particular, to incorporate fluorescent dyes in silicon oxide 
nanoparticles [59, 60]. Another method of increasing the brightness of the label is the 
use of polystyrene nanoparticles containing dye molecules. A series of such nanopar-
ticles are commercially available, for example, FluoSpheres from Invitrogen. Such 
approaches make it possible to make the labels brighter, but they do not solve the 
problem with a wide emission band of fluorescence and a small Stokes shift, which 
results in overlapping of the absorption and emission bands.

In order to find the best fluorophores, several fluorescent dyes (fluorescein, 
rhodamine, Texas Red, Alexa Fluor 488, and Alexa Fluor 647) have been compared, 
and it is shown that Alexa Fluor 647 is more stable and allows obtaining the most 
intense fluorescent signal [61]. This dye was used as a molecular label for immu-
nochromatographic determination of proteins in the blood [62, 63]. The absence of 
interfering influence of blood components was established, and it was shown that 
it is possible to do without sample preparation of blood, which is important for clin-
ical analyses. A similar test, demonstrating a good correlation with more complex 
methods, was developed to determine albumin in urine [64]. In the field of control 
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of environmental objects, such labels were used to determine microcystins in surface 
water [61].

For visual detection, only a device containing a light source – a lamp (Cibitest’s 
device FLORIDA) is sufficient. To obtain quantitative results with the help of such 
labels, both the scanners constructed in the laboratory [61] and commercial scanners 
(i-CHROMATM, BioditechMed, Korea) are described. Embedded Systems Engineering 
(Germany) has developed a miniature confocal optical sensor that can be used for a 
wide range of fluorescent labels.

3.3.2  Lanthanide chelates

As mentioned above, the membranes used in the test methods often exhibit a high 
level of background fluorescent signal due to the scattering of the incident light by 
them. The simplest way to reduce this background is to use emitters with a large 
Stokes shift. One of the labels that have this property is the lanthanide chelates, 
which are characterized by a Stokes shift of more than 150 nm. The fluorescence 
intensity of such chelates in aqueous media is usually small because of the high level 
of its quenching by water molecules. Reducing quenching allows the inclusion of 
these compounds in various submicron particles, allowing the concentration of a 
large number of luminescent chelates. For example, up to 7 ⋅ 105 molecules of euro-
pium chelates can be covalently bound to a silicon oxide nanoparticle [65]. Addi-
tional advantages of using such combined labels are chemical stability and ease of 
conjugation with bioobjects [66, 67]. Such tags are commercially available (Molecular 
Probes Inc., Seradyn Inc.).

For the test results evaluation, it is possible to use a digital camera and visual 
detection under UV irradiation. It was shown that the detection sensitivity when 
using terbium chelate bound to nanoparticles as a label is more than 100 times higher 
than using fluorescein molecules [68]. A comparison of the sensitivity of immuno-
chromatographic tests with different labels in determining the hepatitis B surface 
antigen showed a 10-fold decrease in the detection limit when using silicon oxide 
nanoparticles associated with the europium chelate relative to the GNP labels (0.03 
and 3.51 μg/L, respectively).

3.3.3  Quantum dots

Quantum dots (QDs) are a fairly new type of labels used for visual and instrumen-
tal detection of immunochemical test methods. QDs are nanocrystals of an inorganic 
semiconductors, the color of their luminescence depends on their size and the nature 
of the semiconductor. As a material for QDs, InP, InAs, GaAs, GaN, ZnS, and ZnSe can 
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be used. However, the most popular QDs are based on cadmium selenide because, 
depending on the size, the fluorescent color covers the entire visible region of the 
electromagnetic spectrum. For this, the radius of the CdSe cores should be in the 
interval 1–6 nm, that is, it is less than the radius of the Bohr exciton for cadmium 
selenide (6 nm). When synthesized, the diameter of the cadmium selenide core can 
be matched to produce different fluorescent colors.

However, CdSe nanocrystals have a low quantum yield of fluorescence and are 
not stable in aqueous solutions due to photodegradation and nonradiative processes 
occurring on the surface [69, 70]. The protection of such a core by means of a shell 
from a wider-gap conductor, for example, ZnS, CdS, or ZnSe, reduces the probability 
of nonradiative processes and increases the quantum yield.

The extinction coefficient of the QD, depending on the particle size and exci-
tation wavelength, varies in the range of ~105–106 M−1 cm−1, which is much higher 
than for organic dyes. The quantum yield core/shell QDs is up to 40 %. Although the 
quantum yield of QDs’ luminescence is lower than for organic luminophores (such as 
rhodamine 6G and fluorescein), it is compensated by a broad absorption band and 
a high extinction coefficient. According to the estimates of [71], each CdSe/ZnS QD 
is approximately 20 times brighter and has photostability 200 times higher than the 
rhodamine 6 G molecule.

Unlike organic fluorescent dyes, the QD luminescent spectrum is narrow and 
symmetrical, and the absorption band is wide, the position of the long-wave edge 
of which depends on the size of QDs cores. Such spectral characteristics allow one 
source of excitation to be used to obtain luminescence of different colors from QDs 
of different sizes. This makes it possible to use QDs for simultaneous detection of 
several analytes. In addition, the use of spectral resolution allows the determination 
of several analytes in one test zone [72, 73].

The disadvantages of quantum dots are their toxicity, insolubility in water, 
and the lack of functional groups for bioconjugation. To overcome these draw-
backs, various approaches are used, for example, coating of quantum dots with 
silica shells [74] or with a layer of bifunctional ligands (example of the simplest 
ligand is mercaptopropionic acid). QDs are widely used as biolabels in molecular 
biology, genomics, and medical diagnostics, commercially available as labels and 
in the form of conjugates (Invitrogen, Evident technologies, Research Institute of 
Applied Acoustics). A wide excitation band and a narrow emission band make it 
possible to realize multianalysis and reduce the influence of the sample matrix. The 
latter is especially important for the analysis of blood samples. The lifetime of QDs’ 
luminescence is 30–100 ns, which is higher than for organic dyes (1–5 ns) and back-
ground (<50 ns), although much less than for lanthanide-based luminescent mate-
rials (1 μs to 1 ms). Thus, the lifetime of QDs luminescence substantially exceeds the 
decay time of background fluorescence and Raman scattering for most matrices. 
This makes it possible to use temporal selection to reduce the background signals 
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[75]. Some aspects of the modification and use of QDs are described in a number of 
reviews: various ways of bioconjugation of QDs [76]; QDs’ application for chemical 
and biological detection and diagnostics [77–83]; and QDs’ application in automatic 
flow systems [84].

Core/shell CdSe/ZnS QDs were used as luminescent labels in a fluorescence-linked 
immunosorbent assay (FLISA) to determine analytes in various matrices, in particular 
sulfamethazine [85] and enrofloxacin [86] in chicken meat; chlorpyrifos in drinking 
water [87]; surface proteins in Listeria monocytogenes [88]; simultaneous detection of 
dexamethasone, gentamicin, clonazepam, medroxyprogesterone acetate, and ceftio-
fur [89]; clenbutyrol in urine [90]; and progesterone in cow’s milk [91]. Comparison 
with solid-state ELISA showed that the use of QDs as a label can reduce the IC50 by  
4 times (0.4 and 0.1 ng/mL for zearalenone, respectively) [92]. The luminescent signal 
of QDs was used simultaneously with the chemiluminescent signal of the enzyme 
label for simultaneous detection of analytes in blood serum [93]. The introduction 
of QD into the composition of microspheres enhances the intensity of their lumines-
cence and simplifies bioconjugation [94]. It is interesting to note that the use of QDs 
in immunoassays can be based not only on their optical properties. QD is used to 
amplify the electrochemical signal [95] and as a label in potentiometric sensors since 
CdSe QDS can be oxidized by hydrogen peroxide [96].

The use of QDs as labels for immunochromatographic analysis in the scientific 
literature was first described in 2010 for the determination of trichloropyridinol [97], 
protein markers of ceruloplasmin [98], and the antigen of syphilis [99]. Comparison 
of the sensitivity of immunochromatographic tests using identical immunoreagents 
showed that the visually detectable detection limit when using CdTe QDs (when 
excited by a UV lamp) was 10 times lower than when using GNPs [99, 100]. Similarly, 
a comparison of the sensitivity of benzo[a]pyrene determination in drinking water 
by a column immunofiltration test demonstrated detection limits of 5, 5, and 25 ng/L 
when used as QDs, HRP, and GNPs as labels, respectively [101].

3.3.4  Nanoparticles with infrared luminescence

The use of functionalized Y2O3:Nd3+ nanoparticles as labels is associated with the 
features of their luminescence. Nd3+, like other ions of rare earth metals, emits 
luminescence in the infrared (IR) region of the spectrum. In this area, the interfering 
effect of the background of biological objects is minimal even without the use of 
signal recording with time resolution. When excitation is used in the IR region (500–
900 nm), excitation of components of biological systems does not occur. An attempt 
to use functionalized Y2O3:Nd3+ nanoparticles as a label is described in [102] for the 
determination of lipoprotein in the format of solid-phase immunoassay.
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3.3.5  Up converting phosphors

The principle of emission of phosphors, which emission wavelength is smaller than 
the excitation wavelength (upconverting phosphors, UCPs), is based on the combina-
tion of an absorbing and emitting ions in a submicron-sized crystal (200–400 nm in 
diameter). The ion (energy donor) absorbs light in the IR region (as a rule, 980 nm is 
used for excitation), goes into an excited state, and then, as a result of a nonradiative 
transition, transfers the excitation energy to the ion emitter (energy acceptor) that 
emits a photon in visible or near IR region (400–800 nm), depending on the nature of 
the ion. Such an anti-Stokes luminescence is based on the consecutive absorption of 
two photons with low energy.

In contrast to other two-photon absorption processes, the absorption of photons 
can take place with a difference in microseconds, since the lifetime of the excited 
states is long. This significantly increases the probability of two-photon absorption 
processes and, correspondingly, the intensity of the obtained signal. Since lasers used 
for excitation are relatively low power, photodegradation of biomolecules and the 
fading background effect are significantly reduced compared with other luminescent 
labels. Since there is no interfering background, there is no need to use time resolution.

The shift of the emission band to the anti-Stokes region simplifies the processing 
of the analytical signal [103, 104]. In the process of two-photon absorption, materials 
capable of including rare-earth metal ions are involved in the crystal structure. This 
process is most effective for NaYF4 crystals with a hexagonal lattice. Lanthanide ions 
(Ln3+) with numerous long-lived excited states are used as doping ions [105]. Various 
combinations of ions of rare-earth emitter–acceptors of energy (erbium, holmium, 
and thulium) and energy donors (ytterbium, erbium, and samarium) make it possible 
to obtain more than 20 different compositions [106]. The optical properties of such 
phosphors are not affected by the environment since energy transfer processes are 
carried out inside the crystal [103].

The simplest way to obtain labels based on such phosphors is to grind commer-
cially available luminescent materials (Orasure Technologies, Inc., Phosphor Tech-
nology Ltd.) with further fractionation of the particles by precipitation or filtration. 
However, this method is associated with the heterogeneity of the shape and size of 
the resulting particles, which is not suitable for use as labels, since it causes a wide 
spread in the intensity of the analytical signals. To hang the homogeneity of particles 
in recent years, many different approaches have been proposed [105].

One of the disadvantages of these labels is low quantum yield. In addition, the 
submicron particle size is too large, since it is much larger than the protein, which, 
accordingly, affects the kinetics of the processes and enhances the nonspecific inter-
action [104]. The optimum label size should be less than 200 nm [106]. Like other 
inorganic nanoparticles, phosphors that use two-photon excitation cannot be directly 
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conjugated to biomolecules – they must first be functionalized [105]. One of the 
approaches for functionalization is the application of tetraethoxysilane to obtain a 
silica layer of 5–50 nm. As a result of silanization, it becomes possible to introduce 
functional groups for conjugation with biomolecules [103]. An alternative approach 
is the passivation of the particle surface with polyacrylic acid, the carboxyl groups of 
which are then used for bioconjugation [104].

A number of immunochromatographic tests were developed using phosphors 
with two-photon excitation as labels using special reading optical systems. For 
high-molecular-weight analytes, the tests are based on the sandwich assay princi-
ple and allow the determination of the antigen Schistosoma [107], Escherichia coli 
[108], Yersinia pestis [109], respiratory virus [110], interferon γ [111], pathogens Strep-
tococcus pneumonia [112] and Brucella [113], hepatitis B [114], and nucleic acids [112, 
115–117]. Simultaneous determination of two biomarkers in blood was realized for 
the  diagnosis of mycbacterial infections. The results showed a good correlation with 
solid-phase ELISA [118]. The competitive format of the immunoassay is used to deter-
mine the drug in saliva samples [108].

To read the results from immunochromatographic strips using such labels, 
special UPlink readers (Orasure Technologies, Inc. Bethlehem, PA) are issued, which, 
depending on the conditions, can detect up to 10–100 emitting particles [108].

It was shown that the UPlink reader is capable of detecting up to 12 test lines on 
an immunochromatographic strip [108]. A similar test was proposed for the detection 
of antibodies to Myobacterium tuberculosis and hepatitis C viruses [118].

The determination of analytes is possible not only by increasing the intensity of 
the luminescence, but also by its quenching. If specific antibodies are on the phos-
phor surface, and the analyte competes for binding to a conjugate that includes a 
luminescence quencher, then the concentration of the analyte can be determined 
from the increase in the luminescent signal [119].

3.3.6  Nanoparticles with long-lived luminescence

In methods based on resolution in time, the transfer of phosphors to the excited state 
is realized by means of a short light pulse. The signal is recorded with a delay suffi-
cient for the interfering short-lived signals to fade out and only the target signal of the 
long-lived label remains [120]. The disadvantage of this approach is a limited range of 
labels that have a significant lifetime of excited states. Typically, this time is >500 μs, 
which significantly exceeds the lifetime of background fluorescence, which usually 
does not exceed 50 ns. Thus, the use of labels with a long lifetime of the excited state 
makes it possible to completely avoid the imposition of fluorescence of the blood com-
ponents and, in addition, to simplify the design of the reader, since there is no need to 
use high spectral resolution [121].
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The most common long-lived labels are based on the use of lanthanide (more 
often europium) chelates, which have a high quantum yield of luminescence, a suffi-
cient Stokes shift and, most importantly, a longer lifetime. The minimum number of 
labels that can be detected is 3.3 ⋅ 107 particles/mm2 [121]. The difference in the life-
times and the position of the emission bands makes it possible to use them to simul-
taneously determine several analytes in one test zone [65]. The use of such labels in 
immunochromatographic tests is described for the determination of eosinophils and 
neutrophils in blood [121] and C-reactive protein in serum [120].

Another type of radiation with a long lifetime is the phosphorescence of chelates 
of such metals as platinum, palladium, and ruthenium. Their lifetime is also several 
hundred microseconds. Ruthenium complexes emit blue luminescence and absorb in 
the red region (600–700 nm). Comparison of these two types of phage-luminophore 
types with long-lived luminescence, using the example of an immunochromato-
graphic determination of the C-reactive protein, showed that the detection sensitivity 
differs insignificantly [120].

Usually, the use of long-lived luminescence requires the removal of molecu-
lar oxygen to prevent quenching of long-lived states. One way to eliminate oxygen 
quenching is to incorporate phosphorescent molecules into molecular oxygen-free 
matrices such as polyacrylonitrile, polystyrene, sephadex, and halogen-containing 
polymers.

3.4  Conclusions

Thus, progress in the development of new labels and optimization of the ways of using 
already developed nanoparticles lies at the intersection of the sciences of nanomate-
rials, biochemistry, analytical chemistry, optics, and photonics. Combining materials 
with different levels of organization (from atomic-molecular to macroscopic), inor-
ganic and organic nature will create modern, effective solutions for analytical and 
biomedical applications.
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T. Yu. Rusanova
4  Nanofilms as Sensitive Layers of Chemical and 

Biochemical Sensors
4.1  Introduction

One of the important directions in chemical analysis is the creation of small and inex-
pensive sensors for the rapid determination of chemical compounds in industrial, 
natural, and biological objects [1]. Prospects of their application are related to such 
features as minimum of sample preparation in the determination of the analyte, the 
fast obtaining analytical information, and the undemanding skills of the employee. 
Current trends in the development of sensory devices are increasingly tending to 
complicate their tool base, which does not always satisfy customers and consumers 
because of the increased cost of analytical services. An alternative direction is the use 
of nanotechnologies, which allows creation of a nanoscale sensitive layer with pre-
scribed physicochemical and analytical properties and improved metrological char-
acteristics of the sensors [2].

A wide application of nanoscale films for modifying the surface of electrodes in 
electrochemical, electrical, and piezoelectric sensors, as well as the surface of wave-
guides in optical sensors, is due to their following advantages [1, 3–8]:
– a relatively high ratio of the active surface area of molecular layers to the film 

volume;
– the ability to control the thickness of the film to an accuracy of a single molecule;
– a rapid diffusion of analyte molecules into the volume of the film, which causes a 

short response time of the sensors;
– the ability to combine layers with different analytical responses, as well as layers 

that have permeability only for certain ions or molecules;
– a high uniformity of the film combined with mutual orientation of the molecules 

and functional groups composing the film;
– the possibility of determining the optimum number of monolayers that ensures 

the highest analytical effect;
– a low consumption of analytical reagents and, therefore, the possibility of using 

expensive effective reagents (e.g., a typical mass of a self-assembled monolayer 
[SAM] is only 2 ⋅ 10−7 g/cm2).
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4.2  Nanofilm types and techniques of their preparation

The most common methods for obtaining nanofilms used as sensitive layers of chem-
ical and biochemical sensors include:
– SAMs of alkylthiols, alkyl sulfides, and alkyl disulfides (as well as their various 

derivatives) on the surface of metals (usually gold);
– layer-by-layer (LbL) technique, consisting in alternate deposition of polyelectro-

lytes with functional groups of different charges [9];
– Langmuir–Blodgett (LB) technology, at which monomolecular layers of amphi-

philic organic molecules are transferred from the surface of the liquid subphase 
to a solid substrate [10].

4.2.1  Self-assembled monolayers

The phenomenon of the monolayers self-organization on a solid surface was 
discovered in the middle of the last century when it was established that molecules 
of alcohols with a long hydrocarbon (HC) chain can spontaneously transfer 
from diluted solutions to a clean glass surface, making it hydrophobic [11] and 
molecules of alkylamines adsorb on the platinum surface [12]. However, the 
formed monolayers were unstable and easily destroyed. It turned out that much 
more stable monolayers are formed by the interaction of alkyl chlorosilanes 
with the active silanol groups of the silicon surface [13], leading to formation a 
polysiloxane structure. However, alkyl chlorosilanes allow modifying the surface 
only with HC radicals. SAMs based on alkylthiols (R–SH), alkyl sulfides (R–S–R), 
and alkyl disulfides (R–S–S–R) on the surfaces of various metals (silver, platinum, 
copper, and especially gold) have become more widespread in chemical sensors [9]. 
Spontaneous formation of monolayers of organic disulfides on gold was discovered 
in 1983 [14]. At present, the mechanism of SAM formation has been well studied and 
described in the literature [9]. Self-assembly of monolayers is due to the formation 
of a bond between sulfur and metal atoms, as well as van der Waals interactions 
between alkyl chains. The energy of S–Au bond is 30–35 kcal/mol, while the van 
der Waals forces per CH2 group are 0.8 kcal/mol. In many respects, the ordering of 
the resulting monolayers is determined by the crystallographic packing Au (1,1,1), 
which can be easily obtained by depositing thin gold films on polished plates of 
glass, silicon, and freshly mica.

To obtain a monolayer, thiols, sulfides, and disulfides are usually dissolved in 
ethanol (non-polar thiols) or water (alkylthiols with polar substituents). When a sub-
strate with a gold film is immersed in this solution, in the first stage the S atoms inter-
act with gold causing the deprotonation of thiol groups:

RSH + Au→ RS − Au + ē + H+,
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or S–S bond dissociation in disulfides. The S atom is in sp3 hybridization, which also 
causes the ordered arrangement of HC chains with a slope angle of 20–40 degrees to 
the surface. In the second stage, the molecules are aligned in parallel and a crystal-
like film is formed as a result of the interaction between nonpolar alkyl radicals. 
Figure 4.1 shows the examples of substances forming SAM on Au surface.

The two-step mechanism affects the kinetics of the process: a relatively fast adsorp-
tion process controlled by diffusion is followed by a slow crystallization stage. Quite 
dense monolayers are formed in less than an hour; however, complete crystallization 
sometimes takes several days. The most ordered monolayers are formed by alkylthiols 
with an HC chain containing 16 carbon atoms. Such monolayers are stable, resistant 
to the water, and acid or alkaline solutions. In addition to alkylthiols, for example, 
compounds such as cystamine [15] or thioctic acid [16] can be used, but the ordering 
of such layers has not been proven.

The possibility of modification of alkylthiols by functional groups makes them 
promising for obtaining monolayers with different surface properties. For example, 
the introduction of a hydroxyl group makes it possible to obtain a hydrophilic surface. 
Heterobifunctional alkylthiols can also act directly as analytical reagents. Such 
small functional groups (about 0.5 nm) as NH2, OH practically do not affect the self-
assembly. However, large functional groups (COOH, ferrocene) reduce the density and 
ordering of the layer.

Fig. 4.1: Examples of substances forming SAM on Au surface: 1, n-hexadecylthiol; 2, 11-mercapto-
1-undecanol; 3, 10-mercaptodecanoic acid; 4, didodecylsulfide; and 5, alkylthiol with amino group 
blocked by 9-fluorenylmethoxycarbonyl.
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SAMs are widely used for subsequent immobilization of biomolecules on the 
surface of the sensor layer [17]. It should be noted that biomolecules containing thiol 
groups can be directly immobilized on the surface of gold. For example, monolayers 
of thiolated glucose oxidase [18] and synthetic oligonucleotides [19] were obtained. 
Another example is the use of thiol groups of antibodies for their direct immobilization 
on the gold surface [20]. To increase the monolayer order and to remove weakly 
adsorbed oligonucleotides, the monolayer is then treated with short-chain thiols [19].

Another, more popular method of biomolecule immobilization is the modification 
of an already organized monolayer of alkylthiols. Biomolecules can be immobilized 
on a monolayer by the physical adsorption as a result of electrostatic interaction with 
thiols having charged groups on the other end (e.g., carboxyl groups, see Fig. 4.1), 
and also by covalent binding of biomolecules with different functional groups of 
thiols (amino, carboxy, hydroxy, ethoxy, etc.). For example, aminomodified thiols 
can be used for binding proteins with glutaraldehyde method [21, 22]. However, the 
amino group of aminoalkylthiols can also interact with the gold surface, reducing the 
order of the monolayer; therefore, a method of preliminary blocking this group with 
9-fluorenylmethoxycarbonyl is proposed, followed by its removal by treatment with a 
20 % solution of piperidine in acetonitrile [21].

Carboxyalkylthiols are often used and their binding with proteins is carried 
out by the carbodiimide method [23]. The use of cyanuric fluoride and pyridine is 
also described for the conversion of carboxyderivatives to acylfluorides having 
high reactivity to primary and secondary amino groups of proteins [24]. Hahn  
et al. [25] describe the use of SAM with aldehyde groups for the immobilization of 
biomolecules. Biotinylated thiols are used to produce thin streptavidin films [26]. 
Moreover, cross-linkers such as 4-fluoro-3-nitrophenyl azide [27], 1,4-disuccinimidyl 
terephthalate [28], and protein A [29] are used to bind biomolecules with a monolayer.

By combining thiols with different functional groups, sensor layer sensitive to 
several analytes can be obtained. Such mixed monolayers are usually formed by 
the exchange of molecules from an already preorganized monolayer with molecules 
of another thiol or disulphide from their solution [17]. The introduction into the 
monolayer of short-chain alkylthiols (“spacers”) reduces steric hindrance while 
interacting with the analyte.

Monolayers of alkylthiols are used for biomolecules’ binding not only on a flat 
surface of gold, but also on gold nanoparticles [30]. Immobilized biomolecules are 
enzymes, DNA/RNA, and their fragments, antibodies, and even living cells [31].

4.2.2  LbL technique

Self-assembled nanosized films can also be prepared as a result of electrostatic 
interaction between oppositely charged polyelectrolytes [9]. The advantage of this 
method is its simplicity, availability of reagents, the possibility of incorporating a 
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variety of analytical reagents into the film. The technique implies treatment of a 
charged substrate in a dilute polyelectrolyte solution, resulting in the formation of 
a polymer monolayer. Further, it is possible to deposit the next polymer monolayer 
with a charge opposite to the first [32]. Polyvinylpyridine, polyallylamine, polyeth-
yleneimine, and amino-modified dextran are widely used from cationic polymers, 
polystyrene sulfonate, polyvinyl sulfate, polyacrylic acid, etc., as anionic polymers 
(Fig. 4.2).

The adsorption of the first layer of polyionic molecules is more effective if the sub-
strate surface has a charge opposite to the charge of the polyelectrolyte. The initial 
charge of the surface also can be regulated by applying the first layer of the substance, 
with held, for example, by hydrophobic interactions.

The following factors influence the LbL process: the concentration of polymer 
solutions, the nature of the solvent, the pH value, the ionic strength of the solution, 
temperature, mixing, times of adsorption, and washing. The conformation and thick-
ness of the deposited layers depend on the polyelectrolyte charge and the ratio of the 
dimensions of the hydrophobic and hydrophilic parts. Typically, a large number of 
segments that directly contact and interact with the surface of a solid can be distin-
guished in the polymer structure. In the case of a weak polyelectrolyte, the adsorption 
depends on the degree of ionization of the hydrophilic groups, which is regulated by 
a change in the acidity of the medium and the nature of the solvent. The adsorption 
of both weak and strong polyelectrolytes is affected by the ionic strength of the solu-
tion. With high ionic strength, the repulsion between neighboring adsorbed segments 
decreases, and polyelectrolyte molecules behave as uncharged polymers, which leads 
to the formation of a thick layer.

In addition to polyelectrolytes, monomer charged molecules can be included 
in such layers, for example, aminated, carboxylated or sulfonated calixarenes or 
cyclodextrins [33]. For example, in [34], pillar[5]arene-based multilayer films are 
constructed by LbL assembly with consecutive adsorption of cationic and anionic 
pillar[5]arenes.

Fig. 4.2: Examples of polyionic molecules: 1, sodium polystyrene sulfonate; 2, polyethyleneimine; 
and 3, polyallylamine hydrochloride.
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The introduction of various analytical reagents, including biomolecules, into the 
layers of polyelectrolytes can be accomplished either by electrostatic interaction or by 
covalent bonding with the functional groups of the polymer.

4.2.3  LB films

The Langmuir–Blodgett (LB) technology was developed in the 1930s and 1940s by 
Irving Langmuir and Katharina Blodgett, but its use in molecular electronics and 
sensors began only in the 1980s. The preparation of LB films consists of two stages: 
(1) the formation of an ordered monolayer of an amphiphilic substance at the 
interface between a liquid (usually water or aqueous solution) and gaseous (air) 
phases; (2) the monolayer transfer at a constant surface pressure on a solid surface 
[10]. The process is carried out in a special Langmuir trough equipped with Wil-
helmi balance to measure the surface tension, a movable barrier to compress the 
monolayer, and a device providing the movement of the solid substrate through 
the monolayer. To form a monolayer, a solution of the amphiphilic substance is 
applied to the surface of the liquid subphase in a volatile inert solvent, for example 
chloroform.

After evaporation of the solvent, the molecules of the amphiphilic substance are 
initially distributed chaotically over the surface of the liquid subphase, practically 
not interacting with each other (Fig. 4.3a), and form the so-called “two-dimensional 
gas” or “gas” phase of the monolayer. When the surface area decreases with a 
mobile barrier, the molecules approach each other to form a liquid-expanded and 
further liquid-crystalline phase (Fig. 4.3b, c). Further, at a constant surface pressure 
corresponding to the liquid-crystalline state of the monolayer, the substrate is slowly 
moved (about several millimeters per minute) through the monolayer, and the first 
monolayer is transferred to a solid surface, then the process is repeated the required 
number of times. Thus, it is possible to obtain complex molecular structures with 
a resolution of 2–3 nm and arrangement of layers of different molecules in the 
required order.

The range of substances forming Langmuir monolayer is, unfortunately, limited. 
The substance must have surfactant properties and its solubility should not exceed 
10−6 mol/L. Traditional objects of LB technology are fatty acids (e.g., stearic or ara-
chidic) and their salts. However, with the development of organic synthesis methods, 
the range of substances used to produce LB films has significantly expanded. It 
includes various dyes with HC chain, phospholipids, phthalocyanines, cyclodex-
trins, calix[n]arenes, as well as unsaturated compounds capable of subsequent 
polymerization in the film, including derivatives of diacetylenes, etc. There are also 
a number of biologically active compounds such as cholesterol, chlorophyll, and 
various proteins that form monomolecular layers. Many compounds that do not form 
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monolayers by themselves easily “fit” into the structure of Langmuir monolayers of 
other compounds [10].

4.3  Nanofilms’ sensor application

4.3.1  SAM

Enzyme sensors. Immobilization of glucose oxidase on SAM connecting with the 
surface of gold nanotubes [35] allowed the creation of a highly sensitive amperometric 
sensor for the determination of glucose. A sensor for determining glucose based on an 
SAM of mercaptopropionic acid was also developed, on which the enzyme was immo-
bilized by LbL adsorption of cationic polyelectrolyte and glucose oxidase having 
negatively charged groups [36]. In work [37] it was shown that the optimal system 
for the determination of catechol is SAM based on 2-aminoethanethiol cross-linked 
with enzyme laccase using glutaraldehyde. Alkene-based SAMs grafted on oxidized 
Pt surfaces were used as a scaffold to covalently immobilize oxidase enzymes, with 
the aim to develop an amperometric biosensor platform [38]. NH2-terminated organic 
layers were functionalized with either aldehyde (CHO) or N-hydroxysuccinimide 
(NHS) ester-derived groups, to provide anchoring points for enzyme immobilization. 
To improve the efficiency of electron transfer in electrochemical sensors, mediators, 
for example, 1,4-diaminoanthraquinone [39], are added to the SAM. The thiol itself, 
modified by the corresponding groups (11-ferrocenyl-1-undecanthiol) [40], can also 
be a mediator. The presence of SAM between the electrode and the enzyme makes it 
possible to preserve its enzymatic activity [41].

DNA sensors are widely used in clinical diagnostics for the detection of genetic 
diseases, pathogenic infections, and testing of DNA colonies in molecular biology. The 
use of SAM to immobilize DNA allows the conformation necessary for the hybridization 
reaction – the specific interaction of two complementary strands of DNA, one of which 
is applied to the surface of the sensor, and the other is the object of determination 

Fig. 4.3: Gas (a), liquid-expanded (b), and liquid-crystal (c) states of the monolayer.

(a)

(b)

(c)
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[42]. The hybridization reaction is recorded by a field-effect transistor [43], an 
electrochemical method with enzymatic amplification [44], impedance spectroscopy 
[45], quartz crystal microbalance [19], and surface plasmon resonance (SPR) [46]. 
Special DNA structures labeled with ferrocene were used to record hybridization due 
to conformational changes that occur, affecting the efficiency of electron transfer [47]. 
To reduce nonspecific DNA sorption on gold and to increase hybridization efficiency, 
mixed monolayers of thiolated DNA with blocking short-chain thiols are used. At the 
same time, by controlling the distance between DNA probes, their spatial accessibility 
is ensured and steric hindrances associated with the hybridization reaction are 
eliminated. SAM with immobilized DNA is also used to determine specific proteins [48].

Immunosensors. SAMs allow targeted immobilization of antibodies. Thus, 
SAM based on protein G, modified with 2-aminothiolane, effectively binds anti-hCG 
monoclonal antibodies [49], whereas for nonionized protein G the amount of bound 
antibodies decreases 1.6 times. Similar SAM with protein G was used to simultaneously 
determine the pathogenic microorganisms of E. coli O157:H7, Salmonella typhimurium, 
Yersinia enterocolitica, and Legionella pneumophila [50]. Immunosensors also 
use mixed monolayers of mercaptopropanol and 2-aminoethanethiol [51]. The 
immunosensor layer with optimal characteristics was obtained on the basis of a 
mixed monolayer of carboxy- and hydroxy-derived alkylthiols at a ratio of 1:3 [52]. 
Acylthiols modified with polyethylene glycol make it possible to reduce nonspecific 
sorption on the immunosensory coating [53]. SAMs of dithiols are usually formed 
faster than alkylthiols [54]. For example, N-succinimidyl-3-(2-pyridyldithiol), due to 
its heterobifunctionality, rapidly reacts with the amino groups of antibodies [55].

SAM based on thiol functionalized with mannose and concavalin A was used to 
determine E. coli by the quartz crystal microbalance method [56]. In this case, strong 
adhesion of E. coli to mannose and multivalent binding to concavalin A provided a 
detection limit of several hundred bacterial cells.

In the case of an indirect immunoassay, any analyte derivative, for example, a 
conjugate with a protein, is applied to the sensor surface. Thus, for example, a sensor 
for aflatoxin B1 was obtained [57].

Thus, SAMs of alkylthiols are used to immobilize biomolecules with a certain 
spatial orientation, preserve their affinity properties, reduce nonspecific sorption, and 
obtain multifunctional chemically sensitive layers. The technology of SAM preparation 
is simple and does not require special equipment. Examples of application of SAM in 
biosensors for the determination of various compounds are presented in Tab. 4.1.

4.3.2  LbL technique

Initially polyelectrolyte layers were used mainly in amperometric sensors [69] and 
are often combined with other methods of sensor layer preparation. This technol-
ogy was further extended to other types of sensors. For example, a piezoelectric 
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immunosensor for the paclitaxel determination in the concentration range 35–150 
ng/mL was  constructed based on three bilayers of poly(dimethyldiallylammonium 
chloride)/polystyrene sulfonate with covalently bound antibodies [70]. A sensitive 
polyaniline/titanium dioxide–based QCM sensor was fabricated for toxic gas detec-
tion [71].

The interdigital microelectrodes were covered by nanocomposite film of 
chemically reduced graphene oxide (RGO) and poly(diallylimethyammonium 
chloride) and applied as humidity sensor [72]. LbL self-assembly of the graphene 
films also was used for electrochemical [73], SPR [74], and impedance spectroscopy 
sensors creation [75]. Some LbL optical sensors were developed, for example, based 
on water-insoluble platinum complex for oxygen detection [76] and water-soluble 
fluorescent conjugated polymer for Hg (II) detection [77].

Last decade LbL assemblies with nanoparticles were intensively investigated, and 
a review focused on the recent advances in biosensors based on such systems was 
published recently [78]. Carbon nanotubes [79] and Mg–Al-layered double hydrox-
ide nanosheets [80] also were incorporated in LbL films and applied for glucose and 
acephatemet detection, respectively.

4.3.3  LB films

LB films are used as sensitive layers in all types of chemical sensors. The greatest 
development at the moment has been gas sensors based on various substituted 
phthalocyanines (porphyrins) of metals. The central atom of these compounds is 
mainly the rare earth elements, as well as Cu, Zn, Sn, and Mg. Such sensors are based 
on the selective binding of gases (NO2, NH3, Cl2 band, etc.) to the phthalocyanines 
to form complexes with charge transfer, in which the role of the donor is performed 
by phthalocyanine (porphyrin) rings, and the role of the acceptor is gas molecules. 
This leads to a significant change in a number of electrical characteristics of the films 
(electrical conductivity, charge, etc.), which is recorded using a system of electrodes 
or a field effect transistor. The detection limit of these gas sensors reaches tenth of a 
ppm [81], but mostly ranges from a few to tenth of ppm [82]. Moreover, bisphthalocy-
anines of metals, as a rule, are more sensitive than monosubstituted compounds [83].

A linear dependence of the response time of the sensors on the number of mono-
layers, found in a number of works, indicates the ability of gases to penetrate deeply 
into the film [8, 84]. The solvent that is used for LB film preparation can influence 
supramolecular architectures of phthalocyanines and sensor performance [85]. The 
selectivity of sensors based on phthalocyanines and porphyrins is regulated by the 
selection of substituents and by the combination of the ligand molecule and the 
nature of the central atom [86]. Improvement of selectivity is possible when recep-
tor molecules, for example, calix[n]arenes, are incorporated in the film [87]. Electro-
chemical sensors for antioxidants [88], phenolic derivatives [89], optical sensors for 
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NO2 [83], vapors of highly volatile organic compounds [90, 91], and vapors of nitric 
acid [92] have also been developed on the basis of phthalocyanine and porphyrin 
derivatives.

LB films of electrically conducting polymers, such as polyaniline (detection of 
NH3 [93], NO2 and H2S [94]), polythiophene (NO2 and etc. [95, 96]), and polycarbazole 
(NH3 detection [97]), are widely used. The conductive polymers can also be applied in 
liquid sensors, and an electric taste sensor (sweet, salty, acidic, and bitter) based on 
a polyaniline LB film with a Ru complex was developed [98]. This sensor recognizes 
these tastes below the threshold of human perception (at the level of micromolar 
concentrations of NaCl, HCl, quinine, and sucrose, used as model compounds) by 
applying the principal component analysis of data from four sensor elements, differ-
ing in the composition of the LB film. This principle was used in the development of 
an impedance spectroscopy sensor for the wines’ classification (variety, origin, aging 
and storage conditions), in which LB films of various conducting polymers and lipids 
were applied [99].

LB films are also used in sensors for ions determination. Applying LB film of iono-
phore (e.g., valinomycin) as a membrane, a field effect transistor for measuring glial 
cell K + transport was obtained [100]. Films based on the amphiphilic (thiazolylazo)
resorcinol can be used for visual determination of Cd2+, Pb2+, and Hg2+ with detection 
limit of 3 ⋅ 10−8 М [101, 102]. Various macrocyclic compounds are widely used for the 
metal detection. Thus, p-tert-butylthiacalix[4]arene was proposed for amperometric 
determination of the Pb2+, Cd2+ [103], and Ag+ [104] with detection limits of 8 ⋅ 10−9 
М, 2 ⋅ 10−8 М, and 3 ⋅ 10−9 М, respectively. The p-tert-butylcalix[7]arene ethyl ester 
compound was synthesized, and its ability to form LB films and interact with metal 
ions was shown [105]. Impedance spectroscopy sensor on the basis of thiomacrocyclic 
ionophore (1 ⋅ 10−5 M detection limit) was proposed [106].

One of the most promising fields of ultrathin LB films application is modifica-
tion of the surface of mass-sensitive sensors, based on the use of surface [107–109] 
and bulk acoustic waves [7, 110–115]. Such sensors have a high sensitivity to a film 
mass change; however, their selectivity is completely determined by the ability of 
the coating to selectively adsorb the analytes. For example, LB films of arachidic 
acid with incorporated carbon nanotubes were proposed to determine the vapors of 
organic compounds at the level of ppb [114] or octadecylamine films with chelating 
agent were used for the determination of Ca2+ ions [110].

Application of LB films in optical sensors is not so popular. The most widespread 
at the moment are sensors, acting on the principle of quenching the luminescence of 
reagent in the presence of the analyte [116–119]. To increase the selectivity of sensors 
of this type, the process of energy transfer can be useful [120]. In the last decade, 
examples of SPR sensors [121, 122] have emerged that are highly sensitive and do 
not require the presence of chromophore or electrochemically active groups in the 
reagents. An interesting type of waveguide chemical sensors is proposed using such 
films as active coatings [81].
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Sensors based on the light absorption have been developed. Films are prepared, for 
example, from the chromophore derivatives of calixarenes (determination of NO2) 
[87]. There are examples of the use of LB films to create optical pH sensors with an 
adjustable probe (by changing the nature of the Langmuir film matrix) by the inter-
val of the measured acidity [6]. The analytical parameters of some sensors [119–135] 
based on LB films are presented in Tab. 4.2.

LB technology can also be used to form sensitive layers of biosensors. A number 
of proteins, lipids, enzymes, and polysaccharides can form stable monolayers and LB 
films. Water-soluble biomolecules (antibodies, DNA fragments) can be included in 
the matrix of the film due to electrostatic and hydrophobic interactions. Thus, DNA 
molecules dissolved in the liquid subphase are adsorbed by a monolayer of octadecyl-
amine [123, 124], which allows them to be transferred to the surface of the sensor and 
then to detect the analytes using voltammetric or other methods.

LB films with incorporated enzymes, in particular glucose oxidase, were widely 
used in sensors [136]. Glucose oxidase can be included in octadecylamine [128], 
stearic acid [137], poly-3-hexylthiophene [127], and some other monolayers. The 
preparation of films containing glucose oxidase is possible both from its adsorption 
from the aqueous subphase to the Langmuir monolayers [138] and to the application 
of a mixture of glucose oxidase with amphiphylic substances in chloroform on the 
surface of the liquid subphase [139, 140]. Moreover, the adsorption of the enzyme from 
solutions on the prepared LB films was shown [141, 142]. Poly(3-hexylthiophene) was 
utilized as a material to enhance the glucose sensing performance of glucose oxidase 
LB films [143].

There are examples of immobilization of other enzymes in LB films. Thus, the 
urease was adsorbed from the aqueous subphase onto Langmuir monolayers of 
dimyristoylphosphatidic acid [144], acetylcholinesterase was used in an electroche-
miluminescent sensor for choline and acetylcholine [133], and the phenol derivatives 
were determined by a colorimetric sensor based on a LB laccase or tyrosinase film 
[145]. To enhance the efficiency of electron transfer to the film, conductive polymers 
[146], inorganic redox systems [142], and gold nanoparticles [147] are added to the 
film. In general, for enzyme sensors based on LB films, researchers note the high and 
stable catalytic activity of immobilized biomolecules [143].

There are some examples of the applying LB technology in immunosensors. LB 
films containing binding proteins (proteins A or G) for immunosensing were prepared 
[148]. A fiber optic fluorescent immunosensor for the diagnosis of cardiac diseases 
was described [149]. LB films based on arachidic and pyrenebutyric acids were used 
in a piezoelectric immunosensor for determination of pyrene in aqueous media [150].

A comparative study of the sensors based on LB films and films prepared by the 
conventional method (e.g., evaporation or spin-coating) [115, 151–153] showed that the 
use of nanotechnology increases the sensitivity of sensors, reduces response time, and 
improves signal stability. Moreover, a better resolution of the electrochemical peaks, 
reproducibility of the determination, and the sensitive layers production were noted.
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At the same time, it should be noted that creation of sensors using LB technology 
involves certain problems. A low stability of the films seriously inhibits the devel-
opment of sensors for the analysis of liquid aggressive media. The use of polymer 
matrices possessing thermal, mechanical, and chemical strength could be promising 
in this case. Another problem is related to a limited set of molecules forming stable 
monolayers. This problem can be solved by derivatization of functional compounds 
with HC chain.

4.4  Conclusions

Nanomaterials and nanotechnologies began to be used for chemical sensors in the 
90th of the last century. In the early 2000s, the rapid development of this area began, 
as evidenced by an annual increase in publications of 1.5–1.8 times. This is proba-
bly due to the fact that industrial production of devices for the implementation of 
nanotechnology is established, they have become more accessible to a wide range 
of analysts, and their cost has decreased. All this led to the fact that the nanosensors 
moved from the field of “art” of individual experimenters and laboratories to the field 
of everyday practice of analyst researchers. The first commercial samples of nanosen-
sors appeared. A new measuring technique allowed moving from the assumptions to 
experimental proof of the effects caused by the special properties of nanomaterials. 
In our opinion, the development of nanosensors will help to solve many problems of 
diagnostics and monitoring of the functioning of living organisms and environmental 
objects, especially in the cases of small concentrations of detectable substances.

The work was supported by Russian Scientific foundation (project 14-13-00229).
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T. D. Smirnova, S. N. Shtykov and E. A. Zhelobitskaya
5  Energy Transfer in Liquid and Solid Nanoobjects: 

Application in Luminescent Analysis
5.1  Introduction

Radiationless transfer of electronic excitation energy is a fundamental physical 
phenomenon playing an important role in natural processes, especially in photo-
synthesis, and is commonly used in photooptics, optoelectronics, biochemistry, coor-
dination chemistry of transition metals, lanthanides, and in luminescent analysis. 
Energy transfer (ET) assumes a presence of a donor absorbing the light and an accep-
tor receiving the absorbed and transformed energy from the donor to emit it later. 
Excitation ET may take place within one molecule, which has two reaction centers, 
within metal chelates, or in between separate molecules when the donor and the 
acceptor collide with each other dynamically.

ET is examined in solutions, solids (crystals, films), and biological objects 
and is of practical significance. A lot of electronic excitation ET types are identi-
fied, for example, resonance energy transfer (RET) when the donor and acceptor 
are coupled by a dipole–dipole interaction within 1–10 nm, triplet–triplet (T–T) 
ET when the process controlled by diffusion is defined by interaction within 1–1.5 
nm, and Ln(III)-specific ET when the donor and acceptor are coupled by chelate 
formation.

The RET in one turn can be subdivided on fluorescence (Förster) RET (FRET), bio-
luminescence RET (BRET), chemiluminescence RET (CRET), minor groove binder ET 
(MBET), and lanthanide RET (LRET) varieties of ET processes.

The use of ET in chemical analysis has two main goals:
– enhancement of luminescent signal intensity and thus increase of analyte deter-

mination sensitivity;
– improvement of determination selectivity.

Fluorescence or phosphorescence of the acceptor that occurs during ET is known 
as sensitized. The present review will consist of literature data summary as well as 
author’s own results dedicated mostly to utilization of FRET and other ET processes 
in lanthanide complexes, which solubilized in liquid nanosized micelles (liquid 
nanoobjects) performing the role of nanoreactors and the ET between the lanthanide 
systems and some types of solid nanoparticles (e. g., silver, carbon, and semicon-
ductor quantum dots (QDs)). Various approaches to promote the efficiency of ET for 
improvement of determination selectivity and sensitivity using liquid and solid nano-
objects will be analyzed as well.

https://doi.org/10.1515/9783110542011-005
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Weissman [1] was the first who observed the ET in chelates of rare-earth elements 
and proposed a simple scheme of the process.

D∗ + A→ D + A∗,
where D* is the donor in excited state, and A is the acceptor of excitation energy. He 
noticed that absorption of the UV light by Eu3+–beta-diketonate complex causes a 
narrow band emission, which is typical for that lanthanide ion. In succeeding years, 
ET mechanism was studied more comprehensively by several researchers  
[2, 3]. Two mechanisms of ET are distinguished, which differed by the nature and 
strength of interaction: inductive-resonance ET arising from dynamic collisions 
between particles (FRET) and exchange resonance, observed mostly in complex 
metals with ligands.

The theory and mechanism of FRET that is realized with long-range dipole–di-
pole interactions are discussed in more detail by Förster and Galanin [2, 4]. Nonradi-
ative ET was demonstrated to contain information about the molecular structure of 
donor–acceptor pair. The rate constant of ET may be expressed as follows [2]:

r = R0
(τ0D/τD − 1)

1/6

where and τD are fluorescence decay times of the donor in the absence and presence 
of acceptor, r is the distance between donor and acceptor, and R0 is the characteristic 
distance or the Förster radius at which 50 % ET occurs.

Since the value of Förster radius ranged from 20 to 30 A, the dependence of ET 
on the distance makes it possible to use FRET in biochemical studies. This range fits 
the sizes of the most proteins and thickness of the biological membranes. Anything 
that can change the distance between donor and acceptor affects also the ET rate. 
This provides the assessment of the donor–acceptor distance changes and makes it 
quantified. Thus, the ET metering is used to estimate the value of a distance between 
binding centers or chromophoric protein groups, biomembranes, as well as the inter-
action between macromolecules, etc. [4, 5]. ET method allows studying the static and 
dynamic macromolecule’s conformational changes in solutions. For instance, the 
examination of donor fluorescence decay time kinetics permits the distance between 
donor and acceptor to be measured as well as the rate of donor and acceptor diffusion 
relative to each other. FRET is suggested to use in analysis of structure and thermody-
namical properties of lipids and its systems [6].

Exchange-resonance ET will be possible if emitting transitions in donor and 
acceptor are forbidden by the selection rules, but electronic shells of the donor–ac-
ceptor pair are overlapping. Exchange-resonance ET is going on between two organic 
molecules, organic molecule and rare-earth ion, different rare-earth elements [7], and 
transition metals [8]. The effectiveness of ET in “donor–acceptor pair” is consider-
ably more between different substances as compared with the molecules of the same 
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nature [9]. The effectiveness of exchange-resonance excitation ET may be far better 
than FRET. It depends on many factors but nature and microenvironment of donor 
and acceptor are critical. The maximum of analytical signal occurs after implementa-
tion of mixed (inductive and exchange) mechanism of ET in spectroscopic system. A 
contribution of the inductive-resonance ET is followed by growth of medium viscosity.

Lanthanides can be a useful alternative to the common labels in the monitoring 
of interaction between ligands and receptors for the biochemical studies. The reason 
is that LRET has several advantages over common organic fluorescent dyes. Lantha-
nides are more readily available; the distance at which 50 % of the energy is trans-
ferred is large; the donor lifetime is single exponential and long (0.63 ms in H2O), 
making lifetime measurements facile and highly accurate; the sensitized emission of 
the acceptor can be measured with little or no interfering background; lanthanides 
used in combination with biologically active ligands can provide more intensive lumi-
nescent signal, which may obtain by applying time-resolved fluorescence [5, 7, 10–14]. 
Lanthanide chelates themselves refer to energy donors that have to offer advantage 
over classical fluorescence probes in the measured donor–acceptor distance [15].

The ET phenomenon and sensitized fluorescence have a peculiar interest for 
analytics due to the high sensitivity and selectivity of fluorimetric determination 
the lanthanide ions themselves, organic and biomolecular substances as well. The 
advantages of the lanthanides complexes are well-defined fluorescence characterized 
by narrow and structured emission spectra, large difference between absorption and 
emission wavelength maximums (large Stokes shifts), long excited-states’ lifetimes 
(micro- or milliseconds) and antenna effect. The sensitized lanthanides fluorescence 
is successfully used for detection of lanthanides and biologically active substances 
(BASs) in the biological, organic and nonorganic objects, herbs, medicines, and envi-
ronment [16–19]. It invokes on ET in chelates from the triplet level of organic ligand 
(donor) to resonance emitting level of lanthanide ion (acceptor). Along with lantha-
nides, the solid nanoparticulates such as QDs, metal oxides, and carbon nanomateri-
als can be participants of ET.

5.2  Nanoobjects involved in ET

The ET analytical practice faced in common solvents has some limitations and draw-
backs. It is not always effective to overcome ET weakness through the development 
of new or modification of current molecular fluorophores. For this reason, during the 
past 20 years, researchers tend to apply different nanoparticles or liquid nanosized 
objects in order to enhance the efficiency of ET.

All types of liquid nanoobjects formed so-called “organized media” can be tenta-
tively subdivided into the following two large groups: media containing self-assembled 
(self-organized) supramolecular micellar systems, which form a proper pseudophase, 
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and preorganized media containing receptor supermolecules with inner cavities [20, 
21]. Micellar systems are lyophilic colloid-sized assemblies of several tens of diphilic 
molecules or ions of micelle-forming surfactants (dispersed phase), which are dis-
tributed in the bulk of an aqueous or nonaqueous solvent (dispersion medium) [20]. 
Direct and reversed micelles, microemulsions (water-in-oil and oil-in-water), vesicles, 
liposomes, Langmuir–Blodgett films, and liquid crystals formed by diphilic surfac-
tant molecules or ions are the examples of micellar systems. The nanophase of direct 
micelles is separated from the dispersion medium (water) by a layer containing the 
polar head groups of surfactants and a shell of strongly retained water molecules. 
This layer is often referred to as an interphase, or the Stern layer in the case of ionic 
surfactants and oxyethylene groups in the case of nonionic surfactants. In organic 
solvents the reversed micelles are formed and the polar groups of surfactants form 
the nuclei of these micelles as well as hydrocarbon radicals are oriented toward the 
nonaqueous solvent. The solutions of various receptor molecules (cyclodextrins [CD], 
calixarenes, cyclophanes, etc.), which form rigid three-dimensional cavities, belong 
to the second group of organized media.

In general, the term organized media is related to transparent optically isotropic 
solutions in which supramolecular or supermolecular nanosystems occur in the bulk 
of the solvent (aqueous or nonaqueous); these systems form a proper pseudonano-
phase. Thus, organized liquid media are homogeneous and single-phase on a macro-
scopic scale; however, they are microheterogeneous and two-phase on a nanoscale. 
If chemical reaction occurs in such a nanosized microphase rather than in the bulk 
of solution, this nanosized microphase is referred to as a microreactor or nanoreactor 
[20, 21]. The effective physicochemical parameters (local dielectric constant, microp-
olarity, microviscosity, and microacidity) of a medium in different parts of such nano-
reactor, which are determined by spectroscopic probes, are strongly different. The 
solubilization of the participants of an analytical process in the different local places 
of this nanophase considerably affects their hydrophobic properties, hydration, rigid-
ity, molecular conformation, and the efficiencies of intra- and intermolecular exci-
tation ET; consequently, a number of physicochemical and spectroscopic properties 
are also changed. As a result, the analytical signal intensity considerably increases.

The relatively solid nanostructures such as Langmuir–Blodgett films or sol–gel 
materials with a thickness of 30–200 nm can also play a role of nanoreactors. These 
films can contain a different kind of substances with different functional groups and 
use for development of liquid and gas nanosensors, including sensors based on mea-
suring sensitizing fluorescent intensity [22–24].

Other kind of solid nanoobjects are nanoparticles (NPs). Their significant feature 
is that they can themselves be participants in ET in the donor–acceptor pair. Owing 
to unique quantum-confined properties, they have very high molar absorption 
coefficients and position of their absorption and fluorescent spectra can be easily 
controlled by the size of the nanoparticle that is very important for construction of 
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donor–acceptor pair [25, 26]. The most known examples of such nanoparticles are 
semiconductor QDs, carbon dots, and gold and silver NPs.

Semiconductor QDs, due to their unique photophysical and spectroscopic prop-
erties, are widely used as an alternative to traditional organic fluorophores. The 
spectroscopic analytic signal of QDs is caused by surface plasmon resonance (SPR) 
phenomenon. QDs are composed of semiconductor cores (1–10 nm), which are often 
coated with one or more shell consisting of another semiconductor material with suit-
able lattice parameters and higher band-gap energy, for example, CdSe, CdSe/ZnS, or 
CdSe/CdS/ZnS QDs. Different QDs have found wide application in bioassay. Their use 
is based on various principles and concepts and allows detection of small molecules, 
proteins, DNA, and act as biolabels [27].

The nanoscale metal particles (Au, Ag, Au–Ag) are likely to use for optic (absorp-
tion, fluorescence, light scattering) detection of biological molecules. The detection 
sensitivity is increased by 200,000 times during a catalytic sedimentation of silver at 
the gold surface [28, 29]. The detection limit may drop down to 10−21 М when gold and 
magnetic nanoscale particles are combined. The absorption molar coefficients of gold 
nanoparticles rise to 3⋅1011 L⋅mol⋅cm−1 [28, 30].

A carbon QD and two-dimensional graphene are solid nanostructures, which 
form sensor-sensitive layer for the detection of different molecules. Carbon QDs 
were proposed as the donors of excitation energy in bioanalysis to determination of 
nucleus acids, proteins, and toxins in environmental objects [31–33].

5.3  Application of FRET in analysis

5.3.1  FRET in micellar solutions

The impact of surfactants on the intensity of sensitized fluorescence was considered 
in their ionic solutions as well as micellar ones. It has been shown using triton X-100 
molecule as energy donor and the derivate of indolequinolizidine (3-acetyl-4-oxo-6,7-
dihydro-12H-indolo-[2,3-a] quinolizine) as the acceptor, that ET in micellar solutions 
is more effective [34]. FRET between perylene and riboflavin in micellar solution of 
sodium dodecylsulfate (SDS) was proposed for determination of vitamin B2 [35]. Flu-
orescence resonance ET between acridine orange and rhodamine 6G was applied for 
determination of vitamin B12 using SDS micelles and flow-injection laser-induced flu-
orescence detection at λexc = 454 nm with limit of detection (LOD) 1.65⋅10−6 М [36]. 
Detection of erythromycin was described using ET from rhodamine 6G to acridine 
orange in the dodecyl benzene sodium sulfonate micellar solution [37]. In the pres-
ence of erythromycin, the fluorescence of acceptor is reduced; the linear dynamic 
range was varied from 0.75 to 15 mg/L, with LOD 0.32 mg/L.
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5.3.2  FRET with protein participation

Lanthanide inductive resonance ET is used at the development of different FRET 
sensors. In the FRET pairs, the lanthanide complexes act as the excitation energy 
donors and fluorescent proteins as acceptors. Genetically encoded sensors enable 
visualization of intracellular enzyme activity, protein’s interaction, and changes 
in protein conformations [38]. The terbium–fluorescein and terbium–green fluo-
rescent protein (GFP) fluorescence resonance ET pairs are used for development of 
time-resolved FRET kinase assays [39]. ET occurs on the interaction between a terbi-
um-labeled antibody with substrate and GFP, the efficiency of which depends on the 
enzyme activity [40–42].

The enzyme detection via the ubiquitin–Tb3+–YFP (yellow fluorescent protein) 
pair facilitates the tumor treatment. Due to ET, the YFP lifetime increases. The enzyme 
affects the efficiency of ET that is used to control oncology diseases [43]. Biosensors 
based on lanthanide complexes, which are used as energy donors, provide estra-
diol [44], triiodothyronine [45], hormones [46], and serine–threonine and tyrosine 
kinases’ enzyme activity detection [47, 48].

FRET offers an insight into red blood cells’ membrane structure of patients with 
chronic diseases. Membrane probes can be used to diagnose myocardial infarction, 
cardiophyshoneurosis, and breast pang [49–51]. A high sensitivity of fluorescent 
analysis was demonstrated by cholinesterase inhibitor detection [52, 53]. Fluorescent 
detection of albumin apparent concentration in blood is based on the use of N-car-
boxyphenyldimethyl aminonaphthalic acid [54]. The emission intensity of that fluo-
rescent dye in a blood serum is proportional to albumin molecule’s vacant binding 
centers.

5.3.3  FRET with nanomaterials’ participation

5.3.3.1  Quantum dots
As a result of their discrete atom-like electronic structure, QDs have typically very 
narrow emission spectra with a full width at half-maximum of the luminescent emis-
sion of around 15–40 nm. QDs typically exhibit higher fluorescence quantum yields 
than conventional organic fluorophores, allowing for greater analytical sensitivity. 
QD uniqueness arises from the fact that the maximum of fluorescent emission may 
be adjusted through the cores size control during its synthesis or modification. Due 
to wide absorption spectrum and narrow emission one, the production of heteroch-
romatic QDs is possible if only the same one excitation wavelength is being used. The 
photophysical properties of QDs can be controlled by their nanocrystal core sizes, 
the shell thickness, and the composition of the semiconductor materials of cores and 
shell and in some extent by their surface ligands. The final emission features of QDs 
can be tuned from UV to NIR to fit the desired spectral wavelength, making them 
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ideally suited for all kinds of fluorescent applications. QDs can have extremely high 
molar absorption coefficients of more than 1 × 106 M−1 cm−1 that is up to 10–100 times 
higher compared with organic dyes.

QD application helps to visualize biological processes, to eliminate or reduce 
an autofluorescence signal and accomplish a simultaneous identification of 
several BASs. QD advantages are its colloidal solubility in the wide range of sol-
vents, including water, the stability of its luminescent intensity, high quantum 
yields, and resistance to photobleaching. QD ET-based nanosensors are used for 
detection and quantification of the peptides, low-molecular compounds, environ-
mental contaminants, viruses, microorganisms, and toxins in immunoassay and 
pH sensors [55].

Fluorometric immunoassay for human serum albumin based on its inhibitory 
effect on the immunoaggregation of QDs with silver nanoparticle was developed [56]. 
The presence of albumin decreases the fluorescence induced by FRET between these 
two types of nanoparticles. The linear dynamic range of albumin determination is 
30–600 ng/mL. Nanosensor was proposed for highly sensitive and rapid clenbuterol 
detection with LOD 10 μg/mL based on decrease of ET and consequently fluorescence 
intensity in the QD CdTe–naphthol system [57]. Aptasensor based on FRET effect for 
determination of adenosine in urine samples of lung cancer patients was developed 
[58]. The FRET takes place between QD CdS as donor and polypyrrole as acceptor. The 
linear dynamic range of adenosine is 23–146 nM, the detection limit is 9.3 nM.

A sensitive nanobiosensor based on FRET was developed for the detection of 
22-mer oligonucleotide sequence in human papillomavirus 18 virus (HPV18) gene 
[59]. For this purpose, water-soluble CdTe QDs were synthesized and amino-modified 
11-mer oligonucleotide to form functional QDs–DNA conjugates. The addition of the 
QDs–DNA (donor) and a Cyanine5 (Cy5)-labeled 11-mer oligonucleotide probe (accep-
tor) to the DNA target solution, the sandwiched hybrids were formed. The fluores-
cence intensity of Cy5 found to be linearly enhanced by increasing the DNA target 
concentration from 1.0 to 50.0 nM, with a detection limit of 0.2 nM. This homogeneous 
DNA detection method does not require excessive washing and separation steps of 
unhybridized DNA, due to the fact that no FRET can be observed when the probes are 
not ligated.

The fluorescent Hg2+ sensor based on Hg2+-induced conformational alteration of 
single-stranded DNA rich in thymin is applied in ecology. The sensor is characterized 
by two linear dynamic ranges of response between fluorescence intensity and Hg2+ 
concentration. The limit of Hg2+ detection is 0.18 nM. The fluorescent sensor is specific 
for the analyte even in the presence of high concentrations of other metal ions [60].

A new sensor system was developed for metal-ion sensing based on FRET that 
was carried out between coumarin (C120) as the energy donor and fluorescein (FL) as 
the acceptor [61]. The concentration most suitable for FRET efficiency was determined 
to be 0.2 μM for C120 and 20 μM for FL. It was found that the presence of Fe3+ ions 
selectively inhibited ET between the two molecules mentioned, whereas the other 
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metal ions did not affect. The detection limit of Fe3+ is 2.54 μM. The C120–FL system 
has a good potential for a sensor application in analytical systems due to its high 
selectivity for Fe3+.

QD and built-in genetically encoded proteins participated in FRET are widely 
used in molecular composition research [27, 62–64]. The process of RET with QDs and 
lanthanide ions between small organic fluorophores and different fluorescent pro-
teins was examined in [65]. Efficient intermolecular ET from carbostyril 124–sensi-
tized Tb3+ to Eu3+ proceeds in aqueous solution and on cell surface that can be used to 
imagine the proteins in biological systems.

The excited ET between solid nanoparticles and biomolecules can be addition-
ally enhanced by combination with liquid organized micellar media. For example, 
bovine serum albumin in micelles was effectively detected by an FRET-based molec-
ular sensor using CdTe QDs as energy donors and neutral red as acceptor [66]. The 
FRET efficiency was enhanced by the construction of cetyltrimethylammonium 
(CTAB) micelles, which significantly reduced the distance between the donor and the 
acceptor. The results indicated that the addition of the albumin easily leads to the 
fluorescence quenching of CdTe–neutral red fluorescence RET due to the formation 
of CdTe–albumin complexes, which have weak affinity to CdTe and repel the dyes 
from CdTe surface. The linear range of albumin was from 0.4 to 11 mg/L with LOD 0.13 
mg/L.

A comprehensive review of the development of assays, bioprobes, and biosensors 
using QDs as integrated components was published [67]. In contrast to a QD that is 
selectively introduced as a label, an integrated QD is one that is present in a system 
throughout a bioanalysis, and simultaneously has a role in transduction and as a scaf-
fold for biorecognition. The modulation of QD luminescence provides the opportunity 
for the transduction of these events via FRET, BRET, charge transfer quenching, and 
electrochemiluminescence. The examples of their application in biological sensing 
include the detection of small molecules using enzyme-linked methods, or using 
aptamers as affinity probes; the detection of proteins via immunoassays or aptamers; 
nucleic acid hybridization assays; and assays for protease or nuclease activity. Strate-
gies for multiplexed detection are highlighted among these examples.

An interesting approach based on blocking FRET between two QDs of different 
sizes, which causes fluorescence quenching, was suggested in publication [68]. Pre-
binding of glucose on the QD donor occupies the binding sites and thus blocks RET 
between the two QDs, protecting the fluorescence from being quenched. A glucose 
assay is developed based on this approach. A linear dynamic range is achieved within 
0.1–2.0 mmol/L, along with a detection limit of 0.03 mmol/L and an RSD of 2.1 %. 
Glucose of 91–105 % in serum and urine samples is recovered. The glucose detection 
is possible in the near-infrared region using Ce/Nd Co-doped luminophores and ET in 
Ce/Nd Co-doped CaxSr1−xS [69].

The same determination strategy using FRET from CdSe QDs to CdTe ones was 
studied and used to determine the serum prostate-specific antigen (PSA) [70]. The 
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effective ET and intensive fluorescence occurred between CdSe and CdTe in Tris–
HCl buffer solution at pH 8.0. When PSA was added, the fluorescence intensity of 
CdSe–CdTe system decreased, and the fluorescence was finally quenched because of 
the specific immunological reaction between the PSA antigen and the CdTe-labeled 
PSA antibody. Under optimum conditions, the linear range of PSA antigen was 2.8– 
10 μg/L, with LOD of 0.015 μg/L.

The detection of DNA H5N1 and nucleic acids through QD and nanotubes (NTs) 
in the QD (CdTe)-ssDNA/NT system has been suggested, where modified ssDNA was 
the donor [71]. The DNA concentration rate is 0.01–20 μM and the detection limit is 
9.93 nM. The deltamethrin chemiluminescent sensor based on QD is provided [72], 
with the linear dynamic range of 0.053–46.5 μg/mL and LOD 0.018 μg/mL.

A novel FRET-based ratiometric sensor with the polymer nanoparticle as scaffold 
for detecting Hg2+ in aqueous media was developed [73]. A fluorescent dye fluorescein 
isothiocyanate (served as the donor) and a spirolactam rhodamine derivative (served 
as mercury ion probe) were covalently attached onto polyethylenimine and poly-
acrylic acid, respectively; a ratiometric sensing system was then formed through the 
deposition of the donor- and probe-containing polyelectrolytes onto the negatively 
charged polymer particles via the layer-by-layer approach. It was found that the rati-
ometric sensor is applicable in a pH range of 4.6–7.3 in water with the detection limit 
of 200 nM.

The FRET between QDs emitting at 565, 605, and 655 nm as energy donors and 
Alexa Fluor fluorophores with absorbance maxima at 594, 633, 647, and 680 nm as 
energy acceptors were studied [74]. As a first step, the covalent conjugates between 
all three types of QDs and each of the Alexa Fluor fluorophores that could act as an 
energy acceptor were prepared. All of these conjugates displayed efficient RET. Then 
the covalent conjugates of these QDs with biotin, fluorescein, and cortisol were pre-
pared and established that the binding of these conjugates to suitable Alexa Fluor–la-
beled antibodies and streptavidin can be efficiently detected by measuring the RET in 
homogeneous solutions. Based on these observations, competitive binding assays for 
these three small analytes were developed.

Along with chemical analysis, QD and FRET can be used to solve various fun-
damental and application problems [75, 76]. Two special types of inorganic fluoro-
phores are lanthanide luminescent labels and semiconductor QD. The feature of it is 
FRET at a distance of 1–20 nm applied in optic biosensors for diagnostics and cellu-
lar imaging, which use lanthanide as donors and QDs as acceptors [77]. The advan-
tages and disadvantages of the following systems usage are shown by the example of 
immunocomplex organization [78].

Lanthanide-doped QDs find their use in biomedical research as bioindicators 
and biolabels; they are also applied in fluorescence microscopy, magnetic resonance 
imaging, and medicine body processing mechanism research. The advantages of 
this QD type over common fluorescent materials (organic pigments, fluorescent 
proteins’ golden nanoparticles, and luminescent transition metal complexes) 
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include analytical signal detection in the visible and near-infrared, resistance to 
photochemical degradation, tolerance to DNA/RNA systems self-radiation due to 
exciting light energy reduction, low cytotoxicity, and high detection sensitivity of 
analytes.

The several procedures of synthesis of lanthanide-doped QD nanoparticles were 
proposed [79]. Immunofluorescent estradiol determination performs due to ET from 
biotinylated europium and terbium to CdTe semiconductor NPs coated with streptavi-
din without preseparation at the subnanomolar level. Streptavidin was coated without 
spacer layer in virtue of quite short distance between a donor and an acceptor [80]. 
ET from benzoic acid to lanthanide ions doped into СаF2:Eu3+ and СаF2:Tb3+ nanopar-
ticles indicates the opportunity of lanthanide sensitization that forms complexes with 
organic ligands [81]. Table 5.1 summarizes analytical and metrological characteristics 
of BAS detection using FRET phenomenon.

Microspheres exhibited large Stokes shift and long wavelength fluorescence, 
which allows for FRET with two dyes to be produced. It was shown that microspheres 
usage allows the range of fluorescent probes to be extended [91].

5.3.3.2  Nanoparticles based on Au, Ag, Au–Ag, and graphene
A strong band of SPR in visible region is the noble metal nanoparticles’ optical prop-
erty originated under incident light action. Plasmons are the collective oscillations of 
conduction electrons near the metal–dielectric interface. SPR is the reason of nonlin-
ear optical effects exhibited as the result of an increase in the absorption efficiency, 
luminescence, and Raman scattering of molecules around the nanoparticles. The 
resonance photoexcitation is more effective, so both fluorophores and nanoparticles 
absorb the light. Energy gained by molecule during nonresonant excitation transfers 
to the metal nanoparticles, which can fluoresce.

The local electric field occurring under electromagnetic waves’ action on the 
nanoparticle’s metal surface can promote fluorescence decay of fluorophores mole-
cule localized near the nanoparticle surface [92]. There are two different mechanisms 
to SPR impact on fluorophore’s properties, which contributes to the nanosensor 
development. Spectral characteristics of fluorophores would be changed, detection 
limit would dramatically decrease, and selectivity of analytic determination would 
increase by the FRET-involved metal nanostructures application in the nanosensors. 
The dynamics of singlet-singled and singled-triplet ET would be affected by the local 
surface plasmons and this aroused considerable interest of analysts to the prospects 
of optosensing with nanoparticles [93, 94].

Fluorescence quenching. Nanoparticles are effective quenchers of fluorophores 
emission due to high molar absorption coefficients in the visible region. Due to metal 
particle’s electron level’s interaction with adsorbed molecule, the decay process has 
high efficiency. The local electric field has an impact on fluorophores expressed in 
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its excited lifetime decrease, which make up the fluorophores’ photostability. In the 
presence of metal nanoparticles, excited ET state as inverse donor–acceptor distance 
Rn, where “n” varies from 3 to 4 unlike Förster mechanisms (there n = 6) as was set 
empirically. Along with this, metal particles presence exceeds Stern–Volmer quench-
ing constant over conventional photochemical processes [95]. FRET with anomalous 
high nanometal surface energy transfer (NSET) efficiency is called a “superquench-
ing.” Au and Ag nanoparticles would be used as NSET florescence probes at the matrix 

Tab. 5.1: FRET based on usage of nanomaterials

Nanoobject Analyte Sample Linear range (LOD) Refer-
ences

CdTe and CTAB micelles BSA  0.4⋅10−3–11⋅10−3 g/L [66]
Cd–Se, albumin-
conjugated Ag NP

BSA  30–600 ng/mL [56]

CdS Adenosine Urine of lung cancer  
patient

23–146 nM [58]
9.3 nM

Cd–Te DNA 22-Dimension oligonucle-
otide sequence in HPV gen

1.0–50.0 nM [59]
0.2 nM

CdTe Clenbuterol  (10 μg/mL) [57]
CaS/SrS Glucose   [69]
CdSe–CdTe Prostate  

antigen
Blood serum 2.8–10 μg/L; [70]

(1.5⋅10−2 μg/L)
CdTe-ssDNA/ 
nanotubes

DNA  0.01–20 μМ; [71]
(9.39 nM)

СdTe Deltamethrin  0.053–46.5 μg/mL; [82]
(0.018 μg/mL)

СdTе–CTAB micelles Нg(II)  20 nM [73]
QD/AlexaFluor Fluorophor Streptavidin   [74]
CdTe/lanthanide Estradiol  10−11–10−9 М [80]
СаF2:Eu3+ and СаF2:Tb3+ Benzoic acid   [81]
QD/lanthanides DNA Biodiagnostics, screening  [26]
Au NPs α-Protein Blood serum of cancer 

patients
 [83]

Au NPs Norfloxacin Urine 7.9⋅10−7–2⋅10−5 M [84]
Graphene Thrombin   [85]
Carbon NPs Sn (II) – 18.7 μM [86]
Carbon nitride Riboflavin Milk 0.4–10 μM [87]

170 nM
Graphene TNT – (2.2 μМ) [88]
Carbon dots  Organophosphorous  

compounds
5.0⋅10−11–1.0⋅10−7 M [89]

Carbon dots Glyphosate Environmental  
medium, water

0.02–2.0 μМ [90]
(0.6 μМ)
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surfaces and in the solvents. For example, the fluorescent routine sensor uses cova-
lent indicator dye immobilization at the quartz glass surface, where the Ag nanopar-
ticles have been applied [96].

The determination of methimazole in plasma is based on acridine orange desorp-
tion from Ag nanoparticle surface and the following methimazole sorption. The dye 
fluorescence is reducing while Ag nanoparticles are present as the result of FRET. 
The system being entered with antithyroid shows that fluorescent intensity increases 
while methimazole’ concentration is in the range of 8⋅10−9 to 3.75⋅10−7 М, with the 
detection limit of 5.5⋅10−9 М [97].

Metal colloid stabilizers play a particular role in analytic detection. For example, 
DNA-stabilized Ag NPs are used for glutathione reductase activity detection. This 
method is highly selective and sensitive. The activity can be determined in the range 
of 0.2–2.0 mIU/mL. Pepsin, lysozyme, trypsin, avidin, thrombin, and myoglobin 
slightly affect the fluorescent intensity of the analytical system [98]. A new explor-
ative NSET approach to oncology has been proposed based on directly methylated 
DNA identification without any chemical and enzyme methods [99].

Ag nanoparticles surface modified by l-tyrosine allow for the complex forma-
tion of Co (II) and Cu (II) ions by amino- and carboxylic groups of aminoacid, which 
is accompanied by fluorescence decay. This phenomenon is used for these metals’ 
determination in solutions [100]. Competitive sorption of thiols and quinolones at 
the Au NPs’ surface applied for fluorimetric determination of the sulfur analogs of 
alcohols with the detection limit 4.7⋅10−8 М [101]. Fluorimetric methods of fexofena-
dine hexachloride detection in the medicinal drugs [102] and Sudan I–IV derivatives 
during medical investigation were proposed [103].

Chlorophyll luminescent decay in the presence of different NPs is suggested as 
an analytical instrument for ecological monitoring of plant’s environmental stress 
[104]. Captopril sensor with a detection limit of 1.6⋅10−7 М was developed [105]. For 
this purpose, a self-assembly multilayer was designed, in which photoluminescent 
graphene oxide was employed as a fluorescence probe. These multilayer films can 
effectively recognize captopril by RET from graphite oxide to silver nanoparticles. The 
sensory layer containing Ag nanoparticles could be used up to 10 times. The advan-
tages of the NSET-based sensors are low noise level, high sensitivity, and visualiza-
tion capability [106, 107].

Metal-enhanced fluorescence. If SPR wavelength and fluorophore excited 
wavelength are closely matched, the metal-enhanced fluorescence (MEF) will be 
observed [108]. This process is based on radiationless dipole–dipole electromagnetic 
ET between nanoparticles and ground and exited states of the nearest molecule. A 
silver NP is the most common material of MEF. Gold NPs are often used as quenchers, 
but they may amplify fluorescence of molecules, which have longer fluorescence wave-
length [109]. MEF depends on the size and form of nanoparticles, donor–acceptor dis-
tance, overlap integral of plasmon resonance spectrum, and fluorophore absorption. 
It has been experimentally proven that too short fluorophore–NP distance quenches 
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the fluorescence [110]. Nowadays, MEF has received great attention and sometimes 
is used for BAS determination. The colloid solutions of noble metals stabilized with 
sodium citrate are typically used MEF nanoparticles [111–117].

The fluorimetric method of tetracycline determination in milk based on fluo-
rescence amplification in the presence of Ag nanoparticles was proposed [118]. The 
complex of Eu3+ with tetracycline (TC) is sorbed at the surface of Ag nanoparticle. The 
local field of Eu3+–TC chelate impacted by SPR allows for increases of the intensity of 
fluorescence by 4 times. The antibiotic’s concentration linear dynamic range is 10 nM 
to 10 μM; detection limit is 4 nM.

It was found that silver NPs could enhance co-luminescence effect of rare-earth 
ions Tb(3+) and Y(3+) [119]. Based on this, a sensitive fluorescence detection method 
for the determination of dopamine was proposed. This is because dopamine can 
significantly enhance the luminescence intensity of the Tb(3+) ion by Y(3+) in the 
colloidal solution of the NPs, forming a new co-luminescence system. In a neutral 
buffer solution (pH 7.5), the luminescence intensity of the system was linear in 
the range of 2.0–100 nM dopamine concentration with LOD as low as 0.57 nM. The 
plasmon effect of silver NPs helps to enhance the fluorescence intensity of the quer-
cetin (Q) and nucleic acid system [120]. Based on this effect, a sensitive method 
for the determination of nucleic acids was developed. The detection limits for the 
nucleic acids were reduced to the ng/mL level. The complex system of Q–Ag NPs 
was also successfully used for the detection of nucleic acids in agarose gel electro-
phoresis analysis.

The Ag nanoparticle surface modified by the β-cyclodextrins amplifies the tetracy-
cline and chlorotetracycline (Cl–TC) intrinsic fluorescence by 3–5 times and decreases 
detection limit to ng/mL [121]. The linear dynamic ranges for the determination of TC 
and Cl–TC in aqueous solutions varied from 0.10 to 6.0 mg/L and 0.050 to 3.0 mg/L 
with detection limits of 0.63 and 0.19 µg/L, respectively. The method has been tested 
on pharmaceutical preparations. A biosensing platform using Ag@SiO2-DNA-fluoro-
phore (Cy3) nanostructure was designed for metal ions and small organic molecule 
detection [122]. By controlling the thickness of the silica shell on the Ag nanoparticle, 
the fluorescence of cyanina 3 (Cy3) could be enhanced by the SPR of Ag NP for up to 
2.5 folds. This MEF sensor provided high sensitivity and selectivity for the detection 
of Hg2+, Ag+, and coralyne.

Quinolones (Qs) can form the complex with Tb(III) ion, and the intramolecular 
ET from Qs to Tb(III) takes place when excited [123]. When the silver nanoparticles 
were added to the Tb(III)–Qs system, the luminescence intensity at 545 nm greatly 
increased. The calibration graphs for pipemidic acid and lomefloxacin are linear in 
the range 2.0 × 10−10 to 1.0 × 10−5 and 1.0 × 10−9 to 1.0 × 10−5 mol/L, respectively. The 
method was applied to the determination of both quinolones in tablet, capsule, urine, 
and serum samples.

It was established that nucleic acids can greatly enhance fluorescence intensity 
of the kaempferol-Al(III) chelate in the presence of silver NPs. Based on this, a novel 
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method for the determination of nucleic acids was proposed [124]. The linear rela-
tionships between the extent of fluorescence enhancement and the concentration  
of nucleic acids are in the range of 5.0 × 10−9 to 2.0 × 10−6 g/mL for fish sperm DNA,  
7.0 × 10−9 to 2.0 × 10−6 g/L for salmon sperm DNA, and 2.0 × 10−8 to 3.0 × 10−6 g/L for 
yeast RNA, and their detection limits are 2.5 × 10−9, 3.2 × 10−9, and 7.3 × 10−9 g L−1, 
respectively.

A nanocomposite based on hexagonal mesoporous silica (HMS), silver and gold 
NPs, and rhodamine R as a chemosensor for Hg2+ ion determination in the aqua solu-
tions was suggested. A comparison of the nanocomposite analytical properties with 
Ag and Au nanoparticles revealed that maximum fluorescence intensity amplification 
was observed in the Ag–HMS–rhodamine R system [125].

Ag nanoparticles are used as the carrying agents for an immobilization of the indi-
cator dyes during FRET [98]. For example, routine determination is based on quench-
ing of the fluorescence sensor. The Ag nanoparticles served as bridges and carriers, 
and covalently immobilized 3-amino-9-ethylcarbazole was developed. This allows 
the routine determination in the range of 2.0⋅10−6 to 1.5⋅10−4 M with LOD 8.0⋅10−7 M  
[96]. The function of Ag nanoparticles is being a passive matrix in an aptamer during 
platelet determination based on FRET processes between Alexa Fluor 488 (Alexa), Cy3 
and a Black hole quencher-2 (BHQ-2) sorbed at Ag nanoparticle surface. That system 
enables platelet determination in concentration ranging from 3.1 to 200 ng/mL;  
detection limit is 0.4 ng/mL [126].

Gold NPs can be an effective acceptor, for example, in the reaction of luminol 
and hydrogen peroxide, catalyzed by horseradish peroxidase. The method based on 
the measurement of luminol luminescence decay, as the result of immune interaction 
between antigen and antibody, is successfully applied to the alpha-protein determi-
nation in blood serum of cancer patients [83]. Such approach is used to determine 
other antibodies and biologically active agents [84].

The efficiency of FRET between donor and acceptor fragments of double spiral 
DNA enhances by the addition of Ag nanoparticles. The sorption at the surface of 
those NPs decreases the distance between the donor and acceptor centers of DNA 
molecule. A fluorescence intensity amplification of acceptor and donor quenching 
allows changing efficiency and informational value of the FRET method applied to 
bioanalysis [30, 127].

The analytical signal intensity of norfloxacin chemiluminescent detection with 
the flow-injection method based on Ce(IV)–Na2SO3 redox reaction is highly amplified 
at the surface of the Ag nanoparticles that promote the electron ET. This approach 
is used to determine the antibiotic concentration in the human urine in the range of 
7.9⋅10−7 to 1.9⋅10−5 M; detection limit is 8.2⋅10−8 M [84].

Due to the high absorption coefficients, high intensity of emission signal and pho-
tostability of the gold NPs are often used as components of FRET pairs [128]. These NPs 
can be both a donor and an acceptor of excitation energy. In the presence of gold NPs, 
the sensitivity of DNA determination increased by two orders of magnitude [129, 130].  

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 5 Energy Transfer in Liquid and Solid Nanoobjects   145

For example, the system for atrazine pesticide detection based on Au nanoparticles 
was suggested [131]. QDs [132] and gold NPs are applied in express analysis based on 
quenching effect [132, 133].

Two reviews devoted to discussion of silver and gold application in NSET have 
been published [95, 134]. It was shown that the sensitized fluorescence may be 
applied as a spectroscopic tool for extra- and intermolecular distances between inter-
acting components. The dependence of the ET efficiency on the distance between the 
donor and the acceptor can be used also for molecules bio-probing and for designing 
of highly sensitive chemical and biological sensors [95, 134]. The analytical signal 
intensity can be tuned and, therefore, the sensitivity and selectivity of target analyte 
determination can be amplified by varying the size, charge, and stabilization of the 
surface of nanoparticles and by changing the plasmon resonance spectrum. The size 
of nanoparticles affects the plasmon resonance band shift and the overlap integral of 
nanoparticles absorption spectrum with analyte fluorescence spectrum.

Relatively recent nanomaterials are carbon QD and graphene that are also used to 
sensitize fluorescence. They are cheap and nontoxic and they emit a bright, tunable 
light radiation. Carbon QDs replace the semiconductor QD in developing of chemical 
sensors and in biovisualization. It was shown that carbon fluorescent QD modified by 
PEG-200 considerably enhances the intensity of aliphatic primary amines chemilumi-
nescence that was used for their determination in water [135]. Graphene unique prop-
erties have been applied in aptasensors for thrombin detection with sensitivity of two 
orders higher than that for carbon nanotube–based sensors [85]. This is explained by 
unique graphene structure and electron properties. The advantage of aptamer-based 
biosensors is a possibility of various optical detection modes (FRET fluorescence, 
absorption of visible light, and Raman scattering) with the use of optical nanomateri-
als in bioanalysis [85, 135, 136].

Nanomaterials based on graphene are effective and simple fluorescent sensing 
platform for ultrasensitive detection of 2,4,6-trinitrotoluene (TNT) in solution by FRET 
quenching [88]. The fluorescent graphene can specifically bind TNT species by the 
π–π stacking interaction between graphene and TNT aromatic rings. As a result, TNT 
strongly suppresses the graphene fluorescence emission (donor) by the FRET to the 
irradiative TNT (acceptor) through intermolecular polar–polar interactions at spatial 
proximity. The limit of TNT detection was 0.495 ppm (2.2 μM), with the use of only 
1 mL of graphene solution.

A novel “Turn On” fluorescence sensor platform has been developed for trace 
α-glucosidase inhibitor screening from natural medicines [137]. Combining with 
the carbon dots, cobalt oxyhydroxide (CoOOH) nanoflakes were employed to build 
the FRET-based sensor platform. The sensor platform was ultrasensitive to ascor-
bic acid with a detection limit of 5 nM, ensuring the sensitive monitoring of enzyme 
activity.

Ellman’s test is used in the dichlorvos biosensor based on supersensitive RET, 
where the anion of 5-thio-2-nitrobenzoic acid is used as energy acceptor and carbon 
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QDs as donors [89]. The range of the concentration of a dichlorvos to be determined 
is 5.0 ⋅ 10−11 to 1.0 ⋅ 10−7 M. High sensitivity and quantum yield of fluorescing centers 
adapt the system to the automated control of this insecticide. ET between carbon dots 
and glyphosate was applied to the pesticide determination [90]. A high fluorescence 
of obtained inclusion complexes considerably decreases in the presence of a gly-
phosate. The developed method is approved for water samples with pesticide linear 
dynamic range determination 0.02–2.0 μM and LOD 0.6 μM. The method is recom-
mended for environment objects screening.

An FRET biosensor for acid phosphatase (ACP) was established by attaching nile 
red (NR) to graphene QD (GQDs) via lecithin/β-CD complex as the linker [138]. The 
introduction of lecithin/β-CD brought the GQDs–NR pair close enough to making the 
FRET occur and thus resulting in the fluorescence quenching of GQDs (donor) and 
the fluorescence enhancement of NR (acceptor). The presence of ACP in the sensing 
system catalyzes the hydrolysis of lecithin into two parts, resulting in the GQDs–NR 
pair separation and decreasing of NR fluorescence owing to the inhibition of FRET 
process. The LOD of ACP is 28 µU/mL, which was considerably low compared to 
known methods of ACP detection. This biosensor was applied for in vitro imaging of 
human prostate cancer cells. The way of quercetin determination based on carbon 
nanoparticles fluorescence quenching in the concentration range from 2.87 to 31.57 ⋅ 
10−6 M and the detection limit (3σ) 9.88 ⋅ 10−8 M was proposed [139].

5.4  The lanthanide chelates’ ET application

5.4.1  Liquid micellar nanosystems

It has been shown above that ET involving lanthanide chelates’ application for 
determination of rare earth metals, organic and bioorganic substances is a well-
developed approach with number of publications more than 500. When going from 
homogeneous solvent to microheterogeneous micellar organized media, the ET 
efficiency as a rule increases owing to preconcentrating and close proximity effects 
[20]. Table 5.2 presents the examples of micellar media influence on the intermolecular 
ET in the lanthanide chelates applied to different BAS determination. One can see 
from the table that additional increase of fluorescence intensity in micelles is a result 
of ability of the lanthanide to coordinate several ligands, which enhance the antenna 
effect; this can lead both to a simultaneous transfer of electronic excitation energy 
from several donors to the metal ion and to a preliminary interligand ET. The second 
effect of ET and fluorescence enhancing is the presence of the second lanthanide ion 
(co-sensitizing effect).

The choice of the type of a liquid organized system is very important because it 
solves the main problem – to provide the complete solubilization and the strongest 
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binding of reactants by micelles. Therefore, the nature of surfactant molecules, which 
form micelles, has a major influence on fluorescence amplification. It was established 
that micelles of anionic surfactants offer the amplification of sensitized fluorescence 
intensity in most cases and give rise to widening the pH plateau of their complex for-
mation. The protolytic properties changing of the ligands acid-base groups are caused 
the latter effect [20, 21].

The ET efficiency and the sensitized fluorescence intensity depend on several 
factors, such as the nature of the ligand, lanthanide ion, and solvent; pH of the 
medium; temperature; and the energy gap between the triplet level of the ligand and 
the fluorescent level of the lanthanide. The most important reason of ET efficiency 

Tab. 5.2: Examples of application of the intramolecular ET in lanthanide complexes for determination 
of BASs in organized media

BAS First lan-
thanide

Second 
lantha-
nide

Second ligand Micelles References

Ibuprofen and orthofen Tb3+  1,10-Phenan-
throline (Phen)

Brij-35 [140]

Doxycycline (DC) Eu3+   Triton Х-100 [141]
Tetracycline (TC) Eu3+  Trioctyl-phos-

phine oxide
Micelles [142]

Bile acid Eu3+  Tetracycline SAS micelles [143]
2-Benzoyl-indan-1,3-dione Eu3+, Sm3+   Cation SAS [144]
Diphacinone Eu3+ Gd3+  Triton X-100 [145]
Bromadiolone Tb3+   Triton Х-100 [146]
Nucleinic acid Eu3+, Tb3+ Gd3+ Phen  [147]
  Lu3+   
Ciprofloxacin, enrofloxacin Tb3+   Sodium lauryl 

sulfate
[11, 148]

Levofloxacin Tb3+   SDS [149]
Trovafloxacin Tb3+   SDS [150]
Oxytetracycline Eu3+   DЕ-β- 

cyclodextrin
[151]

Adenosine triphosphate Eu3+ Gd3+ Thenoyltri-flu-
oroacetone

Brij-35 [152]

Tetracycline Eu3+  Phen Anion SAS [17, 142]
Fluoroquinolones Tb3+  Phen Dodecylbenzene 

sulphonate
[153]

(FQ)
Oxytetracycline Eu3+  Phen Dodecylbenzene 

sulphonate
[154]

Ciprofloxacin, enrofloxacin 
(Ef)

Eu3+  Phen Dodecylbenzene 
sulphonate

[155]

Flumequine Tb3+  Phen Dodecylbenzene 
sulphonate

[156]
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increase is dehydration of lanthanide ion and, therefore, a decrease of the radia-
tionless energy loss due to its transfer to oscillatory levels of hydroxyl groups of 
coordinated by metal water molecules [157, 158]. The following processes cause the 
dehydration: a solubilization of valence-unsaturated chelates in less polar environ-
ment of micelles, and displacement of residual water molecules from the first coordi-
nation sphere of the metal ion by second ligand and in the case of SDS by surfactant 
anions [157, 159]. This assumption is confirmed by increased lifetime of lanthanide ion 
at the SAS presence [158, 160] (Tab. 5.3).

where q is the number of water molecules in the local proximity of metal, which was 
calculated on experimental data using Horrocks method

q = 1.05(Agen − Ar), where Agen = 1/τ,

where τ is fluorescent decay time and Аr is the radiation rate [161, 162].
The indirect evidence of microenvironment universal impact on the lanthanide 

hydration in the anionic micelles is provided by increase of fluorescence decay time 
and decrease in the number of coordinated lanthanide water molecules on mixed 
ligand complex formation and their solubilization in SDS micelles (see Tab. 5.3). The 
linear correlation between the radiationless process (Anr) and the number of the water 
molecules (q) being entered to the europium local proximity as well as the lipophilic-
ity of ligand confirm the above conclusion (Fig. 5.1). It was shown that mixed-ligand 
lanthanide chelate solubilization by micelles is accompanied by decrease of the radi-
ationless loss of excitation energy. It confirms the data [161] about the dependence of 
radiationless transition rate Anr in Eu3+ and Tb3+ ions on the water molecule number in 
the first coordination sphere of lanthanide ion (Fig. 5.2).

It has been established that intensity amplification directly relates to aliphatic 
tail length in anionic surfactant molecule (Tab. 5.4). This may be also associated with 
enhancing of chelate micelle-binding, increasing metal dehydration, and a decreas-
ing of radiationless processes.

Another feature associated with influence of surfactant molecule nature on the 
properties of mixed-ligand chelates of Eu3+ and Tb3+ with the antibiotics is the differenti-
ating effect of surfactant micelles owing to different hydrophilic group charges (Tab. 5.5).

Tab. 5.3: Eu3+ chelate–flumequine (Fl) photophysical properties in 
aqua and micellar solutions

Chelate τ, μs q* φ, % рН range

Fl–Eu3+ 160 6.4 2.0 6.5–7.5
Fl–Eu3+–SDS 177 5.6 3.0 6.0–8.5
Fl–Eu3+–Phen 178 5.8 1.8 6.0–9.0
Fl–Eu3+–Phen–SDS 213 4.7 4.0 6.0–9.5
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Thus, the anionic micelles are the fluorescence quencher of Eu3+–doxycycline  
(DC)–Phen and Tb3+–oxolinic acid–Phen chelates, while micelles of cationic CTAB 
enhance the sensitized fluorescence. In turn, micelles of nonionic surfactants enhance 
the europium chelate fluorescence with a doxycycline–Phen far more without chang-
ing the intensity of europium chelates’ luminescence with enrofloxacin (Ef), nalidixic 
(NA), and oxolinic (OA) acids. Nonionic micelles are also more effective on solubiliza-
tion of mixed-ligand Eu3+ chelates with less hydrophobic ligands as thenoyltrifluoro-
acetone (TTA) and a doxycycline, because of favor solubilization of the ligands in the 
oxyethylene layer of the micelle.

Fig. 5.1: Effect of ligand lipophilicity (log P) on the number of water molecules q in coordination 
sphere of Eu3+ chelates with fluoroquinolones solubilized in SDS micelles.

Fig. 5.2: Dependence of radiationless transition rate Anr on the number of molecules of water in the 
first coordination sphere of Eu3+ chelates with enrofloxacin in the water (1), SDS micelles (2), Phen 
presence in the water (3), and in SDS micelles.

Tab. 5.4: The anionic aliphatic tail length effect on sensitized fluorescence

Surfactant ΔI (Eu3+–TC –Phen) рНopt ΔI (Ln3+–FQ–Phen) рНopt

SDS 1.5 7.5–8.5 1.0 9.0–10.0
SDS 2.5 7.5–8.5 3.0 10.0–11.0
Sodium dodecylbenzene sulphate 
(DDBS)

3.5 7.5–8.5 5.0 9.0–10.5
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A decrease of sensitized fluorescence of some chelates in micelles of anionic 
surfactants may be due to the chelates destruction because of competing binding of the 
metal cation with anionic micelle surface. Besides, the negatively charged antibiotic 
ligands are weakly bound to the same-charged surface of anionic surfactant micelles, 
which also decreases the formation of the fluorescing chelates probability. Thus, 
the ion of metal and a ligand-forming chelate are spatially separated in the anionic 
micelles. At the same time, the positive-charged micelle surface of cationic micelles 
does not interfere with the chelate formation. Table 5.5 also shows that chelate 
solubilization in nonionic micelles caused three effects: it can have no effect, amplify, 
or reduce fluorescence intensity. Those effects may be due to different mechanisms of 
solubilization as well as and place of chelate localization in the oxyethylene layer of 
nonionic micelles.

The interesting fact is that differentiation is observed while Tb chelate is forming 
even for the same kind of ligands as shown for norfloxacin (Nf) and flumequine (Fl) 
comparison, which belong to one fluoroquinolone group (Tab. 5.5). It can be con-
cluded, taking into account the different molecules structure of norfloxacin and 
flumequine, the variation of cation SAS micelles influence is caused by selective sol-
ubilization of the ligands. The same different influence of surfactant micelles on Tb 
chelates sensitized fluorescence is described in [163].

For some antibiotics the alignment between their acid ionization constants and 
pH-optimum range of mixed-ligand complex formation is found in which a maximum 
of sensitized fluorescence intensity of Eu3+ chelates is observed (Tab. 5.6). The table 
shows that pH range of complex formation is enlarged to alkaline medium due to 
reducing ligand acid-based properties and changes the chelate microenvironment in 
anionic micelles.

Microemulsions (MEs) are the rarely used type of organized micellar system for 
observing the sensitized fluorescence. Its feature is outstanding high solubilization 
capacity and the ability to change solvent polarity in the microenvironment of the 

Tab. 5.5: Micelles’ effect on fluorescence intensity of Eu and Tb mixed-ligand chelates with  
antibiotics and 1.10-Phen

SAS I/I0

Tb3+–warfarin Tb3+–(OA) Tb3+–NA Eu3+–Ef Eu3+–DC Tb3+–Nf Tb3+–Fl

SDS Quenching Quenching 2 53 Quenching 2.5 3.0
DDBS Quenching Quenching 1.2 5 Quenching 4 2.1
CPC Quenching 1.4 Quenching 1 1 Quenching 2.4
CTAB Quenching 4.2 Quenching 1 2.5 Quenching 1.2
Triton Х-100 Quenching 1 1 1 7 Quenching Quenching
Brij-35 Quenching 1 1.2 1 6 Quenching Quenching
Tween-80 Quenching 1 1 1 6 Quenching Quenching

J0 – initial fluorescence.
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analytical system by inverse of “water/oil” (w/o) type of ME to “oil/water” (o/w) 
and vice versa. It was established that the transition of ME from SDS/n-pentanol/n-
octane/water from o/w to w/o amplifies the sensitized fluorescence intensity up to 
1.3 times. Besides, the ME allows for strongly hydrophobic compound usage as the 
second ligand no matter if they do not dissolve in micellar solutions (Fig. 5.3). It was 
occurred that complex formation range and ME efficiency could depend on the buffer 
nature of some components of which may be solubilized in the ME (Fig. 5.4).

Tab. 5.6: pK values of antibiotic aminogroup and acidity range of lanthanides complex 
formation in aqua and micellar solutions

Antibiotic pK Acidity range in water Acidity range in SDS micelles 

Tb3+–Nf–Phen 8.8 8.5–9.0 8.0–9.5
Eu3+–Cf–Phen 8.1 8.0–9.0 8.0–10.5
Tb3+–NA–Phen 7.6 7.0–7.5 6.5–8.0

Fig. 5.3: A comparison of fluorescence spectra of Tb3+–Fl (5), Tb3+–Fl–Phen (4), Tb3+–Fl–SDS (3), 
Tb3+–Fl–Phen–SDS (2), and Tb3+–Fl–Phen–ME (1) chelates.

Fig. 5.4: Buffer and pH effect on the fluorescence intensity of Fl–Tb3+–Phen chelate; 1 – borate; 2 – 
acetate-ammonium buffers.
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It has been found that use of acetate-ammonium buffer enables decrease in the 
LOD of flumequine down to 1.5 times (Tab. 5.7).

Along with ME and micelles, the albumin, which globules have the ability to sol-
ubilize the chelates, also may amplify the intensity of lanthanide sensitized 
fluorescence. It is observed that albumin solubilization of some antibiotics and anti-
coagulants may amplify its intrinsic fluorescence up to 5–7 times. The reason for 
that could be the ET from a donor (a protein molecule) to an acceptor (a derivative of 
coumarin and tetracycline) and the polarity changing in fluorophore microenviron-
ment [19, 157]. Aside from micelles, ME, and proteins, the sensitized fluorescence is 
described in nanofilms [164] and in polyelectrolyte layers produced by layer-by-layer 
method [165, 166].

5.4.2  ET in binuclear complexes of heteronanoparticles

The intramolecular ET efficiency amplification in micelles is observed in heterome-
tallic 3d–4f binuclear complexes of Nd3+, Ho3+, Er3+, Tm3+, and Yb3+ in the presence 
of second lanthanide as well. The intensity of sensitized fluorescence enhancement 
in this case is based on both inter- and intramolecular ET mechanisms in these het-
eronanosystems. As shown, the sensitized fluorescence intensity in Sm3+ and Tb3+ 
complexes depends on concentration and ratio of Sm3+ and Tb3+ concentrations in 
polymer film, which is the result of intermolecular ET [167].

In order to establish the relation between the size of heteronanoparticles and 
the intensity of sensitized fluorescence of Eu3+–Gd3+–TTA, binuclear complexes sol-
ubilized in different micelles were studied. Our measurements for Eu3+–Gd3+–ТТА 
complex have shown that the best average size of nanoparticles in aqua solutions 
for highest co-luminescence is 20–50 nm. Their solubilization of the NPs in micelles 
enhances the fluorescence of heteronanoparticles far more. The greatest growth of flu-
orescence (almost on the order) is noted in the nonionic block copolymer of ethylene 
and propylene oxides and also oxyethylene alcohol of Brij-35. The fluorescence signal 
in micellar Brij-35 solutions is noted in less concentration of ligands while nanopar-
ticles size reduces to 5–10 nm. The relative number of NPs with less size is increased 
to 20 % in the concentration ratio of ion Eu3+:Gd3+ = 1:(80–100). Thus, the synergistic 

Tab. 5.7: Metrological characteristics of Fl determination using Tb3+ chelate in 
SDS micelles and ME (y = ax  +  b)

Organized media a b Linear range, М LOD, М

0.01 М SDS 0.39 7.07 1.0·10−8–1.0·10−3 6.2·10−9

ME 0.45 5.74 1.0·10−8–1.0·10−3 4.2·10−9
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effect of co-luminescence and solubilization amplifies the intensity of Eu3+ sensitized 
fluorescence up to three orders and reduces its detection limit [152] (Tab. 5.8).

5.5  Conclusions

The solubilization of fluorophore analytical systems, which influence is based on 
electronic excitation ET in liquid nanoobjects (micelles, microemulsions, the protein 
globules), their sorption on solid nanoparticles (quantum and carbon dots, silver, 
gold NPs), or in sol–gel nanomaterial pores, significantly reduces the distance 
between donor and acceptor of the excitation energy and increases the efficiency of 
intermolecular ET comparison to homogeneous water or nonaqueous solvents. The 
preconcentration and proximity effects of donor and acceptor solubilized in micellar 
nanoreactor allow reactions of a complex formation realizing at a lower concentration 
of the analyte. The compartmentalizing and bringing close together the donor and 
acceptor in liquid nanoreactors also increases the efficiency of intramolecular ET and 
reduces detection limits of many biologically active substances down to 1–3 orders. 
Along with that, the solubilization of lanthanide complexes in micelles increases 
the number of the ligands, which are coordinated by a metal ion, allows replace the 
maximum number of water molecules from the lanthanide coordination sphere, and 
increases quantum yield of its sensitized fluorescence. The additional contribution 
to lanthanide dehydration is made by the hydrophobic microenvironment of chelates 
being solubilized in the micelles. The empirical identification of the convenient donor 
and acceptor molecules allows selectively to excite the analyte, that is, to improve the 
selectivity of determination. The liquid organized solutions on the basis of micelles 
are often used in the analysis due to their highly sensitive determination of biologi-
cally active agents forming lanthanide chelates in such objects as blood plasma, mus-
cular tissue, biological liquids, water, and soils.

The solid nanoparticles (silver, gold, different QDs) are intensively developed 
while having good prospects in the bioanalysis application due to promoting the 
realization of sensitized fluorescence. The luminescent method based on ET and 

Tab. 5.8: Effect of second ligand, lanthanide second ion, and micelles 
on histidine (His) and Eu LOD by sensitized fluorescence

Lanthanide chelate Analyte LOD, М

Eu3+–TTA–Phen Eu3+ 3.9 · 10−8

Eu3+–TTA–Phen–Brij-35 4.0 · 10−9

Eu3+–TTA–Brij-35–Gd3+ 3.2 · 10−11

Eu3+–TTA His 5.6 · 10−6

Eu3+–TTA–Gd3+ 1.0 · 10−8

Eu3+–TTA–Brij-35–Gd3+ 1.0 · 10−9
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sensitized fluorescence with the use of various nanoobjects has considerable analyt-
ical prospects and opportunities in the analysis of food, environmental, pharmaceu-
tical, and medicine objects.

References

[1] Weissman SI. Intramolecular energy transfer. The fluorescence of complexes of europium. 
J Chem Phys 1942, 10, 214–7.

[2] Förster Th. Zwischenmolekulare energiewanderung und fluoreszenz. Ann Phys 1948, 2, 55–75.
[3] Ermolaev VL, Sveshnikova EV, Bodunov EN. Inductive-resonant mechanism of nonradiative 

transitions in ions and molecules in condensed phase. Phys Usp 1996, 39, 261–82.
[4] Agranovach VM, Galanin MD. Electron-Excitation Energy Transfer in Condensed Media. Moscow, 

Izdatel’stvo Nauka, 1978. (Original source in Russian).
[5] Huheey JE, Keiter EA, Keiter R. Inorganic Chemistry: Principles of Structure and Reactivity, 4th 

ed. New York, Harper Collins, 1993.
[6] Bünzli J-CG. Benefiting from the unique properties of lanthanide ions. Accounts Chem Res 2006, 

39, 53–61.
[7] Pozharski E. Fluorescence resonance energy transfer-based analysis of lipoplexes. Methods 

Mol Biol 2010, 606, 393–8.
[8] Bünzli J-CG, Piguet C. Taking advantage of luminescent lanthanide ions. Chem Soc Rev 2005, 

34, 1048–77.
[9] Eliseeva SV, Bünzli J-CG. Lanthanide luminescence for functional materials and bio-science. 

Chem Soc Rev 2010, 39, 189–227.
[10] Leif RC, Vallarino LM, Becker MC, Yang S. Review: increasing the luminescence of lanthanide 

complexes. Cytometry A 2006, 69, 767–77.
[11] Lis S. Luminescence spectroscopy of lanthanide(III) ions in solution. J Alloys Compounds 2002, 

341, 45–50.
[12] Bünzli J-CG, Comby S, Chauvin A-S, Caroline DB. New opportunities for lanthanide lumines-

cence. J Rare Earths 2007, 25, 257–74.
[13] Handl HL, Gillies RJ. Lanthanide-based luminescent assays for ligand-receptor interactions. Life 

Sci 2005, 77, 361–71.
[14] Lis S, Elbanowski M, Makowska B, Hnatejko Z. Review. Energy transfer in solution of lanthanide 

complexes. J Photochem Photobiol A: Chem 2002, 150, 233–47.
[15] Heyduk T, Heyduk E, Doisy EA. Luminescence energy transfer with lanthanide chelates: interpre-

tation of sensitized acceptor decay amplitudes. Anal Biochem 2001, 289, 60–7.
[16] Shtykov CN, Smirnova TD, Molchanova YV. Synergistic effects in the europium(III)-thenoyltriflu-

oroacetone-1,10-phenanthroline system in micelles of block copolymers of nonionic surfactants 
and their analytical applications. J Anal Chem 2001, 56, 920–4.

[17] Shtykov SN, Smirnova TD, Bylinkin YG, Zhemerichkin DA. Fluorimetric determination of tet-
racyclines with the europium chelate of 1,10-phenanthroline in micellar solutions of anionic 
surfactants. J Anal Chem 2005, 60, 24–8.

[18] Shtykov CN, Smirnova TD, Kalashnikova NV, Konyukhova YuG. Complexes with energy transfer 
in the excited state in organized media. Biomed Technol 2006, 12, 4–9 (Original source in 
Russian).

[19] Smirnova TD, Nevryueva NV, Shtykov SN, Kochubei VI, Zhemerichkin DA. Determination of war-
farin by sensitized fluorescence using organized media. J Anal Chem 2009, 64, 1114–9.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 5 Energy Transfer in Liquid and Solid Nanoobjects   155

[20] Shtykov SN. Chemical analysis in nanoreactors: main concepts and applications. J Anal Chem 
2002, 57, 859–68.

[21] Savvin SB, Mikhailova AV, Shtykov SN. Organic reagents in spectrophotometric methods of 
analysis. Rus Chem Rev 2006, 75, 341–9.

[22] Zhang R-J, Yang K-Z, Yu A-C, Zhao X-S. Fluorescence lifetime and energy transfer of rare earth 
β-diketone complexes in organized molecular films. Thin Solid Films 2000, 363, 275–8.

[23] Cui F, Zhang J, Cui T, Han K, Xie B, Lin Q, et al. Nanoassembly of photoluminescent films contain-
ing rare earth complex nanoparticles on planar and microspherical supports. Colloids Surf A 
2006, 278, 39–45.

[24] Zhang R-J, Cui J-W, Lu D-M, Hou W-G. Study on high-efficiency fluorescent microcapsules doped 
with europium β-diketone complex by LbL self-assembly. Chem Commun 2007, 15, 1547–9. 

[25] Baleizaõ C, Nagl S, Schaferling M, Berberan-Santos MN, Wolfbeis OS. Dual fluorescence sensor 
for trace oxygen and temperature with unmatched range and sensitivity. Anal Chem 2008, 80, 
6449–57.

[26] Hildebrandt N, Löhmannsröben H-G. Quantum dot nanocrystals and supramolecular lanthanide 
complexes – energy transfer systems for sensitive in vitro diagnostics and high throughput 
screening in chemical biology. Curr Chem Biol 2007, 1, 167–86.

[27] Ishii H, Shimanouchi T, Umakoshi H, Walde P, Kuboi R. Analysis of the 22-NBD-cholesterol 
transfer between liposome membranes and its relation to the intermembrane exchange of 
25-hydroxycholesterol. Colloids. Surf B Biointerfaces 2010, 77, 117–21.

[28] McFarland AD, Van Duyne RP. Single silver nanoparticles as real-time optical sensors with zep-
tomole sensitivity. Nano Lett 2003, 3, 1057–62.

[29] Shtykov SN, Rusanova TY. Nanomaterials and nanotechnologies in chemical and biochemical 
sensors: capabilities and applications. Russ J Gen Chem 2008, 78, 2521–31.

[30] Lakowicz JR, Kusba J, Shen Y, Malicka J, D’Auria S, Gryczynski Z, et al. Effects of metallic silver 
particles on resonance energy transfer between fluorophores bound to DNA. J Fluoresc 2003, 
13, 69–77.

[31] Algar WR, Krull UJ. Quantum dots as donors in fluorescence resonance energy transfer for the 
bioanalysis of nucleic acids, proteins, and other biological molecules. Anal Bioanal Chem 
2008, 391, 1609–18.

[32] Willard DM, Van Orden A. Quantum dots: resonant energy-transfer sensor. Nat Mater 2003, 2, 
575–6.

[33] Goldman ER, Clapp AR, Anderson GP, Yueda HT, Mauro JM, Medintz IL, et al. Multiplexed toxin 
analysis using four colors of quantum dot fluororeagents. Anal Chem 2004, 76, 684–8.

[34] Das P, Mallick A, Purkayastha P, Haldar B, Chattopadhyay N. Fluorescence resonance energy 
transfer from TX-100 to 3-acetyl-4-oxo-6,7-dihydro-12H-indolo-[2,3-a]quinolizine in premicellar 
and micellar environments. J Mol Liq 2007, 130, 48–51.

[35] Bhattar SL, Kolekar GB, Patil SR. Fluorescence resonance energy transfer between perylene 
and riboflavin in micellar solution and analytical application on determination of vitamin B2. 
J Lumin 2008, 128, 306–10.

[36] Xu H, Li Y, Liu C, Wu Q, Zhao Y, Lu L, et al. Fluorescence resonance energy transfer between acri-
dine orange and rhodamine 6G and its analytical application for vitamin B12 with flow-injection 
laser-induced fluorescence detection. Talanta 2008, 77, 176–81.

[37] Liu B, Liu Z, Cao Z. Fluorescence resonance energy transfer between acridine orange and 
rhodamine 6G and analytical application in micelles of dodecyl benzene sodium sulfonate. 
J Lumin 2006, 118, 99–105.

[38] Zherdeva VV, Savitsky AP. The use of lanthanide inductive resonance energy transfer in the 
study of biological processes in vitro and in vivo. Adv Biol Chem (Russia) 2012, 52, 315–62. 
(Original source in Russian).

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



156   Part II: Application in Spectrometric Methods

[39] Riddle SM, Vedvik KL, Hanson GT, Vogel KW. Time-resolved fluorescence resonance energy 
transfer kinase assays using physiological protein substrates: Applications of terbium-fluores-
cein and terbium-green fluorescent protein fluorescence resonance energy transfer pairs. Anal 
Biochem 2006, 356, 108–16.

[40] Robers MB, Machleidt T, Carlson CB, Bi K. Cellular LanthaScreen and beta-lactamase reporter 
assays for high-throughput screening of JAK2 inhibitors. Assay Drug Dev Technol 2008, 6, 
519–29.

[41] Carlson CB, Robers MB, Vogel KW, Machleidt T. Development of LanthaScreen cellular assays for 
key components within the PI3K/AKT/mTOR pathway. J Biomol Screen 2009, 14, 121–32.

[42] Carlson CB, Mashock MJ, Bi K. BacMam-enabled LanthaScreen cellular assays for PI3K/Akt 
pathway compound profiling in disease-relevant cell backgrounds. J Biomol Screen 2010, 15, 
327–34.

[43] Horton RA, Strachan EA, Vogel KW, Riddle SM. A substrate for deubiquitinating enzymes based 
on time-resolved fluorescence resonance energy transfer between terbium and yellow fluores-
cent protein. Anal Biochem 2007, 360, 138–13.

[44] Kokko L, Sanberg K, Lövvgren T, Soukka T. Europium(III) chelate-dyed nanoparticles as donors 
in a homogeneous proximity-based immunoassay for estradiol. Anal Chim Acta 2004, 503, 
155–62.

[45] Wang G, Yuan J, Hai X, Matsumoto K. Homogeneous time-resolved fluoroimmunoassay of 
3,5,3′-triiodo-l-thyronine in human serum by using europium fluorescence energy transfer. 
Talanta 2006, 70, 133–9.

[46] Prieto B, Llorente E, González-Pinto I, Alvarez FV. Plasma procalcitonin measured by time-re-
solved amplified cryptate emission (TRACE) in liver transplant patients. A prognosis marker of 
early infectious and non-infectious postoperative complications. Clin Chem Lab Med 2008, 46, 
660–6.

[47] Degorce F, Card A, Soh S, Trinquet E, Knapik GP, Xie B. HTRF: a technology tailored for drug 
discovery: a review of theoretical aspects and recent applications. Curr Chem Genomics 2009, 
3, 22–32.

[48] Xie Y, Yang X, Pua J, Zhao Y, Zhang Y, Xie G, et al. Homogeneous competitive assay of ligand 
affinities based on quenching fluorescence of tyrosine/tryptophan residues in a protein via 
Főrster-resonance-energy-transfer. Spectrochim Acta, Part A 2010, 77, 869–76.

[49] Bluma RK, Kalninia IE, Shibaeva TN. Using the DSP-6 fluorescent probe to investigate the eryth-
rocyte membrane. Biochem Suppl. Ser A: Membrane Cell Biol 1990, 7, 47–9. original source in 
Russian

[50] Kalninia IE, Bloom RK. Application of fluorescent probes in biomedical studies. Fluorescence 
methods issued and clinical diagnosis. Sat Sci Works 1991, 1, 29–38. (Original source in 
Russian).

[51] Sominsky VN, Bloom RK, Kalnina IE. Binding of the fluorescent probe of the DSM probe to the 
erythrocyte membrane in normal and in certain diseases. Biochem suppl. Ser A: Membrane Cell 
Biol 1986, 3, 282–4 (Original source in Russian).

[52] Gainulina ET, Kljuster OB, Ryzhikov SB. An express method for the determination of cholinester-
ase inhibitors. Bull Exp Biol Med 2006, 142, 591–2 (Original source in Russian).

[53] Gainulina ET, Kondratiev KB, Ryzhikov SB. Fluorescent method for the determination of cholin-
esterase. Bull Exp Biol Med 2006, 142, 710–1 (Original source in Russian).

[54] Gryzunov Yu A, Lukicheva TI. Correctness and reproducibility of the fluorescent method for 
determining the mass concentration of human serum albumin. Clin Lab Diagn 1994, 5, 27–30. 
(Original source in Russian).

[55] Stanisavljevic M, Krizkova S, Vaculovicova M, Kizek R, Vojtech A, Quantum dots-fluorescence 
resonance energy transfer-based nanosensors and their application. Bios Bioelectron 2015, 74, 
562–74. 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 5 Energy Transfer in Liquid and Solid Nanoobjects   157

[56] Marukhyan SS, Vardan K, Gasparyan G. Fluorometric immunoassay for human serum albumin 
based on its inhibitory effect on the immunoaggregation of quantum dots with silver nanoparti-
cles. Spectrochim Acta Pt A 2017, 173, 34–7.

[57] Nguyen ND, Tung NT, Nguyen QL. Highly sensitive fluorescence resonance energy transfer 
(FRET)-based nanosensor for rapid detection of clenbuterol. Adv Nat Sci Nanosci Nanotechnol 
2012, 3, 035011–7.

[58] Hashemian Z, Khayamian, T, Saraji M, Shirani MP. Aptasensor based on fluorescence resonance 
energy transfer for the analysis of adenosine in urine samples of lung cancer patients. Bios 
Bioelectron 2016, 79, 334–9.

[59] Shamsipur M, Nasirian V, Mansouri K, Barati A, Veisi-Rayganic A, Kashaniana S. A highly 
sensitive quantum dots-DNA nanobiosensor based on fluorescence resonance energy transfer 
for rapid detection of nanomolar amounts of human papillomavirus. J Pharm Biomed Anal 2017, 
136, 140–6.

[60] Huang D, Niu Ch, Wang X, Li X, Zeng G. “Turn-On” fluorescent Sensor for Hg2+ based on 
single-stranded DNA functionalized Mn:CdS/ZnS quantum dots and gold nanoparticles by time-
gated mode. J Anal Chem 2013, 85, 1164–9.

[61] Bozkurt E, Arık M, Onganer Y. A novel system for Fe3+ ion detection based on fluorescence reso-
nance energy transfer. Sens Actuators B 2015, 221, 136–44.

[62] Thaler C, Koushik SV, Blank PS, Vogel SS. Quantitative multiphoton spectral imaging and its use 
for measuring resonance energy transfer. Biophys J 2005, 89, 2736–49.

[63] Gnacha А, Bednarkiewicz А. Lanthanide-doped up-converting nanoparticles: merits and chal-
lenges. Nanotoday 2012, 7, 532–63.

[64] Sapsford KE, Berti L, Medintz IL. Materials for fluorescence resonance energy transfer analysis: 
beyond traditional donor-acceptor combinations. Angew Chem Int Ed 2006, 45, 4562–89.

[65] Lee M, Tremblay MS, Jockusc S, Turro NJ, Sames D. Intermolecular energy transfer from Tb3+ to 
Eu3+ in aqueous aggregates on the surface of human cells. Org Lett 2011, 13, 2802–5.

[66] Ge S, Lu J, Yan M, Yu F, Yu J, Sun X. Fluorescence resonance energy transfer sensor between 
quantum dot donors and neutral red acceptors and its detection of BSA in micelles. Dyes Pig-
ments 2011, 91, 304–8.

[67] Algar WR, Tavares AJ, Krull UJ. A review of the application of quantum dots as integrated compo-
nents of assays, bioprobes, and biosensors utilizing optical transduction. Anal Chim Acta 2010, 
673, 1–25. 

[68] Hu B, Zhang LP, Chen ML, Wang JH. The inhibition of fluorescence resonance energy transfer 
between quantum dots for glucose assay. Biosens Bioelectron 2012, 32, 82–8.

[69] Meng JX, Wan WJ, Fan LL, Yang CT, Chen QQ, Cao LW, et al. Near infrared fluorescence and 
energy transfer in Ce/Nd Co-doped CaxSr1–xS. J Luminesc 2011, 131, 134–7.

[70] Hui-Lin TAO, Shu-Huai LI, Jian-Ping LI. Fluorescence resonance energy transfer between 
quantum dots of CdSe and CdTe and its application for determination of serum prostate-specific 
antigen. Chin J Anal Chem 2012, 40, 224–9.

[71] Tian J, Zhao H, Liu M, Chen Y, Quan X. Detection of influenza a virus based on fluorescence reso-
nance energy transfer from quantum dots to carbon nanotubes. Anal Chim Acta 2012, 723, 83–7.

[72] Ge S, Zhang C, Yu F, Yan M, Yu J. Layer-by-layer self-assembly CdTe quantum dots and molecu-
larly imprinted polymers modified chemiluminescence sensor for deltamethrin detection. Sens 
Actuators B, 2011, 156, 222–7.

[73] Ma C, Zeng F, Wu G, Wu S. A nanoparticle-supported fluorescence resonance energy transfer 
system formed via layer-by-layer approach as a ratiometric sensor for mercury ions in water. 
Anal Chim Acta 2012, 734, 69–78.

[74] Nikiforov TT, Beechem JM. Development of homogeneous binding assays based on fluorescence 
resonance energy transfer between quantum dots and Alexa Fluor fluorophores. Anal Biochem 
2006, 357, 68–75.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



158   Part II: Application in Spectrometric Methods

[75] Clapp AR, Medintz IL, Mattoussi H. Förster resonance energy transfer investigations using 
quantum-dot fluorophores. ChemPhysChem 2006, 7, 47–57.

[76] Algar WR, Krull UJ. Quantum dots as donors in fluorescence resonance energy transfer for the 
bioanalysis of nucleic acids, proteins, and other biological molecules. Anal Bioanal Chem 
2008, 391, 160–9.

[77] Geißler D, Linden S, Liermann K, Wegner KD. Lanthanides and quantum dots as Förster 
resonance energy transfer agents for diagnostics and cellular imaging. Inorg Chem 2014, 53, 
1824–38. 

[78] Goryacheva OA, Beloglazova NV, Vostrikova AM, Pozharov MV, Sobolev AM, Goryacheva IYu. 
Lanthanide-to-quantum dot Förster resonance energy transfer (FRET): application for immuno-
assay. Talanta 2017, 164, 377–84.

[79] Lin M, Zhao Y, Wang SQ, Liu M, Duan ZF, Chen YM, et al. Recent advances in synthesis and 
surface modification of lanthanide-doped upconversion nanoparticles for biomedical applica-
tions. Biotechnol Adv 2012, 30, 1551–61.

[80] Härmä H, Soukka T, Shavel A, Gaponik N, Wellere H. Luminescent energy transfer between 
cadmium telluride nanoparticle and lanthanide(III) chelate in competitive bioaffinity assays of 
biotin and estradiol. Anal Chim Acta 2007, 604, 177–83.

[81] Wang J, Wang Z, Li X, Wang S, Mao H, Li Z. Energy transfer from benzoic acid to lanthanide ions 
in benzoic acid-functionalized lanthanide-doped CaF2 nanoparticles. Appl Surf Sci 2011, 257, 
7145–9.

[82] Gea S, Zhanga C, Yub F, Yana M, Yua J. Layer-by-layer self-assembly CdTe quantum dots and 
molecularly imprinted polymers modified chemiluminescence sensor for deltamethrin detec-
tion. Sens Actuators B 2011, 156, 222–7.

[83] Huang X, Ren J. Gold nanoparticles based chemiluminescent resonance energy transfer for 
immunoassay of alpha fetoprotein cancer marker. Anal Chim Acta 2011, 686, 115–20.

[84] Yu X, Bao J. Determination of norfloxacin using gold nanoparticles catalyzed cerium(IV)–sodium 
sulfite chemiluminescence. J Luminesc 2009, 129, 973–8.

[85] Haixin C, Longhua T, Ying W, Jinghong L. Graphene fluorescence resonance energy transfer 
aptasensor for the thrombin detection. Anal Chem 2010, 82, 2341–6.

[86] Ngu PZZ, Chia SPP, Fong JFY, Ng SM. Synthesis of carbon nanoparticles from waste rice husk 
used for the optical sensing of metal ions. New Carbon Mater 2016, 31, 135–43.

[87] Han J, Zou HY, Gao MX, Huang CZ. A graphitic carbon nitride based fluorescence resonance 
energy transfer detection of riboflavin. Talanta 2016, 148, 279–84.

[88] Fan L, Hu Y, Wang X, Zhang L, Li F, Han D, et al. Fluorescence resonance energy transfer quench-
ing at the surface of graphene quantum dots for ultrasensitive detection of TNT. Talanta 2012, 
101, 192–7.

[89] Hou J, Tian Z, Xie H, Tian Q, Ai S. A fluorescence resonance energy transfer sensor based on 
quaternized carbon dots and Ellman’s test for ultrasensitive detection of dichlorvos. Sens Actu-
ators B 2016, 232, 477–82.

[90] Yuan Y, Jiang J, Liu S, Yang J, Hui Z, Jingjing Y, et al. Fluorescent carbon dots for glyphosate 
determination based on fluorescence resonance energy transfer and logic gate operation. Sens 
Actuators B 2017, 242, 545–52.

[91] Wu WB, Wang ML, Sun YM, Huang W, Cui YiP, Xub CX. Fluorescent polystyrene microspheres 
with large Stokes shift by fluorescence resonance energy transfer. J Phys Chem Solids 2008, 
69, 76–82.

[92] Krutyakov YuA, Kudrinskiy AA, Olenin AYu, Lisichkin GV. Synthesis and properties of silver 
nanoparticles: advances and prospects. Rus Chem Rev 2008, 77, 233–57.

[93] Wu M, Lakowicz JR, Geddes CD. Enhanced lanthanide luminescence using silver nanostructures: 
opportunities for a new class of probes with exceptional spectral characteristics. J Fluoresc, 
2005, 15, 53–9.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 5 Energy Transfer in Liquid and Solid Nanoobjects   159

[94] Lakowicz JR, Maliwal BP, Malicka J, Gryczynski Z, Gryczynski I. Effects of silver island films on 
the luminescent intensity and decay times of lanthanide chelates. J Fluoresc 2002, 12, 431–7 

[95] Ghosh D, Chattopadhyay N. Gold and silver nanoparticle based superquenching of fluores-
cence: a review. J Lumin 2015, 160, 223–32. 

[96] Tan SZ, Hu YJ, Gong FC, Cao Z, Xia JY, Zhang L. A novel fluorescence sensor based on covalent 
immobilization of 3-amino-9-ethylcarbazole by using silver nanoparticles as bridges and carri-
ers. Anal Chim Acta 2009, 636, 205–9.

[97] Farzampour L, Amjadi M. Sensitive turn-on fluorescence assay of methimazole based on the 
fluorescence resonance energy transfer between acridine orange and silver nanoparticles. J 
Lumin 2014, 155, 226–30.

[98] Zhu S, Zhao X, Zhang W, Liu Z, Qi W, Anjum S, et al. Fluorescence detection of glutathione 
reductase activity based on deoxyribonucleic acid-templated silver nanoclusters. Anal Chim 
Acta 2013, 786, 111–5.

[99] Dadmehr M, Hosseini M, Hosseinkhani S, Ganjali MR, Sheikhneja R. Label free colorimetric 
and fluorimetric direct detection of methylated DNA based on silver nanoclusters for cancer 
early diagnosis. Biosens Bioelectron 2015, 73, 108–13.

[100] Contino A, Maccarrone G, Zimbone M, Reitano R, Musumeci P, Calcagno L, et al. Tyrosine 
capped silver nanoparticles: a new fluorescent sensor for the quantitative determination of 
copper(II) and cobalt(II) ions. J Colloid Interface Sci 2016, 462, 216–22.

[101] Amjadi M, Farzampour L. Fluorescence quenching of fluoroquinolones by gold nanoparticles 
with different sizes and its analytical application. J Lumin 2014, 145, 263–7.

[102] Alothman ZA, Bukhari N, Haider S, Wabaidur SM, Alwarthan AA. Spectrofluorimetric determi-
nation of fexofenadine hydrochloride in pharmaceutical preparation using silver nanoparti-
cles. Arab J Chem 2010, 3, 251–5.

[103] Chen NY, Li HF, Gao ZF, Qu F, Li NB, Luo HQ. Utilizing polyethyleneimine-capped silver nano-
clusters as a new fluorescence probe for Sudan I-IV sensing in ethanol based on fluorescence 
resonance energy transfer. Sens Actuators, B 2014, 193, 730–6.

[104] Falco WF, Queiroz AM, Fernandes J, Botero ER, Falcao EA, Guimaraes FEG, et al. Interaction 
between chlorophyll and silver nanoparticles: a close analysis of chlorophyll fluorescence 
quenching. J Photochem Photobiol A 2015, 299, 203–9. 

[105] Sun X, Liu B, Li S, Li F. Reusable fluorescent sensor for captopril based on energy transfer from 
photoluminescent graphene oxide self-assembly multilayers to silver nanoparticles. Spectro-
chim Acta, Part A 2016, 161, 33–8.

[106] Medintz IL, Clapp AR, Mattoussi H, Goldman ER, Fisher B, Mauro JM. Self-assembled 
nanoscale biosensors based on quantum dot FRET donors. Nat Mater 2003, 9, 630–8. 

[107] Bagalkot V, Zhang LF, Levy-Nissenbaum E, Jon SY, Kantoff PW, Langer R, et al. Quantum dot –  
aptamer conjugates for synchronous cancer imaging, therapy, and sensing of drug delivery 
based on bi-fluorescence resonance energy transfer. Nano Lett 2007, 7, 3065–70.

[108] Stranik O, Nooney R, McDonagh C, MacCraith BD. Optimization of nanoparticle size for plas-
monic enhancement of fluorescence. Plasmonics 2007, 2, 15–22.

[109] Lakowicz JR, Ray K, Chowdhury M, Szmacinski H, Fu Y, Zhang J, et al. Plasmon-controlled fluo-
rescence: a new paradigm in fluorescence spectroscopy. Analyst 2008, 133, 1308–46.

[110] Lessard-Viger M, Rioux M, Rainville L, Boudreau D. FRET enhancement in multilayer core-shell 
nanoparticles. Nano Lett 2009, 9, 3066–71.

[111] Ji XH, Song XN, Li J, Bai YB, Yang WS, Peng XG. Size control of gold nanocrystals in citrate 
reduction: the third role of citrate. J Am Chem Soc 2007, 129, 13939–48.

[112] Kimling J, Maier M, Okenve B, Kotaidis V, Ballot H, Plech A. Turkevich method for gold 
nanoparticle synthesis revisited. J Phys Chem B 2006, 110, 15700–7.

[113] Nguyen DT, Kim D-J, So MG, Kim K-S. Experimental measurements of gold nanoparticle nucle-
ation and growth by citrate reduction of HAuCl4. Adv Powder Technol 2010, 21, 111–8.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



160   Part II: Application in Spectrometric Methods

[114] Polte J, Ahner TT, Delissen F, Sokolov S, Emmerling F, Thünemann AF, et al. Mechanism of gold 
nanoparticle formation in the classical citrate synthesis method derived from coupled in situ 
XANES and SAXS evaluation. J Am Chem Soc 2010, 132, 1296–301.

[115] Pong BK, Elim HI, Chong JX, Ji W, Trout BL, Lee JY. New insights on the nanoparticle growth 
mechanism in the citrate reduction of gold(III) salt: formation of the Au nanowire intermediate 
and its nonlinear optical properties. J Phys Chem C 2007, 111, 6281–7.

[116] Uppal MA, Kafizas A, Ewing MB, Parkin IP. The effect of initiation method on the size, mon-
odispersity and shape of gold nanoparticles formed by the Turkevich method. New J Chem 
2010, 34, 2906–11.

[117] Uppal MA, Kafizas A, Lim TH, Parkin IP. The extended time evolution size decrease of gold 
nanoparticles formed by the Turkevich method. New J Chem 2010, 34, 1401–7.

[118] Tan H, Chen Y. Silver nanoparticle enhanced fluorescence of europium (III) for detection of 
tetracycline in milk. Sens Actuators, B 2012, 173, 262–7.

[119] Li H, Wu X. Silver nanoparticles-enhanced rare earth co-luminescence effect of Tb (III)–Y(III) 
dopamine system. Talanta 2015, 138, 203–8.

[120] Liu P, Zhao L, Wu X, Huang F, Wang M, Liu X. Fluorescence enhancement of quercetin com-
plexes by silver nanoparticles and its analytical application. Spectrochim Acta, Part A 2014, 
122, 238–45.

[121] Wang P, Wu TH, Zhang Y. Novel silver nanoparticle-enhanced fluorometric determination of 
trace tetracyclines in aqueous solutions. Talanta 2016, 146, 175–80.

[122] Sui N, Wang L, Yan T, Liu F, Sui J, Jiang Y, et al. Selective and sensitive biosensors based on 
metal-enhanced fluorescence. Sens Actuators B 2014, 202, 1148–52.

[123] Ding F, Zhao H, Jin L, Zheng D. Study of the influence of silver nanoparticles on the second-or-
der scattering and the fluorescence of the complexes of Tb(III) with quinolones and determina-
tion of the quinolones. Anal Chim Acta 2006, 566, 136–44.

[124] Cao Y, Wu X, Wang M. Silver nanoparticles fluorescence enhancement effect for determination 
of nucleic acids with kaempferol – Al(III). Talanta 2011, 84, 1188–94.

[125] Cheng ZH, Li G, Liu MM. Metal-enhanced fluorescence effect of Ag and Au nanoparticles modi-
fied with rhodamine derivative in detecting Hg2+. Sens Actuators B 2015, 212, 495–504.

[126] Li H, Zhao Y, Chen Z, Xu D. Silver enhanced ratiometric nanosensor based on two adjustable 
Fluorescence Resonance Energy Transfer modes for quantitative protein sensing. Biosens 
Bioelectron 2017, 87, 428–32.

[127] Malicka J, Gryczynski I, Fang J, Kusba J, Lakowicz JR. Increased resonance energy transfer 
between fluorophores bound to DNA in proximity to metallic silver particles. Anal Biochem 
2003, 315, 160–9.

[128] Daniel MC, Astruc D. Gold nanoparticles: assembly, supramolecular chemistry, quan-
tum-size-related properties, and applications toward biology, catalysis, and nanotechnology. 
Chem Rev 2004, 104, 293–346.

[129] Dubertret B, Calame M, Libchaber AJ. Single-mismatch detection using gold-quenched fluo-
rescent oligonucleotides. Nat Biotechnol 2001, 19, 365–70.

[130] Maxwell DJ, Taylor JR, Nie SM. Self-assembled nanoparticle probes for recognition and detec-
tion of biomolecules. J Am Chem Soc 2002, 124, 9606–17.

[131] Seidel M, Dankbar DM, Gauglitz G. A miniaturized heterogeneous fluorescence immunoassay 
on gold-coated nano-titer plates. Anal Bioanal Chem 2004, 379, 904–12.

[132] Dyadyusha L, Yin H, Jaiswal S, Brown T, Baumberg JJ, Booy FP, et al. Quenching of CdSe 
quantum dot emission, a new approach for biosensing. Chem Commun 2005, 25, 3201–3.

[133] Gueroui Z, Libchaber A. Single-molecule measurements of gold-quenched quantum dots. Phys 
Rev Lett 2004, 93, 166108–11.

[134] Li H, Xu D. Silver nanoparticles as labels for applications in bioassays. Trends Anal Chem 
2014, 61, 67–73.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 5 Energy Transfer in Liquid and Solid Nanoobjects   161

[135] Zhou Y, Xing G, Chen H, Ogawa N, Lina J-M. Carbon nanodots sensitized chemiluminescence 
on peroxomonosulfate – sulfite – hydrochloric acid system and its analytical applications. 
Talanta 2012, 99, 471–7.

[136] Morales-Narváez E, Sgobbi LF, Machado SAS, Merkoçi A. Graphene-encapsulated materials: 
Synthesis, applications and trends. Prog Mater Sci 2017, 86, 1–24.

[137] Li G, Kong W, Zhao M, Lu S, Gong P, Chen G, et al. A fluorescence resonance energy transfer 
(FRET) based “Turn-On” nanofluorescence sensor using a nitrogen-doped carbon dot-hexag-
onal cobalt oxyhydroxide nanosheet architecture and application to α-glucosidase inhibitor 
screening. Bios Bioelectron 2016, 79, 728–34.

[138] Na W, Liu Q, Sui B, Hu T, Su X. Highly sensitive detection of acid phosphatase by using a 
graphene quantum dots-based förster resonance energy transfer. Talanta 2016, 161, 469–54.

[139] Xiao D, Yuan D, He H, Gao M. Microwave assisted one-step green synthesis of fluorescent 
carbon nanoparticles from ionic liquids and their application as novel fluorescence probe for 
quercetin determination. J Lumin 2013, 140, 120–5.

[140] Teslyuk O, Bel’tyukova S, Yegorova A, Yagodkin B. Complex compounds of terbium(III) with 
some nonsteroidal anti-inflammatory drugs and their analytical applications. J Anal Chem 
2007, 62, 330–5.

[141] Jiang CQ, Zhang N. Enzyme-amplified lanthanide luminescence based on complexation reac-
tion – a new technique for the determination of doxycycline. J Pharm Biomed Anal 2004, 35, 
1301–6.

[142] Jee RD. Study of micellar solutions to enhance the europium-sensitized luminescence of tetra-
cyclines. Analyst 1995, 120, 2867–72.

[143] Wang T, Wang Х, Jiang C. Spectrofluorimetric determination of bile acid using a europium-dox-
ycycline probe. J Clin Lab Anal 2007, 21, 207–82.

[144] Si ZK, Jiang W, Ding Y, Hu J. The europium/samarium-2-benzoyl-indane-1,3-dione-cetyltrime-
thylammonium bromide fluorescence system and its analytical application. Fresenius’ J Anal 
Chem 1998, 360, 731–4.

[145] Zhu Y, Si Z-K, Zhu W-J. Study on sensitised luminescence of rare earths by fluorescence 
enhancement of the europium-gadolinium-diphacinone – ammonia complex system and its 
application. Analyst 1990, 115, 1139–42.

[146] Sendra B, Panadero S, Gomes-Hens A. Kinetic determination of bromadiolone based on lan-
thanide-sensitized luminescence. Anal Chim Acta 1997, 355, 145–50.

[147] Lin C, Yang J, Wu Х. Study on the columinescence effect of terbium-gadolinium-nucleic 
acids-cetylpyridine bromide system. J Lumin 2003, 101, 141–6.

[148] Hernandez-Arteseros JA, Compano R, Prat MD. Application principal component regression 
to luminescence data for the screening of ciprofloxacin and enrofloxacin in animal tissues. 
Analyst 2000, 125, 1155–8.

[149] Ocana JA, Callejon M, Barragan FJ. Terbium-sensitized luminescence determination of lovo-
floхacin in tablets and human urine and serum. Analyst 2000, 125, 1851–4.

[150] Ocana JA, Callejon M, Barragan FJ. Determination of trovafloхacin in human serum by time 
resolved terbium-sensitised luminescence. Eur J Pharm Sci 2001, 13, 297–31.

[151] Wang H, Hou F, Jiang C. Ethyl substituted β-cyclodeхtrin enhanced fluorimetric method for the 
determination of trace amounts of oхytetracycline in urine, serum, feed of chook and milk. 
J Lumin 2005 ,113, 94–9.

[152] Shtykov SN, Smirnova TD, Bylinkin YG. Determination of adenosine triphosphoric acid by its 
effect on the quenching of the fluorescence of europium(III) diketonate in micelles of Brij-35. 
J Anal Chem 2004, 59, 438–41.

[153] Shtykov SN, Smirnova TD, Nevryueva NV, Zhemerychkin DA. Fluorimetric method for determin-
ing norfloxacin, based on the phenomenon of energy transfer. Izv Univ Chem Chem Technol 
2006, 49, 27–30. original source in Russian

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



162   Part II: Application in Spectrometric Methods

[154] Shtykov SN, Smirnova TD, Kalashnikova NV, Bylinkin YG, Zhemerichkin DA. Fluorescence in the 
system Eu(III) – oxytetracycline – co-ligand – sodium dodecylbenzene sulphonate micelles 
and its analytical application. Proc SPIE 2006, 6165, 61650Q1–6.

[155] Shtykov SN, Smirnova TD, Bylinkin YG, Kalashnikova NV, Zhemerichkin DA. Determination of 
ciprofloxacin and enrofloxacin by the sensitized fluorescence of europium in the presence of 
the second ligand and micelles of anionic surfactants. J Anal Chem 2007, 62, 153–7.

[156] Smirnova TD, Shtykov SN, Nevryueva NV, Zhemerichkin DA, Parashchenko II. Fluorimetric 
assay of flumequine using sensitized terbium fluorescence in organized media. Pharm Chem J 
2010, 44, 635–8. 

[157] Arnaud N, Georges J. Comprehensive study of the luminescent properties and lifetimes of Eu(3+) 
and Tb(3+) chelated with various ligands in aqueous solutions: influence of the synergic agent, 
the surfactant and the energy level of the ligand triplet. Spectrochim Acta, Pt A 2003, 59, 
1829–40.

[158] Smirnova TD, Shtykov SN, Kochubei VI, Khryachkova ES. Excitation energy transfer in euro-
pium chelate with doxycycline in the presence of a second ligand in micellar solutions of 
nonionic surfactants. Opt Spectrosc 2011, 110, 60–6.

[159] Ermolaev VL, Bodunov EN, Sveshnikova EB, Shakhverdov TA. Radiationless Transfer of Elec-
tronic Excitation Energy. Leningrad, Nauka, 1977. (Original source in Russian).

[160] Parashchenko II, Smirnova TD, Shtykov SN, Kochubei VI, Zhukova NN. Doxycycline-sensitized 
solid-phase fluorescence of europium on silica in the presence of surfactants. J Anal Chem 
2013, 68, 112–6.

[161] Horrocks W, Sidnick DR. Lanthanide ion luminescence probes of the structure of biological 
macromolecules. Acc Chem Res 1981, 14, 384–92.

[162] Horrocks WD, Sudnick DR. Lanthanide ion probes of structure in biology. Laser-induced lumi-
nescence decay constants provide a direct measure of the number of metal-coordinated water 
molecules. J Am Chem Soc 1979, 101, 334–40.

[163] Selivanova N, Vasilieva K, Galyametdinov Yu. Luminescent complexes of terbium ion for 
molecular recognition of ibuprofen. J Luminesc 2014, 29, 202–11.

[164] Lapaev DV, Nikiforov VG, Safiullin GM, Lobkov VS, Salikhov KM, Knyazev AA, et al. Laser 
control and temperature switching of luminescence intensity in photostable transparent film 
based on terbium(III) β-diketonate complex. Optic Mater 2014, 37, 593–9.

[165] Davydov N, Zairov R, Mustafina A, Syakayev V, Tatarinov D, Mironov V, et al. Determination off 
fluoroquinolone antibiotics through the fluorescent response of Eu(III) based nanoparticles 
fabricated by layer-by-layer technique. Anal Chim Acta 2013, 784, 65–71.

[166] Zairov R, Zhilkin M, Mustafina A, Nizameev I, Tatarinov D, Konovalov A. Impact of polyelec-
trolyte coating in fluorescent response of Eu(III)-containing nanoparticles on small chelating 
anions including nucleotides. Surface Coat Technol 2015, 271, 242–6.

[167] Jiu H, Zhang L, Liu G, Fan T. Fluorescence enhancement of samarium complex co-doped with 
terbium complex in a poly(methylmethacrylate) matrix. J Lumin 2009, 129, 317–9.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



Part III: Application in Electroanalysis

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



https://doi.org/10.1515/9783110542011-006

Kh. Brainina, N. Stozhko, M. Bukharinova and E. Vikulova
6  Nanomaterials: Electrochemical Properties and 

Application in Sensors
Abstract: The unique properties of nanoparticles make them an extremely valu-
able modifying material, being used in electrochemical sensors. The features of 
nanoparticles affect the kinetics and thermodynamics of electrode processes of both 
nanoparticles and redox reactions occurring on their surface. The paper describes 
theoretical background and experimental studies of these processes. During the 
transition from macro- to micro- and nanostructures, the analytical characteristics 
of sensors modify. These features of metal nanoparticles are related to their size and 
energy effects, which affects the analytical characteristics of developed sensors. 
Modification of the macroelectrode with nanoparticles and other nanomaterials 
reduces the detection limit and improves the degree of sensitivity and selectivity of 
measurements. The use of nanoparticles as transducers, catalytic constituents, parts 
of electrochemical sensors for antioxidant detection, adsorbents, analyte transport-
ers, and labels in electrochemical immunosensors and signal-generating elements 
is described.

6.1  Introduction

A chemical or biochemical sensor can be defined as an analytical device that gen-
erates information about concentration of inorganic, organic, and biological sub-
stances. A sensor includes a transducer and a receptor. Biochemical sensors usually 
contain some biological substance (enzyme, antibodies, antigens, DNA fragments, 
tissues, bacteria), which serves as a receptor. The receptor responds to the presence of 
the determined component and takes part in generating a signal, functionally depen-
dent on the concentration of this component. The transducer sends this signal to a 
measuring device [1]. In electroanalysis, the transducer is either a bulk electrode or 
an electrode covered with specific molecules or particles, nanoparticles in particu-
lar (modified electrode). The substance specially localized on the electrode surface 
(modifier) can act both as a transducer and as a receptor. Hence, there is some ambi-
guity in terminology: the same system can be defined as a modified electrode, a trans-
ducer or a sensor, depending on the circumstances. Further, we will not retreat from 
traditional terminology and will use all mentioned terms. However, we will prefer 
using the term “sensor” as a tool where all the components required for receiving a 
signal, are localized on the electrode surface.

The combined efforts and achievements of screen-printed and nanotechnologies; 
organic, polymer, and analytical chemistry; and electrochemistry and biochemistry 
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have resulted in a new generation of sensors. In recent years, the number of publi-
cations in this area has sky rocketed, as numerous reviews prove it [2–18]. The emer-
gence and application of nanomaterials as integral part of sensors have had a visible 
impact on research.

Nanoparticles can be used as transducers, catalytic agents, adsorbents, trans-
porters, and labels, for example, in immunoassay. It is not always easy to differenti-
ate the impact of nanoparticles themselves by the mechanism of their functioning in 
sensors. However, in all cases, the properties of nanoparticles themselves and size 
effects are essential, which is manifested in the increased electrochemical activity in 
comparison with the corresponding bulk material [19–22]. This has led to the fact that 
the transition from macro- to nanoscale architectures significantly improves sensor 
characteristics [18, 24, 25].

Size of nanoparticles and surface excess free energy change the thermodynam-
ics and kinetics of the oxidation of nanoparticles and processes occurring on their 
surface. It is reflected in voltammogram shapes. Therefore, herein after we will focus 
on voltammogram shapes when considering electrochemistry of nanoparticles them-
selves and electrochemical reactions taking place on their surface.

Chemical and biological sensors are discussed in [26], where nanoparticles and 
multisignal biosensors based on logically processed biochemical signals [26] are used 
as transducers, catalysts, or labels. The findings of the studies showed that the appli-
cation of nanoscale materials in sensors is feasible and beneficial.

6.2  Properties of nanoparticles

Nanoparticles are known to have unique physical [27, 28], optical [29–32], catalytic 
[33–35], magnetic [32, 36], and sensory [23] properties that are different from the 
properties of their bulk analogues. At the same time, nanoparticles are character-
ized by quite a strong dependence of their properties on a degree of dispersion, or 
the so-called “size effect”. For example, the constant lattice of gold nanoparticles 
decreases by 2–4 % in comparison with the bulk phase of the metal [37, 38]. During 
the transition from the bulk phase to the gold nanoparticles sized 2.5 nm, the melting 
temperature lowers from 1336 to 930 К [32]. The wavelength of maximum absorp-
tion in the optical spectra of gold sols with bigger particle size shifts to longer wave-
lengths [39]. One of the reasons for the specific behavior of nanoparticles is surface 
excess energy that is caused by uncompensated bonds between surface and subsur-
face atoms, whose proportion increases significantly with smaller particle size [32]. 
The other reason is quantum effects, clearly demonstrated in optics. In addition, 
with smaller particle size the degree of defectiveness of the crystal lattice grows [37]; 
therefore, there are more active reaction centers on the surface, which leads to better 
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adsorption properties and increased chemical activity of nanoscale structures. Size 
effect is observed in the electrochemistry of nanoparticles as well [40–42].

The special properties of nanoparticles offer good perspectives for creating new 
efficient catalysts, sensor systems, and medical drugs exhibiting high biological 
activity and targeted delivery. When developing new functional materials based on 
nanostructures, the results of experimental studies of size effects and development 
of these theoretical concepts, allowing us to predict the properties of newly created 
materials, become of great importance. Understanding thermodynamics and kinetics 
of electrochemical processes of nanoparticles themselves and the processes occur-
ring on their surface can lead to selecting better conditions for more efficient and 
stable performance of electrochemical sensors.

6.3  Theoretical and experimental approaches to nanoscale 
material study

Despite the explosion of publications describing the use of nanoparticles in elec-
troanalysis, theoretical and experimental investigations of the laws regulating elec-
trochemical behavior of metal nanoparticles immobilized on the macroelectrode 
surface, the research is still at the initial stage [22, 43–54]. It is worth mentioning the 
results of microscopic and electrochemical studies of electrooxidation of silver [22, 
50], gold [20, 55, 56], bismuth [21], and palladium [57] nanoparticles of different sizes 
immobilized on the surface of indifferent macroelectrodes. Experimental data indi-
cate that metal particles demonstrate more intensive electrochemical activity if their 
size reduces, which results in the shift of the metal oxidation potential to the cathodic 
direction, as compared with the similar processes of bulk metal (Tab. 6.1).

There are few approaches to explaining the size effect observed in the electro-
chemistry of nanoparticles. Compton et al. [42, 46] proposed a mathematical model 
for describing electrooxidation of metal nanoparticles from the surface of the indiffer-
ent electrode. In this model, the electrochemical behavior of the nanoparticles local-
ized on the macroelectrode surface is attributed to the transition from semi-infinite 
diffusion to/from the planar electrode to the radial diffusion to/from the nanoparticle. 
By theory, in the case of a reversible electrochemical system, there are two options: 
(1) when there are very few nanoparticles on the electrode surface (diffusion zones do 
not overlap), the peak electrooxidation potential of the particles shifts to the negative 
potential area with decreasing particle radius; (2) when there are larger quantities of 
nanoparticles on the surface (diffusion zones overlap, and the conditions for planar 
diffusion are satisfied), the electrooxidation potential shifts to positive values with 
growing metal quantity; thus, it does not depend on the particle size. Energy aspects 
are disregarded.
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In the irreversible electrochemical system (the second case), the electrooxidation 
potential of metal nanoparticles is affected by their quantity on the electrode surface 
and shifts to negative potentials with decreasing particle size. To validate the model, 
the authors investigated electrochemical dissolution of silver nanoparticles of differ-
ent sizes from the surface of pyrolytic graphite electrode, by using potentiodynamic 
voltammetry. By interpreting the data obtained, they concluded that the peak poten-
tial of silver nanoparticles oxidation increases if the number of silver nanoparticles on 
the electrode surface grows and the potential rate changes. The size of the particles 
does not affect the potential peak. However, the authors did not consider nanopar-
ticle aggregation that is occurred when nanoparticle concentration on the surface 
increases and the consequent change in the distribution of particles by size, which can 
be proved or disproved by microscopic studies. The comparison of the experimental 
data with the calculated results, applying the proposed mathematical model, showed 

Tab. 6.1: The size effect of metal particles on the peak oxidation potential (Em)

Metal/ Substrate Radius of nanoparticles, nm Em, V Background Reference

Au/ TFCCE 10 0.936 0.1 M HCl [20]
150 1.086

1000 1.088
Ag/ TFCCE 35 0.469 0.1 M KNO3 [22]

270 0.498
1000 0.563

Bi/TFCCE 53 0.062 0.1 M HNO3 [21]
150 0.117

1000 0.211
Au/ITO 3 0.693 0.1 M HClO4  +  0.01 M KBr [55]

19 0.788
24 0.851
29 0.881

116 0.882
Ag/ITO 6 0.275 0.1 M H2SO4 [50]

8.4 0.291
10.3 0.318
13.3 0.340
14 0.354
19 0.371
22.8 0.382

Pd/GCE 98 ± 38 (bulk) 0.700 0.1M HClO4  +  0.01M NaCl [57]
3.2 ± 0.9 0.570
1.5 ± 0.3 0.467
1.0 ± 0.3 0.343

TFCCE thick film carbon containing electrode
ITO indium tin oxide
GCE glassy carbon electrode
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only qualitative similarity in the direction of shifts in the electrooxidation potential 
when the quantity of particles grows on the electrode. Moreover, numerical values vary 
greatly. It follows thence that geometric factors (the shape and size of diffusion zones) 
are not the only ones affecting electrochemical properties of nanoparticles. Compton’s 
theory has been further developed in the use of the Plieth equations (see below) and 
the introduction of relevant amendments, which take into account the effect of surface 
energy of nanoparticles on the formal potential of nanoparticles oxidation [58].

The other two theoretical approaches are similar, as they introduce thermody-
namic considerations when looking at electrochemical processes with nanoparticles. 
This allows us to take into account energy differences between ensembles with micro- 
and macroparticles. Thus, Ivanova and Zamborini [50, 51] explain that electrochem-
ical activity of silver and gold nanoparticles increases with smaller size due to lower 
value of the standard redox potential of Mn+/M system. According to theoretical views 
developed by Plieth [43, 44], the standard redox potential of metals in their nanostate 
shifts to the negative potential area as compared with the standard potential of bulk 
metal by a quantity determined by the ratio:

E0p = E0bulk −
2�Vm
zFr ,

where E0p and E0bulk  are standard redox potentials of metals in their nano and bulk 
states, γ is the surface tension, Vm is the molar volume, z is the number of electrodes, 
participating in the electrode process, F is Faraday’s constant (96485 C/mole), and r 
is the radius of metal nanoparticles.

On the basis of theoretical arguments put forward by Plieth, Tang et al. [52, 59] 
plotted the diagrams showing how the oxidation potential of the platinum nanopar-
ticles depends on the particle radius. They also show the E–pH dependence for 
platinum particles of different sizes. In addition, it was shown that a smaller size of 
nanoparticles, along with the shift of the electrooxidation potential to the cathode 
region, causes some changes in the electrochemical process. Thus, as the graph 
shows, platinum nanoparticles with a diameter less than 4 nm, transfer into the solu-
tion and form Pt2+ ions, whereas larger particles are oxidized to PtO. The correctness 
of the calculated data is confirmed by a good match with the experimental values. The 
experimentally observed electrochemical Ostwald ripening, when larger nanoparti-
cles grow as smaller particles dissolve [60], is also explained by a decrease in the 
value of the standard redox potential of nanoparticles with a decrease in their radius, 
as Plieth predicted.

Henglein [61, 62] also predicted a negative shift of the oxidation potential with 
smaller metal particle size. His conclusion was based on the calculations of a standard 
redox potential of metal clusters, using the value of the enthalpy of sublimation. He 
found that with a decrease in the number of atoms in Agn particle, the standard redox 
potential of silver shift to the cathode region from +0.799 V (n = ∞) to −1.0 V (n = 3)  
(the potentials are given relative to the SHE). To confirm the conclusion, it was 
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experimentally proven that metal clusters are able to reduce many organic molecules 
[62].

Some studies report the dual behavior of nanoparticles – shifts of electrooxida-
tion potentials both to positive [54, 63–66] and negative values as compared with the 
equilibrium potential for Men+/Me0 system or the electrooxidation potential for bulk 
metals. This phenomenon is explainеd using the third approach.

In our opinion, the third and the most general approach to describing these reg-
ularities is presented in [67] understanding of the three energy states of substances, 
metals in particular. This approach is illustrated as follows [67]:

МI МII МIII

∆G° < 0 ∆G° ≈ 0 ∆G° > 0

The left part describes the electrode processes involving ad-atoms (under poten-
tial deposition, UPD), while the right part describes the electrode processes involv-
ing nanoparticles [19]. In our point of view, the dual behavior of nanoparticles is 
explained as follows: the shift of the potential of nanoparticles electrooxidation to the 
negative area occurs when the substrate is inert to nanoparticles and the properties of 
nanoparticles themselves are displayed. The potential shifts to the positive area when 
metal nanoparticles interact with the substrate; this phenomenon is similar to UPD.

Brainina et al. [19] proposed a mathematical model that takes into account the 
processes represented by the above diagram. It describes electrooxidation processes 
of metal nanoparticles localized on the macroscale electrode surface. The term 
(∆G°/RT) is added in the kinetic equation of the voltammogram for metal nanopar-
ticles electrooxidation. This enables to consider energy differences between metal 
nanoscale particles and a metal in its bulk state, because, as shown in [19], there is a 
certain correlation between the change in the free surface energy (ΔG°) and the radius 
of the particle, which has a form of hyperbola. The position of the voltammograms 
of nanoparticle oxidation on the potential axis and their shape (the presence of one 
or two peaks), current distribution, and the difference of the current peak potentials 
are determined by the free surface energy and, hence, the particle radius and metal 
properties.

In a series of papers, a set of voltammograms, showing electrooxidation of gold 
[20], bismuth [21], and silver [22] nanoparticles of different sizes, was plotted experi-
mentally and theoretically (based on the proposed mathematical model). Electrooxi-
dation occurred on the surface of the thick-film carbon-containing electrode (TCE). It 
is argued that the transition from macroscale to nanoscale metallic structures affects 
the potential of the current oxidation peak: it shifts to the cathodic region, which 
indicates that electrochemical activity of nanoparticles increases as compared with 
bulk metal. For example, the electrooxidation potentials for gold nanoparticles with 
a radius of 10 and 150 nm, localized on the TCE, with 0.1 M HCl background, are lower 
than the oxidation potential for bulk gold (1.188 V relative to SCE) by 252 and 101 
mV, respectively. The proposed theory suggests that the presence of two peaks of 
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electrooxidation of gold particle mixture whose radii vary considerably, on the same 
voltammogram can be attributed to substantial difference between the energy char-
acteristics (∆G°) of gold particles with varying sizes. A close match between the cal-
culated and experimental curves confirmed the relevance of the mathematical model 
and correctness of the calculations.

An important result of mathematical modeling of metal nanoparticle electrooxi-
dation is an opportunity to identify the interrelationship between three factors: nano-
sized effects, energy effects, and the shape of experimental voltammograms for metal 
nanoparticles electrooxidation.

The energy state of nanoparticles, defined by their size and the Gibbs free energy 
ΔG°, has an impact not only on the kinetics and thermodynamics of the nanoparticles 
themselves electrooxidation, but also on the processes occurring on the nanoparticles 
surface [20, 68]. Brainina et al. [69] proposed a physical-mathematical model describ-
ing electrochemical reactions of the dissolved substance, diffusing to the nanoparti-
cle surface. These processes, along with the stage of the electron transfer, take into 
account possible chemical, in particular catalytic reactions, passivation of the elec-
trode surface by the products of electrode reactions and nanoeffect manifestation. The 
thermodynamic approach to describing processes on nanoparticles enables to predict 
the shape and features of the experimental voltammograms; to obtain information 
about the energy properties of nanoparticles; and to identify the mechanism of the 
electrode process. The validity of the theoretical findings of the proposed method is 
confirmed by a good agreement between the calculated and experimental results con-
cerning the electrooxidation of ascorbic acid on gold nanoparticles [68, 69].

Size effects were also observed during the oxidation of ascorbic acid on the elec-
trodes modified with gold nanoparticles of varying sizes [70, 71]. These effects led 
to the shift of the voltammograms in the cathodic direction with decreasing size of 
nanoparticles, immobilized on the electrode.

Therefore, electrochemical methods can serve as a source of valuable informa-
tion for analyzing thermodynamic and energy properties of nanomaterials, as well 
as for the kinetics of redox reactions of these nanoparticles, and other processes with 
nanoparticles involvement. On the other hand, these approaches and available data 
are extremely useful for predicting catalytic and sensory properties of nanoscale 
materials.

6.4  Macro- to micro- and to nanoscale transition

In electrochemical sensor systems, a signal-generating reaction undergoes at the elec-
trode/solution boundary. In this regard, the intensity of the electrochemical response 
to the change of the analyte concentration is strongly dependent on the surface prop-
erties of the electrode (sensor). Therefore, the targeted modification of the structural 
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Tab. 6.2: Examples of dependence of analytical properties of electrochemical sensors on particle 
size of metal modificator

Modifier /
Substrate

Particle  
size, nm

Analyte LOD, µg/L (М) b Detection Reference

Au/TFCCE 50 Cr(VI) 5 − SWV [72]
bulk 250 −

Bi/GCE 270 Pb(II) 18 0.074 µC × L/µg ASV [73]
Cd(II) 11 0.029  
Cr(VI) 0.00012 270 AdCSV

Bi-film Pb(II) 29 0.015 ASV
Cd(II) 25 0.01134 AdCSV
Cr(VI) 0.0374   

Bi/TFCCE 45.5 Zn(II) 0.60 6.14 µA × L/µg ASV [74]
Cd(II) 0.09 21.07
Pb(II) 0.17 13.43

90.2 Zn(II) 0.96 4.81
Cd(II) 0.21 15.44
Pb(II) 0.32 9.92

282.1 Zn(II) 1.38 4.23
Cd(II) 0.48 11.67
Pb(II) 0.51 7.43

Bi-film Zn(II) 4.20 0.53
Cd(II) 2.54 3.28
Pb(II) 1.97 5.69

Bi/TFCCE 120 Ni(II) 7.76 × 10−9 (М) 6.36 µA/nM AdCSV [75]
380 3.22 × 10−9 (М) 43.51
Bi-film  
(16 µm)

3.91 × 10−9 (М) 120.06

Au/TFCCE 26 As(III 0.05 11.03 µA × L/µg ASV [76]
Cu(II)) 0.05 9.10

122 As(III) 0.12 4.11
Cu(II) 0.12 4.44

and material architecture of the electrode surface allows us to control selectivity and 
sensitivity of the sensor. Currently, the main approach to improving analytical and 
metrological properties of electrochemical sensors is the transition from macro- to 
micro- and to nanoscaled structures of the electrode surface. Developing nanomate-
rial-based sensors is a rapidly growing field in modern electroanalysis, which is indi-
cated by a continuous increase in the number of publications. Of particular interest 
is the literature that focuses on comparative studies of sensory properties of metal 
macro-, micro-, and nanoscaled structures. Some examples illustrating how sensory 
properties are affected by a dispersed condition of the electrode surface are presented 
in Tab. 6.2.
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As the result of complex microscopic and electrochemical studies, the relationship 
between the morphology of the solid electrode surface and an electrochemical response 
was established [23, 72–76, 80–85]. In most studies, a decreasing particle size results 
in higher sensitivity and selectivity of determination, an increase in the signal/noise 
ratio, a lower detection limit for the analyte, and shorter analytical time. The examples 
are the sensors, with gold [72, 76–78, 80, 82–84] or bismuth [73, 74, 81] nanoparticles 
as transducers. Malakhova et al. [81] obtained clear and well-separated anodic peaks 
for zinc, lead, and cadmium on the electrode modified with small (<100 nm) and rarely 
distributed bismuth particles, whereas on the electrodes modified with bismuth par-
ticles of larger size (20 and 2 µm), analytical signals either were not recorded or had a 
distorted wave form. Moreover, the oxidation of the detected metals on the electrodes 
of the first type occurred much earlier than on the electrodes with larger particles. Their 
anodic peaks were narrower, which resulted in improved signal resolution. Similar pat-
terns for bismuth electrodes were obtained for stripping voltammetric determination 
of zinc, lead, and cadmium [73, 74]. Thus, the sensitivity of detecting cadmium on the 
TCE, modified with bismuth nanoparticles (45.5 nm), is seven times higher, while the 
detection limit is 28 times lower, compared with the same parameters on the bismuth 
film that can be considered as macroelectrode [74]. Analytical signals for arsenic (III) 
and copper (II) increase three and two times, respectively, while the size of the gold 
particles, located on the TCE surface, reduces from 300 to 26 nm [76].

LOD limit of detection CV cyclic voltammetry
b sensitivity BDD boron doped diamond
SWV square wave voltammetry MPTS (3-mercaptopropyl)trimethoxysilane
ASV anodic stripping voltammetry DOPAC 3,4-dihydroxyphenylacetic acid
AdCSV adsorptive cathodic stripping  

voltammetry
Other symbols: as given in Tab. 6.1

Modifier /
Substrate

Particle  
size, nm

Analyte LOD, µg/L (М) b Detection Reference

Au/con-
ductive 
substrate

30 As(III) 0.005 65.57 µA × L/µg ASV [77]
bulk 0.75 5.51

Au/con-
ductive 
substrate

30 I¯ 0.3 × 10−6 (М) − CV [78]
bulk 4 × 10−6 (М) −

Ni/BDD 5–690 Ethanol, 1.7 × 10−3 (М) 0.31 µA/M CV [79]
glycerol 1.03 × 10−5 35

Ni foil 6.2 × 10−3 (М) 2.42
2.2 × 10−5 279

Au/MPTS 2.6 DOPAC 2 × 10−7 (M) 0.020 nA/nM Amperom-
etry

[82]
60 5 × 10−7(M) 0.1239 nA/nM

Tab. 6.2: (continued)
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An increase in the analytical signal of mercury (II) by 40 % when the size of gold 
nanoparticles decrease from 71 to 36 nm and threefold decrease of the signal when 
number of nanoparticles on the electrode surface [83] and their size decrease from 
1000 to 100 nm [23] are observed.

The described effects are caused by the change in the surface structure during 
the transition from metal macro- to micro- and to nanostate on the electrode. When 
the particle size decreases, the relative proportion of atoms that are located on the 
surface, including vertices, edges, and faces, and that have a high coordination ability 
toward reactive substances, increases significantly [32, 35]. As a result, the area of 
energy-rich and electrochemically active surface expands, which leads to a better 
analytical performance of the electrode. For example, it was found [86] that the active 
surface area of the gold electrode with nano-dendritic structure is 33 times more than 
the surface area of the flat macroelectrode. At the same time, the signal for arsenic 
(III) is 40 times stronger on the nanostructured electrode. In biosensors, during the 
transition from macroscaled electrodes to the electrodes with nanostructured surface, 
a bigger area of the active surface contributes to a higher surface density of enzymes 
and biomolecules, and, consequently, to sensor sensitivity [87].

A manifestation of the size effect in the sensory properties of electrodes has also 
been associated with varying adsorption and electrochemical and electrocatalytic 
activity of nanostructures and their bulk analogues. Nanoparticles are characterized 
by a high degree of defectiveness of a crystal lattice. A large and growing with smaller 
particle size proportion of the surface is taken by “vertex and edge” structural ele-
ments. Adsorption properties of defects in this nanostructured surface differ from 
adsorption properties of the flat surface of macroelectrodes. The faces that are absent 
in macrocrystals can break the surface of nanoparticles. As a result, reactions that are 
almost impossible to occur on the macrocrystal surface can undergo on the electrodes 
modified with nanoparticles. In addition, the mechanism and kinetics of electrode 
processes are likely to change [42]. The difference in adsorption and electrocatalytic 
properties of nano- and microcrystals is explained by the change in the electronic 
state of the atom in the crystal with size [88].

Many authors study an increasing maximum current of the analyte electrochem-
ical reaction on a nanostructured surface and the shift of its potential in the cathode 
region as a catalytic process. However, some recent studies have suggested that these 
features of the electrode process on the nanostructures are due to a bigger active 
surface area and increasing free energy as compared with bulk electrodes [68, 69].

The electrocatalytic activity of the electrodes modified with nanoparticles 
increases with decreasing particle size, whereas the size effect of the adsorption 
properties of nanostructured electrodes can be both positive and negative. On the one 
hand, the unique architecture of nanoparticles ensures the presence of many active 
centers on the surface, with high free energy, and, consequently, with high adsorp-
tion capacity and activity. On the other hand, the unique structure and a small size 
of nanoparticles may result in steric hindrances in the adsorption of large analyte 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   175

molecules and those molecules that are easily adsorbed on the polycrystalline elec-
trode surface.

Thus, discussing electroanalytical detection of Cr(VI) traces with the use of adsorp-
tive stripping voltammetry, Saturno et al. [73] reported that on the electrodes modified 
with micro- and nanoparticles of bismuth (average size is 270 nm), the signal for Cr(VI) 
is 50 times stronger than on the bismuth film electrode. However, in [75] where Ni(II) is 
detected by using adsorptive cathodic stripping voltammetry on the TFCCE, modified 
with particles of bismuth of different dispersions, a decrease in sensitivity is observed 
with decreasing particle size of the modifier. The authors attribute the reverse pattern 
for nickel to the fact that the distance between active centers in a large molecule of 
Ni–dimethylglyoxime compound exceeds the size of small Bi nanoparticles. As a result, 
steric hindrances preventing the adsorption of Ni compound on small Bi nanoparticles 
occur. Ni compound easily adsorbs on the surface of large Bi particles.

A similar effect was observed [89] in the study of electrochemical behavior of 
methylviologen on silver electrodes with different surface morphologies. Distinct 
signals for methylviologen were obtained on a silver polycrystalline electrode with 
a granular surface. The signal for methylviologen was not observed on the electrode 
modified with silver nanoparticles (<100 nm).

The negative size effect on the adsorption properties of nanostructured electrodes 
was also described in the study of UPD on the electrodes modified with a range of par-
ticle of different dimensions. Ad-atoms of thallium were formed on a gold polycrys-
talline electrode and electrodes modified with a relatively large gold nanoparticles 
(30–60 nm), whereas thallium did not adsorb on small gold nanoparticles (10 nm) 
[90]. Similar results were obtained when studying deposition of thallium [91], lead, 
and cadmium [92] on silver nanoparticle-modified electrodes. The authors suggest 
that one of the possible reasons for the established patters can be the absence of plat-
forms with the faces ensuring the adsorption of the deposited metal atoms on the 
nanoscale electrode surface.

The quantity of nanoparticles localized on the electrode surface can influence on 
the characteristics of the analysis based on concentrating of the analyte in the form of 
slightly soluble compounds with the electrode material. Sudakova et al. [93] observed 
that Bi2S3 reduction current increased when the quantity of bismuth nanoparticles 
localized on the screen-printed carbon electrode grew from 0.028 to 0.7–1.4 µg. With 
a further increase to 2.8 µg, the analytical signal for sulfide ions weakened. The total 
mass of Bi particles, equal to 1.4 µg was taken as optimal, which corresponds to the 
formation of agglomerates of Bi nanoparticles with an average size of about 180 nm.

Electrochemical determination of most organic and biological compounds is linked 
to their catalytic redox transformation. Nanoscale materials, exhibiting high catalytic 
activity, contribute to a stronger recorded signal [88, 94]. Along with a high catalytic 
effect, a more stable response of the nanoscale electrodes to the concentration of the 
determined analyte is observed [95]. The catalytic activity of the particles correlates 
with their size: as a rule, the smaller the particle size, the more pronounced catalytic 
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effect [34, 82, 88]. For example, Li et al. [34] observed a decrease in the overvoltage 
of the reaction of oxygen electroreduction and an increase in its current with gold 
nanoparticle size reducing from 24 to 14 nm, while gold particles were immobilized on 
the surface of the platinum electrode. The impact of the crystallographic planes and 
shapes of nanoparticles on their electrocatalytic properties was also shown.

Kalimuthhu and John [82] argue that an increase in catalytic effect with decreas-
ing size of gold particles is observed in the study of the electrocatalytic oxidation of 
ascorbic, uric, and 3,4-dihydroxyphenylacetic acids on electrodes modified with gold 
nanoparticles of varying sizes. An increase in the current peaks of the analyte oxida-
tion and their shift to the potential cathodic is observed with decreasing size of gold 
particles. Thus, the oxidation potential of ascorbic acid at the transition from bulk 
gold electrode to the electrodes modified with gold nanoparticles with a size of 60, 
40, 20, and 2.6 nm changes in the following sequence: 0.48, 0.44, 0.42, 0.38, and 0.35 
V. The detection limit for 3,4-dihydroxyphenylacetic acid on the electrode modified by 
gold nanoparticles with a size of 2.6 nm is 200 nM, while on the electrode with gold 
particles sized 60 nm, the detection limit equals 500 nM. In addition, it is possible to 
obtain separate peaks for ascorbic and uric acids (the difference between the peak 
oxidation potentials is 180 mV) on the electrodes modified with gold nanostructures, 
which allows for their simultaneous determination in blood and urine. Moreover, 
only one broad peak was observed on the bulk gold electrode.

A different pattern, in which the analyte (dopamine) signal does not depend on 
the size and quantity of particles on the surface of the gold microelectrode, is observed 
in [96]. In this case, on gold nanoparticles, the peak current of dopamine oxidation 
shifts by 50 mV to the anodic region, and its magnitude is smaller than on the bulk 
gold electrode. The authors argue that this is due to the inhibitory effect of 3-amino-
propyltriethoxysilane used as a linker for covalent/binding of gold nanoparticles to 
the electrode surface.

Composite materials with high catalytic activity hold promise to be used as elec-
trocatalysts [88, 97, 98]. For example, the use of binary Ni–Co nanoparticles as a cat-
alyst for direct uric acid determination enables to increase detection selectivity and 
sensitivity compared with individual metals [98]. The incorporation of cobalt atoms 
into the crystal lattice of nickel hydroxide significantly increases the number of struc-
tural defects and catalytically active centers. In addition, cobalt atoms hinder the 
adsorption of intermediates and reaction products on the nanocrystal surface, which 
facilitates electrode regeneration.

In some approximation, the combination of nanoparticles on the electrode surface 
can be regarded as an ensemble of nanoelectrodes that provide radial diffusion of the 
analyte [99–101]. In case of a planar microelectrode, the transition from semi-infinite 
diffusion of the analyte to the surface to radial diffusion leads to a more effective 
delivery of the substance to the electrode surface, a stronger signal and the increasing 
of signal/noise ratio. The presence of the nanoparticle excess free energy alters the 
kinetics of the electrode process, which is accompanied by a lower detection limit 
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and a broader range of determined concentrations. Table 6.2 shows that the use of 
nanomaterial modified electrodes in the electroanalysis enables to reduce the detec-
tion limit by one to two orders of magnitude. By accelerating the mass transfer of the 
analyte to a nanostructured electrode surface, the concentration time, required for 
obtaining a signal by stripping voltammetry, significantly reduces.

It should be noted that in some cases the use of nanomaterial-based sensors 
allows us not to carry out additional preparation and regeneration of the electrode 
surface [23, 80, 102]. As a result, detection with the use of nanostructured electrodes 
is simplified, and the analysis time is reduced compared with macroelectrodes.

6.5  Nanostructures in chemical monitoring

In the last decade, nanostructured electrodes have been successfully applied in the 
analytical chemistry. An array of nanomaterials – nanotubes, graphene, and metal 
nanoparticles – is used to modify electrodes. Metal nanoparticles can be obtained 
by physical methods [103], chemical synthesis [55, 104], in particular, using extracts 
of plants as a source of a reducing agent (green synthesis) [105, 106], and by electro-
chemical deposition [83, 51]. In the first two cases, nanoparticles are usually applied 
to the electrode surface by drop casting. With electrochemical deposition, nanoparti-
cles are formed directly on the electrode surface.

Nanoparticles obtained by “green synthesis” exhibit excellent stability, greater 
biocompatibility, and lower toxicity compared with nanoparticles synthesized by 
using well-known physical and chemical methods. All this enables to use nanoparti-
cles, synthesized in that way, for medical research [107].

The main areas of nanostructures usage as sensor components are:
– transducers in sensors for chemical and biochemical analysis and oxidative/anti-

oxidant activity monitoring;
– markers and signal-generating elements for immunoassay;
– transporters in magnetic separation and in concentrating;
– catalysts in biomimetic sensors.

Various aspects of the use of nanomaterials in electroanalysis are reviewed in [13, 16, 
87, 108, 109].

6.5.1  Nanomaterials as transducers and catalysts in electrochemical sensors

Sensory properties are determined by the nature and morphology of the electrode/
solution boundary. In this regard, the use of nanoparticles as transducers becomes 
a fundamental issue. Some examples of using nanomaterials as transducers in the 
electrochemical sensors are given in Tab. 6.3.
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We can observe from Tab. 6.3 that gold nanoparticles have been a subject of consider-
able interest. This interest can be attributed to the fact that stable gold sols are easily 
obtained; gold nanoparticles have high electrical conductivity, catalytic activity and 
chemical stability, and finally, the affinity of gold surface to amine and thiol groups 
of biomolecules. Transducers, containing gold nanoparticles are used in sensors for 
determination of Hg(II), As(III), Cu(II), Cr(VI), and Al(III) in anodic stripping vol-
tammetry [77, 83, 102, 135] and potentiometry [115, 137]. The use of these transducers 
ensures significantly lower detection limits for toxicants [83]. Thus, electrodeposition 
of gold nanoparticles with a size of 36 ± 13 nm on the surface of a glassy carbon elec-
trode allows to obtain a very low detection limit of Hg(II) – 0.084 µg/L, which is six 
times lower than its maximum allowable concentration in waters used for household 
and amenity needs (0.5 µg/L).

Gold nanoparticles as transducers are used in the devices sensitive to biologi-
cally active substances, such as paracetamol [110, 111], tramadol [112], morphine [113], 
and serotonin [114]. In addition, on the electrode modified with gold nanostructures, 
the overpotential of paracetamol oxidation reduces by 50 mV; the oxidation current 
almost doubles in comparison with unmodified carbon paste electrode [110]. The 
detection limit for paracetamol is 1.46 × 10−8 M. Ascorbic and uric acids and dopa-
mine do not interfere with paracetamol detection. The sensor is used for determi-
nation of paracetamol in tablets and in human urine. Sanghavi and Srivastava [112] 
describe determination of paracetamol using Dowex50wx2 and gold nanoparticle 
modified glassy carbon paste electrode. The synergistic effect of gold nanoparticles 
and Dowex50wx2 makes it possible to achieve a sufficiently low limit of paracetamol 
detection – 4.71 × 10−9 M. This sensor is useful when paracetamol and tramadol need 
to be detected with a high degree of selectivity in complex matrices such as urine, 
blood serum, and pharmaceutical preparations.

The use of nanomaterials as transducers in ion-selective electrodes has led to the 
development of a new generation of highly sensitive potentiometric sensors. Due to 
high surface area and conductivity of nanomaterials, their inclusion in the compo-
sition of sensitive membrane ion-selective electrodes, the number of immobilized 
selective ionophores can grow significantly. This enables to increase sensor sensitiv-
ity, reduce the analysis time, and to increase the duration of stable operation of the 
sensor. Mashhadizadeh et al. [115] propose a potentiometric sensor based on mercap-
tothiadiazoles and gold nanoparticle to detect Cu(II) ions in tap, lake, and mineral 
waters. Gold nanoparticles, added to the carbon-paste electrode, enhance the surface 
concentration of mercaptothiadiazole molecules that exhibit high selectivity toward 
Cu(II) ions, thus contributing to their concentration on the electrode surface and the 
reduction of the linear resistance of carbon paste. This type of a sensor ensures a wide 
range of measuring concentrations −4 × 10−9 to 7 × 10−2 M; a low detection limit −1 × 
10−9 M (0.06 µg/L); quick response (<5 s) and high selectivity. It can function efficiently 
within the pH range from 3.0 to 6.5 for 45 days.
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Electrochemical sensors based on the transducers that consist of silver and plat-
inum nanoparticles are applied for amperometric determination of NO2¯ in [116, 117] 
and Cr(VI) [118]. Low detection limits for toxicants have been attained due to elec-
trocatalytic activity of platinum and silver nanoparticles. For example, the detection 
limit for Cr(VI) with the application of a glassy carbon electrode, modified with silver 
nanoparticles, is 0.67 µg/L [118]. Moreover, the 100-fold excess of Cr(III) does not 
interfere with the detection of Cr(VI). The sensor was successfully applied to deter-
mine Cr(VI) in the wastewaters of a textile factory.

One of the most urgent tasks of stripping voltammetry for amalgamable elements 
is to replace toxic mercury electrodes with nontoxic ones. In this respect, the most 
perspective technology is application of bismuth electrodes. The use of bismuth 
nanoparticles as transducers is a challenging area for developing new nontoxic 
sensors that might be similar in terms of sensitivity and other analytical character-
istics to traditionally used mercury-containing electrodes. Thus, with the application 
of bismuth containing sensors, detection limits for Zn(II), Cd(II), Pb(II) [74], and Ni(II) 
[75] are 0.60, 0.09, 0.17 µg/L, and 0.32 × 10−8 M, respectively.

Electrodes modified with nanoparticles of metal oxides, namely Bi2O3, MnO2, ZnO, 
TiO2, IrO2, silicon oxide SiO2 and niсkel hydroxide Ni(OH)2, which play the role of cat-
alysts, have become widely applied recently. Nanoparticles of metal oxides have high 
surface area, chemical stability, and photochemical stability; their synthesis does not 
require the use of expensive reagents. Sensors based on metal oxide nanoparticles 
are used in voltammetric sensors to detect H2O2 [119], glucose [120], and organic com-
pounds [121–123]. Metal oxide nanoparticles can be included in the composition of 
membrane ion-selective electrodes for potentiometric determination of As(III), Cr(III) 
[124], and Fe(III) [125].

In its nanostate, silicon oxide SiO2 has a regular 3D architecture with a pore 
diameter of 2–10 nm, which ensures high adsorption ability of its surface. Generally, 
SiO2 nanoparticles are used, with organic functional groups covalently attached to 
the surface. These nanoparticles combine the mechanical strength of an inorganic 
framework with high reactivity of surface functional groups. The synthesis of SiO2 
nanoparticles does not require the use of expensive reagents and high temperatures. 
In addition, SiO2 nanoparticles are biocompatible. Sanchez et al. [126] propose a mer-
cury-free thick-film screen-printed carbon electrodes modified with functionalized 
SiO2 nanoparticles to detect Pb(II) in non-pretreated drinking and natural waters. 
With the application of the developed sensor, the detection limit for Pb(II) is 0.1 mg/L 
with open-circuit 5-minute concentration.

Researchers draw special attention to the surface modification of electrodes 
with carbon nanomaterials such as carbon nanotubes, fullerenes, and graphene. 
Due to high surface area (e.g., for graphene it can be up to 2600 cm2/g), the pres-
ence of the conjugated π-electronic system on the surface, high conductivity, and 
mechanical strength, carbon nanomaterials are effective sorbents and transducers. 
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Carbon nanomaterials are often used as a matrix for immobilization of biomolecules 
in biosensors, which results in a significant increase in the surface concentration of 
immobilized molecules and in the improved interfacial electronic conductivity [11]. 
The unique electronic architecture of their surface makes carbon nanomaterial prom-
ising components of electrochemical sensors that can be applied for detecting some 
organic compounds, for example, pesticide [127]. More widely electroanalysis uses 
carbon nanotubes (CNTs) (single-walled [SCNT] or multiwalled [MCNTs]), which is 
due to high surface area and electrocatalytic activity of defects in the graphite surface 
at the tube ends. Different functional groups with high analyte affinity can often be 
attached to the CNT surface, which enables to attain low detection limits with shorter 
concentration time and to conduct analysis of complex samples.

Of great interest is the application of graphene as a transducer. Graphene is a new 
material with unique structure and adsorption and catalytic properties. It was used in 
a biosensor for rotavirus infection detection [128]. Wu et al. [127] propose a highly sen-
sitive, stable, and inexpensive grapheme-based sensor for detecting trace quantities 
of the pesticide methyl parathion in seawater. High adsorption capacity of graphene 
and strong π–π interaction of the aromatic ring of the methyl parathion molecule 
with graphene surface ensure effective concentration of the analyte on the electrode 
surface and accelerated electron transfer. The detection limit for methyl parathion 
with the use of the graphene-based sensor is 0.05 µg/L, which is much lower in com-
parison with sensors based on other sorbents. The application of carbon nanomateri-
als in electroanalysis is discussed in several reviews [129, 130].

Carbon nanomaterials decorated with nanoparticles of metals or oxides are often 
used in electrochemical sensors. The combination of unique properties of nano-
structured carbon substrates and nanoparticles may enhance sensitivity, selectiv-
ity, and stability of these types of electrochemical sensors. Kong et al. [131] observed 
that gold nanoparticles as the composite of gold–thionine–graphene nanoparticles 
show higher electrocatalytic activity in glucose oxidation compared with the gold 
nanoparticles localized on a glassy carbon electrode surface. As part of the compos-
ite, thionine-modified graphene ensures a noticeable increase in the quantity of gold 
nanoparticles on the electrode surface. The electrode modified with gold–thionine–
graphene nanoparticle composite shows high glucose sensitivity. The detection limit 
for glucose is 0.5 × 10−7 M.

Composite hybrid materials are attracting widespread interest. Willner et al. [132] 
discuss the application of biomolecule – nanoparticle hybrids, supramolecular or 
DNA nanostructures as functional composites for sensors.

To date possible application of the nanoparticles synthesized with plant extracts 
in electroanalysis has remained relatively under explored. There are very few studies 
that have investigated the electrochemical determination of substances with the use 
of electrodes modified with “green synthesized” nanoparticles. Karthik et al. [107] 
discuss determination of chloramphenicol in milk, powdered milk, honey, and eye 
drops.
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Several works have been published discussing the determination of heavy metals, 
such as Pb(II), Cd(II), and Cu(II) [105, 106] in water and low-toxicity fungicide car-
bendazim in soil [133]. Gnana Kumar et al. [134] proposed an amperometric hydrogen 
peroxide sensor based on bimetallic Au–Ag nanostructures with a detection limit of 
1 × 10−6 M.

6.5.2  Nanomaterials in electrochemical sensors for antioxidant detection

Antioxidants – compounds that decrease free radicals concentration or break chain 
oxidation processes in the body. Antioxidants include ascorbic and uric acids, caf-
feine, cysteine, glutathione, rutin, quercetin, bilirubin, retinol, α-tocopherol, and 
many others including special enzymes. Determination of their concentration 
enables to monitor many important processes in the human body. Disbalance in the 
free-radical compounds’ generation versus antioxidant protection system based on 
antioxidant activity may lead to some dangerous pathologies. The literature describes 
several electrochemical methods that can be used to determine antioxidant concen-
tration: chromatography, photometry, with the use of free radicals’ generation in 
particular, and the electrochemical methods (coulometry [174–176], potentiometry 
[177–179], voltammetry [180, 181]). The literature presents the benefits of the voltam-
metric method in terms of sensitivity and resolution for antioxidant determination 
with the application of nanostructured transducers [182–188, 191–193, 195–207]. The 
current of oxidation is a valid signal in this case. The modification of the electrode 
surface with nanoparticles can reduce the overvoltage of antioxidant oxidation and 
increase current peaks of their oxidation, which leads to a considerably improved 
sensitivity and selectivity of determination. For example, Hu et al. [182] propose a 
sensitive electrochemical sensor based on a silver-doped poly(l-valine)-modified 
glassy carbon electrode for the simultaneous determination of uric acid, ascorbic 
acid, and dopamine in non-pretreated sample. The surface modification of the glassy 
carbon electrode with silver nanoparticles has resulted in a larger difference between 
dopamine oxidation potentials and ascorbic acid oxidation potentials – up to 238 mV, 
between uric acid and dopamine – up to 192 mV, which allows for their simultaneous 
determination. The detection limit for uric acid and dopamine is equal to 0.8 × 10−7 M, 
for ascorbic acid – 3 × 10−6 M.

Table 6.4 presents some examples of nanomaterial application as transducers 
in electrochemical sensors for antioxidant determination. As it can be seen from 
Tab. 6.4, nanoparticles of individual metals, bimetallic particles; nanoparticles of 
oxides and hydroxides of transition metals; and carbon nanomaterials and their 
composites are used as transducers. The combination of carbon nanomaterials and 
metallic nanoparticles contributes to a significant increase in the sensitivity of mea-
surements, expansion of the range of the determined volumes, and lower detection 
limits for antioxidants (to nmol/L).
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6.5.3  Nanomaterials in electrochemical immunoassay

Immunosensors are the basis of clinical analysis in medicine that allows diagnosing 
various pathologies, including infectious diseases, fast and with a high degree of selec-
tively. Sensor selectivity is determined by the presence of a firmly attached layer of 
functional groups or molecules, able to specifically interact with a determined substance –  
analyte, on its surface. The possibility of creating the receptor layer has increased sig-
nificantly in recent years thanks to the use of nanomaterials. It is worth noting that with 
regard to sensitivity and the detection limit, the electrochemical immunoassay with the 
application of nanomaterials is comparable (or even exceeds) to such traditional methods 
as enzyme-linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR).

Nanomaterials, as it was mentioned above, are used as transducers, catalysts, sig-
nal-generating labels, and analyte transporters in immunoanalysis in particular. The 
literature [26, 87, 236–238] describes the most recent findings in this area. The examples 
of the nanomaterial use in electrochemical immunoassay are presented in Tab. 6.5. As 
can be seen from Tab. 6.5, nanoparticles of metals (gold, silver, platinum), semicon-
ductors (CdS, ZnS, PbS), carbon nanotubes, and magnetic and composite nanoparti-
cles (magnetite – gold, magnetite – polyaniline, gold – silver, etc.) are most commonly 
used in electrochemical immunosensors. The use of magnetic nanoparticles for analyte 
concentrating in a magnetic field significantly increases the efficiency of the process.

6.5.4  Nanomaterials – transducers and adsorbents in electrochemical 
immunosensors

The role of transducers in immunosensors is not limited to the transfer of the electri-
cal signal from the receptor into the measuring network. Along with conductivity that 
enables the transducer to perform this function, it should have a high adsorption capac-
ity, allowing immobilizing a sufficient quantity of the biological receptor material on 
its surface. Not least important is biocompatibility of the transducer material, which 
is essential for the receptor “survival” [282]. Antibodies or antigens serve as receptors. 
The antibodies are usually attached on the transducer surface as a result of physical 
adsorption or covalent linking. However, direct immobilization of antibodies on the 
electrode surface usually causes unwanted conformational changes in the protein 
structure, which ultimately leads to the loss of immune activity of immobilized antibod-
ies. A problem often encountered with the use of covalent linkers (polymer or sol–gel 
films) is low reproducibility of the modified surface and complex procedure of the elec-
trode regeneration. The application of nanomaterials as transducers for the immunore-
agent immobilization often allows overcoming the above-mentioned limitations. While 
adsorbing on the nanoparticle surface, protein molecules are freely oriented in space, 
and retain their native conformation and activity. Ibii et al. [282] and Gu et al. 283] show 
that when hemoglobin is immobilized on the gold particles’ modified electrode surface, 
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the original structure of the protein has been preserved. Luo et al. [284] state that the 
antibodies attached to the surface of gold nanoparticles can stay stable for 100 days.

The application of nanoparticles as transducers in electrochemical immunosen-
sors enables to accelerate the electron transfer from the protein to the electrode. This 
effect is attributed to a small size and high conductivity of nanoparticles. Nanoparti-
cles, penetrating through the insulating protein layer to the redox center of biomole-
cules, act as bridges for electron transfer from the protein to the electrode.

Gold nanoparticles are quite often used to modify the electrode surface of immu-
nosensors. Nevertheless, CNTs deserve to be mentioned also, as their unique struc-
ture makes them a promising material for immobilization of biological components 
in electrochemical immunosensors.

In the case of CNT, the immunoreagents or label enzymes can be fixed to both the 
external and internal surfaces, which leads to a significant increase in the surface con-
centration of biomolecules, and hence the sensitivity of the sensor. In addition, CNTs, 
like gold nanoparticles, catalyze the hydrogen peroxide reduction reaction, which is a 
signal-forming agent in many immunosensors containing as a label enzyme – horserad-
ish peroxidase. The combination of catalytic activity, high conductivity, and large adsorp-
tion capacity of CNTs significantly increases the sensitivity of sensors based on them.

Modification of the electrode surface by nanoparticles increases the area of the 
active surface, and hence the number of binding centers for biomolecules [87]. As a 
result, the surface concentration of immobilized antibodies increases, and, conse-
quently, the sensitivity of the sensor increases.

The comparison between different methods of polyclonal antibodies immobili-
zation on the thick film graphite electrode shows that the intensity of the electro-
chemical response increases and its stability improves by attaching antibodies onto 
the graphite surface, modified with films of synthetic membrane-like didodecylam-
monium bromide with gold nanoparticles [285]. Physical adsorption of antibodies 
on nontreated surface of a graphite electrode provides for the formation of 100 nA 
signal, whereas after immobilization of antibodies on the transducer, consisting gold 
nanoparticles, the signal increases to 790 nA.

The immunosensor sensitivity increases with a decrease the size of the modifier 
nanoparticles. Thus, when detecting hepatitis B antigen, the signal of the potentio-
metric immunosensor almost doubles, with a decrease in the size of gold nanoparti-
cles from 51 to 16 nm [260].

6.5.5  Nanomaterials as analyte transporters

The delivery of the analyte, conjugated with the label, to the place of signal-generat-
ing reaction is an essential stage to form an immunocomplex. This transfer is carried 
out either in stirring solution or using magnetic particles attached to analyte, conju-
gated with the label. In this case, the solution is positioned into the magnetic field.
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Magnetic nanoparticles are also used for direct concentrating of the analyte 
on the electrode surface, when the magnet is placed behind the electrode. Mag-
netite nanoparticles – Fe3O4, γ-Fe2O3 and NiFe2O4 – are used as transporters [245, 
251, 252, 256].

With a decrease in the size of magnetic particles, the efficiency of immunomag-
netic separation increases. When separating E. coli О157:H7 in ground beef, Varshney 
et al. [286] observed an increase in the efficiency of immunomagnetic separation by 
14 % while the size of the magnetic particles was decreasing from 2.8 µm to 145 nm. 
The use of nanoparticles as analyte transporters led to high efficiency of immunomag-
netic separation (94 % and above) in a wide range of analyte concentrations without 
the reaction mixture stirring. The immunoreaction lasted 15 minutes. In the case of 
magnetic microparticles, these results were obtained during 60 minutes with contin-
uous stirring of the sample E. coli О157:H7 solution. The authors [286] attributed this 
effect to the fact that the surface area of the nanoparticles for bacterium binding was 
78-fold bigger than the area of microparticles.

6.5.6  Nanomaterials as labels in electrochemical immunosensors

The quantity of immunocomplexes formed during the signal forming reaction is often 
determined from the magnitude of the electrochemical response of the label [241, 242, 
244, 248, 273]. Electroactive molecules, redox complexes, metals, or metal ions [287], 
including gold and silver nanoparticles [249, 250], semiconductor quantum dots, and, 
rarely, magnetic nanoparticles [6] serve as labels. Most often gold nanoparticles are used 
as labels. This is due to a simple fabrication process and high affinity of gold to amino- 
and sulfur groups of protein molecules, which ensures strong binding [288, 289, 290].

There are two possible approaches to obtaining a signal: (1) the dissolution of 
the immunocomplex containing the label, and subsequent analysis of the resulting 
solution with the most relevant sensitive method; (2) the record of electrochemical 
reaction of the label.

The first approach is implemented in [249]: gold nanoparticle labels are dissolved 
chemically, with toxic Br2 reagent. The resulting solution is analyzed by anodic strip-
ping voltammetry. Another option is when silver [258] or copper [253] precipitate on 
the gold nanoparticle surface. The benefit of using gold nanoparticles coated with 
a layer of silver or copper as labels is that the dissolution of these metals does not 
require the use of toxic reagents.

The determination of copper (II) and silver (I) by electrochemical methods is char-
acterized by high sensitivity, which allows lowering the limit of detection of immuno-
complexes. Thus, the detection limit for human IgG using gold nanoparticles covered 
with a layer of catalytically precipitated copper was 0.5 ng/mL [241], and the limit of 
hepatitis B antigen detection was 0.087 ng/mL [259].
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The second case is realized in [281]. Kozitsina et al. presented a new enzyme-
free E. coli immunosensor. The immunocomplexes between the antibodies and 
chitosan modified (magnetite) are formed on the surface of the planar platinum elec-
trode. Nanoparticles of Fe3O4 served as a label. The quantity of labeled immunocom-
plexes is detected in the aprotic solution by using voltammetry. The electrochemical 
response of magnetite nanoparticles provides data about the quantity of bacteria. 
The designed immunosensor is highly specific and enables to detect E. coli in a range 
from 10 to 105 CFU/mL with a relative standard deviation below 10 %. The detection 
limit is 9.3 CFU/mL.

Advantages of nanoparticles application in immunoanalysis are demonstrated in 
detecting Salmonella typhimurium [252]. The analysis involves the following stages: 
localization of magnetic nanoparticles on a pathogenic cell; magnetic separation of 
excess Fe3O4 nanoparticles; and concentrating of pathogens conjugated with mag-
netic nanoparticles in the magnetic field on the substrate or the transducer (Fig. 6.1). 
The source of information about the pathogen concentration is either the concen-
tration of iron ions in the solution, obtained by dissolving the immunocomplexes 
containing nanoparticles in a mixture of acids [252] or the current of electrochemi-
cal transformations of the electrochemically active polymer that has previously been 
binded to magnetic nanoparticles [252] or magnetic nanoparticles themselves [252]. 
The combination of magnetic separation and highly sensitive stripping voltammetry 
allows obtaining the detection limit of 8.18 ng/mL for bacteria and 1.51 ng/mL for 
bacterial gene, which agrees with the diagnostic opportunities offered by the PCR 
method [252].

Liu et al. [273] propose a format of an electrochemical immunoassay that 
enables to determine several different analytes simultaneously. To conduct multi-
component immunoassay, each analyte is labeled with nanoparticles of different 
metals. Metals are chosen, so that after their dissolution, no overlapping of the 
signals of the corresponding ions is observed. In [273], nanoparticles of semicon-
ductors ZnS, CdS, PbS, and CuS are used as labels for simultaneous detection of 
four different proteins (β2-microglobulin, IgG, BSA, C-reactive protein). Semicon-
ductor nanoparticles, conjugated with the immunocomplex, are dissolved in nitric 
acid, and the concentration of Zn(II), Cd(II), Pb(II) and Cu(II) ions is determined 
by square-wave anodic stripping voltammetry using a mercury film electrode. The 
difference in the anodic peak potentials for Zn(II) (−1.02 V), for Cd(II) (−0.65 V), 
Pb(II) (−0.50), and Cu(II) (−0.11 V) enables to simultaneously determine the con-
centration of the antigens.

Sharma et al. [291] described the detection of Staphylococcal enterotoxin B (SEB) 
by using a zinc sulfide (ZnS) quantum dots (QDs) based immunosensor. ZnS-QDs 
fluorescence and a zinc ion reduction current, obtained after the immunocomplex 
was dissolved in HCl, served as analytical signals. For the fluorescent detection,  
the detection limit for enterotoxin was 0.2 ng/mL, and for the electrochemical  
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detection – 0.24 ng/mL. In authors’ opinion, the electrochemical detection enables to 
detect the analyte quickly, with low cost and regardless of the QDs’ size.

It might be possible to reduce the analysis time if we exclude the dissolving stage of 
the immunocomplex and the analysis of the obtained solution. For example, the use 
of gold nanoparticles as a signal-generating label while identifying α-enolase, a lung 
cancer diagnostic marker, results in obtaining a very low detection limit in the sample 
2.38 pg/mL [266]. α-Enolase was detected in a “sandwich” mode. Figure 6.2 shows 
its main steps. Before the start of the analysis, primary monoclonal α-enolase anti-
bodies were attached onto a polyethylene glycol modified working surface of a dis-
posable screen-printed electrode by the adsorption method. To eliminate the impact 
of nonspecific interactions and adsorption, the electrode surface was treated with a 
casein solution. The prepared electrode then was incubated in the sample solution to 
generate an immunoreaction. Next, the electrode with the immobilized immunocom-
plex was kept in the solution containing secondary polyclonal bodies labeled by gold 
nanoparticles. As a result, a “sandwich” was formed. Unbound gold nanoparticles 

Fig. 6.1: Electrochemical immunoassay with the use of Fe3O4 particles as the analyte transporter and 
signal-generating label.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   205

were then washed off with a phosphate buffer solution. Gold nanoparticles were 
oxidized (dissolved) at +1.2 V for 2 minutes, and the signal of Au(III) was recorded  
at +0.35 V using the method of square wave voltammetry.

Reported in the literature are the examples of applying “sandwich” mode of immuno-
assay to detect tick-borne encephalitis [292], human immunoglobulin [241,242], hepa-
titis B antigen [259], carcinoembryonic antigen, and α-fetoprotein [275].

To obtain a signal for magnetic oxide nanoparticles, they are previously coated 
with some electroactive substances, for example, a layer of electroactive polymer [251].

Tang et al. [275] proposed a slightly different method for multiplexed electro-
chemical immunoassay involving nanoparticles. The key principle of the method 
implies that antibodies to two cancer markers are labeled with gold nanoparticles 
with encapsulated horseradish peroxidase and with two different mediators. For 
example, antibodies to α-fetoprotein are labeled with gold nanoparticles whose 
pores contained horseradish peroxidase and ferrocene, and in the case of car-
cinoembryonic antigen – horseradish peroxidase and thionine. The immunoas-
say was performed as a sandwich test. Magnetite nanoparticles localized on the 
surface of graphene nanorods were used for concentrating the labeled immuno-
complex at the electrode surface. The current of hydrogen peroxide reduction, 
recorded at different potentials and in the presence of different mediators, served 
as an analytical signal. Thus, the difference between potential peaks for the 
hydrogen peroxide reduction in the presence of ferrocene and thionine was 450 
mV, which allowed to simultaneously detecting α-fetoprotein and carcinoembry-
onic antigen in a wide range of concentrations from 0.01 to 200 ng/mL and from 
0.01 to 80 ng/mL, respectively. Moreover, due to high adsorption capacity of gold 

Fig. 6.2: Detection of α-enolase with gold nanoparticles labels. Reproduced by permission of Ameri-
can Chemical Society [266], Copyright 2010.
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nanoparticles and the magnetic separation of immunocomplexes with magne-
tite nanoparticles, a low detection limit of 1 pg/mL for both cancer markers was 
obtained [275].

To date, composite nanoparticles architecturing magnetic core–shell gold or 
electroactive polymer are widely used in an electrochemical immunoassay for pre-
concentration and separation. The advantage of these nanoparticles is a combina-
tion of magnetic properties of the core with high chemical affinity of the gold shell 
to protein structures [293] or electrochemical active of the polymer coating, which 
allows to detect antigens avoiding the stage of chemical dissolution of nanoparticles 
in concentrated acids [251].

Tamer et al. [294] propose a method of synthesizing magnetic core–shell Fe3O4–
Au nanoparticles with the core–shell size of 12.5 nm. These nanoparticles were used 
to immunomagnetic separation of E. coli bacteria.

Pal and Alocilja [251] show that the use of magnetic γ-Fe2O3 nanoparticles coated 
with polyaniline, can result in a low detection limit for Bacillus anthracis DNA at 
0.01 ng/mL with a total analysis time of 60 minutes. Unique properties of magnetic 
nanoparticles (small size, large surface, high stability, electrochemical activity com-
bined with magnetic properties, simplicity, and low cost of synthesis) ensure the pres-
ence of the stages of magnetic concentration and magnetic separation, which results 
in increased sensitivity of an immunosensor. These unique properties offer great per-
spectives for a broader application of magnetic nanoparticles in the electrochemical 
immunoassay.

6.6  Conclusions

Specific properties of nanoparticles (high adsorptive capacity, catalytic activity, 
excess of surface Gibbs free energy) are reflected in the kinetics and thermody-
namics of the electrode processes of both the nanoparticles themselves and oxida-
tion–reduction reactions on their surface. These features make them a very useful 
and promising material to be used in chemical and biochemical sensors. The 
development of screen printing technology, magnetic separation, polymer chem-
istry, fabrication, and investigation of nanostructures forms the basis for research 
and development of new sensors, including their application in home-clinic and 
telemedicine.

Nanostructures of different nature (metals, oxides, carbon), which are localized 
on the electrode surface, or serve as a substrate for localizing bioreceptors or labels, 
create a virtually unlimited choice of ways and methods of performing chemical and 
biochemical analysis. Reviews of relevant literature become of utmost importance. 
This review is just another attempt to summarize what has been researched in the 
field of nanomaterials and their use in sensors.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   207

Acknowledgments: The research for this paper was financially supported by the 
Russian Foundation for Basic Research (Project no. 17-03-00679_А).

References

[1] Будников ГК. Биосенсоры как новый тип аналитических устройств. Соросовский 
Образовательный Журнал (СОЖ) 1996, 12, 26–32 (Budnikov HC. Biosensors as a new type of 
analytical devices. Soros Educ J (SEJ) 1996, 12, 26–32 (original source in Russian).

[2] Hernandez-Santos D, Gonzalez-Garcia MB, Garcia AC. Metal-nanoparticles based electroanaly-
sis. Electroanalysis 2002, 14(18), 1225–35.

[3] Katz E, Willner I, Wang J. Electroanalytical and bioelectroanalytical systems based on metal and 
semiconductor nanoparticles. Electroanalysis 2004, 16(1–2), 19–44.

[4] Riu J, Maroto A, Rius FX. Nanosensors in environmental analysis. Talanta 2006, 69(2), 288–301.
[5] Huang X-J, Choi Y-K. Chemical sensors based on nanostructured materials. Sens Actuators B 

2007, 122(2), 659–71.
[6] Vertelov GK, Olenin AYu, Lisichkin GV. Use of nanoparticles in the electrochemical analysis of 

biological samples. J Anal Chem 2007, 62(9), 813–24.
[7] Pumera M, Sanchez S, Ichinose I, Tang J. Electrochemical nanobiosensors. Sens Actuators B 

2007, 123(2), 1195–205.
[8] Xiao Y, Chang ML. Nanocomposites: from fabrications to electrochemical bioapplications. Elec-

troanalysis 2008, 20(6), 648–62.
[9] Campbell FW, Compton RG. The use of nanoparticles in electroanalysis: an updated review. Anal 

Bioanal Chem 2010, 396(1), 241–59.
[10] Stefan-van-Staden RI, van Staden JF, Balasoiu SC, Vasile OR. Micro- and nanosensors, recent 

developments and features: a minireview. Anal Lett 2010, 43(7–8), 1111–8.
[11] Yanez-Sedeno P, Pingarron JM, Riu J, Rius FX. Electrochemical sensing based on carbon nano-

tubes. TrAC-Trends Anal Chem 2010, 29(9), 939–53.
[12] Willner I, Willner B, Tel-Vered R. Electroanalytical applications of metallic nanoparticles and 

supramolecular nanostructures. Electroanalysis 2011, 23(1), 13–28.
[13] Siangproh W, Dungchai W, Rattanarat P, Chailapakul O. Nanoparticle-based electrochemical 

detection in conventional and miniaturized systems and their bioanalytical applications: a 
review. Anal Chim Acta 2011, 690(1), 10–25.

[14] Aragay G, Pino F, Merkoci A. Nanomaterials for sensing and destroying pesticides. Chem Rev 
2011, 112(10), 5317–38.

[15] Wang J. Electrochemical biosensing based on noble metal nanoparticles. Microchim Acta 2012, 
177(3–4), 245–70.

[16] Marin S, Merkoci A. Nanomaterials based electrochemical sensing applications for safety and 
security. Electroanalysis 2012, 24(3), 459–69.

[17] Rassaei L, Marken F, Sillanpaa M, Amiri M, Cirtiu CM, Sillanpaa M. Nanoparticles in electro-
chemical sensors for environmental monitoring. TrAC-Trends Anal Chem 2011, 30(11), 1704–15.

[18] Budnikov HC, Shirokova VI. Term “Nano” in electroanalysis: a trendy prefix or a new stage of its 
development? J Anal Chem 2013, 68(8), 663–70.

[19] Brainina KZ, Galperin LG, Galperin AL. Mathematical modeling and numerical simulation of 
metal nanoparticles electrooxidation. J Solid State Electrochem 2010, 14(6), 981–8.

[20] Brainina KhZ, Galperin LG, Vikulova EV, et al. Gold nanoparticles electrooxidation: comparison 
of theory and experiment. J Solid State Electrochem 2011, 15(5), 1049–56.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



208   Part III: Application in Electroanalysis

[21] Brainina KZ, Galperin LG, Piankova LA, Stozhko NY, Myrzakaev AM, Timoshenkova OR. Bismuth 
nanoparticles electrooxidation: theory and experiment. J Solid State Electrochem 2011, 
15(11–12), 2469–75.

[22] Brainina KhZ, Galperin LG, Kiryuhina, Galperin AL, Stozhko NYu, Murzakaev AM. Silver 
nanoparticles electrooxidation: Theory and experiment. J Solid State Electrochem 2012, 16(7), 
2365–72.

[23] Stozhko NYu, Malakhova NA, Byzov IV, Brainina KhZ. Electrodes in stripping voltammetry: from 
a macro- to a micro- and nano-structured surface. J Anal Chem 2009, 64(11), 1148–57.

[24] Брайнина ХЗ, Викулова ЕВ, Стожко НЮ. Наноматериалы: свойства и применение в 
электрохимических сенсорах.: Под ред. С.Н.Штыкова Нанообъекты и нанотехнолоГии в 
химическом анализе Наука. 20 т., Москва, 2015, 431 с. (Brainina KhZ, Vikulova EV, Stozhko NY. 
Nanomaterials: properties and applications in electrochemical sensors. In: Shtykov SN, ed. Nanoo-
bjects and nanotechnologies in chemical analysis. Moscow, Russia, Nauka, 2015, 151–207, original 
source in Russian).

[25] Dai X, Wildgoose GG, Salter C, Crossley A, Compton RG. Electroanalysis using macro-,micro-, 
and nanochemical architectures on electrode surfaces. Bulk surface modification of glassy 
carbon microspheres with gold nanoparticles and their electrical wiring using carbon nano-
tubes. Anal Chem 2006, 78(17), 6102–8.

[26] Проблемы аналитической химии. Т. 14. Химические сенсоры. Под ред. Ю.Г. Власова. 
М.: Наука, 2011. 399 с. (Vlasov YuG, ed., Problems of Analytical Chemistry. V. 14. Chemical 
Sensors. Moscow, Russia, Nauka, 2011, original source in Russian).

[27] Qi WH, Wang MP. Size and shape dependent melting temperature of metallic nanoparticles. 
Mater Chem Phys 2004, 88(2–3), 280–4.

[28] Liu X, Atwater M, Wang J, Huo Q. Extinction coefficient of gold nanoparticles with different sizes 
and different capping ligands. Colloids Surf B 2007, 58(1), 3–7.

[29] Link S, El-Sayed MA. Size and temperature dependence of the plasmon absorption of colloidal 
gold nanoparticles. J Phys Chem B 1999, 103(21), 4212–17.

[30] Kelly KL, Coronado E, Zhao LL, Schatz GC. The optical properties of metal nanoparticles: the 
influence of size, shape, and dielectric environment. J Phys Chem B 2003, 107(3), 668–77.

[31] Lee K-C, Lin S-J, Lin C-H, Tsai C-S, Lu Y-J. Size effect of Ag nanoparticles on surface plasmon 
resonance. Surf Coat Technol 2008, 202(22–23), 5339–42.

[32] Roduner E. Size matters: why nanomaterials are different. Chem Soc Rev 2006, 35(7), 583–92.
[33] Hvolbaek B, Janssens TVW, Clausen BS, Falsig H, Christensen CH, Norskov JK. Catalytic activity 

of Au nanoparticles. Nano Today 2007, 2(4), 14–8.
[34] Li Y, Cox JT, Zhang B. Electrochemical responses and electrocatalysis at single Au nanoparticles. 

J Am Chem Soc 2010, 132(9), 3047–54.
[35] Bukhtiyarov VI, Slin’ko MG. Metallic nanosystems in catalysis. Russ Chem Rev 2001, 70(2), 

179–181.
[36] Park T-J, Papaefthymiou GC, Viescas AJ, Moodenbaugh AR, Wong SS. Size-dependent magnetic 

properties of single-crystalline multiferroic BiFeO3 nanoparticles. Nano Lett 2007, 7(3), 766–72.
[37] Jiang Q, Liang LH, Zhao DS. Lattice contraction and surface stress of fcc nanocrystals. J Phys 

Chem B 2001, 105(27), 6275–77.
[38] Zanchet D, Tolentino H, Alves MCM, Alves OL, Ugarte D. Inter-atomic distance contraction in 

thiol-passivated gold nanoparticles. Chem Phys Lett 2000, 323(1–2). 167–72.
[39] Jain PK, Lee KS, El-Sayed IH, El-Sayed MA Calculated absorption and scattering properties of 

gold nanoparticles of different size, shape, and composition: applications in biological imaging 
and biomedicine. J Phys Chem B 2006, 110(14), 7238–48.

[40] Meier J, Schiotz J, Liu P, Norskov JK, Stimming U. Nano-scale effects in electrochemistry. Chem 
Phys Lett 2004, 390(4–6), 440–4.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   209

[41] Eftekhari A. Nanostructured Materials in Electrochemistry. Weinheim, John Wiley and Sons, 
WILEY-VCH Verlag GmbH & Co. KGaA, 2008.

[42] Belding SR, Campbell FW, Dickinson EJF, Compton RG. Nanoparticle-modified electrodes. Phys 
Chem Chem Phys 2010, 12(37), 11208–21.

[43] Plieth WJ. Electrochemical properties of small clusters of metal atoms and their role in surface 
enhanced Raman scattering. J Phys Chem 1982, 86(16), 3166–70.

[44] Plieth WJ. The work function of small metal particles and its relation to electrochemical proper-
ties. Surf Sci 1985, 156, 530–5.

[45] Chaki NK, Sharma J, Mandle AB, Mulla IS, Pasrichab R, Vijayamohanan K. Size dependent redox 
behavior of monolayer protected silver nanoparticles (2–7 nm) in aqueous medium. Phys Chem 
Chem Phys 2004, 6(6), 1304–9.

[46] Jones SEW, Campbell FW, Baron R, Xiao L, Compton RG. Particle size and surface coverage 
effects in the stripping voltammetry of silver nanoparticles: theory and experiment. J Phys 
Chem C 2008, 112(46), 17820–7.

[47] Cruickshank AC, Downard AJ. Electrochemical stability of citrate-capped gold nanoparticles 
electrostatically assembled on amine-modified glassy carbon. Electrochim Acta 2009, 54(23), 
5566–70.

[48] Abdullin TI, Bondar OV, Nikitina II et al. Effect of size and protein environment on electrochem-
ical properties of gold nanoparticles on carbon electrodes Bioelectrochemistry 2009, 77(1), 
37–42.

[49] Karami H, Kafi B, Mortazavi SN. Effect of particle size on the cyclic voltammetry parameters of 
nanostructured lead dioxide. Int J Electrochem Sci 2009, 4(3), 414–24.

[50] Ivanova OS, Zamborini FP. Size-dependent electrochemical oxidation of silver nanoparticles. 
J Am Chem Soc 2010, 132(1), 70–2.

[51] Ivanova OS, Zamborini FP. Electrochemical size discrimination of gold nanoparticles attached 
to glass/indium-tin-oxide electrodes by oxidation in bromide-containing electrolyte. Anal Chem 
2010, 82(13), 5844–50.

[52] Tang L, Han B, Persson K, et al. Electrochemical stability of nanometer-scale Pt particles in 
acidic environments. J Am Chem Soc 2010, 132(2), 596–600.

[53] Коршунов АВ, Превезенцева ДО, Коновчук ТВ, Миронец ЕВ. Влияние дисперсного состава 
золей серебра и золота на их электрохимическую активность. Известия ТПУ, 2010, 317(3), 
6–13. (Korshunov AV, Prevezentceva DO, Konovchuk TV, Mironetc EV. The effect of the dispersed 
composition of silver and gold sols on their electrochemical activity. Izvestiya TPU, 2010, 
317(3), 6–13, original source in Russian).

[54] Lakbub J, Pouliwe A, Kamasah A, Yang C, Sun P. Electrochemical behaviors of single gold 
nanoparticles. Electroanalysis 2011, 23(10), 2270–4.

[55] Masitas RA, Khachian IV, Bill BL, Zamborini FP. Effect of surface charge and electrode material 
on the size-dependent oxidation of surface-attached metal nanoparticles. Langmuir 2014, 
30(43), 13075–84.

[56] Masitas RA, Zamborini FP. Oxidation of highly unstable <4 nm diameter gold nanoparticles 
850 mV negative of the bulk oxidation potential. J Am Chem Soc 2012, 134(11), 5014–17.

[57] Kumar A, Buttry DA. Size-dependent anodic dissolution of water-soluble palladium nanoparti-
cles. J Phys Chem C 2013, 117(50), 26783–9.

[58] Toh HS, Batchelor-McAuley C, Tschulik K, Uhlemann M, Crossley A, Compton RG. The anodic 
stripping voltammetry of nanoparticles: electrochemical evidence for the surface agglomera-
tion of silver nanoparticles. Nanoscale 2013, 5, 4884–93.

[59] Tang L, Li X, Cammarata RC, Friesen C, Sieradzki K. Electrochemical stability of elemental metal 
nanoparticles. J Am Chem Soc 2010, 132(33), 11722–6.

[60] Redmond PL, Hallock AJ, Brus LE. Electrochemical Ostwald ripening of colloidal Ag particles on 
conductive substrates. Nano Lett 2005, 5(1), 131–5.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



210   Part III: Application in Electroanalysis

[61] Henglein A.Remarks on the electrochemical potential of small silver clusters in aqueous-solu-
tion. Ber Bunsenges Phys Chem 1990, 94(5), 600–3.

[62] Henglein A, Mulvaney P, Linnert T. Chemistry of Agn aggregates in aqueous solution: non-metal-
lic oligomeric clusters and metallic particles. Faraday Discuss 1991, 92, 31–44.

[63] Kolb DM, Ullmann R, Ziegler JC. Electrochemical nanostructuring. Electrochim Acta 1998, 
43(19–20), 2751–60.

[64] Kolb DM, Engelmann GE, Ziegler JC. On the unusual electrochemical stability of nanofabricated 
copper clusters. Angew Chem Int Ed 2000, 39(6), 1123–25.

[65] Ng KH, Liu H, Penner RM. Subnanometer silver clusters exhibiting unexpected electrochemical 
metastability on graphite. Langmuir 2000, 16(8), 4016–23.

[66] Del Popolo MG, Leiva EPM, Mariscal M, Schmickler W. The basis for the formation of stable 
metal clusters on an electrode surface. Nanotechnology 2003, 14(9), 1009–13.

[67] Brainina KhZ, Neyman E. V. 126. Electroanalytical Stripping Methods. Winefordner JD, ed. New 
York, Wiley, 1993. p. 198.

[68] Brainina KZ, Galperin LG, Bukharinova MA, Stozhko NY. Mathematical modeling and experimen-
tal study of electrode processes. J Solid State Electrochem 2014, 19(2), 599–606.

[69] Brainin, KZ, Stozhko NY, Bukharinova MA, Galperin LG, Vidrevich MB, Murzakaev AM. Mathe-
matical modeling and experimental data of the oxidation of ascorbic acid on electrodes modi-
fied by nanoparticles. J Solid State Electrochem 2016, 20(8), 2323–30.

[70] Cui Y, Yang C, Pu W, Oyama M, Zhang J. The influence of gold nanoparticles on simultaneous 
determination of uric acid and ascorbic acid. Anal Lett 2009, 43(1), 22–33.

[71] Kumar Jena B, Retna Raj C. Morphology dependent electrocatalytic activity of Au nanoparticles. 
Electrochem Commun 2008, 10(6), 951–4.

[72] Liu GD, Lin YY, Wu H, Lin Y. Voltammetric detection of Cr(VI) with disposable screen-
printed  electrode modified with gold nanoparticles. Environ Sci Technol 2007, 41(23), 
8129–34.

[73] Saturno J, Valera D, Carrero H, Fernandez L. Electroanalytical detection of Pb, Cd and traces of Cr 
at micro/nano-structured bismuth film electrodes. Sens Actuators, B 2011, 159(1), 92–6.

[74] Lee G-J, Kim CK, Lee MK, Rhee CK. Simultaneous voltammetric determination of Zn, Cd and Pb at 
bismuth nanopowder electrodes with various particle size distributions. Electroanalysis 2010, 
22(5), 530–5.

[75] Piankova LA, Malakhova NA, Stozhko NYu, Brainina KhZ, Murzakaev AM, Timoshenkova OR. 
Bismuth nanoparticles in adsorptive stripping voltammetry of nickel. Electrochem Commun 
2011, 13(9), 981–4.

[76] Vikulova EV, Malakhova NA, Stozhko NYu, Kolydina LI, Brainina KhZ. Electrochemical sensor 
based on gold nanoparticles for determination of traces of arsenic (III) and copper (II). Chem 
Sens 2011, 1, 1–7.

[77] Mardegan A, Scopece P, Lamberti F, Meneghetti M, Moretto LM, Ugo P. Electroanalysis of 
trace inorganic arsenic with gold nanoelectrode ensembles. Electroanalysis 2012, 24(4), 
798–806.

[78] Pereira FC, Moretto LM, De Leo M, Boldrin Zanoni MV, Ugo P. Gold nanoelectrode ensembles for 
direct trace electroanalysis of iodide. Anal Chim Acta 2006, 575(1), 16–24.

[79] Stradiotto NR, Toghill KE, Xiao L, Moshar A, Compton RG. The fabrication and characterization of 
a nickel nanoparticle modified boron doped diamond electrode for electrocatalysis of primary 
alcohol oxidation. Electroanalysis 2009, 21(24), 2627–33.

[80] Welch CM, Nekrassova O, Dai X, Hyde ME, Compton RG. Fabrication, characterisation and vol-
tammetric studies of gold amalgam nanoparticle modified electrodes. ChemPhysChem 2004, 
5(9), 1405–10.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   211

[81] Malakhova NA, Stozhko NYu, Brainina KZ. Novel approach to bismuth modifying procedure 
for voltammetric thick film carbon containing electrodes. Electrochem Commun 2007, 9(2), 
221–7.

[82] Kalimuthhu P, John SA. Size dependent electrocatalytic activity of gold nanoparticles immobi-
lized onto three dimensional sol-gel network. J Electroanal Chem 2008, 617(2), 164–70.

[83] Hezard T, Fajerwerg K, Evrard D, Colliere V, Behra P, Gros P. Gold nanoparticles electrodepos-
ited on glassy carbon using cyclic voltammetry: application to Hg(II) trace analysis. J Electro-
anal Chem 2012, 664, 46–52.

[84] Liu B, Lu L, Wang M, Zi Y. A study of nanostructured gold modified glassy carbon electrode for 
the determination of trace Cr(VI). J Chem Sci 2008, 120(5), 493–8.

[85] Brainina KhZ, Stozhko NYu, Shalygina ZhV. Surface microreliefs and voltage-current character-
istics of gold electrodes and modified thick-film graphite-containing electrodes. J Anal Chem 
2004, 59(8), 753–9.

[86] Huan TN, Ganesh T, Kim KS, Kim S, Han S-H, Chung H. A three-dimensional gold nanodendrite 
network porous structure and its application for an electrochemical sensing. Biosens Bioelec-
tron 2011, 27(1), 183–6.

[87] Pierce DT, Zhao JX, eds. Trace Analysis with Nanomaterials. Weinheim, WILEY-VCH Verlag 
GmbH & Co. KGaA, 2010.

[88] Shaidarova LG, Budnikov GK. Chemically modified electrodes based on noble metals, polymer 
films, or their composites in organic voltammetry. J Anal Chem 2008, 63(10), 922–42.

[89] Zheng J, Li X, Gu R, Lu T. Comparison of the surface properties of the assembled silver 
nanoparticle electrode and roughened silver electrode. J Phys Chem B 2002, 106(5), 1019–23.

[90] Batchelor-McAuley C, Wildgoose GG, Compton RG. The contrasting behaviour of polycrystal-
line bulk gold and gold nanoparticle modified electrodes towards the underpotential deposi-
tion of thallium. New J Chem 2008, 32(6), 941–6.

[91] Campbell FW, Zhou Y-G, Compton RG. Thallium underpotential deposition on silver nanoparti-
cles: size-dependent adsorption behavior. New J Chem 2010, 34(2), 187–9.

[92] Campbell FW, Compton RG. Contrasting underpotential depositions of lead and cadmium on 
silver macroelectrodes and silver nanoparticle electrode arrays. Int J Electrochem Sci 2010, 
5(3), 407–13.

[93] Sudakova LA, Malakhova NA, Stozhko NY. Bismuth nanoparticles in stripping voltammetry of 
sulfide ions. Electroanalysis 2014, 26(7), 1445–8.

[94] Pal M, Ganesan V. Electrochemical determination of nitrite using silver nanoparticles modified 
electrode. Analyst 2010, 135(10), 2711–6.

[95] Chumillas S, Busó-Rogero C, Solla-Gullón J, Vidal-Iglesias FJ, Herrero E, Feliu JM. Size and 
diffusion effects on the oxidation of formic acid and ethanol on platinum nanoparticles. Elec-
trochem Commun 2011, 13(11), 1194–7.

[96] Huang R, Guo L-H. Lack of nano size effect on electrochemistry of dopamine at a gold nanopar-
ticle modified indium tin oxide electrode. Sci China: Chem 2010, 53(8), 1778–83.

[97] Mott D, Luo J, Smith A, Njoki PN, Wang L, Zhong C-J. Nanocrystal and surface alloy properties 
of bimetallic gold-platinum nanoparticles. Nanoscale Res Lett 2007, 2(1), 12–6.

[98] Singh B, Laffir F, Dickinson C, McCormac T, Dempsey E. Carbon supported cobalt and nickel 
based nanomaterials for direct uric acid determination. Electroanalysis 2011, 23(1), 79–89.

[99] Arrigan DWM. Nanoelectrodes, nanoelectrode arrays and their applications. Analyst 2004, 
129(12), 1157–65.

[100] De Leo M, Kuhn A, Ugo P. 3D-ensembles of gold nanowires: preparation, characterization and 
electroanalytical peculiarities. Electroanalysis 2007, 19(2–3), 227–36.

[101] Zhou Y-G, Campbell FW, Belding SR, Compton RG. Nanoparticle modified electrodes: Surface 
coverage effects in voltammetry showing the transition from convergent to linear diffusion. 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



212   Part III: Application in Electroanalysis

The reduction of aqueous chromium (III) at silver nanoparticle modified electrodes. Chem 
Phys Lett, 2010, 497(4–6), 200–4.

[102] Giannetto M, Mori G, Terzi F, Zanardi C, Seeber R. Composite PEDOT/Au nanoparticles modi-
fied electrodes for determination of mercury at trace levels by anodic stripping voltammetry. 
Electroanalysis 2011, 23(2), 456–62.

[103] Malakhova NA, Mysik AA, Saraeva SYu et al. A voltammetric sensor on the basis of bismuth 
nanoparticles prepared by the method of gas condensation. J Anal Chem 2010, 65(6), 640–7.

[104] Nikolaev K, Ermakov S, Ermolenko Y, Averyaskina E, Offenhäusser A, Mourzina Y. A novel 
bioelectrochemical interface based on in situ synthesis of gold nanostructures on electrode 
surfaces and surface activation by Meerwein’s salt. A bioelectrochemical sensor for glucose 
determination. Bioelectrochemistry 2015, 105, 34–43.

[105] Devnani H, Satsangee SP. Green gold nanoparticle modified anthocyanin-based carbon paste 
electrode for voltammetric determination of heavy metals. Int J Environ Sci Technol 2015, 12(4), 
1269–82.

[106] Karuppiah C, Palanisamy S, Chen S-M, Emmanuel R, Muthupandi K, Prakash P. Green synthe-
sis of gold nanoparticles and its application for the trace level determination of painter’s colic. 
RSC Adv 2015, 5(21), 16284–91.

[107] Karthik R, Govindasamy M, Chen S-M, et al. Green synthesized gold nanoparticles decorated 
graphene oxide for sensitive determination of chloramphenicol in milk, powdered milk, honey 
and eye drops. J Colloid Interface Sci 2016, 475, 46–56.

[108] Vikesland PJ, Wigginton KR. Nanomaterial enabled biosensors for pathogen monitoring – A 
review. Environ Sci Technol 2010, 44(10), 3656–69.

[109] Aragay G, Merkoci A. Nanomaterials application in electrochemical detection of heavy metals. 
Electrochim Acta 2012, 84, 49–61.

[110] Atta NF, Galal A, Azab SM. Electrochemical determination of paracetamol using gold nanopar-
ticles – application in tablets and human fluids. Int J Electrochem Sci 2011, 6(10), 5082–96.

[111] Fan Y, Liu J-H, Lu H-T, Zhang Q. Electrochemical behavior and voltammetric determination of 
paracetamol on Nafion/TiO2-graphene modified glassy carbon electrode. Colloids Surf B 2011, 
85(2), 289–92.

[112] Sanghavi BJ, Srivastava AK. Simultaneous voltammetric determination of acetaminophen and 
tramadol using Dowex50wx2 and gold nanoparticles modified glassy carbon paste electrode. 
Anal Chim Acta 2011, 706(2), 246–54.

[113] Atta NF, Galal A, Azab SM. Electrochemical morphine sensing using gold nanoparticles modi-
fied carbon paste electrode. Int J Electrochem Sci 2011, 6(10), 5066–81.

[114] Wei X, Wang F, Yin Y, Liu Q, Zou L, Ye B. Selective detection of neurotransmitter serotonin by a 
gold nanoparticle-modified glassy carbon electrode. Analyst 2010, 135(9), 2286–90.

[115] Mashhadizadeh MH, Khani H, Foroumadi A, Sagharichi P. Comparative studies of mercapto 
thiadiazoles self-assembled on gold nanoparticle as ionophores for Cu(II) carbon paste 
sensors. Anal Chim Acta 2010, 665(2), 208–14.

[116] Wang Z, Liao F, Guo T, Yang S, Zeng C. Synthesis of crystalline silver nanoplates and their 
application for detection of nitrite in foods. J Electroanal Chem 2012, 664, 135–8.

[117] Miao P, Shen M, Ning L, Chen G, Yin Y. Functionalization of platinum nanoparticles for electro-
chemical detection of nitrite. Anal Bioanal Chem 2011, 399(7), 2407–11.

[118] Xing S, Xu H, Chen J, Shi G, Jin L. Nafion stabilized silver nanoparticles modified electrode and 
its application to Cr(VI) detection. J Electroanal Chem 2011, 652(1–2), 60–5.

[119] Thiagarajan S, Tsai TH, Chen S-M. Electrochemical fabrication of nano manganese oxide modi-
fied electrode for the Detection of H2O2. Int J Electrochem Sci 2011, 6(6), 2235–45.

[120] Martins PR, Aparecida Rocha M, Angnes L, Eisi Toma H, Araki K. Highly sensitive amperometric 
glucose sensors based on nanostructured α-Ni(OH)2 electrodes. Electroanalysis 2011, 23(11), 
2541–48.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   213

[121] Eremenko AV, Dontsova EA, Nazarov AP et al. Manganese dioxide nanostructures as a novel 
electrochemical mediator for thiol sensors. Electroanalysis 2012, 24(3), 573–80.

[122] Kalanur SS, Seetharamappa J, Prashanth SN. Voltammetric sensor for buzepide methiodide 
determination based on TiO2 nanoparticle-modified carbon paste electrode. Colloids Surf, B 
2010, 78(2), 217–21.

[123] Parham H, Rahbar N. Square wave voltammetric determination of methyl parathion using 
ZrO2-nanoparticles modified carbon paste electrode. J Hazard Mater 2010, 177(1–3), 
1077–84.

[124] Mafakheri E, Salimi A, Hallaj R, Ramazani A, Kashic MA. Synthesis of iridium oxide nanotubes 
by electrodeposition into polycarbonate template: fabrication of chromium(III) and arsenic(III) 
electrochemical sensor. Electroanalysis 2011, 23(10), 2429–37.

[125] Khun K, Ibupoto ZH, Ali SMU, Chey CO, Nur O, Willander M. Iron ion sensor based on function-
alized ZnO nanorods. Electroanalysis 2012, 24(3), 521–8.

[126] Sanchez A, Morante-Zarcero S, Perez-Quintanilla D, Sierra I, Del Hierro I. Development of 
screen-printed carbon electrodes modified with functionalized mesoporous silica nanoparti-
cles: application to voltammetric stripping determination of Pb(II) in non-pretreated natural 
waters. Electrochim Acta 2010, 55(23), 6983–90.

[127] Wu S, Lan X, Cui L, et al. Application of graphene for preconcentration and highly sensitive 
stripping voltammetric analysis of organophosphate pesticide. Anal Chim Acta 2011, 699(2), 
170–6.

[128] Liu F, Choi KS, Park TJ, Lee SY, Seo TS. Graphene-based electrochemical biosensor for patho-
genic virus detection. BioChip J 2011, 5(2), 123–8.

[129] Gong K, Yan Y, Zhang M, Su L, Xiong S, Mao L. Electrochemistry and electroanalytical applica-
tions of carbon nanotubes: a review. Anal Sci 2005, 21(12), 1383–93.

[130] Chen X, Wu G-H, Jiang Y-Q, Wang Y-R, Chen X-M. Graphene and graphene-based nanomate-
rials: the promising materials for bright future of electroanalytical chemistry. Analyst 2011, 
136(22), 4631–40.

[131] Kong F-Y, Li X-R, Zhao W-W, Xu J-J, Chen H-Y. Graphene oxide-thionine-Au nanostructure 
composites: preparation and applications in non-enzymatic glucose sensing. Electrochem 
Commun 2012, 14(1), 59–62.

[132] Willner I, Willner B, Tel-Vered R. Electroanalytical applications of metallic nanoparticles and 
supramolecular nanostructures. Electroanalysis 2011, 23(1), 13–28.

[133] Li L, Zhang Z. Biosynthesis of gold nanoparticles using green alga Pithophora oedogonia with 
their electrochemical performance for determining carbendazim in soil. Int J Electrochem Sci 
2016, 11(6), 4550–59.

[134] Gnana Kumar G, Justice Babu K, Nahm KS, Hwang YJ. A facile one-pot green synthesis of 
reduced graphene oxide and its composites for non-enzymatic hydrogen peroxide sensor 
applications. RSCAdv 2014, 4(16), 7944–51.

[135] Abollino O, Giacomino A, Ginepro M, Malandrino M, Zelano I. Analytical applications of a 
nanoparticle-based sensor for the determination of mercury. Electroanalysis 2012, 24(4), 
727–34.

[136] Gholivand MB, Geravandi B, Parvin MH. Anodic stripping voltammetric determination of 
iron(II) at a carbon paste electrode modified with dithiodianiline (DTDA) and gold nanoparti-
cles (GNP). Electroanalysis 2011, 23(6), 1345–51.

[137] Mashhadizadeh MH, Talemi RP. Used gold nano-particles as an on/off switch for response of a 
potentiometric sensor to Al(III) or Cu(II) metal ions. Anal Chim Acta 2011, 692(1–2), 109–15.

[138] Rajkumar M, Chiou S-C, Chen S-M, Thiagarajan S. A novel poly (taurine)/nano gold modified 
electrode for the determination of arsenic in various water samples. Int J Electrochem Sci 2011, 
6(9), 3789–800.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



214   Part III: Application in Electroanalysis

[139] Tsai M-C, Chen P-Y. Voltammetric study and electrochemical detection of hexavalent chro-
mium at gold nanoparticle-electrodeposited indium tinoxide (ITO) electrodes in acidic media. 
Talanta 2008, 76(3), 533–9.

[140] Tsai T-H, Lin K-C, Chen S-M. Electrochemical synthesis of poly(3,4-ethylenedioxythiophene) 
and gold nanocomposite and its application for hypochlorite sensor. Int J Electrochem Sci 
2011, 6(7), 2672–87.

[141] Gholivand MB, Parvin MH. Voltammetric study of acetazolamide and its determination in 
human serum and urine using carbon paste electrode modified by gold nanoparticle. J Electro-
anal Chem 2011, 660(1), 163–8.

[142] Tagar ZA, Sirajuddina ZA, Memon N, et al. Selective, simple and economical lead sensor based 
on ibuprofen derived silver nanoparticles. Sens Actuators, B 2011, 157(2), 430–7.

[143] Gong J, Zhou T, Song D, Zhang L, Hu X. Stripping voltammetric detection of mercury(II) based 
on a bimetallic Au-Pt inorganic-organic hybrid nanocomposite modified glassy carbon elec-
trode. Anal Chem 2010, 82(2), 567–73.

[144] Fenga PG, Stradiotto NR, Pividori MI. Silver nanocomposite electrode modified with hexacy-
anoferrate. Preparation, characterization and electrochemical behaviour towards substituted 
anilines. Electroanalysis 2011, 23(5), 1100–6.

[145] Adekunle AS, Mamba BB, Agboola BO, Ozoemena KI. Nitrite electrochemical sensor based 
on Prussian blue/single-walled carbon nanotubes modified pyrolytic graphite electrode. Int J 
Electrochem Sci 2011, 6(9), 4388–403.

[146] Taufik S, Yusof NA, Tee TW, Ramli I. Bismuth oxide nanoparticles/chitosan/modified electrode 
as biosensor for DNA hybridization. Int J Electrochem Sci 2011, 6(6), 1880–91.

[147] Zidan M, Tee TW, Abdullah AH, Zainal Z, Kheng GJ. Electrochemical oxidation of paracetamol 
mediated by nanoparticles bismuth oxide modified glassy carbon electrode. Int J Electrochem 
Sci 2011, 6(2), 279–88.

[148] Fekri MH, Khanmohammadi H, Darvishpour M. An electrochemical Cr(III)-selective sen-
sor-based on a newly synthesized ligand and optimization of electrode with a nano particle. 
Int J Electrochem Sci 2011, 6(5), 1679–85.

[149] Zhong H, Yuan R, Chai Y, Li W, Zhang Y, Wang C. Amperometric biosensor for hydrogen peroxide 
based on horseradish peroxidase onto gold nanowires and TiO2 nanoparticles. Bioprocess 
Biosyst Eng 2011, 34(8), 923–30.

[150] Wang G, Sun J, Zhang W, Jiao S, Fang B. Simultaneous determination of dopamine, uric acid 
and ascorbic acid with LaFeO3 nanoparticles modified electrode. Microchim Acta 2009, 
164(3–4), 357–62.

[151] Valentini F, Romanazzo D, Carbone M, Palleschi G. Modified screen-printed electrodes based 
on oxidized graphene nanoribbons for the selective electrochemical detection of several 
molecules. Electroanalysis 2012, 24(4), 872–81.

[152] Sartori ER, Fatibello-Filho O. Simultaneous voltammetric determination of ascorbic acid and 
sulfite in beverages employing a glassy carbon electrode modified with carbon nanotubes 
within a poly(allylamine hydrochloride) film. Electroanalysis 2012, 24(3), 627–34.

[153] Narang J, Chauhan N, Pundir CS. A non-enzymatic sensor for hydrogen peroxide based on 
polyaniline, multiwalled carbon nanotubes and gold nanoparticles modified Au electrode. 
Analyst 2011, 136(21), 4460–6.

[154] Li H, Xie C, Li S, Xu K. Electropolymerized molecular imprinting on gold nanoparticle-carbon 
nanotube modified electrode for electrochemical detection of triazophos. Colloids Surf B 
2012, 89(1), 175–81.

[155] Guo S, Wen D, Zhai Y, Dong S, Wang E. Platinum nanoparticle ensemble-on-graphene hybrid 
nanosheet: one-pot, rapid synthesis, and used as new electrode material for electrochemical 
sensing. ACS Nano 2010, 4(7), 3959–68.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   215

[156] Gholivand MB, Azadbakht A, Pashabadi A. An electrochemical sensor based on carbon nano-
tube bimetallic Au-Pt inorganic-organic nanofiber hybrid nanocomposite electrode applied for 
detection of guaifenesin. Electroanalysis 2011, 23(12), 2771–9.

[157] Shin S-H, Hong H-G. Anodic stripping voltammetric detection of arsenic(III) at plati-
num-iron(III) nanoparticle modified carbon nanotube on glassy carbon electrode. Bull Korean 
Chem Soc 2010, 31(11), 3077–83.

[158] Yari A, Papi F, Farhadi S. Voltammetric determination of trace antiepileptic gabapentin with a 
silver-nanoparticle modified multiwalled carbon nanotube paste electrode. Electroanalysis 
2011, 23(12), 2949–54.

[159] Panchompoo J, Aldous L, Downing C, Crossley A, Compton RG. Facile synthesis of Pd nanopar-
ticle modified carbon black for electroanalysis: application to the detection of hydrazine. 
Electroanalysis 2011, 23(7), 1568–78.

[160] Chen X-M, Lin Z-J, Chen D-J, et al. Nonenzymatic amperometric sensing of glucose by using 
palladium nanoparticles supported on functional carbon nanotubes. Biosens Bioelectron 
2010, 25(7), 1803–8.

[161] Pham H, Bui MPN, Li CA, Han KN, Seong GH. Electrochemical patterning of palladium nanopar-
ticles on a single‐walled carbon nanotube platform and its application to glucose detection. 
Electroanalysis 2011, 23(9), 2087–93.

[162] Shamsipur M, Asgari M, Mousavi MF, Davarkhah R. A novel hydrogen peroxide sensor based 
on the direct electron transfer of catalase immobilized on nano-sized NiO/MWCNTs composite 
film. Electroanalysis 2012, 24(2), 357–67.

[163] Sattarahmady N, Heli H, Faramarzi F. Nickel oxide nanotubes-carbon microparticles/Nafion 
nanocomposite for the electrooxidation and sensitive detection of metformin. Talanta 2010, 
82(4), 1126–35.

[164] Periasamy AP, Yang S, Chen S-M. Preparation and characterization of bismuth oxide nanopar-
ticles-multiwalled carbon nanotube composite for the development of horseradish peroxidase 
based H2O2 biosensor. Talanta 2011, 87(1), 15–23.

[165] Wei Y, Gao C, Meng F-L et al. SnO2/reduced graphene oxide nanocomposite for the simultane-
ous electrochemical detection of cadmium(II), lead(II), copper(II), and mercury(II): an interest-
ing favorable mutual interference. J Phys Chem C 2012, 116(1), 1034–41.

[166] Hu F, Chen S, Wang C, et al. ZnO nanoparticle and multiwalled carbon nanotubes for glucose 
oxidase direct electron transfer and electrocatalytic activity investigation. J Mol Catal B: Enzym 
2011, 72(3–4), 298–304.

[167] Ganjali MR, Poursaberi T, Khoobi M, et al. Copper nano-composite potentiometric sensor. Int J 
Electrochem Sci 2011, 6(3), 717–26.

[168] Ganjali MR, Alizadeh T, Azimi F, Larjani B, Faridbod F, Norouzi P. Bio-mimetic ion imprinted 
polymer based potentiometric mercury sensor composed of nano-materials. Int J Electrochem 
Sci 2011, 6(11), 5200–8.

[169] Sonkar PK, Ganesan V. Synthesis and characterization of silver nanoparticle-anchored 
amine-functionalized mesoporous silica for electrocatalytic determination of nitrite. J Solid 
State Electrochem 2015, 19(7), 2107–15.

[170] Tian Y, Liu Y, Wang W, Zhang X, Peng W. Sulfur-doped graphene-supported Ag nanoparticles for 
nonenzymatic hydrogen peroxide detection. J Nanopart Res 2015, 17(4), 193–201.

[171] Liu G-T, Chen H-F, Lin G-M, et al. One-step electrodeposition of graphene loaded nickel oxides 
nanoparticles for acetaminophen detection. Biosens Bioelectron 2014, 56, 26–32.

[172] Song H, Ni Y, Kokot S. A novel electrochemical sensor based on the copper – doped copper 
oxide nano – particles for the analysis of hydrogen peroxide. Colloids Surf A 2015, 465, 
153–8.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



216   Part III: Application in Electroanalysis

[173] Chirizzi D, Guascito MR, Filippo E, Malitesta C, Tepore A. A novel nonenzymatic amperometric 
hydrogen peroxide sensor based on CuO@Cu2O nanowires embedded into poly(vinyl alcohol). 
Talanta 2016, 147, 124–31.

[174] Budnikov GK, Ziyatdinova GK, Gil’Metdinova DM. Determination of some liposoluble antioxi-
dants by coulometry and voltammetry. J Anal Chem 2004, 59(7), 654–8.

[175] Ziyatdinova GK, Budnikov HC, Pogorel’tzev VI, Ganeev TS. The application of coulometry or 
total antioxidant capacity determination of human blood. Talanta 2006, 68(3), 800–5.

[176] Ziyatdinova GK, Budnikov GK, Samigullin AI, Gabdullina GT, Sofronov AV, Al’Metkina LA, et al. 
Electrochemical determination of synthetic antioxidants of bisdithiophosphonic acids. J Anal 
Chem 2010, 65(12), 1273–9.

[177] Shpigun LK, Arharova MA, Brainina KZ, Ivanova AV. Flow injection potentiometric determina-
tion of total antioxidant activity of plant extracts. Anal Chim Acta 2006, 573–574, 419–26.

[178] Brainina KhZ, Alyoshina LV, Gerasimova EL, Kazakov YaE, Ivanova AV, Beykinc YaB, et al. New 
electrochemical method of determining blood and blood fractions antioxidant activity. Electro-
analysis 2009, 21(3–5), 618–24.

[179] Шарафутдинова ЕН, Иванова АВ, Матерн АИ, Брайнина ХЗ. Качество пищевых 
продуктовиантиоксидантная активность. Аналитика и контроль 2011, 15(3), 281–6 
(Sharafutdinova EN, Ivanova AV, Matern AI, Brainina KhZ. Food quality and antioxidant activity. 
Anal Control 2011, 15(3), 281–6, original source in Russian).

[180] Плотников ЕВ, Короткова ЕИ, Дорожко ЕВ, Букель М, Линерт В. Исследование суммарной 
антиоксидантной активности сыворотки крови человека в норме и патологии алкоголи
зма методом вольтамперометрии. Заводск лаб. Диагностика матер 2009, 75(12), 14–7. 
(Plotnikov EV, Korotkova EI, Dorozhko EV, Bukel’ M, Linert V. The study of the total antioxidant 
activity of human blood serum in norm and the pathology of alcoholism by the voltammetry 
method. Factory lab. Diagn Mater 2009, 75(12), 14–7, original source in Russian).

[181] Сажина НН, Мисин ВМ, Короткова ЕИ. Исследование антиоксидантных свойств водного 
экстракта мяты электрохимическими методами. Химия растительного сырья 2010, 
4, 77–82. (Sazhina NN, Misin VM, Korotkova EI. Research of antioxidant properties of water 
extract of mint by electrochemical methods. Chem Plant Raw Mater 2010, 4, 77–82, original 
source in Russian).

[182] Hu W, Sun D, Ma W. Silver doped poly(L-valine) modified glassy carbon electrode for the simultane-
ous determination of uric acid, ascorbic acid and dopamine. Electroanalysis 2010, 22(5), 584–9.

[183] Lin Y, Hu Y, Long Y, Di J. Determination of ascorbic acid using an electrode modified with cyste-
ine self-assembled gold-platinum nanoparticles. Microchim Acta 2011, 175(3–4), 259–64.

[184] Tavakkoli N, Nasrollahi S, Vatankhah G. Electrocatalytic determination of ascorbic acid using a 
palladium coated nanoporous gold film electrode. Electroanalysis 2012, 24(2), 368–75.

[185] Mazloum-Ardakani M, Sheikh-Mohseni MA, Beitollahi H, Benvidi A, Naeimi H. Electrochemical 
determination of vitamin C in the presence of uric acid by a novel TiO2 nanoparticles modified 
carbon paste electrode. Chin Chem Lett 2010, 21(12), 1471–4.

[186] Atta NF, El-Kady MF, Galal A. Simultaneous determination of catecholamines, uric acid and 
ascorbic acid at physiological levels using poly(N-methylpyrrole)/Pd-nanoclusters sensor. 
Anal Biochem 2010, 400(1), 78–88.

[187] Dursun Z, Gelmez B. Simultaneous determination of ascorbic acid, dopamine and uric acid at 
Pt nanoparticles decorated multiwall carbon nanotubes modified GCE. Electroanalysis 2010, 
22(10), 1106–14.

[188] Li J, Lin X-Q. Electrodeposition of gold nanoclusters on overoxidized polypyrrole film modified 
glassy carbon electrode and its application for the simultaneous determination of epinephrine 
and uric acid under coexistence of ascorbic acid. Anal Chim Acta 2007, 596(2), 222–30.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   217

[189] Harish S, Mathiyarasu J, Phani KLN, Yegnaraman V. PEDOT/Palladium composite material: 
synthesis, characterization and application to simultaneous determination of dopamine and 
uric acid. J Appl Electrochem 2008, 38(11), 1583–8.

[190] Shaidarova LG, Chelnokova IA, Romanova EI, Gedmina AV, Budnikov GK. Joint voltammetric 
determination of dopamine and uric acid. Russ J Appl Chem 2011, 84(2), 218–24.

[191] Wang S, Xu Q, Liu G. Differential pulse voltammetric determination of uric acid on car-
bon-coated iron nanoparticle modified glassy carbon electrodes. Electroanalysis 2008, 
20(10), 1116–20.

[192] Ulubay S, Dursun Z. Cu nanoparticles incorporated polypyrrole modified GCE for sensitive 
simultaneous determination of dopamine and uric acid. Talanta 2010, 80(3), 1461–66.

[193] MA Tehrani R, Ab Ghani S. Voltammetric analysis of uric acid by zinc-nickel nanoalloy coated 
composite graphite. Sens Actuators B 2010, 145(1), 20–4.

[194] Fang B, Feng Y, Wang G, Zhang C, Gu A, Liu M. A uric acid sensor based on electrodeposition 
of nickel hexacyanoferrate nanoparticles on an electrode modified with multi-walled carbon 
nanotubes. Microchim Acta 2011, 173(1–2), 27–32.

[195] Habibi B, Pezhhan H, Pournaghi-Azar MH. Voltammetric and amperometric determination of 
uric acid at a carbon-ceramic electrode modified with multi walled carbon nanotubes. Micro-
chim Acta 2010, 169(3), 313–20.

[196] Ardakani MM, Mohseni MAS, Beitollahi H, Benvidi A, Naeimi H. Simultaneous determination 
of dopamine, uric acid, and folic acid by a modified TiO2 nanoparticles carbon paste electrode 
Turk J Chem 2011, 35(4), 573–85.

[197] Curulli A, DiCarlo G, Ingo GM, Riccucci C, Zane D, Bianchini C. Chitosan stabilized gold 
nanoparticle-modified Au electrodes for the determination of polyphenol index in wines: a 
preliminary study. Electroanalysis 2012, 24(4), 897–904.

[198] Sun J-Y, Huang K-J, Wei S-Y, Wu Z-W, Ren F-P. A graphene-based electrochemical sensor for 
sensitive determination of caffeine. Colloids Surf B 2011, 84(2), 421–6.

[199] Souza LP, Calegari F, Zarbin AJG, Marcolino-Junior LH, Bergamini MF. Voltammetric determina-
tion of the antioxidant capacity in wine samples using a carbon nanotube modified electrode. 
J Agric Food Chem 2011, 59(14), 7620–5.

[200] Wang G, Liu M, Wang G et al. Preparation of CuO-Nanoparticle-modified electrode and its 
application in the determination of rutin. Anal Lett 2009, 42(8), 1084–93.

[201] Wei Y, Wang G, Li M, Wang C, Fang B. Determination of rutin using a CeO2 nanoparticle-modi-
fied electrode. Microchim Acta 2007, 158(3–4), 269–74.

[202] Yin H, Zhou Y, Cui L, et al. Sensitive voltammetric determination of rutin in pharmaceuticals, 
human serum, and traditional Chinese medicines using a glassy carbon electrode coated with 
graphene nanosheets, chitosan, and a poly (amido amine) dendrimer. Microchim Acta 2011, 
173(3–4), 337–45.

[203] Wang M, Zhang D, Tong Z, Xu X, Yang X. Voltammetric behavior and the determination of quer-
cetin at a flowerlike Co3O4 nanoparticles modified glassy carbon electrode. J Appl Electrochem 
2011, 41(2), 189–96.

[204] Brondani D, Vieira IC, Piovezan C et al. Sensor for fisetin based on gold nanoparticles in ionic 
liquid and binuclear nickel complex immobilized in silica. Analyst 2010, 135(5), 1015–22.

[205] Huo Z, Zhou Y, Liu Q, He X, Liang Y, Xu M. Sensitive simultaneous determination of catechol 
and hydroquinone using a gold electrode modified with carbon nanofibers and gold nanopar-
ticles. Microchim Acta 2011, 173(1–2), 119–25.

[206] Chee SY, Flegel M, Pumera M. Regulatory peptides desmopressin and glutathione voltam-
metric determination on nickel oxide modified electrodes. Electrochem Commun 2011, 13(9), 
963–5.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



218   Part III: Application in Electroanalysis

[207] Safavi A, Maleki N, Farjami E, Mahyari FA. Simultaneous electrochemical determination of glu-
tathione and glutathione disulfide at a nanoscale copper hydroxide composite carbon ionic 
liquid electrode. Anal Chem 2009, 81(18), 7538–43.

[208] Sattarahmady N, Heli H. An electrocatalytic transducer for l-cysteine detection based on 
cobalt hexacyanoferrate nanoparticles with a core-shell structure. Anal Biochem 2011, 409(1), 
74–80.

[209] Mazloum-Ardakani M, Beitollahi H, Taleat Z, Salavati-Niasari M. Fabrication and characteriza-
tion of molybdenum(VI) complex-TiO2 nanoparticles modified electrode for the electrocatalytic 
determination of L-cysteine. J Serb Chem Soc 2011, 76(4), 575–89.

[210] Majidi MR, Asadpour-Zeynali K, Hafezi B. Sensing L-cysteine in urine using a pencil graphite 
electrode modified with a copper hexacyanoferrate nanostructure. Microchim Acta 2010, 
169(3), 283–8.

[211] Zare HR, Chatraei F. Preparation and electrochemical characteristics of electrodeposited 
acetaminophen on ruthenium oxide nanoparticles and its role as a sensor for simultaneous 
determination of ascorbic acid, dopamine and N-acetyl-l-cysteine. Sens Actuators B 2011, 
160(1), 1450–7.

[212] Kannan P, Chen H, Lee VT-W, Kim D-H. Highly sensitive amperometric detection of bilirubin 
using enzyme and gold nanoparticles on sol-gel film modified electrode. Talanta 2011, 86(1), 
400–7.

[213] Usman Ali SM, Ibupoto ZH, Chey CO, Nur O, Willander M. Functionalized ZnO nanotube arrays 
for the selective determination of uric acid with immobilized uricase. Chem Sens 2011, 19, 
1–8.

[214] Yola ML, Gupta VK, Eren T, Şen AE, Atar N. A novel electroanalytical nanosensor based on 
graphene oxide/silver nanoparticles for simultaneous determination of quercetin and morin. 
Electrochim Acta 2014, 120, 204–11.

[215] Mpanza T, Sabela MI, Mathenjwa SS, Kanchi S, Bisetty K. Electrochemical determination of 
capsaicin and silymarin using a glassy carbon electrode modified by gold nanoparticle deco-
rated multiwalled carbon nanotubes. Anal Lett 2014, 47(17), 2813–28.

[216] Zhou J, Zhang K, Liu J, Song G, Ye B. A supersensitive sensor for rutin detection based on 
multi-walled carbon nanotubes and gold nanoparticles modified carbon paste electrodes. 
Anal Methods 2012, 4(5), 1350–6.

[217] Huang L, Hou K, Jia X, Pan H, Du M. Preparation of novel silver nanoplates/graphene composite 
and their application in vanillin electrochemical detection. Mater Sci Eng C 2014, 38(1), 39–45.

[218] Silva TR, Brondani D, Zapp E, Vieira IC. Electrochemical sensor based on gold nanoparticles 
stabilized in poly(allylamine hydrochloride) for determination of vanillin. Electroanalysis 2015, 
27(2), 465–72.

[219] Shang L, Zhao F, Zeng B. Sensitive voltammetric determination of vanillin with an AuPd 
nanoparticles-graphene composite modified electrode. Food Chem 2014, 151, 53–7.

[220] Liu B, Luo L, Ding Y, et al. Differential pulse voltammetric determination of ascorbic acid in the 
presence of folic acid at electro-deposited NiO/graphene composite film modified electrode. 
Electrochim Acta 2014, 142, 336–42.

[221] Lin X, Ni Y, Kokot S. Glassy carbon electrodes modified with gold nanoparticles for the simulta-
neous determination of three food antioxidants. Anal Chim Acta 2013, 765, 54–62.

[222] Ziyatdinova G, Ziganshina E, Cong PN, Budnikov HK. Voltammetric determination of thymol in 
oregano using CeO2-modified electrode in Brij® 35 micellar medium. Food Anal Methods 2017, 
10(1), 129–36.

[223] Palanisamy S, Karuppiah C, Chen S-M et al. Selective and simultaneous determination of 
dihydroxybenzene isomers based on green synthesized gold nanoparticles decorated reduced 
graphene oxide. Electroanalysis 2015, 27(5), 1144–51.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   219

[224] Ananthi A, Kumar SS, Phani KL. Facile one-step direct electrodeposition of bismuth nanow-
ires on glassy carbon electrode for selective determination of folic acid. Electrochim Acta 
2015,151,584–90.

[225] Vilian ATE, Chen SM. Preparation of carbon nanotubes decorated with manganese dioxide 
nanoparticles for electrochemical determination of ferulic acid. Microchim Acta 2015, 
182(5–6), 1103–11.

[226] Zhang H, Huang F, Xu S, Xia Y, Huang W, Li Z. Fabrication of nanoflower-like dendritic Au and 
polyaniline composite nanosheets at gas/liquid interface for electrocatalytic oxidation and 
sensing of ascorbic acid. Electrochem Commun 2013, 30, 46–50.

[227] Ponnusamy VK, Mani V, Chen SM, Huang WT, Jen JF. Rapid microwave assisted synthesis of 
graphene nanosheets/ polyethyleneimine/gold nanoparticle composite and its appli-
cation to the selective electrochemical determination of dopamine. Talanta 2014, 120, 
148–57.

[228] Song J, Xu L, Xing R, Li Q, Zhou C, Liu D, Song H. Synthesis of Au/graphene oxide composites 
for selective and sensitive electrochemical detection of ascorbic acid. Sci Rep 2014, 4, 1–5.

[229] Vinoth V, Wu JJ, Asiri AM, Anandan S. Simultaneous detection of dopamine and ascorbic acid 
using silicate network interlinked gold nanoparticles and multi-walled carbon nanotubes. 
Sens Actuators, B 2015, 210, 731–41.

[230] Shaidarova LG, Chelnokova IA, Degtev MA, et al. Amperometric detection under batch-injec-
tion analysis conditions of caffeine on an electrode modified by mixed-valence iridium and 
ruthenium oxides. Pharm Chem J 2016, 49(10), 711–4.

[231] Çakır S, Biçer E, Arslan EY. A newly developed electrocatalytic oxidation and voltammetric 
determination of curcumin at the surface of PdNp-graphite electrode by an aqueous solution 
process with Al3+. Croat Chem Acta 2015, 88(2), 105–12.

[232] Cheraghi S, Taher MA, Karimi-Maleh H. Fabrication of fast and sensitive nanostructure voltam-
metric sensor for determination of curcumin in the presence of vitamin B9 in food samples. 
Electroanalysis 2016, 28(10), 2590–7.

[233] Lin X, Ni Y, Kokot S. Electrochemical mechanism of eugenol at a Cu doped gold nanoparticles 
modified glassy carbon electrode and its analytical application in food samples. Electrochim 
Acta 2014, 133, 484–91.

[234] Ibrahim H, Temerk Y. Novel sensor for sensitive electrochemical determination of luteolin 
based on In2O3 nanoparticles modified glassy carbon paste electrode. Sens Actuat B 2015, 
206, 744–52.

[235] Guivar JAR, Sanches EA, Magon CJ, Fernandes EGR. Preparation and characterization of 
cetyltrimethylammonium bromide (CTAB)-stabilized Fe3O4 nanoparticles for electrochemistry 
detection of citric acid. J Electroanal Chem 2015, 755, 158–66.

[236] Cao X, Ye Y, Liu S. Gold nanoparticle-based signal amplification for biosensing. Anal Biochem 
2011, 417(1), 1–16.

[237] Ravalli A, Marrazza G. Gold and magnetic nanoparticles-based electrochemical biosensors for 
cancer biomarker determination. J Nanosci Nanotechnol 2015, 15(5), 3307–19.

[238] Kumar S, Ahlawat W, Kumar R, Dilbaghi N. Graphene, carbon nanotubes, zinc oxide and gold 
as elite nanomaterials for fabrication of biosensors for healthcare. Biosens Bioelectron 2015, 
70, 498–503.

[239] Huang K-J, Sun J-Y, Xu C-X, Niu D-J, Xie W-Z. A disposable immunosensor based on gold colloid 
modified chitosan nanoparticles-entrapped carbon paste electrode. Microchim Acta 2010, 
168(1–2), 51–8.

[240] Zhang S, Zheng F, Wu Z, Shen G, Yu R. Highly sensitive electrochemical detection of immu-
nospecies based on combination of Fc label and PPD film/gold nanoparticle amplification. 
Biosens Bioelectron 2008, 24(1), 129–35.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



220   Part III: Application in Electroanalysis

[241] Mao X, Jiang J, Luo Y, Shen G, Yu R. Copper-enhanced gold nanoparticle tags for electrochemi-
cal stripping detection of human IgG. Talanta 2007, 73(3), 420–24.

[242] Mao X, Jiang J, Chen J, Huang Y, Shen G, Yu R. Cyclic accumulation of nanoparticles: A new 
strategy for electrochemical immunoassay based on the reversible reaction between dethiobi-
otin and avidin. Anal Chim Acta 2006, 557(1–2), 159–63.

[243] Li J, Gao H. A renewable potentiometric immunosensor based on Fe3O4 nanoparticles immobi-
lized anti-IgG. Electroanalysis 2008, 20(8), 881–7.

[244] de la Escosura-Muñiz A, Ambrosi A, Alegret S, Merkoçi A. Electrochemical immunosensing 
using micro and nanoparticles. Methods Mol Bio (Clifton, N.J.) 2009, 504, 145–55.

[245] Mao X, Jiang J, Huang Y, Shen G, Yu R. Gold nanoparticle accumulation using magnetic 
particles: a new strategy for electrochemical immunoassay based on the reversible reaction 
between dethiobiotin and avidin. Sens Actuators, B 2007, 123(1), 198–203

[246] Wang L, Jia X, Zhou Y, Xie Q, Yao S. Sandwich-type amperometric immunosensor for human 
immunoglobulin G using antibody-adsorbed Au/SiO2 nanoparticles. Microchim Acta 2010, 
168(3), 245–51.

[247] Zhang L, Liu Y, Chen T. Label-free amperometric immunosensor based on antibody immobi-
lized on a positively charged gold nanoparticle/l-cysteine-modified gold electrode. Microchim 
Acta 2009, 164(1–2), 161–6.

[248] Ambrosi A, Castaneda MT, Killard AJ, Smyth MR, Alegret S, Merkoci A. Double-codified gold 
nanolabels for enhanced immunoanalysis. Anal Chem 2007, 79(14), 5232–40.

[249] Dequaire M, Degrand C, Limoges B. An electrochemical metalloimmunoassay based on a 
colloidal gold label. Anal Chem 2000, 72(22), 5521–8.

[250] Chumbimuni-Torres KY, Dai Z, Rubinova N et al. Potentiometric biosensing of proteins with 
ultrasensitive ion-selective microelectrodes and nanoparticle labels. J Am Chem Soc 2006, 
128(42), 13676–7.

[251] Pal S, Alocilja EC. Electrically active magnetic nanoparticles as novel concentrator and elec-
trochemical redox transducer in Bacillus anthracis DNA detection. Biosens Bioelectron 2010, 
26(4), 1624–30.

[252] Brainina KZ, Kozitsina AN, Glazyrina YA. Hybrid electrochemical/magnetic assay for Salmo-
nella typhimurium detection. IEEE Sens J 2010, 10(11), 1699–704.

[253] Dungchai W, Siangproh W, Chaicumpa W, Tongtawe P, Chailapakul O. Salmonella typhi 
 determination using voltammetric amplification of nanoparticles: a highly sensitive strat-
egy for metalloimmunoassay based on a copper-enhanced gold label. Talanta 2008, 77(2), 
727–32.

[254] Cheng Y-X, Liu Y-J, Huang J-J, et al. Platinum nanoparticles modified electrode for rapid electro-
chemical detection of Escherichia coli. Chin J Chem 2008, 26(2), 302–6.

[255] De Souza Castilho M, Laube T, Yamanaka H, Alegret S, Pividori MI. Magneto immunoassays 
for plasmodium falciparum histidine-rich protein 2 related to malaria based on magnetic 
nanoparticles. Anal Chem 2011, 83(14), 5570–7.

[256] Setterington EB, Alocilja EC. Electrochemical biosensor for rapid and sensitive detection of 
magnetically extracted bacterial pathogens. Biosensors 2012, 2(1), 15–31.

[257] Tang D, Tang J, Su B, Chen G. Ultrasensitive electrochemical immunoassay of staphylococcal 
enterotoxin B in food using enzyme-nanosilica-doped carbon nanotubes for signal amplifica-
tion. J Agric Food Chem 2010, 58(20), 10824–30.

[258] Tang D, Yuan R, Chai Y, Liu Y, Dai J, Zhong X. Novel potentiometric immunosensor for determi-
nation of diphtheria antigen based on compound nanoparticles and bilayer two-dimensional 
sol-gel as matrices. Anal Bioanal Chem 2005, 381(3), 674–80.

[259] Shen G, Zhang Y. Highly sensitive electrochemical stripping detection of hepatitis B surface 
antigen based on copper-enhanced gold nanoparticle tags and magnetic nanoparticles. Anal 
Chim Acta 2010, 674(1), 27–31.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 6 Nanomaterials: Electrochemical Properties and Application in Sensors   221

[260] Tang D, Yuan R, Chai Y, Zhong X, Liu Y, Dai J. Electrochemical detection of hepatitis B surface 
antigen using colloidal gold nanoparticles modified by a sol-gel network interface. Clinical. 
Biochem 2006. 39(3), 309–14.

[261] Wu S, Zhong Z, Wang D et al. Gold nanoparticle-labeled detection antibodies for use in an 
enhanced electrochemical immunoassay of hepatitis B surface antigen in human serum. 
Microchim Acta 2009, 166(3–4), 269–75.

[262] Yuan R, Tang D, Chai Y, Zhong X, Liu Y, Dai J. Ultrasensitive potentiometric immunosensor 
based on SA and OCA techniques for immobilization of HBsAb with colloidal Au and polyvinyl 
butyral as matrixes. Langmuir 2004, 20(17), 7240–5.

[263] Lin J, He C, Pang X, Hu K. Amperometric immunosensor for prostate specific antigen based on 
gold nanoparticles/ionic liquid/chitosan hybrid film. Anal Lett 2011, 44(5), 908–21.

[264] Lin J, He C, Zhang L, Zhang S. Sensitive amperometric immunosensor for α-fetoprotein based on 
carbon nanotube/gold nanoparticle doped chitosan film. Anal Biochem 2009, 384(1), 130–5.

[265] Li N, Yuan R, Chai Y, Chen S, An H, Li W. New antibody immobilization strategy based on gold 
nanoparticles and Azure I/multi-walled carbon nanotube composite membranes for an amper-
ometric enzyme immunosensor. J Phys Chem C 2007, 111(24), 8443–50.

[266] Ho JA, Chang H-C, Shih N-Y et al. Diagnostic detection of human lung cancer-associated 
antigen using a gold nanoparticle-based electrochemical immunosensor. Anal Chem 2010, 
82(14), 5944–50.

[267] Serafin V, Eguilaz M, Agui L, Yanez-Sedeno P, Pingarron JM. An electrochemical immunosensor 
for testosterone using gold nanoparticles – carbon nanotubes composite electrodes. Electro-
analysis 2011, 23(1), 169–76.

[268] Zhang Y, Xiang Y, Chai Y, et al. Gold nanolabels and enzymatic recycling dual amplifica-
tion-based electrochemical immunosensor for the highly sensitive detection of carcinoembry-
onic antigen. Sci. China: Chem 2011, 54(11), 1770–6.

[269] Tang D, Yuan R, Chai Y. Ultrasensitive electrochemical immunosensor for clinical immunoassay 
using thionine-doped magnetic gold nanospheres as labels and horseradish peroxidase as 
enhancer. Anal Chem 2008, 80(5), 1582–8.

[270] West N, Baker PGL, Arotiba OA, et al. Overoxidized polypyrrole incorporated with gold 
nanoparticles as platform for impedimetric anti-transglutaminase immunosensor. Anal Lett 
2011, 44(11), 1956–66.

[271] Kannan P, Tiong HY, Kim D-H. Highly sensitive electrochemical determination of neutrophil 
gelatinase-associated lipocalin for acute kidney injury. Biosens Bioelectron 2012, 31(1), 32–6.

[272] Zhang J, Lei J, Pan R, Leng C, Hu Z, Ju H. In situ assembly of gold nanoparticles on nitro-
gen-doped carbon nanotubes for sensitive immunosensing of microcystin-LR. Chem Commun 
2011, 47(2), 668–70.

[273] Liu G, Wang J, Kim J, Jan MR, Collins GE. Electrochemical coding for multiplexed immunoassays 
of proteins. Anal Chem 2005, 76(23), 7126–30.

[274] Lai G, Yan F, Wu J, Leng C, Ju H. Ultrasensitive multiplexed immunoassay with electrochemical 
stripping analysis of silver nanoparticles catalytically deposited by gold nanoparticles and 
enzymatic reaction. Anal Chem 2011, 83(7), 2726–32.

[275] Tang J, Tang D, Niessner R, Chen G, Knopp D. Magneto-controlled graphene immunosensing 
platform for simultaneous multiplexed electrochemical immunoassay using distinguishable 
signal tags. Anal Chem 2011, 83(13), 5407–14.

[276] Afonso AS, Perez-Lopez B, Faria RC, et al. Electrochemical detection of Salmonella using gold 
nanoparticles. Biosens Bioelectron 2013, 40(1), 121–6.

[277] Chen G-Z, Yin Z-Z, Lou J-F. Electrochemical immunoassay of Escherichia coli O157:H7 using 
Ag@SiO2 nanoparticles as labels. J Anal Methods Chem 2014, 2014, 231–45.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



222   Part III: Application in Electroanalysis

[278] Zhang X, Zhang F, Zhang H, Shen J, Han E, Dong X. Functionalized gold nanorod-based labels 
for amplified electrochemical immunoassay of E. coli as indicator bacteria relevant to the 
quality of dairy product. Talanta 2015, 132, 600–5.

[279] Vikesland PJ, Wigginton KR. Nanomaterial enabled biosensors for pathogen monitoring – A 
review. Environ Sci Technol 2010, 44(10), 3656–69.

[280] Wu L, Gao B, Zhang F, Sun X, Zhang Y, Li Z. A novel electrochemical immunosensor based 
on magnetosomes for detection of staphylococcal enterotoxin B in milk. Talanta 2013, 106, 
360–6.

[281] Kozitsina A, Svalova T, Malysheva N, Glazyrina Y, Matern A. A new enzyme-free electrochemical 
immunoassay for Escherichia coli detection using magnetic nanoparticles. Anal Lett 2016, 
49(2), 245–57.

[282] Ibii T, Kaieda M, Hatakeyama S, et al. Direct immobilization of gold-binding antibody frag-
ments for immunosensor applications. Anal Chem 2010, 82(10), 4229–35.

[283] Gu H-Y, Yu A-M, Chen H-Y. Direct electron transfer and characterization of hemoglobin immobi-
lized on a Au colloid-cysteamine-modified gold electrode. J Electroanal Chem 2001, 516(1–2), 
119–26.

[284] Luo X, Morrin A, Killard AJ, Smyth MR. Application of nanoparticles in electrochemical sensors 
and biosensors. Electroanalysis 2006, 18(4), 319–26.

[285] Presnova GV, Rubtsova MYu, Shumyantseva VV, Bulko TV, Egorov AM. Comparative immobili-
zation of antibodies on modified screen-printed graphite electrodes. Moscow Univ Chem Bull 
(Engl transl) 2008, 63(2), 71–4.

[286] Varshney M, Yang L, Su X-L, Li Y. Magnetic nanoparticle-antibody conjugates for the separa-
tion of Escherichia coli O157:H7 in ground beef. J Food Prot 2005, 68(9), 1804–11.

[287] Биосенсоры: основы и приложения. Под ред. Э. Тёрнера, И. Карубе, Дж. Уилсона. М.: 
Мир, 1992. 614 c. (Turner A, Karube I, Wilson G, eds. Biosensors: Fundamentals and Applica-
tions. Moscow, Mir, 1992, 614, original source in Russian).

[288] Muzyka K. Current trends in the development of the electrochemiluminescent immunosen-
sors. Biosens Bioelectron 2014, 54, 393–407.

[289] Ravalli A, Marrazza G. Gold and magnetic nanoparticles-based electrochemical biosensors for 
cancer biomarker determination. J Nanosci Nanotechnol. 2015, 15(5), 3307–19.

[290] Kumar S, Ahlawat W, Kumar R, Dilbaghi N. Graphene, carbon nanotubes, zinc oxide and gold 
as elite nanomaterials for fabrication of biosensors for healthcare. Biosens Bioelectron 2015, 
70, 498–503.

[291] Sharma A, Rao VK, Kamboj DV, Gaur R, Upadhyay S, Shaik M. Relative efficiency of zinc sulfide 
(ZnS) quantum dots (QDs) based electrochemical and fluorescence immunoassay for the 
detection of Staphylococcal enterotoxin B (SEB). Biotechnol Rep 2015, 6, 129–36.

[292] Brainina K, Kozitsina A, Beikin J. Electrochemical immunosensor for Forest-Spring encephalitis 
based on protein a labeled with colloidal gold. Anal Bional Chem 2003, 376(4), 481–5.

[293] Park H-Y, Schadt MJ, Wang L, et al. Fabrication of magnetic core @Shell Fe Oxide@ Au 
nanoparticles for interfacial bioactivity and bio-separation. Langmuir 2007, 23(17), 9050–6.

[294] Tamer U, Gundogdu Y, Boyaci IH, Pekmez K. Synthesis of magnetic core-shell Fe3O4-Au 
nanoparticle for biomolecule immobilization and detection. J Nanopart Res 2010, 12(4), 
1187–96.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



https://doi.org/10.1515/9783110542011-007

G. Ziyatdinova and H. Budnikov
7  Carbon Nanomaterials and Surfactants 

as Electrode Surface Modifiers in Organic 
Electroanalysis

7.1  Introduction

Electrochemical activity as response of the electrode depends on the nature of its 
surface. In order to improve the response parameters, chemically modified electrodes 
became a high grown area in the modern electroanalysis in particular voltammetry. In 
comparison to conventional solid electrodes, the control of the electrode characteristics 
and reactivity is realized by surface modification. The physicochemical properties of 
the modifier are transferred to the electrode surface via immobilization. The goals 
of electrode surface modification are acceleration of electron transfer reactions, 
chemical reactions at the electrode surface (e. g., preconcentration reactions by 
attaching ligands), changing transport properties to the electrode surface, creation of 
the selective membrane permeation, and decrease of the interfering effects [1, 2]. The 
last ones are especially important for the analysis of samples with complex matrix 
like foodstuff, pharmaceutical dosage forms, plant materials, and biomaterials. In 
general, the choice of sufficient modifier allows controlling the analytical signal, 
its sensitivity and selectivity, that is, the analytical characteristics of target analyte 
determination [3, 4].

The electrode surface modification can be realized by different approaches 
using chemical reagents or biomaterials. The most common ways of modification 
are:
a) irreversible adsorption on the electrode surface;
b) chemical interaction via spacers or linkers with covalent bond formation;
c) polymeric film coating;
d) self-organized monolayer formation;
e) inclusion of the modifier in the composite volume or graphite paste (also using 

screen-printed technology);
f) formation of modifier on the electrode surface using sol–gel technology;
g) coating of molecularly imprinted materials (porous polymers or other materials 

providing “host–guest” recognition of the analyte).

These approaches are discussed in details in [5]. Thus, the main advantages of modi-
fied electrodes are decrease of analyte oxidation/reduction potentials, increase of the 
determination selectivity, and sensitivity due to the decrease of so-called “chemical 
noise” that is important for the analysis of samples with the complex matrix. The 
limits of detection at almost pM level can be achieved using some types of chemically 
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modified electrodes, in particular under pulse modes of voltammetry in combination 
with preconcentration step.

Different types of nanomaterials are one of the most widely used types of modi-
fiers applied as far as provide new properties of the electrode due to their structural 
and size effects. Nanostructured surface is caused by the unique properties of the 
nanomaterials applied and the possibility to control the morphology of the electrode 
interface at the nanoscale. Carbon nanomaterials as a new form of carbon became 
a highly investigated type of electrode surface modifier since last decades due to 
their unique structure, physical and chemical properties, and biocompatibility [6–8]. 
Carbon nanomaterial-based electrodes show important advantages in comparison 
with other material electrodes, in particular high surface area, a wide working poten-
tial window in both aqueous and nonaqueous media, high electrocatalytic activity 
toward different redox-active systems, and chemical inertness. Moreover, the surface 
of carbon nanomaterials can be further functionalized, that is, it can be considered as 
a platform for further incorporation of other modifiers enhancing the application area 
of the electrodes created [9, 10].

7.2  Carbon nanomaterial-based electrodes

Carbon nanotubes (CNTs), fullerenes, and graphene are the most commonly used 
carbon nanomaterials. Electrodes modified with carbon nanomaterials show 
enhanced electronic properties, a large-edge plane/basal plane ratio, and higher 
rate of electron transfer reactions [11, 12]. Thus, carbon nanomaterial-based elec-
trodes have higher sensitivities in a low concentration or in the complex matrix, 
lower limits of detection, and faster electron transfer kinetics in comparison to 
traditional carbon electrodes. Electrode performance is strongly influenced by the 
type and pretreatment way of the carbon nanomaterials, their surface modifica-
tion, the electrode attachment method, and the addition of electron mediators. 
These factors allow finding the optimal conditions of electrode response for the 
target analyte.

7.2.1  Graphene

Graphene and its derived structures (graphene oxide, graphene platelets, and 
graphene nanoflakes) are very popular and intensively used carbon nanomaterials 
in electroanalysis. It is an allotropic form of carbon and consists of single-layer 
two-dimensional sp2-hybridized carbon. Graphene is a single-atom thick sheet 
of carbon atoms arrayed in a honeycomb crystal lattice. Showing outstanding 
characteristics such as a large specific surface area, excellent conductivity, and 
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strong mechanical strength, graphene is found out as an universal modifier of the 
electrode surface [13]. Depending on the number of the stacked layers, graphene 
can be classified as single-layered, few-layered (2–10 layers), and multilayered 
called as thin graphite [14]. Typical properties of graphene are retained for the 
single- or few-layer morphologies only [15]. Graphene exhibits the advantages of 
a large surface area (2630 m2/g for single-layer graphene) and a small size of each 
individual unit. In general, it can be considered as a mother of all graphitic forms 
(Fig. 7.1), including zero-dimensional fullerenes, one-dimensional CNT, and three-
dimensional graphite [16, 17].

Graphene is an attractive material from the electroanalytical point of view due to its 
properties such as high conductivity, wide electrochemical potential window, and 
low electrical resistance in comparison to glassy carbon electrodes (GCEs), atomic 
thickness, and well-defined redox peaks. Peak-to-peak potential separation under 
conditions of cyclic voltammetry (CV) is low, suggesting rapid electron transfer kinet-
ics, and its apparent electron transfer rate is orders of magnitude higher than that 
of GCE. Moreover, the electron transfer rate is surface dependent and increased sig-
nificantly by the introduction of a high-density edge-plane defect sites on graphene 
surface providing multiple electrochemically active sites [18]. As known [19, 20], the 

Fig. 7.1: Graphene is the mother of all graphitic forms. Reprinted with permission from ref. 16. 
 Copyright 2007 Nature Publishing Group.
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edges of graphene sheets possess a variety of the oxygenated species that can support 
efficient electrical wiring of the redox centers of molecules to the electrode and also 
enhance the adsorption and desorption of molecules.

Most of graphene used in electrochemistry is produced from graphene oxide (GO) 
by chemical/thermal or electrochemical reduction. GO structure is not fully planar due 
to the damage of the sp2 carbon network. It contains large number of oxygen-containing 
groups that can facilitate further functionalization of the material. Graphene obtained 
by chemical/thermal reduction of GO is called chemically reduced GO (CRGO). Usually, 
it has abundant structural defects and functional groups, which are advantageous for 
electrochemical applications. Electrochemically reduced GO (ERGO) exhibits much 
better performance for electrochemical applications than CRGO [18].

Graphene-modified electrodes have been widely used in the electroanalysis of 
organic substances (Tab. 7.1).

Graphene being highly hydrophobic material is insoluble in a majority of the 
solvents. Therefore, it is usually functionalized through noncovalent modification 
without affecting its electronic structure by employing different methods such as 
wrapping with polyethylene glycol and other surfactants, or π–π interaction with 
1-pyrene butanoic acid succinimidyl ester [41, 42] giving graphene soluble in water 
or dimethylformamide, respectively. The common way of the electrode surface mod-
ification is the drop-casting of graphene suspensions or dispersions in appropriate 
solvents. Dimethylformamide, water, and chitosan are the most frequently used 
media. The covalent functionalization is also effective and usually based on the deri-
vatization of graphene with amide groups, making it soluble in organic solvents such 
as tetrahydrofuran, CCl4, and CH2Cl2. The acid treatment of graphene with a mixture 
of concentrated H2SO4 and HNO3 gives water-soluble graphene, which is stable for 
several months. Graphene can also be made soluble in H2O by sulfonation and elec-
trostatic stabilization [17].

The important advantage of the graphene-modified electrodes is selectivity of 
the target analyte determination. For example, the interference effect of dopamine 
and ascorbic acid on the uric acid determination is fully eliminated using graphene-
modified electrode [24]. Dopamine can be easily quantified in a large excess of 
ascorbic acid using graphene–chitosan/GCE [21]. Selective detection is realized 
in completely eliminating ascorbic acid, different from the methods based on the 
oxidation potential separations. π–π stacking interaction between dopamine and 
graphene surface may accelerate the electron transfer whereas weaken the ascorbic 
acid oxidation on this graphene-modified electrode. The phenomena were considered 
from the elusive two-dimensional structure and unique electronic properties of 
graphene. The same mixture of analytes can be successfully separated on the electrode 
modified with graphene dispersed in dimethylformamide using the difference in the 
oxidation potentials for dopamine and ascorbic acid [23]. These data confirm again 
the important role of the graphene synthesis and pretreatment way and their effect on 
the electrochemical properties of the electrode fabricated.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 7 Carbon Nanomaterials and Surfactants as Electrode Surface Modifiers   227

LO
D

lim
it 

of
 d

et
ec

tio
n

PD
DA

po
ly

(d
ia

lly
l d

im
et

hy
la

m
m

on
iu

m
 ch

lo
rid

e)
;

DP
V

di
ffe

re
nt

ia
l p

ul
se

 vo
lta

m
m

et
ry

;
Ad

LS
V

ad
so

rp
tiv

e 
lin

ea
r s

w
ee

p 
vo

lta
m

m
et

ry
;

Ad
DP

V
ad

so
rp

tiv
e 

di
ffe

re
nt

ia
l p

ul
se

 vo
lta

m
m

et
ry

;
Ad

SD
PV

ad
so

rp
tiv

e 
st

rip
pi

ng
 d

iff
er

en
tia

l p
ul

se
 vo

lta
m

m
et

ry
;

SW
V

sq
ua

re
-w

av
e 

vo
lta

m
m

et
ry

;
Ad

SS
W

V
ad

so
rp

tiv
e 

st
rip

pi
ng

 s
qu

ar
e-

w
av

e 
vo

lta
m

m
et

ry
.

Ta
b.

 7
.1

: G
ra

ph
en

e-
m

od
ifi

ed
 e

le
ct

ro
de

s’
 a

pp
lic

at
io

ns
 in

 o
rg

an
ic

 e
le

ct
ro

an
al

ys
is

El
ec

tro
de

M
et

ho
d

An
al

yt
e

Sa
m

pl
e

LO
D

Li
ne

ar
 ra

ng
e

Re
f.

Gr
ap

he
ne

– 
ch

ito
sa

n/
GC

E
DP

V
Do

pa
m

in
e

M
od

el
 s

ys
te

m
s

–
5–

20
0 

μM
[2

1]
Ad

DP
V

M
ito

xa
nt

ro
ne

Ur
in

e
0.

2 
nM

0.
6–

10
0 

nM
[2

2]
Gr

ap
he

ne
/G

CE
DP

V
Do

pa
m

in
e

M
od

el
 s

ys
te

m
s

2.
64

 μ
M

4–
10

0 
μM

[2
3]

CV
Ur

ic
 a

ci
d

Ur
in

e
0.

6 
μM

2–
12

0 
μM

[2
4]

DP
V

Va
ni

lli
n

Bi
sc

ui
ts

0.
05

6 
μM

0.
60

–4
8 

μM
[2

5]
DP

V
Ci

pr
of

lo
xa

ci
n

Dr
ug

s
0.

02
 μ

M
0.

5–
20

0 
μM

[2
6]

Ad
DP

V
Hy

m
ec

ro
m

on
e

Ca
ps

ul
es

0.
04

0 
μM

0.
08

0–
6.

0 
μM

[2
7]

SW
V

Pa
ra

ce
ta

m
ol

Ta
bl

et
s

0.
03

2 
μM

0.
1–

20
 μ

M
[2

8]
GO

/G
CE

CV
Im

id
ac

lo
pr

id
W

at
er

0.
36

 μ
M

0.
8–

10
 μ

M
[2

9]
Irr

ad
ia

te
d 

RG
O/

GC
E

SW
V

No
re

pi
ne

ph
rin

e
In

je
ct

io
ns

, h
um

an
 u

rin
e 

an
d 

se
ru

m
50

 n
M

1–
20

0 
μM

[3
0]

CR
GO

/G
CE

Am
pe

ro
m

et
ry

NA
DH

Ur
in

e
0.

6 
μM

0–
50

0 
μM

[3
1]

PD
DA

–C
RG

O/
GC

E
DP

V
Ac

et
yl

sa
lic

yl
ic

 a
ci

d
Ta

bl
et

s 
an

d 
ur

in
e

1.
17

 μ
M

5–
20

00
 μ

M
[3

2]
Ad

DP
V

Hy
pe

rin
He

rb
 H

yp
er

ic
um

 p
er

fo
ra

tu
m

5.
0 

nM
7.

0–
70

 n
M

[3
3]

Po
ly

et
hy

le
ne

im
in

e–
CR

GO
/G

CE
Ad

LS
V

Ga
lli

c a
ci

d
Te

a
0.

07
 m

g 
L−1

0.
1–

10
 m

g 
L−1

[3
4]

Na
fio

n–
CR

GO
/G

CE
Ad

SD
PV

Ne
bi

vo
lo

l
Ta

bl
et

s 
an

d 
hu

m
an

 p
la

sm
a

46
 n

M
0.

5–
24

 μ
M

[3
5]

ER
GO

/G
CE

Am
pe

ro
m

et
ry

Py
rid

ox
in

e
Ta

bl
et

s 
an

d 
bl

oo
d 

se
ru

m
0.

05
6 

μM
0.

10
–1

00
 μ

M
[3

6]
Ad

SS
W

V
So

ph
or

id
in

e
Sp

ik
ed

 u
rin

e
0.

2 
μM

0.
8–

10
0 

μM
[3

7]
Ad

DP
V

Fe
ru

lic
 a

ci
d

An
ge

lic
ae

 si
ne

ns
is

, s
pi

ke
d 

ur
in

e,
 

pl
as

m
a

20
.6

 n
M

0.
08

49
–3

8.
9 
μM

[3
8]

Am
pe

ro
m

et
ry

Ac
et

am
in

op
he

n
Hu

m
an

 s
er

um
2.

13
 n

M
5–

40
00

 n
M

[3
9]

Am
pe

ro
m

et
ry

Pr
om

et
ha

zi
ne

Ta
bl

et
s

0.
19

9 
μM

1.
99

–1
03

0 
μM

[4
0]

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



228   Part III: Application in Electroanalysis

Recently, graphene has been considered as a platform for the immobilization of 
other modifiers on electrode surface. These are other carbon nanomaterials, metal, 
metal oxide and metal sulfide nanoparticles, inorganic materials (polyoxometalates, 
hexacyanoferrates, minerals), organic materials (amino acids, surfactants, organic 
dyes, ionic liquids, macrocycles), polymers (conventional polymers, polyelectrolytes, 
conducting polymers, molecularly imprinted polymers), and, finally, biomolecules 
including proteins and nucleic acids. Such kind of combinations provides further 
improvement of the electrodes’ characteristics as well as the analytical application 
area and is discussed in detail in review [43].

7.2.2  Fullerenes

Fullerene consists of 20 hexagonal and 12 pentagonal rings as the basis of icosohe-
dral symmetry closed cage structure. Each carbon atom is bonded to three others 
and is sp2-hybridized. The buckminsterfullerene C60 is the smallest one and the most 
abundant. The next stable homologue is C70 followed by higher fullerenes C74, C76, C78, 
C80, C82, C84, and so on [44]. C60 is not “superaromatic” due to the absence of double 
bonds in the pentagonal rings, resulting in poor electron delocalization. Therefore, 
C60 structure behaves like an electron-deficient alkene and has been never considered 
as a possible electrode material due to its poor conductivity and distinct lack of edge 
plane-like sites/defects [45]. It was one of the reasons why fullerenes were less often 
applied in electroanalysis among other carbon nanomaterials. Nevertheless, further 
investigation has shown that fullerenes have electrocatalytic properties and thus can 
be considered as participants of the electron transfer reaction and as possible candi-
dates for the electroanalytical applications.

The first effort to use C60 as electrode surface modifier has been presented in 1992 
[46]. The drop-casting technology has been applied with further Nafion coverage as 
protective film. Several approaches exist for the immobilization of fullerenes on the 
electrode surface. The easiest and most commonly applied method is drop-casting of 
fullerene solution in a volatile solvent [47–49]. Then, fullerene film can be obtained 
using electrochemical deposition [50]. More complicated approach is based on the 
electropolymerization where the formed fullerene units are connected by polymer 
side chains or via epoxide formation [51]. And, finally, the formation of self-assembled 
monolayer films on the electrode surface using either thiols or silane derivatives of C60 
can be applied for the modification [52]. This approach is useful for the construction 
of highly ordered, two- and three-dimensional structures on solid substrates.

The electrochemical activity of fullerenes has been mainly attributed to the impu-
rities containing in the nanomaterial. The graphite impurities presented in the C60 
provide electrocatalytic effect toward cysteine oxidation [53]. The metal impurities 
effect has been shown on the example of nandrolone [54]. In this case, the removal 
of metals from fullerene shifted the peak potential of nandrolone to more positive 
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potentials with the peak current decrease. Thus, the untreated fullerene-modified 
electrode exhibited enhanced catalytic effect compared with the acid-purified and 
super-purified C60 modified electrodes. Another one explanation of electrocatalytic 
effect of fullerenes was based on the formation of the partially reduced conductive С60 
film containing С60On [55–57]. It is important to emphasize that the claimed electroca-
talysis is attributed to the C60 film acting as the mediator, which is not associated with 
the electrochemistry of C60 itself. The substrate activation through electrode pretreat-
ment is responsible for the observed electrocatalysis likely through the introduction 
of surface oxygenated species [58].

The electrochemical behavior of fullerenes in solution and immobilized on the 
electrode as well as electroanalytical application of the fullerene-modified elec-
trodes in nonaqueous and aqueous solutions has been discussed in detail [59]. Thus, 
C60-modified electrodes have been successfully fabricated and used for the determina-
tion of methionine [60] and cysteine [61], dopamine in the presence of ascorbic acid 
[62], simultaneous determination of adenine and guanine [47], as well as a wide range 
of pharmaceutical substance [54–56, 63, 64]. In addition, fullerene C60 is applied for 
the construction of electrochemical biosensors [65].

7.2.3  Carbon nanotubes

CNT became one of the most investigated carbon nanomaterials since their discovery 
in early 1990s. CNTs are cylinder-shaped macromolecules (tubes) with a radius of a few 
nanometers and up to 20 cm in length. CNTs are composed of a concentric arrangement 
of many cylinders formed by the roll-up of a graphene sheet. Two main types of CNT can 
be classified depending on size and structure parameters. These are multiwalled carbon 
nanotubes (MWNTs) comprising several concentric tubes and single-walled carbon 
nanotubes (SWNTs) in which only one graphite sheet is rolled up. A double-walled CNT 
composed of just two concentric cylinders can be considered as a special case of MWNT. 
The electronic properties depend on the structure of SWNT, in particular diameter and 
chirality. In this way, SWNT can be classified as metallic (armchair) or semiconducting 
(zigzag or chiral). SWNTs possess the simplest geometry and their diameters range from 
0.4 to 3 nm. As to MWNT, the “hollowtube,” “herringbone,” or “bamboo” morphologi-
cal variations exist. MWNT diameter can reach 100 nm [8, 66].

In comparison to the conventional scale materials and other types of nanomateri-
als, CNTs have a range of properties making them favorably usable in the electroanal-
ysis. These are (i) the large specific area producing high sensitivity; (ii) the tubular 
nanostructure and the chemical stability allowing the fabrication of ultrasensitive 
sensors consisting of only one nanotube; (iii) the good biocompatibility that is suit-
able for constructing electrochemical biosensors, especially for facilitating the elec-
tron transfer of redox proteins and enzymes; (iv) the modifiable ends and sidewalls 
providing a chance for fabricating multifunctional electrochemical sensors via the 
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construction of functional nanostructures; (v) the possibility of miniaturization; and 
(vi) the possibility of constructing ultrasensitive nanoarrays [67].

The electrochemical properties of CNT are summarized and discussed in detail in [11, 
45, 67–69]. Briefly, the electrocatalytic effect of CNT strongly depends on their structural 
characteristics, in particular, on the presence of the edge-like defect sites and the specific 
surface functional groups (especially oxygen-containing groups) that can considerably 
increase the rate of electron transfer. Moreover, the trace amount of iron catalyst used 
during CNT production can affect the electrochemical activity of target analyte [70].

CNTs are highly hydrophobic materials. Therefore, there are different ways of their 
immobilization on the electrode surface. The abrasive methodology based on rubbing a 
polished electrode on a CNT-containing paper or a CNT-ionic liquid gel did not get wide 
application due to the insufficient reproducibility. The inclusion of CNT in the paste 
allows creation of the carbon paste electrodes (CPEs) or screen-printed CPE. But the most 
common approach for the immobilization of CNT on the electrode surface is the drop-cast-
ing technology. In this case, the CNT dispersions or suspensions are usually obtained 
using sonication in appropriate solvent depending on the CNT characteristics. Among the 
reported solvents, N,N-dimethylformamide is the most extensively used polar solvent, but 
water, acetone, ethanol, and even toluene are also applicable [67]. The main disadvantage 
of this type of CNT preparation is the low solubility of nanomaterial and relatively low 
stability of the suspensions obtained. Nevertheless, the simplicity and convenience of the 
approach enabled its wide applicability. In order to increase the solubilization of CNT, the 
additives of surfactants (sodium dodecylsulfate [SDS], cetyltrimethylammonium bromide 
[CTAB], dihexadecyl hydrogen phosphate), and polymers (Nafion, chitosan, polyethylene-
imine [PEI]) are usually used. It should be noted that the effect of dispersing additives on 
the electrochemical behavior of target analyte had to be taken into account. For example, 
Nafion forms a membrane and being an ion exchanger acts as a diffusion barrier on the 
surface of the electrode. Another way of solubilization improvement is the oxidative acid 
treatment of CNT using mixture of concentrated nitric and sulfuric acids [71]. These drastic 
conditions lead to the opening of the tube caps as well as the formation of holes in the 
sidewalls, followed by an oxidative etching along the walls with the concomitant release 
of carbon dioxide. The final products are nanotube fragments with lengths in the range of 
100–300 nm whose ends and sidewalls are decorated with a high density of various oxy-
gen-containing groups (mainly carboxyl groups). The presence of carboxyl groups leads 
to a reduction of van der Waals interactions between the CNT preventing their aggregation 
[66]. Carboxylated CNTs are good sites for their further functionalization and application 
in electroanalysis. This topic is out of the frames of this chapter.

Taking into account the mentioned above, it can be concluded that the electro-
chemical activity and properties of CNT are very sensitive to the synthesis and pre-
treatment ways of the nanomaterial. On the other hand, these factors open wide 
possibilities to change and control the CNT-modified electrode surface activity as well 
as enlarge the application of CNT in electroanalysis that is confirmed by dramatically 
increased number of review publications in this field [9, 11, 59, 67, 72].
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The large electrocatalytic effect shown by CNT-modified electrodes has been 
widely used for analytical purposes. The non-enzymatic CNT-modified electrodes will 
be discussed in this chapter. CNT-modified electrodes have been developed for the 
determination of a wide range of organic compounds of different nature. The most 
typical examples are presented in Tab. 7.2.

Tab. 7.2: Analytical characteristics of biologically active compounds at CNT-modified electrodes

Electrode Method Analyte E/V LOD Linear range Ref.

SWNT/Au DPV Dopamine 0.350 0.79 μM 1–10 μM [73]
CV Uric acid 0.451 1.0 μM 4.0–700 μM [74]

SWNT/CCE DPV Caffeine 1.38 0.12 μM 0.25–100 μM [75]
DPV Codeine 1.05 0.11 μM 0.2–230 μM [76]

Caffeine 1.38 0.25 μM 0.4–300 μM
SWNT/EPPGE SWV Salbutamol 0.600 4.31 ng/

mL
50–2500 ng/mL [77]

SWNT–COOH/
GCE

LSV Naringenin 0.998 0.02 μM 0.08–5.0; 5.0–12 μM [78]
AdLSV Neohesperidin 

dihydrochalcone
0.666 0.02 μM 0.05–8.0 μM [79]

DPV l-Dopa 0.220 0.3 μM 0.5–2.0 μM [80]
MWNT–CPE AdCV Quercetin 0.320 0.002 μM 0.002–0.10; 0.10–20 μM [81]

AdCV Morin 0.520 1.0 nM 5.0–100 nM [82]
MWNTox/GCE LSV Methionine 0.800 0.27 mM 0.36–2.6; 3.3–6.9 mM [83]

Cysteine 0.800 0.064 mM 0.075–1.9 mM
Glutathione 0.650 0.043 mM 0.076–1.8 mM

LSV Unithiole 0.600 0.041 mM 0.18–1.4; 2.6–6.9 mM [84]
Lipoic acid 0.810 0.019 mM 0.026–0.18; 0.21–0.78 mM

AdSSWV Curcumin  5.0 nM 10–1000 nM [85]
MWNTox/Graph-
ite electrode

LSV Retinol 0.830 0.04 mM 0.05–1.50 mM [86]

α-Tocopherol 0.320 0.05 mM 0.065–2.00 mM
MWNT/GCE AdDPV Tartrazine 0.930 0.22 μM 1.00–7.00 μM [87]

Sunset yellow 0.680 0.12 μM 0.55–73.00 μM
Carmoisine 0.600 0.11 μM 0.54–5.00 μM

SWV Ascorbic acid 0.295 1.4 μM 4.7–5000 μM [88]
MWNT/GCE CV Hydroquinone 0.120 2.9 μM 2.9–1430 μM [89]

Catechol 0.150 1.47 μM 3.67–1290 μM
Pyrogallol 0.00 20.0 μM 66–1660 μM

MWNT/BPPGE AdSV Capsaicin 0.690 0.31 μM 0.5–15; 15–60 μM [90]
MWNT–COOH/
GCE

Amper-
ometry

Tetracaine 
 hydrochloride

0.76 0.036 μM 0.1–20 μM [91]

MWNT/CCE DPV Ascorbic acid 0.092 7.71 μM 15–800 μM [92]
Dopamine 297 0.31 μM 0.50–100 μM

0.55–90 μMUric acid 458 0.42 μM

LOD limit of detection EPPGE edge-plane pyrolytic graphite electrode;
CCE carbon-ceramic electrode; BPPGE basal plane pyrolytic graphite electrode.
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As one can see, the CNT-modified electrodes allow detection of analytes at relatively 
low potentials that are lower than at some other electrode materials. Certain analyte 
are electrochemically active in the available potential window on the CNT-modified 
electrodes only. This phenomenon extends the number of analytes available for the 
electroanalysis. Neurotransmitters, ascorbic and uric acids, and different types of 
antioxidants and pharmaceutical substances are the most studied analytes that coin-
cide with the common trends in analytical chemistry development. Electrode surface 
modification provides significant improvements in the analytical characteristics of 
analytes determination in comparison to bare GCE, CPE, etc. Moreover, the simulta-
neous determination of several analytes can be achieved without preliminary separa-
tion even in the complex matrices as biosamples or foodstuff.

Thus, the modification of electrodes with CNT opens new opportunities in the 
organic voltammetry. The key advantages of CNTs are their small diameter but long 
length, their electroactivity (good or better than for the other carbon-based electrodes) 
and the high surface area providing increased sensitivity of the modified electrodes. 
One of the limitations of CNT-modified electrodes application is the determination 
of structurally related compounds or isomers. This problem can be partially solved 
using co-modifiers. Current developments in CNT-based electrodes are focused on 
the CNT functionalization and their use as a platform for the immobilization of other 
modifiers providing further enhancement of the analytical signal as well as recogni-
tion and biorecognition of the target analyte.

7.3  Surfactant-modified electrodes for the organic  
electroanalysis

The ability of surfactants to effect on the polarization curves view is usually 
attributed to the changes in the double electrical layer properties. Neutral organic 
surfactants have been used for the suppression of polarographic maxima since the 
start of the polarography and voltammetry development. Aliphatic alcohols with 
C6–C8 chains gave capacitive peaks on the polarograms that were used for the devel-
opment of determination methods based on the so-called depression of differential 
capacity [93].

Besides the suppression of polarographic maxima, the adsorption of surfactant 
on the electrode surface leading to the inhibition of electrochemical process steps 
appeared as a shift of the peak or wave potentials to higher values or as a splitting 
of multielectron wave on the several steps. These adsorptive effects were almost not 
used for the analytical purposes excluding the determination of surfactant traces in 
water samples. At present time, these investigations are of interest from the historical 
point of view.
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Nevertheless, the variety of modern surfactants and their properties allows their 
application for the control of the analytical signal in voltammetry that is discussed in 
review [94].

In general, surfactants provide solubilization of organic compounds including 
redox active substances participating in electron transfer reactions simulating par-
tially the processes in living systems [95–98]. As known, the application on micellar 
media in electrochemical reactions leads to the two effects [96]. Surfactants can stabi-
lize ion radicals and intermediates affecting mechanism of the electrode reaction. On 
the other side, surfactant changes the double-layer structure and charge transfer rate 
constant that is confirmed by the shifts of peaks potential for the corresponding pro-
cesses [98]. These effects could provide the enhancement of the target compounds’ 
analytical characteristics in particular the increase of the system reversibility and the 
sensitivity of the determination [99–101].

Thus, two important properties of surfactants are advantageously used in 
electroanalysis, namely adsorption at the interface and self-aggregation into organized 
structures [97]. Therefore, surfactants are able to modify and control the properties of 
electrode surfaces, leading to the changes in the reaction rates and pathways. The 
electrode surface modification with suitable surfactants can be used for the analyte 
molecules preconcentration and, therefore, for decreasing the limits of determination. 
In these cases, the preconcentration occurs either due to the electrostatic interaction 
of the ionogenic groups of surfactants and the corresponding functional groups of 
the analyte or upon the hydrophobic interaction of hydrocarbon fragments in their 
structures with the hydrophobic analyte molecules [94, 102]. Thus, surfactant-
modified electrodes can affect on selectivity and sensitivity of analyte determination.

The analytical signal improvement strongly depends on the concentration and 
nature of surfactant used. In most cases, the surfactant is added to the electrochem-
ical cell. The CPEs are most frequently used as working electrode. The surfactant 
concentrations applied are usually above the critical micelle concentration in order 
to solubilize the analyte. In addition, the interaction of the surfactant with the elec-
trode surface changes the electrical properties of the electrode/solution interface and 
causes a signal enhancement, which is due to an increase of the electrode area by 
partial solubilization of the agglomerant of the carbon paste [103]. On the other hand, 
the surfactant can be incorporated to the electrode surface during the measurement 
in electrolytes containing sub-micelle concentrations of surfactant giving in situ mod-
ified electrodes with improved analytical characteristics [104]. The important advan-
tage of in situ surfactant-modified electrodes is the possibility to study a complex 
matrix without sample cleaning steps [105, 106]. Another way of the electrode coating 
with surfactant is drop-casting technique with further evaporation of the solvent. In 
this case, the retention of the modifier is based on the hydrophobic interaction with 
the carbon surface. This approach has been successfully applied in the electrochem-
istry of amaranth [107], bromothymol blue [108], sodium levothyroxine [109], etc.
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Surfactant-modified electrodes have been widely applied in the organic electro-
analysis, including food, pharmaceutical, and biosamples. The most commonly used 
surfactants are anionic SDS and cationic cetyltrimethylammonium or cetylpyridin-
ium salts. Nonionic surfactants (Triton X100, Brij® 35, etc.) are used more seldom. 
The achievements in this field are summarized in Tab. 7.3.

The surfactant-modified electrodes allow determining several analytes without 
preliminary separation that is realized via the difference in their electrode reaction 
rates. Thus, the simultaneous determination of uric and ascorbic acids in urine has 
been achieved using GCE modified with chitosan and cetylpyridinium bromide film. 
The oxidation peak potential separation of 200 mV has been obtained under condi-
tions of DPV (Fig. 7.2). The linear dynamic ranges are 8–1000 and 10–2000 μM for uric 
and ascorbic acids, respectively [132].

A simple and highly sensitive electrochemical method for the simultaneous 
determination of ascorbic acid and rutin on acetylene black paste electrode coated 
with CTAB film has been developed [133]. The electrode modification has been per-
formed by dipping it into a 1.0 × 10−2 M surfactant aqueous solution for 1 min. The 
modified electrode shows strong adsorption of ascorbic acid and rutin and signifi-
cantly increased oxidation currents in comparison to bare electrode. The anodic 
peak potential’s difference for the ascorbic acid and rutin about 350 mV allows their 
quantification individually and simultaneously. Under optimized conditions using 
a second-order derivative linear sweep voltammetry, the linear dynamic ranges are 
2.0–1000 μM for ascorbic acid and 0.0060–10 μM for rutin, with the detection limits 
(S/N = 3) of 1.0 μM and 4.0 nM, respectively. The approach has been applied for the 
direct simultaneous determination of ascorbic acid and rutin in the pharmaceutical 
samples.

One of the intensively developed trends in the application of surfactant-mod-
ified electrodes is focused on the determination of catecholaminеs (epinephrine, 
norepinephrine, and dopamine) in biosamples. The voltammetric characteristics 
of epinephrine, norepinephrine, and related compounds (isoproterenol, metaneph-
rine, l-dopa, methyldopa, and vanillylmandelic and homovanillic acids) have been 
evaluated at bare and in situ surfactant-modified CPE. The significant increase of the 
redox currents and the improvement in the reversibility of the processes have been 
obtained for the basic and amphoteric compounds on the CPE modified with submi-
cellar concentrations of anionic surfactants (SDS, sodium decylsulfate, or sodium 
dodecylsulfonate). These effects can be explained by the electrostatic and hydro-
phobic interactions. On the contrary, the oxidation of acidic metabolites (vanillyl-
mandelic and homovanillic acids) is improved at the electrodes modified in situ 
with cationic surfactant (cetyltrimethylammonium chloride), which is caused by the 
ability of surfactant to stabilize some of the electrochemical reaction intermediates 
[134].
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The direct determination of catecholamines in biosamples is an important problem 
for the medical diagnosis. Ascorbic and uric acids are the major interfering sub-
stances in these measurements. The overlapping of their oxidation potentials and the 
pronounced electrode fouling often results in poor selectivity and reproducibility at 
unmodified carbon-based electrodes. The surfactant-modified electrodes’ develop-
ment opened new opportunities for the application of electroanalytical methods in 
this field as far as providing selective determination of catecholamines in the wide 
dynamic ranges [135, 136]. Several examples of such types of electrodes are presented 
in Tab. 7.4.

The selectivity of the determination is based on the electrostatic effects of the 
analytes and electrode surface. In the case of anionic surfactant-modified electrodes, 
the determination is usually performed at pH < 8. The amine group in catecholamine 
molecule is electropositive, whereas the ascorbic and uric acid molecules are electro-
negative and the anionic surfactant layer on the electrode surface is electronegative 
due to its ionization. Therefore, electropositive dopamine is attracted electrostatically 
to the electrode surface and can be oxidized at relatively low potentials. The electro-
negative ascorbic and uric acids is repelled from the electrode and oxidized at other 
potentials [113, 148]. In the case of cationic surfactant-modified electrodes, the oppo-
site effects are occurred.

Taking into account the mentioned above, surfactant-modified electrodes can be 
considered as a promising tool in the electroanalysis of organic substances providing 
high sensitivity and selectivity of their determination.

Fig. 7.2: Differential pulse voltammograms of 0.5–200.0 µM of uric acid and fourfold higher concen-
trations of ascorbic acid in 0.1 M phosphate buffer solution pH 5.0. Reprinted with permission from 
ref. [132]. Copyright 2010 John Wiley & Sons.
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7.4  Analytical possibilities of the electrodes with co-immobilized 
carbon nanomaterials and surfactants

In the last decade, the combination of surfactants and carbon nanomaterials as elec-
trode surface modifier became an attractive possibility for further improvements of 
the sensitivity and selectivity of the analyte quantification. The most common nano-
material applied is CNT. The electrode surface modification can be performed using 
two approaches. The first one is based on the layer-by-layer coverage. On the other 
hand, surfactants are widely used as dispersing additives for the preparation of 

Tab. 7.4: The analytical characteristics of neurotransmitters determination using surfactant-modified 
electrodes

Analyte  Coexisting 
substance

Method LOD, μM Linear 
range, μM

Ref.

Dopamine Ascorbic acid 5 % SDS–CPE DPV 0.34 2.0–10 [137]
Ascorbic and 
uric acids

SDS micelles/
CPE

DPV 7.71 10–196 [138]

SDS/Paper/
CPE

SWV 0.37 1–100 [139]

Ascorbic and 
uric acids

Triton X100/
CPE

DPV 0.03 0.2–500 [130]

Serotonin
Ascorbic acid TOAB/CPE DPV 0.019 0.10–2.0 [140]
Serotonin

Dopamine  
Ascorbic acid

– CPB–chi-
tosan/GCE

DPV – 40–4000 [141]
– 20–2000

– CTAB–chi-
tosan/GCE

DPV – 8.0–1000 [142]
– 10.0–2000

l-Cysteine DCTMAC/GCE DPV 6.5 10–1000 [143]
Glucose 4.0 10–1000

Norepinephrine Ascorbic and 
uric acids

Triton 
X100/УПЭ

CV 5.0 50–200 [144]

Ascorbic and 
folic acids

SDS/CPE CV 1.0 50–400 [145]

Epinephrine Ascorbic and 
uric acids

SDS/CPE DPV 0.5 10–70 [146]

Ascorbic acid TDTMAB/CPE DPV 0.12 0.15–30 [147]
Serotonin

TOAB tetraoctyl ammonium bromide
CPB cetyl pyridinium bromide
CTAB cetyl trimethyl ammonium bromide
DCTMAC docosyl trimethyl ammonium chloride
TDTMAB tetradecyl trimethyl ammonium bromide
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carbon nanomaterial suspension and therefore the electrode becomes modified with 
co-immobilized nanomaterial and surfactant. The surface of the electrodes is charac-
terized by high roughness and randomly distributed nanotubes (nanofibers, etc.) that 
can be strongly intertwined (Fig. 7.3). In both cases of modification, the synergetic 
effect of carbon nanomaterial and surfactant provides an improvement in the analyti-
cal and operational characteristics of target analyte determination caused by the high 
electroconductivity and electroactivity of carbon nanomaterial and electrostatic and/
or hydrophobic interactions provided by surfactants.

Different types of analytes have been investigated using electrodes with co-immobilized 
carbon nanomaterials and surfactants. The most typical examples are presented in 
Tab. 7.5. Combination of modifiers provides lower detection limits and wider linear 
dynamic ranges in comparison to bare electrodes.

Fig. 7.3: SEM images of GCE (a), MWNT–SDS/GCE (b), and CPB/carbon nanofibers/GCE (c). Reprinted 
with permission from ref. [149, 150]. Copyright 2015 John Wiley & Sons and Copyright 2015 Springer-
Verlag Wien, respectively.
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Electrodes modified with surfactant and carbon nanomaterials have been suc-
cessfully applied for the investigation of electrochemical properties of proteins. Thus, 
electrochemical activity and binding affinity of phytohemagglutinin adsorbed at the 
MWNT–CTAB/GCE have been evaluated using CV, DPV, and SWV. The results showed 
that phytohemagglutinin can act as an iron storage protein [166]. The direct electron 
transfer of glucose oxidase immobilized in a new film containing functionalized 
MWNT in dihexadecyl phosphate on the surface of GCE [167] and catalase on GCE 
covered by MWNT–dodecyl trimethylammonium bromide film covered with a layer of 
Nafion [168] has been also studied.

7.5  Conclusions

Carbon nanomaterials and surfactants are promising electrode surface modifier, 
especially in the case of their composites combining the presence of nanostructures 
with catalytic activity and films with accumulation properties. Nanoscaled sizes of 
both modifiers provide novel useful properties of the modified electrodes due to 
the changes in the structure of the double electric layer or interface affecting the 
electrochemical processes. In general, the electrode surface contains the chaos 
of randomly distributed nanostructures giving the electrochemical response with 
acceptable reproducibility. Thus, the processes occurring on the electrode surface 
and near-electrode layer could be considered under concept of so-called nanoreactor 
determining the nature of the analytical signal [169]. Application of these types of 
electrode surface modifiers is favored by the development of chemically modified 
electrodes methodology.

Further development in carbon nanomaterial-modified electrodes is focused 
on their functionalization in order to provide the wider spectrum of their analytical 
application as well as to improve the selectivity of the electrodes created toward the 
target analytes. In this case, the special attention has to be paid to the characterization 
of the functionalized material at nanoscale level. Moreover, the way of synthesis, 
pretreatment, and modification strongly affects on the properties of the electrodes 
fabricated. Therefore, these problems remain their importance in the future. In the 
case of surfactant, the mechanisms of their effect on the electrochemical processes 
need the detailed investigations and discussions. The enlargement of the surfactants 
applied can provide new opportunities in the organic electroanalysis. The surfactant-
like ionic liquids or so-called surface active ionic liquids are of great interest from this 
point of view.

The future application of the chemically modified electrodes based on the carbon 
nanomaterials and/or surfactants could be focused on the simultaneous determina-
tion of structurally related compounds, including isomers and enantiomers, the fast 
screening of the sample characteristics using the portable devices with screen-printed 
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electrodes or the batteries of amperometric sensors with further chemometric pro-
cessing of the data. Among the analytes under investigation, the biochemicals, eco-
toxicants, and foodstuff active substances are of interest.
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8  Nanomaterials in the Assembly of Electrochemical 

DNA Sensors

Abstract: The development of electrochemical DNA sensors and aptasensors based 
on nanoparticles different in nature, size, shape, and preparation protocols has been 
considered with particular emphasis to the mechanism of their influence on signal 
readout and way of implementation in the biosensor assembly. Most attention is 
paid to application of Au nanoparticles and carbonaceous nanomaterials though the 
examples of other applications and hybrid nanomaterials are given. The analytical 
performance of DNA sensors and aptasensors utilizing nanomaterials is classified 
in accordance with their targets and role of nanoparticles in sensitivity and selectivity 
of the response. The trends of future progress in the biochemical applications of 
 nanomaterials are discussed.

8.1  Introduction

There is an urgent need in the development of simple and compact analytical 
devices providing reliable information on the content of various samples tested. 
Among many other possible areas of application, chemical sensors are especially 
demanded in medicine in the framework of the point-of-care diagnostics concept 
[1, 2]. Being rather simple to operate by unqualified staff and equipped with remote 
control, personal medical sensors offer new opportunities in the chronic diseases 
medical treatment and continuous monitoring of the health status. Many medical 
sensors utilize conventional approaches to increase sensitivity toward particular 
species, for example, physical accumulation of an analyte followed by its involve-
ment in specific reactions with an ionophore, mediator, or electrode. Neverthe-
less, further improvement of the biosensor performance as well as extension of 
the number of the analytes call for the development of new detection principles 
and broader application of the biochemical recognition. Such approaches assume 
enzymes, antibodies, or nucleic acids introduced (immobilized) in the assembly of 
a primary transducer (electrode, optic fiber, cantilever) and involved in an analyte 
recognition. Appropriate analytical devices based on specific biochemical reactions 
(enzyme–substrate, antigen–antibody, DNA–intercalator, etc.) are called biosensors 
(biochemical sensors) [3].

Starting from 1962 with first glucose sensor assembled from the oxygen electrode 
covered with the permeable membrane containing glucose oxidase [4], biosensors 
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emerged from the laboratory to a global international market covering more than $14 
billion of annual sales [5]. Biosensors mostly used in medicine are intended for the 
detection of the metabolites (glucose, urea, and lactate analysis), the immuno- [6] 
and DNA assay [7, 8]. Considering further progress, the DNA sensors demonstrate 
maximal opportunities among other biochemical receptors due to universal targeting, 
prospects of miniaturization (lab-on-chip, microfluidic devices [9]), and compatibility 
with conventional diagnostic systems.

Nanomaterials involve those consisted of the particles sized between 1 and 
100 nm in at least one dimension [11]. Their application in electrochemical sensors 
and biosensors is mostly directed to the increase of the sensitivity of the signal and 
miniaturization of the measuring devices [7–10, 12–14].

Transduction principle affects the application of the nanomaterials because 
of the specific requirements existed for all the transducers applied. Thus, most 
of the nanoparticles used in for electrochemical (bio)sensors show electrocon-
ductivity or redox activity. Small size and monolayer deposition make it possible 
to combine the low- and nonconductive materials with metal and carbonaceous 
electrodes and avoid at the same time significant worsening in electric wiring of 
a bioreceptor. Nevertheless, the idea of significant enhancement of the electrode 
surface and hence of the quantities of recognition elements dominates among 
other reasons to implement nanoparticles in conventional sensors. Other pos-
sible motifs involve simplification of the bioreceptor immobilization protocols, 
miniaturization of appropriate devices, development of new primary transduc-
ers like field effect transistors (FETs) based on a single-walled carbon nanotube 
(SWCNT) [15].

It should be mentioned that the variety of nanomaterials described in the 
assembly of electrochemical biosensors remains rather constant during the past 
decade and does not tend to significant increase because of the limited offers from 
the manufacturers and rather complex procedures of their synthesis, size-specific 
separation, and purification. Even for the carbon nanotubes (CNTs) with a rich story 
of sensor application, few researchers report about the synthesis of some specific 
sorts of CNTs with advantages over the commercial products, for example, alone 
standing forest like CNTs, especially for their application in FETs or other types of 
biosensors [16].

Reduced graphene oxide is mainly synthesized by oxidation of graphite by strong 
oxidants in acidic media followed by chemical or electrochemical reduction of the 
products [17, 18]. Multiwalled CNTs (MWCNTs) and SWCNTs, either as-synthesized 
or treated with oxidants, strong acids, biotin, and other surface modifiers, are avail-
able in Sigma-Aldrich catalog together with other carbonaceous nanoparticles [19]. 
Besides, silicate, ferrite, and noble metal nanoparticles are purchased, both clean 
and premodified with functional groups requested for the further coupling with 
receptors [20–22].
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Other examples of nanomaterials synthesized for their further application in 
sensor assembly include metals obtained by controlled electrolysis from metal salts 
and complexes, metal oxides, and insoluble complexes that are chemically synthe-
sized from appropriate precursors directly on the transducer surface [23–25]. They 
can be also obtained as suspensions in aqueous and organic media with moderate 
stability prior to electrode modification and casted on their surface alone or together 
with other components. Limited reproducibility of size distribution and rather broad 
range of particles’ shape remain a weak point of such “home-made” protocols of 
nanomodification.

Owing to the importance of biosensors for medical diagnostics and potential ben-
efits related to the application of nanomaterials in their assemblies, the number of 
appropriate articles has been enormously increased during the past decade. Some 
reviews recently published concentrated on specific targets of such biosensors or 
nature of nanomaterials applied [26–32]. In this chapter, we summarize the progress 
in the development of electrochemical DNA sensors achieved in the past 5 years with 
particular emphasis to the role of nanomaterials and mechanisms of their influence 
on the biosensor signal and its characteristics in real sample assay. The description of 
the DNA sensors is subdivided in accordance with the nature of recognition element 
and biological targets.

8.2  DNA sensors: Recognition elements and signal transduction

8.2.1  Biochemical elements applied in the DNA sensors assemblies

The DNA sensors utilize several types of biochemical receptors, either selected from 
natural nucleotide sequences or synthesized de novo, which are able to highly spe-
cific interactions with biological targets. In accordance with their nature and prepa-
ration protocol, all the DNA sensors can be classified into several groups.

Genosensors involve rather short single-stranded (ss-) oligonucleotide 
sequences (also called DNA probes) that interact with complementary strands 
present in the sample tested with formation of native double-stranded (ds-) DNA 
molecule fragment [33, 34]. The DNA primers applied in conventional genetic assay 
and polymerase chain reaction (PCR) are frequently used as the DNA probes in 
biosensor format. The interaction between the DNA probe and a target sequence 
called hybridization assumes the formation of stable pairs of the nucleotide bases, 
that is, adenine–thymine (A–T) and guanine–cytosine (C–T) via hydrogen bonds 
(Fig. 8.1).

The formation of a hybridization product, that is, ds-DNA piece, confirms exis-
tence of an appropriate nucleotide sequence complementary to the probe in the 
sample. The DNA probes can be related to the variable parts of genes, amplicons, etc. 
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Genosensors can be used for the direct diagnostics of the pathological microorgan-
isms and the viruses, for the identification of genetically modified organisms (GMOs), 
selection of the meat origin, etc. Selectivity of agenosensor is estimated by its ability 
to distinguish between the fully complementary sequence and that differed from it by 
one, two, etc. nucleotide (so-called single, double, etc. mismatches).

Aptasensors include aptamers, ss-DNA or RNA molecules with high specificity toward 
various analytes, for example, proteins, antibiotics, etc. [35]. They are synthesized de 
novo by selection against targets from the random DNA/RNA libraries of oligonucle-
otides. SELEX (Systematic Evolution of Ligands by EXponential enrichment) is the 
most frequently used protocol for aptamer selection [36]. The recognition of aptamer 
targets is often compared with antigen–antibody interaction. Contrary to the anti-
bodies, aptamers are more stable to hydrolysis and chemical/thermal denaturation. 
They show in many cases efficiency of analyte binding comparable to that of spe-
cific antibodies. For this reason, aptamers are often called as “artificial antibodies.” 
Once selected, aptamers are easily produced quantum satis and seem attractive as 
biorecognition elements from the point of view of possible commercialization. Many 
aptamers commercially available contain terminal amino-, carboxylic, or thiol groups 
or biotin residues necessary for their covalent binding to the careers or the transduc-
ers. Although the first SELEX-related patent was filed in 1989, intensive investigations 
are still performed to select more aptamers against various targets, stabilize their 
structure, and decrease cross-binding with matrix interferences. Aptamer exist in the 
structures that might be significantly different from those of native ds-DNA. Thus, 
guanine-rich areas form flat tetragons stabilized with potassium ions positioned in 
the center and guanine residues in the vertexes. Such G4-quadruplexes can self-as-
semble to form stacks or reversibly switch to linear configuration after sharp changes 
in ionic strength or pH of microenvironment. Partially complementary aptamers 
form stem-loops that recognize appropriate guest molecules, including short DNA 
sequences complementary to the main part of the DNA probe. Such an interaction 

Fig. 8.1: Complementary interactions between nucleotides in the DNA molecule. A – adenine,  
T – thymine, G – guanine, and C – cytosine.
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results in disturbance of the loop and its relative position against transducer interface. 
The conformational changes described result in serious changes in the permeability 
of the aptamer layer or the accessibility of the labels implemented in their structure.

Peptide nucleic acid (PNA) based sensors utilize synthetic analogs of native 
DNA that are much more stable to hydrolysis and do not contain charged groups. Due 
to similar to DNA distance between the nucleic bases, the PNAs are able to hybrid-
ization with complementary DNA sequences and form DNA–PNA hybrid structures. 
PNAs consist of repeating N-(2-aminoethyl)-glycine units linked by amide bonds 
(Fig. 8.2) [37, 38].

Among other recognition elements, native DNA is rather rarely used in the biosen-
sor assembly due to the large size and problems with reproducible positioning of the 
biomolecules on the electrode surface. Steric limitations of the DNA deposition onto 
the electrode surface due to rather rigid helical structure of biomolecule prevent the 
direct oxidation of the guanine and the adenine residues, so that electrochemical 
signal is mostly generated by the mediated oxidation of the above nucleotides and by 
changes in the surface layer permeability for the small redox probes [39, 40]. Even if 
native DNA is announced as a part of the biosensor assembly, it should be taken into 
account that manipulations with the DNA solutions (dilution, pipetting, sonication, 
etc.) result in fragmentation of the DNA molecules. Nevertheless, such DNA sensors 
have found application for the detection of the oxidative DNA damage [41] or for the 
determination of low-molecular compounds that are accumulated on the DNA due 
to intercalation or electrostatic interactions [42]. Autoimmune diseases result in for-
mation of auto-DNA antibodies that specifically interact with ds-DNA molecules and 
provoke their following cleavage into the pieces. Such interactions are used for the 
biosensor-based diagnostics of autoimmune character of a disease [43].

DNA nanostructures. The progress in the nanotechnologies and investigations 
directed to the use of nanomaterials in biology and medicine has inspired the syn-
thesis on various three-dimensional (3D) structures using synthetic oligonucleotides 

Fig. 8.2: Chemical structure of a PNA. The substituents marked with letters indicate nucleotide base 
residues.
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as building blocks [8]. Variety of functional groups and reversible conformational 
changes controlled by the changes in the microenvironment of these synthetic con-
structs make them attractive as possible basis of the drug delivery systems, nano-
machinery, and nanoscale sensing devices. Thus, the DNA tetrahedrons exert spatial 
positioning of terminal guest groups on solid support. They are compatible with 
conventional immobilization protocols based on self-assembling and Au–S binding, 
whereas the ss-DNA probe opposite to the bottom plane of the tetrahedron selectively 
binds a biological target [44]. Own size of a tetrahedron limits probe-to-probe spacing 
of neighboring 3D structures and hence their surface density (about 4.8 × 1012 probes/
cm2). The DNA origami is another example of 2D and 3D nanostructures that are 
created using complementary interactions of specific consequences. In mostly used 
protocol, DNA origami assembling involves folding a long viral ss-DNA by multiple 
small “staple” strands [45]. Such structures can find application for the detection of 
the single-nucleotide polymorphism (SNP) [46]. Although the appropriate sensors 
utilize fluorescence signal and AFM data detection, they promise fast progress in elec-
trochemical devices, too. The 3D structures of some DNA-related receptors applied in 
biosensor assembly are outlined in Fig. 8.3.

8.2.2  Measurement of the signal of electrochemical DNA sensors

Though a variety of the DNA-related species are described in the DNA sensor assem-
bly, a limited number of universal schemes are used for generation of the signal with 
appropriate transducers. Owing to the domination among other electrochemical 
sensors, voltammetric (amperometric) and impedimetric sensors will be preferably 
considered. For them, the protocols of the signal measurement can be subdivided into 
two groups, that is, label-free and label based methods of signal quantification. The 
classification principles are presented in Fig. 8.4.

Fig. 8.3: Schematic outlines of DNA-related nanostructures immobilized on the transducer surface. 
(a) Conventional DNA probe; (b) 3D DNA tetrahedron; (c) stem loop aptamer; (d) aptamer in G4 
 quadruplex form; and (e) structure of the G4 quadruplex.
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Label free methods of signal record do not require complex manipulation with the DNA 
receptors except those necessary for their immobilization. Many of them are conducted 
in a single step or by consecutive addition of reactants to the same working solution. 
Taking into account that each additional step is followed by biosensor washing, this 
significantly reduces total measurement time and possible sources of mistakes related 
to wrong dilution, incomplete solution mixing, or removal of non-bonded species. 
On the other hand, the label-based techniques often provide lower limit of detection 
(LOD) and higher specificity of the response against label-free  techniques.

Description of the label-free detection of a recognition event starts with the direct 
or mediated electrochemical oxidation of guanine residues (1).

N

N N

N

O

H2N

-2e-, -2H+

+H2O

N

N N

NH

O

H2N

O (1)

The reaction is accelerated in cases of the oxidative DNA damage and mediation with 
some redox probes. Also, accessibility of guanine is higher in ss-DNA sequences. 
The latter fact is used for the discrimination of the DNA probe and the product of 
hybridization with a biological target [47].

Although steric problems prevent the electron transfer from the majority of 
guanine units, small oxidation current appears on the electrodes covered with the 

Fig. 8.4: Classification of the protocols for the signal determination of the DNA sensors.
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ds-DNA fragments. It can be recorded in differential pulse (DPV) or square wave 
voltammetry (SWV) on carbon electrodes. For better discrimination of the signals 
referred to ss- and ds-DNAs, the guanine residues in the DNA probe can be substi-
tuted with inosine fragments [48]. They retain its ability to form pairs with cytosine 
but are electrochemically inactive, so that the current generated after hybridization 
fully belongs to the biological target containing guanine. To a lesser extent, oxidation 
of adenine can be used for the same signal detection [49]. The signals of nucleotides 
are increased by implementation of the mediators of electron transfer, for example, 
bipyridine or phenanthroline complexes of Co, Ru, and Rh. The examples of media-
tors frequently used in the assembly of DNA sensors are presented in Fig. 8.5.

Another label-free technique estimates permeability of the surface layer toward small 
charge carriers (redox probes). In the simplest way, the charge flux is quantified by 
appropriate oxidation current measured in the DC mode. Ferricyanide ion [Fe(CN)6]3− 
is mostly used in such investigations. Hybridization decreases the diffusion rate of 
ferricyanide and hence the current of appropriate peaks on voltammograms because 
of implementation of the non-conducting molecules of a biological target in the 
surface layer and because of the increased negative charge of phosphate groups of oli-
gonucleotides that exert shielding effect on the transfer of negatively charged redox 
molecules. For aptasensors, similar effect is achieved by the reversible conformation 
switch of the linear form into G4-quadruplex or steam-loop structure to linear one. The 
signal of redox probe can be recorded by electrochemical impedance spectroscopy 
(EIS) as a shift of the charge transfer resistance. Such a phenomenon was observed for 
ochratoxin A detection with impedimetric aptasensor [50].

Specific interaction of the charge carrier with ss- or ds-DNA also affects the signal. 
Thus, many planar heteroaromatic molecules penetrate (intercalate) the ds-DNA 

Fig. 8.5: Typical redox indicators and labels applied in electrochemical DNA sensors.
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helix in between pairs of complementary nucleotides and lose their redox activity 
[51]. Methylene blue is one of the most frequently used redox active intercalators [52]. 
Bipyridine and phthalocyanine ligands of metal complexes (see Fig. 8.5) partially 
intercalate DNA molecules and can either mediate the electron transfer from guanine 
residues to dissolved oxygen or to the electrode or directly participate in the elec-
tron exchange with the electrode. Appropriate changes in the currents indicate con-
ditions of the electron transfer that indicate hybridization, oxidative DNA damage, 
or DNA–protein interactions. Redox active mediators are often applied as labels or 
together with labels in appropriate techniques.

Labels are rather small molecules, which are covalently bonded to the bio-
chemical reactants and which presence (concentration) is easily quantified by 
appropriate sensor (transducer). For the electrochemical sensors, carbonaceous and 
metallic nanoparticles, phenothiazine, phthalocyanine, and ferrocene derivatives 
can be applied as labels [52] together with enzymes [53] and quantum dots [54].

The operation of label-based DNA sensors is often similar to that in conventional 
immunochemical assay. Frequently used approaches are illustrated in Fig. 8.6.

In competitive assay, a sample containing biological target is mixed with the solution 
of the same sequence bearing a label. Ratio of labeled and non-labeled products of 

Fig. 8.6: The operation of label-based DNA sensors. (a) Competitive assay; (b) sandwich assay with 
capturing and signaling DNA probes; (c) sandwich assay with aptamers and aptamer–protein inter-
actions; and (d) E-sensor with the labeled stem-loop DNA probe.
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hybridization on the transducer interface yields from the ratio of their concentrations in 
the solution: the higher concentration of the target the lower label signal. In sandwich 
assay, two types of DNA probes are utilized. One of them (capturing probe) is attached 
to the electrode and interacts with a piece of a target containing complementary 
sequence. In this manner, the hybridization product leaves part of ss-DNA sequence free 
for the following interaction with a second (signaling) DNA probe that bears label. Its 
signal increases with the analyte concentration. Similar schemes are used for detection 
of species specifically interacting with the capturing DNA probe. Thus, DNA–protein 
interaction can be determined by aptamer specific to the binding site of the protein 
different from that providing its interaction with  capturing aptamer/DNA probe.

Multistep protocol of the sandwich assay is one of the most obvious disadvantages 
of this measurement protocol because each addition of the reagents assumes time and 
labor consuming washing steps and increases probability of mechanical distortion of 
the sensing layer. For this reason, various alternatives have been elaborated to avoid 
these limitations. In so-called E-sensors, a stem-loop DNA probe is used. It is attached 
to the electrode by terminal amino or thiol group and labeled with redox active group 
on the opposite end. Due to partial complementarity of the fragments near both ends of 
the probe, label is fixed near the electrode surface to establish fast electron exchange 
and a high amperometric response (see Fig. 8.6d). In the presence of a target sequence, 
the stem-loop DNA switches to linear form with the same label withdrawn from the elec-
trode [55]. The described mechanism of E-sensor operation is only one example of more 
general displacement schemes where capturing DNA probe retains their conformation 
due to partial hybridization with auxiliary sequence that is replaced by target DNA pro-
viding either label access or configuration necessary for wiring label to the electrode 
[56–58]. Thus, the displacement scheme is realized in detection of various analytes. 
It assumes conformational switches between G4 quadruplex and linear forms of an 
aptamer [59]. Displacement-based DNA sensors show unusual calibration curve with a 
narrow linear range and a sharp rise corresponded to the conformation change initiated 
by ultra-small quantities of an analyte. For this reason, they are also called as “signal 
on-off sensors.” Reversibility of the changes observed in E-sensors makes easy their 
regeneration after use by thermal recovery of initial conformation of the DNA probe. 
This prolongs the lifetime of the biosensor and decreases the measurement cost.

8.3  DNA sensors based on metal nanoparticles

8.3.1  Au nanoparticles

Au nanoparticles are easily produced by electrochemical or chemical reduction per-
formed either in the presence of a sensor transducer or separately to form stable dis-
persion of nanoparticles, which can be later on casted on the electrode surface [60]. 
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Golden electrodes are quite stable and can be cleaned prior to such modification by 
treating with nitric acid, hydrogen peroxide, or “piranha solution.” Variety of methods 
and efficient control of the growth of metal nuclei provide rather narrow size distribu-
tion of the particles. Their charge is mainly determined by the synthesis conditions. 
In most protocols of chemical reduction, the anionic Au complexes (Au(CN)4 −, AuCl4 −) 
are used as precursors, so that the surface of the Au nanoparticles becomes negatively 
charged. This promotes immobilization of the DNA oligonucleotides via terminal thiol 
groups. Site-specific immobilization is followed by electrostatic orientation of the bio-
molecules orthogonally to the electrode surface and hence simplifies access of rather 
bulky target sequences to the probes on the hybridization stage. Together with mild 
conditions of immobilization and excellent electroconductive properties, this makes 
Au electrode and Au nanoparticles attractive for the DNA sensor assembling. Besides 
thiolated biomolecules, dithiols, disulfides, for example, cysteamine, and thiolated 
carboxylic acids can form surface monolayers modified further by carbodiimide 
binding (Fig. 8.7).

The surface reaction results in formation of a dense monolayer that prevents nonspe-
cific adsorption of interferences and improves selectivity of the assay. To block unde-
sired reactions, thiolated alcohols and physically adsorbed proteins, for example, 
bovine serum albumin (BSA) are commonly used for the same purpose. The appropri-
ate treatment is mainly performed after target receptor immobilization or even after 
analyte binding to reach minimal background signal. The products of modification 
with organic thiols are called self-assembled monolayers (SAMs). They are used both 
with bare gold electrodes and Au nanoparticles. In all the protocols described, low 
thickness and regularity of the composition of the surface layer are achieved.

The Au nanoparticles are compatible with many other modifiers that mediate 
electron transduction, enhance working area, or promote DNA immobilization. Thus, 
Au nanoparticles were deposited onto electropolymerized aniline [61] followed by 
immobilization of thiolated DNA probes and hybridization detection by sandwich 
assay with alkaline phosphatase and DPV detection of naphthol as a product of 
 enzymatic hydrolysis of α-naphthyl phosphate (2).

Fig. 8.7: Modification of Au electrode and nanoparticles with cysteamine and thioacetic acid 
 followed by covalent binding of aminated oligonucleotides.
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Various CNTs are frequently used as supports for the Au nanoparticles, alone or 
together with the stabilizing layer of chitosan [62]. Other examples of hybrid struc-
tures including the Au nanoparticles and performance of the DNA sensors based on 
such materials are given below in Tab. 8.1.

Reversed approach to the use of Au nanoparticles is described in [65]. Thiolated 
hairpin DNA probe with free terminal was first immobilized onto golden electrode 
and then involved in the hybridization reaction. After that, Au nanoparticles were 
attached to free terminal via thioglycolic acid and changes in the electroconductivity 
of the surface layer were quantified with EIS. Similarly, to that, Au labeling was used 
for detection of the homogeneous hybridization [71]. In this work, magnetic nanopar-
ticles were first treated with the cyclodextrin and then dabcyl-modified hairpin DNA 
probe specific to the hepatitis B virus. The host–guest reaction resulted in liberation 
of the opposite terminus of the probe containing the Au nanoparticle. The product of 
the reaction was magnetically separated and dissolved in HCl. Anodic current of Au 
oxidation made it possible to detect down to 0.993 pM of a target. The steps of label-
ing with the Au nanoparticles and of hybridization of the complementary parts of the 
DNA sequences can be repeated for the amplification of the above effect. Stepwise 
amplification of the signal in the sandwich like assay has been described with the 
signaling DNA attached to the Au nanoparticles [72] (Fig. 8.8).

In this biosensor, capturing DNA probe 1 was immobilized by the Au–S bond to 
Au bare electrode. The reaction with a target sequence resulted in the formation of the 
hybridization product with free part of the sequence ready to the reaction with the sig-
naling DNA probe 2. The amplification was achieved by use of the Au nanoparticles, 
which surface is modified with two types of oligonucleotides, that is, signaling probe 
and a shorter sequence, both with methylene blue as label. The ratio of the modifiers 
is determined on the stage of modification. As a result, direct coupling of a target with 
such a particle resulted in multiplication of the number of label molecules producing 
voltammetric signal. Moreover, excessive signaling probes remaining free could be 
then involved in similar interactions with other Au nanoparticles producing multipli-
cative number of labels attached.

Dual signal measurement mode has been proposed for detection of the single 
mutation in apolipoprotein E gene [73]. The Au nanoparticles were first electro-
chemically deposited onto the transparent indium-tin oxide (ITO) glass electrode. 
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This process was controlled by measurement of the localized surface plasmon reso-
nance and showed dependence of the particle size and dense packing of their layer 
on the current density and electrolyte concentration. The hybridization event was 
recorded by EIS with the ferricyanide redox probe and simultaneous monitoring of 
the surface nucleation by optic part of the system.

Aptamers utilize the Au nanoparticles as carriers or amplifiers of the signal. Contrary 
to detection of hybridization effect, the relative mass and volume of the target species 
are often insufficient for significant changes in the permeability or conductivity of 
the surface layer. In some cases, this is compensated for by changes in the confor-
mation of the aptamer. Au nanoparticles give privilege to the biosensors because 
of more dense and regular positioning of binding sites on the transducer interface. 
Thus, codeine determination showed remarkable sensitivity due to immobilization of 
thiolated aptamers on the nanoparticles consisting of mesoporous silica with imple-
mented Au nanoparticles [74]. The EIS signal indicated increase of the charge transfer 
resistance starting from 3 pM of the target. It is interesting to note that the authors 
have optimized the aptamer structure and reported on the dissociation constant Kd = 
0.91 µM. This value contradicts with super-low LOD and can be explained by some 
other factors like different accessibilities of aptamers in the pores of nanoparticles 
and in homogeneous conditions of affinity constant determination.

Although the Au nanoparticles obtained in most common methods have rounded 
shape, scrupulous tuning of the conditions of their synthesis makes it possible to 
obtain other forms, for example, octahedrons [75]. For this purpose, a mixture of 
cationic surfactants was used and the periods of seedings and growth were care-
fully controlled. The formation of nanocrystals with high-index facets was con-
firmed by electron microscopy. The Au nanocrystals showed some advantages over 
more common shapes and resulted in ultra-low LODs of l-histidine. The measure-
ment scheme is presented in Fig. 8.9. The analyte promotes cleavage of the aptamer 
 molecule and dissociation of the complex existed. As a result, ferrocene-bearing 
aptamer attached to the Au nanocrystals becomes flexible and the current related to 
the ferrocene redox conversion increases with the concentration of the analyte.

Fig. 8.8: Application of Au nanoparticles for multiplication of label signal in sandwich-type 
 hybridization assay with appropriate biosensor.
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Displacement protocol is another approach to the detection of low-molecular com-
pounds with appropriate aptasensor. In the work [76], aptamer toward ATP was first 
hybridized with the complementary DNA sequence bearing thiol group. The aptam-
er–DNA complex was then adsorbed on magnetic particles and incubated in the ATP 
solution. The reaction with aptamer resulted in release of the thiolated DNA probe, 
which was then involved in hybridization reaction with capturing probe on the 
surface of Au electrode. The resulting product was treated with the Au nanoparticles 
and then thionine, which redox signal was measured by DPV.

Potassium ion K+ was determined with aptasensor due to its stabilization of G4 
quadruplex followed by hemin implementation and its redox signal measurement by 
DPV [77]. The sensitivity of the assay was provided by the Au nanoparticles bearing 
the reaction components and attaching them to the electrode surface.

In the work [78], the Au nanoparticles played the role of both aptamer carrier and 
signal enhancer. In this work, the aptamer was first immobilized on the surface of the 
Au nanoparticles on the electrode and then reacted with complementary sequence 
attached to other Au nanoparticles present in the solution. The product of interaction 
was saturated with methylene blue that was accumulated on the negatively charged 
phosphate residues of the sequences. In the presence of an analyte, tyrosine kinase, 
the aptamer–DNA probe complex was dissociated due to conversion of steam-loop 
structure of the aptamer binding the guest. As a result, most part of methylene blue 
was removed from the electrode surface and its DPV signal decreased.

In some cases, DNA plays auxiliary function in the sensing layer assembly, which 
is not related to specific interactions but provides the required charge of the surface 
or connectivity of other components. Au nanoparticles are intended to compensate 
for losses in electroconductivity of the layer resulted from addition of non-conductive 
biopolymer molecules. Many of such sensors use layer-by-layer deposition of charged 
species, including DNA to reach reproducibility of the properties and regularity of 
the content of the whole surface film. The successful examples of such an approach 
are given below. Polyelectrolyte layer formed by MWCNTs, poly(ethylene imine), 

Fig. 8.9: Determination of histidine based 
on aptamers with DNAzyme activity bearing 
 ferrocene (Fc) label and Au nanocrystals.
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DNA, the Au nanoparticles, and NAD+ showed remarkable electrocatalytic activity in 
H2O2 reduction [79]. Electropolymerization of o-phenylene diamine in the presence 
of ds-DNA and the Au nanoparticles was used for modification of the pencil graph-
ite electrode and sensitive determination of dopamine (LOD 6 nM) [80] and Sudan II 
(LOD 0.3 nM) [81]. Polyaniline nanowires decorated with the Au nanoparticles have 
been proposed to use as universal platform for the detection of various interactions, 
including the DNA hybridization, glucose sensing with glucose oxidase and Lamina 
protein detection via its binding to specific antibody [82]. All of the receptors men-
tioned were just placed on the polymer net and changes in the polyaniline activity 
followed biochemical interactions on its surface. Additional examples of joint appli-
cation of the Au nanoparticles and carbonaceous nanomaterials are given below in 
Section 8.3.2.

8.3.2  Other metal nanoparticles

Although many nanoparticles are applied in electrochemical sensors [20], their 
variety in the assembly of the DNA sensors is not as high as could be expected from 
the comparison with other electrochemical biosensors. Probably, most of the possible 
functions of such additives are performed with the Au and carbonaceous nanomate-
rials better than could be expected from other metals, which are more complicated in 
preparation, modification, and entrapment in the biosensor assembly. Nevertheless, 
some examples of the metal nanoparticles successfully applied in DNA sensors are 
presented below for the period of 2013–17.

In some sensors, the Au-based alloys are used to improve chemical stability of bare 
gold and possible influence of the Au–S interactions with biogenic thiols and proteins. 
The additives can also exert their own specificity in the signal generation. Thus, the 
Au–Pd system was applied in paper-based electrochemiluminescence DNA sensor for 
microfluidic detection of the cancer cells [83]. The addition of Pd accelerates the reduction 
of water required in luminescence generation with peroxodisulfate as precursor.

The Ag nanoparticles are mostly used in the optic biosensors based on the flu-
orescence quenching, but they also can substitute the Au nanoparticles in electro-
chemical devices though their chemical land electrochemical stabilities are lower 
than those of gold. Layered nanocomposite films of the polypyrrole–poly(3,4-eth-
ylenedioxythiophene) (PEDOT)–Ag were used for immobilization of the thiolated 
DNA probe and following hybridization with the complementary sequence [84]. The 
hybridization resulted in an increase in the charge transfer resistance measured in the 
presence of ferricyanide as the redox probe. The formation of separate components 
by chemical oxidation and electrochemical deposition of the Ag nanoparticles was 
monitored by EIS and constant-current voltammetry. The relative shift of resistance 
linearly depended on the concentration of the target analyte in semi-logarithmic scale 
within 10 fM to 10 pM (LOD of 5.4 fM).
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The Ag nanoparticles decorated with supramolecular ligands bearing dopamine 
groups and protecting particles from aggregation were adsorbed together with the 
neutral red dye on the glassy carbon electrode, pre-oxidized and “activated” by car-
bodiimide [85]. The ds-DNA was electrostatically accumulated onto the positively 
charged dye molecules. The biosensor was used for the detection of the oxidative 
DNA damage. The treatment of DNA with the Fenton reagent or H2O2/CuSO4 mixture 
resulted in increased charge transfer resistance measured by EIS and higher peak 
current of neutral red reduction on voltammogram. The Ag nanoparticles amplified 
the signal due to better electron transduction and possible participation in the DNA 
damage.

The Ag and Pt nanoparticles prepared separately by chemical reduction of appro-
priate salts were introduced in the carbon paste to provide electrical wiring, and 
immobilization protocol for DNA probe related to the β-thalassemia’s gene sequence. 
The hybridization was monitored by methylene blue current depended on the 
target concentration within the range 0.6–12.5 ng/µL (LOD 470 pg/µL). Both Ag and 
Pt showed increase in the cathodic current of the indicator measured by constant- 
current voltammetry but taken together as they exerted synergic effect. It is interesting 
to note that in this particular case the DNA probe molecules did not contain thiol 
groups for covalent attachment to the metals.

The Pt@Pd nanowires were used together with horseradish peroxidase (HRP) for 
dual amplification of the signal on the DNA sequence related to Mycoplasma pneumo-
niae [87]. The assay is performed in sandwich mode with capturing probe attached to 
the gold electrode covered with the Au nanoparticles and signaling probe attached 
together with enzyme and thionine to Pt@Pd nanowires. The latter ones were synthe-
sized by mixing H2PtCl6 and H2PdCl4 in aqueous ethylene glycol and dimethylforma-
mide and heating the mixture to 170°C. The current recorded after H2O2 addition was 
referred to the oxidized form of thionine, which is enzymatically recovered on the 
surface of the metal nanoparticles.

Zinc oxide (ZnO) has found increasing interest as biomolecule carrier and com-
ponent of the optic and electrochemical biosensors due to high biocompatibility, no 
toxicity, semiconductor and photosensitizer properties [88–90]. The form and size of 
the ZnO particles depend on thermal conditions of its synthesis. The variety of shape 
offers additional opportunities to control the performance of the DNA sensors. Thus, 
flower-like 3D nanostructures have been obtained by mixing Zn acetate and hexam-
ethylenetetramine at 90°C [91]. They were deposited from suspension in chitosan 
solution on the glassy carbon electrode and then saturated with the Au nanoparti-
cles obtained separately by the citrate/NaBH4 reduction of HAuCl4 solution. Thiolated 
DNA probes were assembled onto the Au nanoparticles and then used for hybridiza-
tion detection. Charge transfer resistance increased with the logarithm of the analyte 
concentration in the range from 0.1 nM to 0.01 pM (LOD 0.002 pM).

Similar flower-like ZnO particles have been obtained by thermal synthesis directly 
on platinized silicon [92]. The DNA probe related to N. meningitides was adsorbed on 
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the surface. The hybridization was monitored by EIS and DPV. The DNA sensors made 
it possible to determine from 5 to 240 ng/µL of target sequence with LOD of 5 ng/µL.

8.4  DNA sensors based on carbonaceous materials

8.4.1  Carbon nanotubes

SWCNT can be ascribed as a graphene sheet rolled up into a tube normally capped 
with fullerene semi-spheres. The raw products obtained mostly by chemical vapor 
deposition (CVD) [93] are contaminated with residues of the catalyst and amorphous 
carbon, which are removed prior to use by treatment with strong mineral acids and 
oxidants, respectively. Oxidation of MWCNTs starts from the defects on side-walls and 
resulted in removal of the fullerene caps. It is often used to simplify functionalization 
and implementation of MWCNTs in the biosensor assembly. Besides, non-covalent 
side-wall functionalization due to hydrophobic interactions is described [94].

The diameter of CNTs, their electroconductivity, and number of layers of MWCNTs 
depend on the synthesis conditions and carbon source. The diameters of SWCNTs and 
MWCNTs vary from 0.4 to 3 nm and from 2 to 100 nm, respectively [95]. Most of the 
commercially available CNTs represent a mixture of types different in the convolution 
of the graphene roll, and in electroconductivity they varied from metallic to dielectric. 
Semiconducting SWCNTs behave as hole-doped p-type FETs [15]. Hole-doping is com-
monly provided by adsorbed oxygen [96]. Other compounds able to sorption on the 
side-wall affect the conductivity of such SWCNTs.

There are several approaches to the development of the DNA sensors based on 
CNTs. First, the transducer should be modified with the CNT layer. This is made by 
casting the appropriate dispersions, alone or together with other reagents. The aggre-
gation of CNTs in aqueous media prevents the formation of stable dispersion. The 
addition of cationic surfactants or strong mineral acids stabilizes the dispersion and 
improves reproducibility of the properties of the surface layer obtained by casting 
dispersion on the electrode.

The SWCNTs spontaneously form complexes with the partially wrapping DNAs 
that can be used for dispersing CNTs, their electrophoretic fractioning by size and 
charge [97] and for detection of the hybridization event [98]. MWCNTs are applied as 
components of the carbon paste and the surface layer that improve their mechani-
cal durability and electroconductivity and increase the surface area. To some extent, 
the CNTs exert electrocatalytic properties and can either accelerate oxidation of the 
DNA or amplify the activity of other mediators implemented into the surface layer 
and intended for the measurement of a label signal. Contrary to SWCNTs that prefer 
non-covalent interaction with DNA probes, covalent immobilization of the DNA 
probes and auxiliary agents is typical for the MWCNTs pre-oxidized almost as often as 
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they are used. Oxidation provides carboxylic groups for carbodiimide binding of the 
aminated DNA probes and increases negative charge affecting electrostatic assem-
bling of the biosensing layer.

The adsorption of ds-DNA onto the CNTs accelerates oxidation of nucleotides due 
to partial wrapping of nucleic acids and due to the electrocatalytic properties of the 
adduct. The adenine oxidation was observed in the layer of ionic liquid containing 
MWCNTs and DNA [99]. The spontaneous adsorption of the DNA from aqueous solu-
tion on the MWCNT-covered glassy carbon electrode showed independent oxidation 
of guanine and adenine that gave irreversible peaks at 0.70 and 0.81 V [100].

Besides adsorption, DNA and CNTs can be immobilized on the transducer surface 
by electrostatic self-assembling with addition of the cationic substances like polyani-
line, poly(diallyldimethylammonium chloride), alkali earth metal cations, and small 
charged organic molecules, that is, thionine [101–103].

In Tab. 8.2, examples of the DNA sensors utilizing CNTs are given for a period 
from 2013 to 2017. Earlier works are summarized in [10, 13, 15, 31]. As could be seen, 
CNTs are rarely used alone due to obvious problems with reproducibility of the results 
obtained with commercial preparations. Moreover, electrocatalytic properties of the 
CNTs applicable for detection of oxygen, hydrogen peroxide, and antioxidants do not 
contribute to the improvement of the signal related to redox labels of DNA sensors, 
which are commonly involved in reversible redox reaction at rather low potential. The 
detection of enzyme activity might be an exception, but the amplification of the signal 
due to catalytic conversion of the substrate exceeds the positive influence of CNTs.

Besides own electrocatalytic activity, CNTs show other advantages that make 
them popular in the DNA sensor assembly, that is, applications for site-specific 
immobilization of the DNA probes and sharp increase of the real electrode surface 
accessible for electrochemical reactions against bare electrode. The latter parameter 
allows quantification by electrochemical tools because the estimation of roughness 
by AMF or SEM does not take into account the difference in electroconductivity of a 
variety of CNTs commonly present in commercial preparations. The determination of 
specific surface concentration of the DNA probe immobilized on the CNTs is another 
problem that needs optimization. It can be determined from relationships of a mono-
layer adsorption using redox probes or by current of Ru(NH3)6 3+ reduction, which is 
proportional to the surface concentration of the oligonucleotide [141]. In the following 
discussions, increase in the number of the DNA probes attached to CNTs is considered 
as an advantage of the immobilization protocols though steric limitations can com-
pensate for such an improvement.

One could see, most of the CNT-based DNA sensors and aptasensors utilize 
additional components like metal nanoparticles and polyelectrolytes. The sequence 
of their deposition on the electrode varies depending on the source and nature. 
It should be mentioned that AFM and SEM microphotographs presented in many 
publications show that the size of CNTs and other nanocomponents is incompa-
rable: CNTs are much bigger and loner. For this reason, preliminary deposition 
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of CNTs on the electrode results in the formation of rather spongious net. The 
underlying electrode surface remains accessible for the following casting of other 
chemicals necessary for film formation and biosensor operation. For this reason, 
simultaneous casting of all the components directly added to the CNT dispersion 
has some advantages like one-step preparation of the surface layer, no necessity 
in time-consuming intermediate washing steps, etc. Layer-by-layer deposition 
of the components has sense if electrostatic self-assembling takes place or the 
chemicals are dissolved in inconsistent media. Another argument in favor of step-
wise formation of biosensing layer consists of electrochemical synthesis of metal 
nanoparticles onto CNTs as templates. Negative charge of the CNT’s shape caused 
by carboxylic groups promotes the formation of rather small particles, which are 
evenly distributed among the DNA surface. To some extent, this can be referred to 
the electropolymerization of pyrrole [116, 124], aniline [103], and other redox active 
polymers [109, 111]. Simultaneous influence of electrostatic forces and hydropho-
bic attraction of neutral forms of the polymers to the side-walls of CNTs results in 
wrapping of the CNTs with polymer wires and formation of regular structures with 
extended areas of redox activity [124].

In addition to rather common approaches to the signal measurement, for example, 
EIS control of surface layer permeability or hybridization detection via redox probe 
signal (Adriamycin, methylene blue), some unusual solutions can be mentioned. 
Thus, direct electron transfer to glucose oxidase active site was performed in [108] for 
hybridization detection. The enzyme was placed together with Au nanoparticles on 
the surface of MoS2–MWCNT composite, ss-DNA probe was covalently attached to the 
carboxylic groups of the CNTs. The formation of ds-DNA in reaction with biological 
target suppressed the current recorded in the presence of enzyme substrate, glucose. 
The application of direct electron transfer is not typical for bioanalytical applica-
tions because it is often hindered by steric limitations of the electron transfer. In this 
particular case, its efficiency can be attributed to another component of the surface 
layer, molybdenum disulfide, which is similar to graphene in electron conductivity 
and some other properties.

A variety of nanomaterials have been used for the detection of Aeromonas bac-
teria related to gastroenteritis infections [112]. In sandwich assay, the complex of the 
capturing DNA probe with the target sequence related to aerolysin gene reacts with the 
signaling DNA probe labeled with PbS nanocrystals. After separation of the product 
of reaction, the PbS particles were released and dissolved. The concentration of Pb2+ 
ions was determined with the electrode modified with MWCNTs and Bi. The selectivity 
of biosensor was confirmed by its use to detect various target DNAs from Aeromonas 
strains isolated from tap water.

In several works, the PAMAM bearing ferrocene units was used to detect hybrid-
ization event [116] and aptamer–analyte interactions (prions [124], thrombin [125]). 
This hyperbranched polymer has hydrophilic terminal groups suitable for func-
tionalization and is well compatible with biomolecules. Due to the high number of 
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substituents typical for dendrimers of 4th generation (64 amino groups per PAMAM 
molecule), it provides multiplication of the signal due to the high number of redox 
centers participating in the electron exchange and multiple number of target mole-
cules able to bind with specific sites available on the surface of dendrimers.

A very interesting approach has been proposed for amplification of the sensitiv-
ity of protein determination (on example of thrombin) [142]. In this work, the analyte 
first reacted with capturing aptamer and then with signaling aptamer attached 
together with HRP to the surface of MWCNTs. Sandwich complex was isolated and 
tetramethylbenzidine added together with H2O2. The reaction resulted in formation 
of insoluble product, which was then electropolymerized to form insulating film on 
the electrode. This increased the signal measured by EIS. The aptasensor made it 
possible to detect down to 0.05 pM of thrombin. In a similar manner, electrochem-
ical postreaction with the product formed due to target interaction of the compo-
nents combined in sandwich-like complex was described in [139] for platelet-derived 
growth factor BB (PDGF BB) detection. The only difference was that instead of 
enzyme, silver nanoparticles catalyzed reduction of o-nitrophenol to o-aminophenol 
with NaBH4 followed by electrodeposition of the o-aminophenol with the MWCNTs 
on screen-printed electrode.

The development of FETs on the SWCNTs deserves special attention. The device 
is based on p-doped Si wafer where two insulated n-doped areas (drain and source) 
separated with so-called gate area. The shift of the current between the drain and the 
source is a measure of the charge in gate area, which is affected by external stimuli. 
In CNT-based FETs, the drain and the source areas are connected with the semicon-
ducting SWCNT, which resistance depends on the charge distribution altered due 
to biochemical interactions. The manufacture of the CNT-based FETs employs two 
approaches (Fig. 8.10). In the first one, the CNTs are synthesized by CVD using metal 
coating of the gate area as template (catalyst) [143].

Fig. 8.10: CNT-based FETs. (a) SWCNT is synthesized in gate area by CVD and aptamers are attached 
to the side-wall due to hydrophobic interactions with pyrene unit. (b) Alone standing CNTs in gate 
area are modified with DNA probe or aptamer by carbodiimide binding.
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The Au contacts of source and drain areas are formed by nanolithography. Second 
approach assumes deposition of the carboxylated SWCNTs on the iron oxide inter-
mediate layer, so that vertically aligned SWCNTs fill the gap between the source and 
the drain areas. In both types of the FETs, the DNA probe or aptamer are immobilized 
onto the CNTs surface via hydrophobic interactions with side-walls or carbodiimide 
binding of aminated receptors with terminal carboxylic groups of CNTs. Contrary to 
many other DNA sensors, the generation of the signal does not require any labels or 
auxiliary reagents, for example, redox indicators.

Similar FETs have been developed for detection of immunochemical interactions 
and determination of specific antigens [144]. Meanwhile, the use of aptamers instead 
of antibodies increases the sensitivity of the analyte detection. This is explained by dif-
ferent sizes of the receptors. The sensitivity of the FET signal to the charge distribution 
changes depends on the distance from the gate to the receptor position where biochem-
ical interaction takes place in comparison with the Debye length. This is the distance 
that allows screening the surplus charge of the mobile carriers present in a material 
[145]. If the distance from the surface of a SWCNT to receptor is bigger than Debye length, 
biochemical reactions do not affect mobile charges of the material. The typical size of 
the antibodies (~10–15 nm) is similar to the Debye length and the  antigen–antibody 
binding finds response in the double layer near the CNT surface. The aptamer size is 
commonly smaller and this increases the sensitivity of the aptamer-based assay as was 
shown on the example of the IgE determination [146, 147].

The immobilization of several aptamers on the SWCNTs makes it possible to 
determine two analytes with the same FET [148]. To discriminate the signal, different 
amplification systems based on HRP and glucose oxidase together with appropriate 
mediators (ferrocene and toluidine blue) have been applied for determination of the 
thrombin and the PDGF. The sandwich assay was performed with the analytes first 
attached to capturing aptamers and then treated with labels consisted of graphene 
flakes bearing enzymes and mediators immobilized on the same carrier.

Similar to SWCNTs, other nanomaterials can be introduced in the FET assembly. 
Thus, few-layer MoS2 sensing channel material with electronic structure similar to that 
of graphene was successfully used for this purpose [149]. The material was obtained 
by chemical reduction of Mo salt in the presence of H2S in Ar atmosphere followed by 
annealing the material to remove the oxygen residues. The MoS2-based FET was tested 
on detection of hybridization with 10 µM ss-DNA probe and complementary targets. 
Other examples of bio-FETs based on graphene are given in Section 8.4.2.

8.4.2  Graphene-based DNA sensors

Graphene is a 2D sheet of carbon atoms linked by sp2 bonds. The electric properties 
of graphene are related to electron transduction along the basal plane and elec-
tron exchange at the edge of the plane [150]. The relative contribution of the above 
mechanisms depends on the source of a raw material and production protocol. 
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Graphene-based nanomaterials applied in electrochemical sensors and biosensors 
are classified in accordance with the number of planes, their defects, production, and 
pretreatment protocols. Most often, reduced graphene oxide is applied that can be 
easily obtained by chemical oxidation of graphite followed by separation of graphene 
oxide and its chemical or electrochemical oxidation either in suspension or directly 
on the electrode interface. The formation of graphene from its oxide can be moni-
tored by bands referred to >C = O and –C(O)OH groups in Fourier-transform infra-
red spectra. The surface area of graphene sheets obtained in such a manner (about 
2600 m2/g [151]) exceeds that of SWCNTs (~1000 m2/g [152]). The application of the 
graphene nanomaterials in electrochemical sensors and biosensors was recently 
summarized in some reviews [153–155].

The ss-DNA probes can be simultaneously adsorbed on graphene and especially 
graphene oxide sheets by hydrophobic interactions. The hybridization of DNA increases 
the density of the negative charge and often results in desorption of biopolymers from 
the graphene surface. If the DNA probe is labeled with fluorescent particle or molecule, 
such processes result in quenching and re-establishment of the fluorescence, respec-
tively, and can be used for homogeneous DNA assay [156]. In biosensor assembly, the 
DNA probe should be immobilized to exclude spontaneous leaching. The immobiliza-
tion protocols are similar to those already described for other carbonaceous materials. 
They include carbodiimide binding via carboxylic groups of graphene defects bonded 
to the aminated DNA probe, electrostatic assembling of oppositely charged layers 
with intermediate cationic polyelectrolytes and hydrophobic binding to polyaromatic 
molecules, for example, 3,4,9,10-perylene tetracarboxylic acid (PTCA [156]) or 1-amin-
opyrene [157] covalently attached to the DNA probe or aptamer. In a similar manner, 
other nanomaterials can be assembled on graphene support for amplification of their 
electrochemical signal [158]. In comparison with the CNT-based biosensors, graphene 
exerts less steric hindrance for interaction of bulky molecules and forms denser layers 
on electrodes. In some cases, graphene layers are used to prevent undesirable sorption 
of the reaction components on the transducer interface instead of the use of BSA or 
thiolated alcohols for the glassy carbon and the Au electrodes, respectively.

In some publications summarized in Tab. 8.2, the CNT adducts are applied 
together with graphene [125, 138, 139]. The authors announce synergic influence of 
CNTs and graphene brought together in the biosensing layer though there are now 
direct evidences of such interactions. Moreover, analytical characteristics of such 
hybrid CNT–graphene biosensors do not differ dramatically from those reported for 
biosensors with simpler content of the biosensing layer. Most likely, the positive influ-
ence of graphene can be attributed to the higher stability of its dispersions and higher 
electroconductivity against commercial preparations of the CNTs. In many biosen-
sors, graphene is casted onto the glassy carbon as a support for immobilization of the 
DNA probe that retains electric wiring of oligonucleotides and enhances label signal 
against bare glassy carbon. As CNTs, graphene is compatible with metal nanopar-
ticles that are easily synthesized on its surface due to the accumulation of ions due 
to electrostatic interactions. When used in the label assembly, the graphene sheets 
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show higher stability in dispersion and lower aggregation and sedimentation ability 
than CNTs due to lesser size and rather high charge density. This simplifies the mea-
surement protocol and improves accuracy of the signal record.

Graphene-based sensors are often used for the detection of the direct redox con-
version of the low-molecular compounds like heavy metal cations [158–160], guanine 
and adenine [161, 162], antioxidants [163, 164], etc. This is related to the electrocat-
alytic properties of graphene and its charge promoting accumulation of cationic 
species prior to their reduction or oxidation on the electrode. The DNA can be involved 
in the assembly of such sensors as additional accumulation component and receptor 
required for selective response to certain analytes. Thus, Ag+ ions form specific com-
plexes with cytosine-rich areas of the DNA and hence can be accumulated on ss-DNA 
and cytosine-rich oligonucleotides for the following detection by relative increase in 
charge transfer resistance measured by EIS [165]. Graphene oxide – Fe3O4 composite 
provided platform for immobilization of DNA and site-specific immobilization of DNA 
sequences on its surface. LOD of 2 pM was reached together with multiple use of the 
biosensors based on intermediate washing with cysteine solution.

Such biospecific routes of ion recognition are especially popular for Pb2+ and 
Hg2+ ions. Thus, graphene oxide was treated with nitrogen plasma and then with a 
complex combining DNAzyme, substrate DNA, and binding Hg2+ and Pb2+ DNA [166]. 
Binding of the target ions results in conformational changes of the DNA and appro-
priate shift of the charge transfer resistance within the interval 0.01–100 nM (LOD 7.8 
and 5.4 pM for Pb2+ and Hg2+, respectively). Graphene-based FET with aptamer immo-
bilized in the gate area covered with graphene synthesized in situ by CVD showed 
sensitive response to Hg2+ ions (LOD 10 pM) [167].

The Pb2+-dependent DNAzyme was immobilized on the surface of the Au electrode 
[168]. In the presence of Pb2+ ions, it was cleaved to leave ss-DNA sequence attached 
to the electrode and complementary to DNA probe bearing graphene nanosheets con-
taining MnO2 and hemin that exert peroxidase mimicking activity. The signal recorded 
in DPV mode and related to the H2O2 reduction makes it possible to determine 0.1 pM 
to 200 nM Pb2+ (LOD 0.034 pM).

Another approach to the Pb2+ detection was demonstrated in [169]. The Pb2+-sensi-
tive aptamer was immobilized on the Au electrode via Au–S binding. Prior to contact 
with an analyte, it was saturated with graphene nanosheets bearing thionine mol-
ecules hydrophobically retained on its surface. The reaction resulted in removal of 
graphene label together with thionine and entrapment of Pb2+ ions into the folded 
G4 quadruplex structure of the aptamer. Besides amplification of the signal due to 
the high capacity of graphene to thionine molecules, the use of this label suppresses 
interfering influence of K+ ions competing with Pb2+ ions for binding site of the 
aptamer. The aptasensor makes it possible to detect 32 pM of target ion using thionine 
peak current measured with DPV as a signal (concentration range from 0.16 pM to 
0.16 nM). In a similar manner, Pb2+–aptamer interaction in gate area was recorded 
with graphene-based FET [170].
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Mercury biosensing is mainly based on its ability to form stable triple complex 
T–Hg2+–T (3) with the thymine-rich areas of ss-DNA or poly(T) sequence.

N

N

O

Hg

OMe

N

N

O

MeO

T T (3)

The latter one was immobilized via terminal thiol group on the Au electrode followed 
by incubation of the biosensor in dispersion of the graphene oxide and then in Hg2+ 
solution. In the absence of the target, the current of graphene oxide reduction can be 
observed by constant-current voltammetry. The Hg2+ ions are incorporated between 
thymine bases, so that more rigid analog of ds-DNA is formed. This results in increase 
of the distance between the graphene units and the electrode followed by increase of 
the charge transfer resistance measured with EIS and decrease in appropriate current. 
The biosensor makes it possible to determine 1–300 nM Hg2+.

Nanorods of polyaniline obtained in the presence of reduced graphene oxide 
were used as support for immobilization of T-rich DNA and following detection of Hg2+ 
that formed T–Hg2+–T complexes on the surface [170, 171]. The EIS signal was observed 
from 0.01 to 100 nM (LOD 3.5 pM).

Triple-helix DNA consisted of the ss-DNA, and T-rich ds-DNA was used for 
 silver-amplified mercury detection. In this biosensor, the addition of Hg2+ ions 
removed the ds-DNA due to unwinding caused by introduction of the mercury ions 
and formation of T–Hg2+–T fragments [172]. The ss-DNA is then involved in the reac-
tion with C-rich complementary sequence that is immobilized on Au nanoparticle. 
The reaction results in formation of C–Ag+–C bridges (4) to form dendrite silver nano-
structures after cathodic reduction of entrapped silver ions.

N

N

O

Ag

NH2

N

N

O

H2N

C C (4)

The anodic current of silver dissolution in stripping voltammetry mode is propor-
tional to the Hg2+ concentration in the range from 0.1 to 130 nM (LOD 0.035 nM).

The examples of application of graphene in the assembly of the DNA sensors 
for hybridization detection and the aptasensors are presented in Tab. 8.3 covering 
2013–17.
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One could see covalent immobilization was applied much less against hydropho-
bic interactions via special labels introduced in the assembly of an aptamer or by 
physical adsorption of the aptamer onto the electrode surface. Contrary to graphene, 
reduced graphene oxide retains boundary polar groups providing the dispersion 
and following deposition of the suspension on the electrode surface. Electrochemi-
cal reduction is less efficient but offers new opportunities of the formation of hybrid 
structures due to simultaneous formation of Au nanoparticles or polyaniline (poly-
thionine). In all such cases the function of graphene was attributed to the enhance-
ment of electroconductivity and electric wiring of labels (redox indicators) used in 
measurement protocol. The simultaneous deposition of hybrid coatings provides 
even distribution and accessibility of the components for diffusionally free agents. 
This was monitored by EIS and SEM and considered as additional advantage of the 
modification method. The following detection of target interactions is rarely based 
on the intrinsic redox activity of the surface layer. In case of small species, they can 
be involved in redox reaction so that aptamers just concentrate the analyte molecules 
onto the electrode surface. In many other sensors, the activity of enzymes or redox 
response of labels introduced in the surface confined complex is measured by con-
ventional methods. Contrary to the CNTs, changes in the permeability or charge dis-
tribution of the surface layer estimated by EIS are rarely applied in graphene-based 
biosensors. This might be referred to higher redox activity and lesser size of graphene 
against those of CNTs and compensation of steric hindrances appeared after binding 
bulky analytes. The same reason might explain higher attention to specifically 
biochemical approaches to the sensitivity amplification, for example, additional 
treatment of the sensors with exonucleases or formation of catalytic complexes for 
stem-loop aptamers. To some extent, such sophisticated reaction paths realized in 
biosensor format level their main advantage, that is, simple format and fast response, 
but the LOD values and dynamic range of concentrations achieved are very low and 
allow direct monitoring of appropriate processes in vivo.

8.5  Conclusions

The progress in the development and manufacture of novel nanomaterials for the 
electrochemical DNA sensors offers new opportunities of their further commercializa-
tion and application in medical diagnostics and other areas. Meanwhile the current 
state-of-the art also showed some problems related to the choice of nanomaterials 
and their role in biosensor performance.

Recently reported sensors with DNA probes and aptamers as recognition elements 
mostly use not one but several nanomaterials that play different role – receptor support, 
surface enhancer, and electric transduction improvement. This is particularly true for 
the combination of carbonaceous materials and Au nanoparticles that compensate for 
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negative effect of non-conductive additives on the electric wiring of labels or indicator 
redox centers. The experience of application of some nanomaterials like quantum nan-
odots or silver nanoparticles came from optic methods of assay where they are used 
as fluorophores or fluorescence quenchers. However, it should be mentioned that the 
size and quantities of such additives in electrochemical sensors can be significantly 
different from those in optic devices. Magnetic nanoparticles are used in conventional 
immuno- and DNA assay for separation of appropriate labeled complexes on intermedi-
ate stages of the analysis. However, their use in the assembly of biosensing layer of DNA 
sensors has much less substantiation excepting mechanical durability of the coating. 
For the same reason, semiconductors applicable in electronic devices have lesser effect 
in electrochemical sensors operated in aqueous electrolytes. This refers to ZnO and 
some metal chalcogenides that are used in DNA sensors but do not participate in elec-
tron transduction. The application of up to five different nanoparticles in the assembly 
of single DNA sensors also has some objections regarding the accuracy of assembling 
and real necessity of so many species for detection of rather simple redox reactions.

In spite of these difficulties, the application of nanomaterials in DNA sensors 
increases dramatically in the variety of possible analytes and mechanisms of signal 
transduction. Concerning nearest future, enhanced application of biochemical steps 
of signal amplification can be expected because many traditional opportunities of 
electrochemical analysis are near being exhausted. The popularity and accessibility 
of FET devices depend only on the offers of their manufacturers. Another possible 
source of the growth includes the capabilities provided by 3D printing using tradi-
tional plastics and those mixed with nanomaterials able to recognize analytes and 
accumulate their molecules for target interactions with DNA.
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9  Molecularly Imprinted Polymers:  

Synthesis, Properties, and Application in Analysis 
of Real Samples

9.1  Introduction

Among the broad class of nanomaterials, one can mark out nanoporous materials, 
which contain pores of nanometer range (1–100 nm). The term “nanoporous mate-
rials” is used to indicate that the specific material properties (sensory, adsorption, 
catalytic, diffusive, and others) are associated with the presence of nanopores. The 
concept “nanopore” combines the three pore regions: nanopores (pore size of up to 
2 nm), mesopores (2–50 nm), and partially macropores (above 50 nm). Nanoporous 
materials include most of the known membranes, catalysts, and polymeric and inor-
ganic sorbents.

Molecularly imprinted polymers (MIPs) represent a new generation of nanostruc-
tured polymeric sorbents, which are obtained by the method of molecular (matrix) 
imprints (molecular imprinting) [1]. Molecular imprinting is based on polymerization of 
functional and cross-linking monomers in the presence of target template molecules. 
After their removal, nanosized cavities (imprints), which are complementary to the 
template molecules, remain in the polymer. Fixation of the template molecules in the 
polymer skeleton during polymerization provides a particular polymer chain nanostruc-
ture, that is, appearance of its “molecular memory.” Since as-prepared synthetic mate-
rials selectively interact with the molecules used as the template, one can talk about 
“molecular recognition.” In the nature, such specificity is represented by antibodies; 
therefore, materials obtained by the method of molecular imprinting are often referred to 
as “antibody mimics.” The fact that the matrix “remembers” structure of molecules that 
were used as molecular templates opens up new possibilities for synthesis of sorbents, 
catalysts, and sensor materials having improved selectivity to these molecules [2–6].

As follows from the historical overview given in [3], the concept of molecular 
imprinting was first proposed by M.V. Polyakov in the early 1930s. He showed that 
silica synthesized in the presence of various alkylbenzenes had an increased (by 
approximately 15 %) selectivity for the adsorption of these hydrocarbons. In the 1950–
70s, the papers appeared showing that the template introduced during the synthesis 
affects the pore size and adsorptive properties of silica, and the activity and selectiv-
ity of metallic catalysts. However, most described by this time approaches to using 
molecular templates for synthesis of organized surfaces based on inorganic matrices 
had a common drawback: the stability of the obtained imprints was low. This situa-
tion changed dramatically with the advent of works that described methods for pre-
paring polymeric materials with molecular imprints of various organic compounds, 
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first by covalent (1972) [7] and then by noncovalent (1981) [8] imprinting. In 1994, 
MIPs were first used in chemical analysis [9].

Currently, issues of molecular imprinting are actively studied by more than 100 
academic and industrial research groups around the world. According to SciFinder 
(www.scifinder.cas.org) search system, from 1984 to February 2011, more than 4,000 
articles and reviews devoted to MIPs were published and an exponential growth of 
publications on this subject was observed [10].

The growing attention from researchers working in different fields of chemistry 
to MIPs is associated with a number of benefits and advantages associated with these 
new materials. First of all, MIPs are interesting from a theoretical point of view: they 
can be considered as synthetic receptors, whose operation is based on the principle of 
molecular recognition. Molecular imprinting technology allows for the preparation of 
new adsorbents having high and controlled selectivity in relation to any organic com-
pound. Unlike more complex biological receptor, MIPs are highly resistant to chemi-
cal and physical effects: they can be stored for several years without loss of memory of 
molecular recognition sites. These materials are distinguished by ease of preparation 
and relatively low cost.

The potentially high selectivity of MIPs with respect to organic compounds along 
with other useful properties has opened opportunities for the use of these nanomate-
rials in analytical chemistry. The results of many research studies have been summa-
rized in the monograph [11] and in several general reviews [2, 12–14]. Some reviews are 
devoted to using MIPs in the solid phase extraction (SPE) of organic compounds [15–
20]; separation of structurally similar organic compounds including enantiomers by 
high-performance liquid chromatography (HPLC) and capillary electrophoresis [21–23]; 
selective isolation and subsequent determination of analytes using electrochemical, 
piezoelectric, or chemical sensors [10, 24, 25]; and flow-injection [26] and biochemical 
analysis [6]. Data on the use of MIPs in the analysis of environmental samples [27–29], 
biological liquids [28, 30], drugs [28, 31], and food [28, 32–34] have been reported.

This chapter summarizes main approaches and methods used in the synthesis of 
MIPs; considers some questions of selective sorption of organic compounds, distin-
guishing them from the other sorbents; and gives examples of practical application of 
MIPs for SPE of organic compounds in analysis of various samples.

9.2  The principle of molecular imprinting

9.2.1  Covalent and noncovalent approach

The general approach to the synthesis of MIPs involves carrying out known polym-
erization reactions in the presence of the target template molecules to be “finger-
printed.” MIP synthesis scheme (Fig. 9.1) involves formation of a pre-polymerization 
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complex between a functional monomer and template molecules in a selected solvent, 
their copolymerization with large amounts of a cross-linking agent, and subsequent 
removal of the template from the polymer. After removal of the template, highly spe-
cific binding sites (sites of molecular recognition) remain in the MIP, which are com-
plementary in size, shape, and structure to the template molecule. The concept of 
complementarity includes both matching up a fingerprint and a template molecule 
in shape and size and the possibility of binding these molecules due to interactions 
between their functional groups and the imprint. Two main approaches to the synthe-
sis of MIPs have been proposed, which differ in binding type (covalent or noncova-
lent) between a monomer and template molecules [2, 35]. Implementation of the first 
approach involves carrying out a chemical reaction between template molecules and 
monomers in the first stage and removing the template from the polymer by breaking 
covalent bonds linking these molecules to the polymer. At the secondary binding of 
the analyte by the polymer, the covalent bonds are re-formed.

The more universal approach is a noncovalent one. The noncovalent method uses 
a very important property of polymer molecules, which is the basis of complex bio-
logical structures organization, – their ability of self-organization. The driving force 
behind association of a template and monomer molecules is noncovalent interactions 
of various types – electrostatic, ion–dipole, dipole, hydrogen bond, and hydrophobic 
interactions. Apparent fragility of such bonds can be compensated by multiplicity of 
interaction points. The method of noncovalent interactions in the molecular imprint-
ing strongly resembles the model of recognition in the nature.

Another way – intermediate, half-covalent, wherein a template is covalently 
linked to a functional monomer in a polymerization process (like in the covalent 
approach), whereas the re-binding is realized only by noncovalent interactions.

Fig. 9.1: Scheme of the MIP synthesis by the noncovalent imprinting (T – template, FM – functional 
monomers, PC – pre-polymerization complex, CA –cross-linking agent).
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FM PC

Т

СА

Т

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



306   Part IV:  Application in Sorption and Separation Methods

The proposed approaches to the synthesis of MIPs have both advantages and dis-
advantages. A strong template–monomer interaction, which is realized through for-
mation of chemical bonds, in the first case provides more uniform MIP binding sites. 
The main limitation in this case is a reduced number of monomer–template combina-
tions having reversible formation – breaking of the covalent bonds, occurring under 
relatively mild conditions. The noncovalent way offers the more versatile assortment 
of templates; it is easier to implement in practice than the methods of covalent molec-
ular imprinting because the binding is achieved by simply mixing a template with a 
functional monomer in a suitable solvent. It does not require any chemical modifica-
tion. Removal of the template is carried out by repeated washing of the polymer with 
a solvent or solvents mixture.

The vast majority of currently known MIPs, which have found application in 
analytical chemistry, were obtained using the noncovalent approach, so this review 
focuses on consideration of the peculiarities of synthesis, properties, and applica-
tions in chemical analysis of the noncovalently imprinted polymers.

9.2.2  Selecting the template and the reagents

An important feature of the MIPs is that they can be synthesized using a virtually 
unlimited number of templates capable of reacting with a monomer molecule. Among 
other requirements for a template, one can note solubility in a selected solvent, stabil-
ity under polymerization conditions (t = 60–80°C, UV irradiation) as well as absence 
of functional groups that inhibit polymerization or able to participate in the polym-
erization reaction.

Most of the works in the field of noncovalent imprinting are dedicated to synthe-
sis of MIPs for small organic molecules: phenols and phenolic compounds [36–39],  
dyes [40, 41], pesticides and herbicides [42–45], drugs [46–52], hormones [53, 54], 
 alkaloids [55, 56]. Synthesis of molecular imprinted polymers with imprints of 
macromolecular compounds, such as peptides or proteins [57–59], still is a more 
complex and time-consuming procedure requiring careful selection of conditions 
and methods.

A problem that arises when using MIPs is connected with the fact that these poly-
mers even after careful purification by solvents contain template molecules firmly 
associated with the polymer [2, 14]. Usually the residual content of a template is 
about 1 % of the original quantity, but even this small amount can lead to incorrect 
results in isolating traces of organic compounds. This negative phenomenon is elim-
inated by using more effective methods of purification [14] or prevented using struc-
tural analogs of the target molecules (“template mimic”) during the MIP synthesis. 
Structural analogs are sometimes used in case of toxic, hard-to-get, or high-priced 
compounds. For example, for the synthesis of MIPs selective to melamine and cypro-
heptadine and mycotoxin zearalenone, one used cyromazine [60], azatadine [61], and 
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2,4-cyclododekanyl-hydroxybenzoate [62], respectively, as templates. For the synthe-
sis of MIPs selective to ochratoxin A, one used N-(4-chloro-1-hydroxy-2-naphthoylami-
do)-(l)-phenylalanine as a template [63].

In recent years, there is evidence that MIPs, like polyclonal antibodies, can be 
used for selective isolation of a group of structurally related compounds. One of the 
compounds belonging to this group can be used as a template in the synthesis of MIPs 
(“fragmental imprinting”). For example, ofloxacin was used for the synthesis of MIPs 
selective with respect to the group of fluoroquinolone antibiotics [64, 65]. In some 
cases, two or more compounds are used instead of the one template in synthesis of 
MIPs [66].

Within the large number of commercially available functional monomers reported 
in reviews [2, 4, 13], methacrylic acid (MAA), 4-vinylpyridine (4-VP), and acrylamide 
(AA) are usually used in the synthesis of MIPs. Selection of a functional monomer 
(FM) for a synthesis of MIPs is paid much attention as a template is primarily respon-
sible for the formation of molecular fingerprint in a polymer. When selecting mono-
mer–template pairs, preference is given to such combinations, which realize the 
maximum number of complementary interactions providing high stability of a mono-
mer–template associate before and during the polymerization process. To confirm 
the interaction between molecules of a monomer and a template and calculate the 
association constants, UV spectrophotometry, NMR, IR, and mass spectrometry are 
used [67].

Most often, the choice of FM is carried out empirically. For the synthesis of poly-
mers with imprints of organic compounds containing basic groups, methacrylic acid 
is used as a functional monomer; in case of compounds with acidic groups – 4-vin-
ylpyridine or acrylamide.

Sometimes two functional monomers are used. Particularly, the second monomer 
such as 2-hydroxyethyl methacrylate or glycidyl methacrylate is introduced into a 
reaction mixture for increasing hydrophilicity of the polymers [65, 68, 69].

An important condition for obtaining macroporous MIPs is high degree of a 
polymer cross-linking, providing its rigidity. Regardless of the method of synthesis 
(covalent, noncovalent, or semi-covalent), MIPs are prepared in the presence of large 
amounts of a cross-linking agent. Typically, a cross-linking agent is taken in 20-fold 
excess with respect to the functional monomer, and its content in a reaction mixture 
is 90–95 %. When selecting cross-linkers, one takes into account their good solubility 
in a pre-polymerization mixture. Ethylene glycol dimethacrylate (EGDMA), trimeth-
ylolpropane trimethacrylate (TRIM), p-divinylbenzene, and N,N′-bisacrylamide are 
often taken as cross-linking agents [2, 4]. Numerous studies have shown that the most 
successful cross-linking agent, both in terms of cost and MIP selectivity (specific-
ity), is EGDMA [19]. Moreover, MIPs synthesized using it have good mechanical and 
thermal stability, porosity, and wettability. Chromatographic columns based on such 
polymers did not lose selectivity during their continuous use at the temperature of 
80°C and the pressure of 6–10 MPa for several months.
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The rate of radical polymerization depends on the nature and the concentra-
tion of an initiator [2, 4]. The most efficient initiator is azobisisobutyronitrile (AIBN), 
which is split into two isobutyronitrile radicals with the release of the nitrogen mole-
cule upon heating the reaction mixture up to 600°C.

The porous structure of MIPs is achieved by polymerization in the presence of 
solvents (porogens), which readily dissolve initial monomers but do not dissolve final 
products. The nature, concentration, and volume of the solvent affect such structural 
characteristics as the specific surface area and the pore size [2]. Most often, chloro-
form [37, 40, 58, 63], toluene [44, 54], and acetonitrile [36, 46, 54, 56, 64] are used for 
the synthesis of MIPs. More polar solvents such as methanol, ethanol, or acetone are 
used less frequently.

9.3  Methods for synthesis of MIPs

9.3.1  Radical bulk polymerization

In the most studies on noncovalent imprinting, radical bulk polymerization method 
is employed for the synthesis of MIPs [19, 27–33]. The standard procedure for prepar-
ing MIPs by free radical bulk polymerization includes several stages. In the first step, 
a template, a functional monomer, a cross-linking agent, and a polymerization ini-
tiator are dissolved in a suitable porogen solvent. In the next step, a polymerization 
reaction is initiated by heating the reaction mixture up to 50–60°C or by UV irradia-
tion. In the latter case, the MIP synthesis is carried out at low temperatures (from 15 
to –20°C). Due to the fact that oxygen inhibits polymerization process, imprinting is 
usually preceded by oxygen removal from the pre-polymerization mixture by purging 
with an inert gas and/or sonication. After the polymerization, a rigid porous polymer 
monolith is mechanically grinded and repeatedly sieved through sieves with a certain 
pore diameter. Then, the particles of a desired size (typically 25–50 μm) are selected. 
In the final step, a template is removed from the synthesized MIP by repeated washing 
with organic solvents.

Along with a number of indisputable advantages of the bulk polymerization 
method, such as ease of the polymerization process control, relatively mild reaction 
conditions, absence of special requirements to the purity of the reagents, and low cost 
of the commercially available monomers, it also has certain drawbacks. About 30–
40 % of the polymer is lost during the grinding process and its further fractionation. 
Irregular shape of the particles hampers their use as the stationary phases in HPLC. 
These drawbacks can be avoided by using macroporous monolithic MIPs, which are 
synthesized by the bulk polymerization directly (in situ) in cartridges for SPE [70–72], 
chromatographic columns [73, 74], or capillaries [75–77].
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9.3.2  Synthesis of spherical microparticles

In recent years, much attention is being paid to the synthesis and properties of mon-
odisperse spherical MIP microparticles. They can be prepared by precipitation, sus-
pension, and seed and grafting polymerization methods [14, 19, 78, 79].

Precipitation polymerization. In contrast to the bulk polymerization, the pre-
cipitation polymerization is carried out in the presence of large amounts of solvent, 
the volume of which is 2–10 times greater than the volume of a solvent used in the con-
ventional process for preparing MIPs. After the polymerization, precipitated polymer 
particles are filtered out, washed off from target template molecules, and used as 
selective sorbents in SPE or HPLC [80–90].

Synthesis of MIPs by the precipitation polymerization method is usually carried 
out in a mixture of acetonitrile and toluene [78, 80, 83–85, 90]. Pure acetonitrile [81], 
toluene [84, 90], and mixtures of acetonitrile with tetrahydrofuran (THF) [86] or with 
methanol [87, 88] are used less frequently. The size of resulting polymer particles 
depends on the ratio of components in a reaction mixture and polymerization condi-
tions. For example, MIP particles with imprints of theophylline (d = 5 μm), thiaben-
dazole (d = 3.5 μm), propranolol (d = 3.5 μm), β-estradiol (d = 3 μm), and S-nicotine 
[78] were obtained in a mixture of acetonitrile and toluene. By the example of MIPs 
with imprints of propranolol, which were synthesized using two cross-linking agents 
(EGDMA and TRIM), it found that the MIP particle size is decreased from 2.4 μm to 
130 nm with increasing the ratio TRIM : EGDMA [80]. Replacing toluene with more 
polar methanol, as shown by the example of MIPs imprinted with tetracycline, causes 
aggregation of the spherical particles [87].

Compared with other methods of preparing MIP, the precipitation polymerization 
method has a number of advantages, such as exclusion of mechanical grinding pro-
cedure, uniformity of the final particles, relative ease of synthesis, high speed of ana-
lytes binding, absence of stabilizers and surfactants in the reaction mixture. This way 
was chosen for the synthesis of MIPs, which have found application in the analysis of 
real samples. Thus, for the determination of bisphenol A in biological fluids and envi-
ronmental samples, an MIP with imprints of this compound was utilized [82]; for the 
determination of fluoroquinolone antibiotics in drinking water – an MIP with imprints 
of enrofloxacin [81], for the determination of benzimidazole fungicides in waters – MIPs 
with imprints of thiabendazole [83] and benzimidazole [84], for the determination of car-
bamazepine and oxcarbazepine in urine, atrazine, and tetracycline antibiotics in food – 
MIPs imprinted with carbamazepine [85], atrazine [86], and tetracycline [87], respectively. 
Precipitation polymerization was used for the synthesis of MIPs selective to a group of 
structurally related compounds: tetracycline antibiotics [88]; fluoroquinolone antibiotics 
[89]; and methyl-, ethyl-, isopropyl-, propyl-, isobutyl-, butyl-, and benzyl parabens [90].

Suspension polymerization. The suspension polymerization is carried out in 
monomer droplets dispersed in water, liquid fluorocarbons, or mineral oil [78]. In 
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order to form a stable emulsion of components, one uses a variety of stabilizers, which 
envelop the emulsion droplets, protecting them from sticking together. Depending on 
conditions of the emulsion formation and the amount of a stabilizer, the diameter 
of spherical MIP particles varies from 10 to 100 μm [19]. Such particles have much 
higher availability of molecular recognition sites than mechanically crushed conven-
tional MIPs. This accelerates the mass transfer and binding of a template. The suspen-
sion polymerization method was used to prepare MIPs imprinted with penicillin [91], 
dicofol pesticide [92], chloramphenicol [93], indomethacin [94], enrofloxacin [95], 
2,4-dichlorophenoxyacetic acid [96], and other compounds [19, 78].

Seed polymerization. This is mono-, di-, or multistage polymerization (multi-
step swelling). It is used for producing spherical polymer particles of defined and 
controlled size (5–50 μm) [19, 78, 91]. Unlike the above methods, the seed polymeriza-
tion is more complex. According to the scheme, represented in a review [78] (Fig. 9.2), 
initially “seed” particles of monodisperse polystyrene latex (~1 μm) are introduced 
into an aqueous emulsion. The swelling is often carried out in two stages: the first 
one involves an activating solvent (usually dibutylphthalate), a stabilizer (sodium 
dodecyl sulfate), and a polymerization initiator; the second one involves functional 
monomers and a template. Upon reaching a certain size, the swollen particles are 
polymerized. This method was utilized for obtaining MIPs having found application 
for extraction of barbiturates [97], epigallocatechin, epicatechin gallate and epigallo-
catechin gallate [98], triazine herbicides [99], and metsulfurol-methyl from river and 
drinking waters [100]. Using phthalic acid as a template, MIP particle of 5 μm selective 
to domoic acid (the water-soluble neurotoxin produced by certain species of seaweed) 
were synthesized by seed polymerization [101].

Fig. 9.2: The scheme for preparing monodisperse MIP particles by seed polymerization [78].
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Grafting. A feature of this method for spherical MIP particles preparing is formation 
of a thin layer of an MIP on the surface of preactivated microparticles. There are two 
types of grafting: “grafting to” and “grafting from” [102].

In the “grafting to” method, granules of silica are premodified with groups con-
taining double bonds, such as vinyl. The polymerization is carried out in a solution 
containing a template, a functional monomer, a cross-linker, and an initiator. The 
surface vinyl groups are involved in the polymerization process, resulting in cova-
lent linking of the growing polymer chains to the surface. This approach has two 
major drawbacks – at first, formation of a polymer layer on the surface may be 
accompanied by uncontrolled polymerization in the bulk solution, and secondly, 
there are certain difficulties regarding control of thickness of the resulting MIP 
layer.

The “grafting from” approach is deprived of these disadvantages. Its idea is as 
follows. In the first step, an initiator is covalently immobilized on the surface of gran-
ules of silica or polystyrene. The compounds undergoing photolysis to form either 
radicals that cause slow polymerization in the solution or radicals that not capable of 
initiating the bulk polymerization at all are considered as the initiators, for example, 
sodium diethyldithiocarbamate [102–104]. Grafting with this compound can be repre-
sented by the Scheme 9.1 [103]:

In decomposing of grafted diethyldithiocarbamate, active methylene radicals are 
formed on the surface of polystyrene beads, which initiate polymerization. At the 
same time, less active radicals are formed in solution, which are not only incapable 
of initiating polymerization but, on the contrary, they cause interruption of growing 
polymer chains, thus forming a thin layer of MIP on the surface of a bead [104].

The method of grafting was used for the preparation of silica granules mod-
ified with imprints of lysozyme [103], hemoglobin [104], 2,4-dinitrophenol [105], 
and ursolic acid [106]. In the latter two cases, prospects of the prepared mate-
rial using as stationary phase in chromatography were shown. In [107], sorbents 
for HPLC based on MIPs obtained by precipitation polymerization and “grafting 
from” were compared. It was found that a column packed with a sorbent prepared 
by grafting was significantly more efficient, but more changeable when re-used 
[107].

Scheme 9.1: Grafting with sodium diethyldithiocarbamate.
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9.3.3  Synthesis of nanoscale imprinted materials

In recent years, considerable interest of researchers is paid to nanotechnologies and 
technologies of surface chemistry in the field of molecular imprinting [25, 104, 108, 
109]. Nanoscale imprinted materials have a small size with an extremely high surface 
area-to-volume ratio, which leads to rapid sorption equilibration, higher extraction 
of templates, better availability of molecular recognition sites, and low mass transfer 
resistance [104, 108]. Because of these properties, MIP nanoparticles may be applied 
in capillary electrochromatography, as well as for development of electrochemical, 
piezoelectric, and fluorescent sensors.

The general methods for preparation of MIP nanoparticles are precipitation, 
seed, grafting, and miniemulsion polymerization as well as lithography [104, 108, 
109]. Precipitation polymerization is probably the most simple to implement, fast and 
high-yield method. It is generally used for synthesis of particles of 100–500 nm [108, 
109]. The size of MIP nanoparticles is influenced by the concentration of a monomer, 
a cross-linking agent, and the temperature. For example, increasing the concentra-
tion of a monomer or the temperature results in increasing the MIP nanoparticle size, 
but, at the same time, polydispersity of a material is also increased [104]. To speed up 
obtaining MIP nanoparticles, one proposed a procedure including a distillation step 
at elevated temperature. However, the as-prepared material had reduced capacity for 
re-binding of the template molecules and, as a result, poorer selectivity [110].

In the seed polymerization process, monodisperse latex nanoparticles are often 
used as seeds. To stabilize the dispersion, various surfactants are introduced. Using 
polymerizable surfactants allows for creating molecular imprints in a thin layer near 
the surface of the polymer shell. Typically the resulting nanoparticles have sizes of 
50–100 nm, and their yield is as high as 98–100 % in some cases [104].

Fig. 9.3: The scheme of synthesis of silica nanoparticles grafted with MIP for chlorpyrifos (CP) [113]. 
γ-MAPS – γ-methacryloxypropyltrimethoxysilane, MAA – methacrylic acid, EGDMA – ethylene glycol 
dimethacrylate, BPO – benzoyl peroxide.
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In the grafting approach, a layer of MIP is grafted onto the surface of nanoparticles of 
various materials such as magnetite [111, 112] and silica [113, 114]. The scheme of syn-
thesis of silica nanoparticles grafted with MIP for chlorpyrifos is shown in Fig. 9.3 [113].

Silica nanoparticles with a diameter of 100–200 nm were used as a core. A layer 
of MIP of about 25 nm thick was formed on the surface. It was established that the 
density of unsaturated radicals grafting onto silica nanoparticle surface has great 
effect on thickness of the resulting layer. The prospects of this MIP used as a sorbent 
in SPE and HPLC were shown.

A similar approach was used in [114] for the synthesis of nanosized silica parti-
cles coated with an MIP layer for trinitrotoluene. It was established an important role 
of unsaturated radicals on the surface of the modified particles, for not only ensur-
ing the polymerization process but also concerning a template transport through the 
polymer shell by formation of a charge-transfer complex.

Fig. 9.4: Scheme for preparation of a composite material based on multiwalled carbon nanotubes 
and a polymer with imprints of erythromycin [116]. APTES – aminopropyltriethoxysilane, VTEOS –  
vinyltriethoxysilane, MAA – methacrylic acid, EGDMA – ethylene glycol dimethacrylate, AIBN –  
azobisisobutyronitrile.
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Grafting was also used to obtain MIP layers on the surface of nanotubes [115–
118]. Figure 9.4 shows a scheme for preparation of a composite material based on 
multiwalled carbon nanotubes with a diameter of 20–40 nm and a polymer with 
imprints of erythromycin [116]. Acryloyl-β-cyclodextrin and methacrylic acid were 
taken as the functional monomers. The carbon nanotubes were modified with car-
boxyl groups by treating them with nitric acid solution, then inoculated with vinyl 
groups, and introduced as one of the components of prepolymerization mixture. 
The resulting sorbent was utilized for selective extraction of erythromycin from 
chicken.

9.3.4  Other methods

Technological difficulties associated with the use of MIP particles (grinding, fraction-
ation, centrifugation, etc.), which often lead to a significant loss of selective binding 
sites, can be avoided by carrying out MIP synthesis on the surface of various solid 
substrates (surface imprinting) [102, 119]. That is preparation of thin layers or films 
of MIPs on the surface of membranes, immunoassay plates, and electrodes. Synthe-
sis of such composite materials is usually carried out by grafting. In the first step, 
the surface of a solid support is activated, and then immersed in a reaction mixture 
containing all components necessary for the MIP synthesis. After that photo- or elec-
tropolymerization is performed.

A method of in situ polymerization, as well as grafting of a thin MIP layer on com-
mercially available membranes (polyethylene, nylon, and other filtration materials) 
was applied for preparation of porous MIP membranes, which were used in the sol-
id-phase extraction [120–124].

Thin polymer layers on the surface of polystyrene immunoassay microtiter wells 
were prepared by grafting of poly-3-aminophenyl boronic acid with imprints of proper 
compounds [119].

Another method was also used for preparing composite materials based on silica 
fibers coated with MIPs for tetracycline and propranolol, which were applied for 
SPE of tetracyclines from egg samples [125], and β-blockers from urine and plasma 
[126]. Fiber surface was silylated, and then thermal polymerization was carried out 
at 60°C for 6 hours. It was shown that the thickness of the formed MIP coating and 
reproducibility of the synthesis depends on the polymerization time. Reducing the 
time resulted in poor reproducibility and thin films, whereas in the long-time synthe-
sis, the fiber could not be separated from the solidified polymerization mixture. The 
required thickness of the homogeneous porous polymeric coating (about 20 μm) was 
achieved by re-polymerization on the fiber surface.
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9.4  Sorption properties of MIPs and selectivity of processes with 
their participation

The most important expected property of MIPs is the ability of selective binding organic 
molecules, which is explained by the presence of highly specific binding sites in their 
composition. Difference in sorption properties of an MIP and a nonimprinted polymer 
(NIP), synthesized under the same conditions, but in the absence of a template, is 
known as “imprinting effect.” To assess the imprinting effect and answer the question 
“What MIP is the best,” different approaches have been proposed. They are based on 
comparison under the same conditions of chromatographic or sorption behavior of a 
template molecule and other tested compounds with regard to the MIP and NIP [127].

For evaluating imprinting effect in chromatographic systems, one employs the 
meaning of imprinting factor (IF), which is calculated as the ratio of the template 
retention factors on columns filled with MIP and NIP, respectively [36, 46, 58, 64, 65]. 
Evaluation of imprinting effect under the static equilibrium conditions is performed by 
comparing the extraction degrees or distribution coefficients of test compounds on MIP 
and NIP. This can also be done by comparing the imprinting factor values calculated as 
the ratio of the distribution coefficients on MIP and NIP [38, 39, 44, 50, 56]. To estimate 
the number of specific and nonspecific binding sites, the Scatchard method was uti-
lized [40, 51], as well as a number of other methods, described in detail in a review [128].

Numerous studies have shown that for preparing MIPs with the high molecular 
recognition, it is necessary to choose properly the desired functional monomer–tem-
plate combination. Among other parameters for varying MIP molecular recognition 
and selectivity, there are the monomer-to-template molar ratio in a reaction mixture, 
the nature of a solvent used both at the polymerization and at the sorption stages, and 
the method of polymerization [129, 130]. Below some examples are given.

A comparative analysis of the polymers synthesized from methacrylic acid, 2- and 
4-vinylpyridine showed that the best ability to re-bind caffeine was achieved for the MIP 
based on methacrylic acid [131]. Conversely, in case of polymers molecularly imprinted 
with caffeic acid, the best results were obtained using 4-vinylpyridine [132]. In case of 
chloramphenicol, the best monomer appeared to be 2-vinylpyridine [133]. In our studies, 
by the example of MIP imprints of 4-hydroxybenzoic acid (4-HBA), synthesized using 
acrylamide (AA), 4-vinylpyridine and methacrylic acid, it was shown that 4-HBA was 
better recognized by AA-based polymers [38, 39]. Among the three functional mono-
mers (methacrylic acid, 2-(dimethylamino)-ethyl methacrylate, and acrylamide) used 
in the preparation of MIPs with imprints of quercetin, the best one was acrylamide [52].

The important role of intermolecular hydrogen bonds between AA molecules 
and the hydroxybenzoic acids carboxyl is indicated by the data obtained in the 
study of sorption properties of MIPs with imprints of 4-hydroxybenzoic acid and 
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methylparaben [39]. The absence of a carboxyl in the molecule of methylparaben, 
which is 4-HBA ester, led to a polymer having inferior molecular recognition: IF 
values were decreased from 7.0 (for the MIP with imprints of 4-HBA) to 2.4 (for the MIP 
with imprints of methylparaben) (Tab. 9.1).

The important role of intermolecular hydrogen bonds in pre-polymerization complex 
formation was also noted in [81, 94, 134].

When choosing monomer–template couples, one should take into account not 
only the ability of both molecules to formation of intermolecular hydrogen bonds, 
but also the ability to form an intramolecular hydrogen bond in the template mole-
cule. By the example of couples of MIPs with imprints of 2-/4-hydroxy- (MIP1, MIP2) 
and 2,4-/3,4-dihydroxybenzoic acids (MIP3, MIP4), we were able to trace an effect of 
the functional groups relative position on the MIP properties. It is well known that 
2-hydroxy- and 2,4-dihydroxybenzoic acids can form an intramolecular hydrogen 
bond. This results in strong weakening intermolecular hydrogen bonding of these 
molecules with AA compared with the intermolecular hydrogen bonding of 4-hydroxy- 
and 3,4-dihydroxybenzoic acids with AA. Finally, it must lead to deterioration of the 
MIP molecular recognition. The experimental results confirmed that these polymers 
vary in their molecular recognition. IF varied from 7.0 (MIP2) to 2.5 (MIP1) and from 7.9 
(MIP4) to 3.3 (MIP3) (Tab. 9.1).

To optimize monomer–template couples, a number of research studies system-
atized in reviews [135, 136] suggest applying a combinatorial approach and computa-
tional molecular modeling. According to the combinatorial approach, the optimum 
composition of components is selected based on simultaneous synthesis and testing 
from several dozen to several hundred of small batches of polymers (with the varied 
type of FM and the ratio of components in a reaction mixture) and creating corre-
sponding databases.

Tab. 9.1: Recovery efficiencies (R, %), distribution coefficients (D), and imprinting factors (IF) for 
4-hydroxybenzoic acids and methylparaben regarding MIPs and NIPs for these compounds [39]

Polymer Template R, % D IF

MIP1 2-Hydroxybenzoic acid 43 ± 2 219 2.5
NIP1 – 25 ± 1 86 –
MIP2 4-Hydroxybenzoic acid 64 ± 1 444 7.1
NIP2 – 20 ± 1 63 –
MIP3 2,4-Dihydroxybenzoic acid 30 ± 1 105 3.3
NIP3 – 11 ± 1 32 –
MIP4 3,4-Dihydroxybenzoic acid 48 ± 1 221 7.9
NIP4 – 10 ± 1 28 –
MIP5 Methylparaben 41 ± 1 177 2.4
NIP5 – 22 ± 1 73 –
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The computational molecular modeling method is more effective. It allows for 
virtual implementation of a rapid search for a large number of potential functional 
monomers, significantly reduces the time to optimize composition of MIPs, and pro-
vides information on a possible structure of binding sites.

The combinatorial analysis of polymers synthesized from methacrylic acid, 2- and 
4-vinylpyridine, and other six monomers showed that MIPs with methacrylic acid had 
the best ability to re-bind β-estradiol [137].

Based on a conjunction of the computational molecular modeling and the com-
binatorial analysis, for synthesis of MIPs with imprints of medicinal compounds, the 
best FMs, such as acrylamide (for methocarbamol), were chosen from 18 FM [138].

Another factor that plays a key role in the preparation of selective MIPs is the 
FM : template (T) ratio in a reaction mixture [2, 129]. In most of the published works, 
the optimal FM : T ratio is empirically found in studying the properties of several 
polymers prepared with adding different amounts of a template. According to the 
established ideas on formation of MIPs’ binding sites, each individual binding site 
in a polymer is formed from each complex formed between a template and a func-
tional monomer in the pre-polymerization solution. Depending on the number of 
functional groups capable of reacting with FM, one-, two- or multipoint binding is 
implemented in the template molecule during formation of such a complex. Highest 
affinity of the binding sites in the resulting polymer corresponds to the multiple inter-
actions between template and functional monomer molecules. Inside the binding 
sites with the highest affinity for the template, there are several functional groups of 
the monomer that provide rebinding of the template. Increasing the number of inter-
actions that occur with the template leads to greater “harmony” of the binding site, 
making it more selective.

According to Le Chatelier’s principle, it can be expected that increasing the 
concentration of constituents of the complex in the prepolymerization mixture will 
increase the concentration of the pre-polymerization complex, and accordingly, 
the number of binding sites in the MIP. Despite the fact that increasing the con-
centration of the pre-polymerization complex can be achieved by increasing the 
amount of both components, one usually prefers to increase the amount of a tem-
plate. This is due to the fact that a template does not take part in the polymeriza-
tion reaction; hence, the amount of template can theoretically be increased until 
very high concentrations, while maintaining the optimal cross-linker–functional 
monomer ratio. In early studies, MIP synthesis had been carried out at the FM : T 
ratio of 0.25 : 1. However, it was subsequently shown that this ratio is not always 
optimal and can vary depending on the nature of compounds forming the pre-po-
lymerization complex [43, 52, 132, 139–142]. By the example of couples of polymers 
based on acrylamide with imprints of barbital, sodium salt of 4-aminosalicylic acid, 
and 4-hydroxybenzoic acid as well as couples of polymers based on methacrylic acid 
with imprints of nicotinamide and histamine, it was found that the best recognition 
capabilities can be achieved by the polymers with the FM : T ratio of 1 : 1 (Fig. 9.5) 
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[139]. Just by changing the ratio of 2,4-D : AA in the reaction mixture from 1 : 0.25 to 
1 : 1, the IF value for polymers based on AA with imprints of this compound varied 
from 2.9 to 34.5 [43].

Although there are hypotheses to explain formation of molecular recognition sites, 
the true mechanisms of formation of the binding site final structure are still unknown, 
because of difficulties in determining this structure during and after polymerization. 
Analysis of the published experimental data on the effect of the FM : T ratio allowed 
for the author of review [129] to suggest that the number of functional groups in an 
MIP-binding site does not directly depend on the composition of a prepolymerization 
complex and is largely determined by the polymerization process.

Selectivity and efficiency of MIPs depend on the nature of a solvent (porogen) 
used in their synthesis. When choosing a solvent, one primarily takes into account 
solubility of all components used in synthesis of polymers. Furthermore, the solvent 
plays an important role in formation of porous structure of MIPs, which are a sub-
class of macroporous polymers. Beginning of pores during polymerization is a result 

Fig. 9.5: The values of imprinting factor for 4-hydroxybenzoic acid, sodium salt of 4-aminosalicylic  
acid, and barbital (a), nicotinamide and histamine (b) on MIPs based on acrylamide (a) and 
 methacrylic acid (b) depending on the FM : T ratio used at the synthesis [139].
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of phase separation of a porogen and a polymer formed. When using porogens of 
low solvent power, phases are separated early, resulting in larger pore size and lower 
specific surface area. In contrast, when using porogens of higher solvent power, 
phases are separated later, resulting in materials with smaller pores and larger  
specific surface area. In most cases, the specific surface area of MIPs varies from 100 to  
400 m2/g, which conditioned by macro- (>25 nm), meso- (1–25 nm), and micro-  
(0.2–1 nm) pores [129]. For organic molecules, which usually have the van der Waals 
dimensions from 0.6 to 10 nm, the molecular recognition sites in macro- and meso-
pores appear to be more available.

Another important role of a solvent during MIP preparation is its influence on 
formation and stability of a pre-polymerization complex before, during, and after 
polymerization. In this respect, the most suitable solvents for molecular imprinting 
are those with the low dielectric constants. These solvents provide stronger mono-
mer–template noncovalent interactions compared with polar solvents, which ulti-
mately leads to polymers having better molecular recognition. The choice of a solvent 
is carried out empirically by comparing the sorption properties of MIPs synthesized in 
various solvents but at the same ratios of the components.

Comparing sorption properties of the methacrylic acid–based MIPs with imprints 
of citalopram proved that the polymer synthesized in chloroform has better recogni-
tion than those prepared in acetonitrile and THF [140]. On the contrary, caffeine is 
better recognized by the polymer synthesized in acetonitrile rather than chloroform 
[131]. Acetonitrile was the best solvent compared with toluene for synthesis of MIPs 
with imprints of ethylestradiol [54].

Fig. 9.6: The values of imprinting factors for various organic compounds on polymers with imprints 
of 2,4-D synthesized by thermal polymerization (TP), thermal polymerization with applying ultra-
sound (TP-US), photopolymerization (PP), and suspension polymerization (SP) [96].

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



320   Part IV:  Application in Sorption and Separation Methods

However, in some cases, the use of traditional solvents for synthesis of MIPs is impos-
sible due to the low solubility of templates. In this case, MIP synthesis is performed 
in more polar solvents: acetonitrile–methanol [142], dimethylsulfoxide (DMSO) [143, 
144], and acetone [51, 52, 144].

To evaluate selectivity of MIPs, sorption by them of structurally related compounds 
is compared. As an example, Fig. 9.6 shows the data on evaluation of selectivity of MIPs 
based on acrylamide with imprints of 2,4-D, synthesized by different methods [96].

From comparison of the imprinting factors, one can see that all polymers with 
2,4-D imprints better adsorb the compound which was used in their synthesis – 
2,4-dichlorophenoxyacetic acid. The closest analogue – 3,4-dichlorophenoxy acetic 
acid is recognized a little bit worse, but other compounds are adsorbed on the MIP 
and the NIP nearly equally.

9.5  Application in the analysis of real samples

MIPs are often used as the selective sorbents in solid-phase extraction for purification 
and preconcentration of samples followed by determination of analytes by the con-
ventional analytical methods [12, 14–16, 20, 28]. This combination was called molecu-
lar imprinting solid-phase extraction, MISPE.

The main prerequisites for the MIP application in SPE are high affinity and selec-
tivity for components to be preconcentrated, in conjunction with high thermal, chem-
ical, and mechanical resistance. Stability of MIPs in the presence of acids, bases, and 
organic solvents, unlike immunosorbents, allows for employing these materials in 
columns or cartridges, not only in offline, but also in online mode.

Methods for implementation of SPE. In most cases, SPE is carried out in offline 
mode using cartridges filled with a relatively small amount of an MIP (15–500 mg) 
[28, 35, 145]. SPE consists of several stages: activation and conditioning of the sorbent 
by washing it with a suitable solvent; passing of the sample; washing the cartridge to 
remove the remnant sample solution; and elution of target components. An import-
ant part of SPE optimization is a choice of solvent on each of these steps. The main 
function of the solvent used at the passing stage is to maximize the ability of an MIP 
to molecular recognition. When choosing a solvent at this stage, preference is given 
to solvents that were used in synthesis of an MIP, which imposes certain restrictions 
on sample pretreatment prior to the SPE.

Several methods for sample preparation prior to SPE on cartridges packed with 
MIPs have been described. The first one is based on extraction of analytes from a 
sample by a suitable organic solvent (chloroform, toluene, methanol, acetonitrile) 
followed by passing the resultant extract through a previously conditioned cartridge 
packed with MIP [45, 50, 146]. The second one involves successive use of two SPE 
cartridges [147–149]. At the first step, an analyzed microcomponent together with 
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impurities is isolated on a cartridge packed with “conventional” sorbent and then 
eluted with nonpolar organic solvent and passed through a column packed with MIP. 
In some cases, water samples prior to passing the cartridge are diluted with aceto-
nitrile or methanol [89, 150, 151]. Moreover, a number of studies indicate that MIPs 
synthesized in acetonitrile or methanol medium can be used for extraction of target 
molecules from aqueous solutions [99, 152–157].

In “on-line” mode, preconcentration is performed on a small precolumn packed 
with ~50 mg of MIP, which often is placed in a liquid chromatograph injector loop 
[54, 71, 81, 83, 97, 99, 158–160]. The preconcentrated impurities are eluted with mobile 
phase and separated on a chromatographic column. The main problem encountered 
with this approach is connected with compatibility of the solvents for elution and 
chromatographic separation.

As it has been noted above, in recent years, MIPs are increasingly produced in 
the form of microsized spherical particles, which cannot always be packed in SPE 
cartridges. For such particles, a few new ways to implement MISPE have been pro-
posed. The simplest one is based on carrying out sorption under static conditions: a 
weighed portion of MIP is placed into a polypropylene centrifuge tube, and all four 
conventional SPE operations are consistently carried out. Each of them is followed by 
the sorbent separation from the solution by centrifugation. This sample preparation 
method was used for selective isolation of testosterone and epitestosterone from male 
urine [160] and antihistamine loratadine from urine and plasma [161].

Among the other methods of MISPE, an interesting approach is based on the use 
of magnetic MIP particles [162]. Fe3O4 particles were treated with modifiers (ethylene 
glycol, polyvinyl alcohol, or oleic acid) and then dipped into a solution containing all 
components necessary for MIP synthesis, and then polymerization was performed. 
The composite materials based on Fe3O4 and MIP retain recognition of template mol-
ecules and can be easily separated from solution by applying magnetic field. They 
were used for selective isolation of melamine from milk [163], bisphenol A from water 
and milk [164, 165], triazines from foods [166], the drug tramadol [167], and catechol-
amines [168] from urine.

Another method of MIP-based solid-phase extraction, which is worth mention-
ing, is the stir bar sorptive extraction. In this method, glass magnetic stirrers coated 
with a thin layer of MIP are employed. The as-prepared sorption materials were used 
for selective extraction of β2-agonists from pork, liver, and food [169]; 2-aminoti-
azolin-4-carboxylic acid – a marker of cyanide poisoning – from urine [170]; and sul-
fonamides from food [171].

An interesting system called “solvent extraction – molecularly imprinted sol-
id-phase extraction (SE-MISPE)” has been proposed for selective extraction of the-
ophylline from serum [172]. The principle is based on simultaneous extraction of 
the analyte from an aqueous solution in an organic solvent and re-extraction in the 
MIP solid phase. An apparatus for carrying out the extraction process consists of a 
microtube containing the MIP for theophylline, which is placed at its bottom. A small 
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volume of chloroform (this solvent was used in the MIP synthesis) and serum are 
introduced into the tube. During the extraction, theophylline is extracted into chloro-
form and then is sorbed onto MIP. After the extraction, the aqueous and the organic 
phases were removed and theophylline was desorbed using a polar solvent.

Industrial production of cartridges packed with MIPs has been mastered with a 
number of companies. Using the commercially available cartridges, one performed 
selective isolation of chloramphenicol from dairy products [173], plasma and urine 
[174], atrazine and its metabolites from urine [175], mycotoxin zearalenone from 
grains [176], and drugs from river water [177–179] (Tab. 9.2).

According to the data represented in review [28], usually MIPs are used for preconcen-
tration of various organic compounds from environmental objects (36 %) and body 
fluids (34 %), more rarely in the analysis of drugs and medicinal plants (15 %), food 
(12 %), and several other samples (3 %).

Environmental samples. The solid-phase extraction using cartridges packed 
with MIPs is used for selective extraction of a wide variety of toxicants from natural 
waters, such as 2,4-dichlorophenol [37], 2,4,6-trichlorophenol [36], Bisphenol A [70, 
82, 164, 165], alkylmethylphosphonic acids [147], 2,4-dichlorophenoxyacetic acid 
(2,4-D) [155, 156], and some other compounds. Also, there is a growing interest in 
determination of pharmaceuticals in the environment.

These compounds and their metabolites, together with surfactants, hygiene 
agents, and other compounds related to the human daily life, enter the environmen-
tal water in a form of complex mixtures by different ways but primarily through city 
untreated or purified water. Table 9.3 shows the conditions for isolation of some drugs 
from river water.

Tab. 9.2: Examples of commercially available cartridges packed with MIPs

Cartridge Producer Isolated compounds Sample Ref.

MIP4SPE MIP Technologies, 
Switzerland

Chloramphenicol Dairy  
products

[173]

SupelMIP SPE  
chloramphenicol

MIP Technologies, 
Switzerland

Chloramphenicol Urine,  
plasma

[174]

SupelIMIPTM  
SPE-Triazine 10

Supelco Atrazine and its metabolites Urine [175]
(USA)

AFFINIMIPTM ZON 
MIP-SPE

POLYINTELL (France) Mycotoxin zearalenone Corn [176]

MIP4SPETM – 
β-blockers

MIP Technologies, 
Switzerland

β-Blockers River water [177]

SupelMIP-NSAIDs MIP Technologies, 
Switzerland

Nonsteroidal anti-inflam-
matory drugs, clofibric acid

River water [178]

SupelMIPTM  
antidepressant

MIP Technologies, 
Switzerland

Antidepressants River water [179]
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As it can be seen from the data shown in this table, MIPs are used for isolation of both 
individual compounds and groups of structurally related compounds. A recent paper 
[180] describes synthesis of an MIP with imprints of five drugs simultaneously: ibu-
profen, naproxen, ketoprofen, diclofenac, and clofibric acid. This sorbent was used 
for simultaneous isolation of above compounds from lake and sewage water prior to 
their determination by HPLC–MS–MS.

The solid-phase extraction is often combined with subsequent determination of 
the isolated compounds by reversed-phase HPLC with UV or MS detection.

Use of MIPs for SPE in analysis of environmental waters allows for selective 
removing the target components as well as significant reducing the limit of detection 
(LOD). As an example, Tab. 9.4 summarizes the characteristics of methods for deter-
mination of 2,4-dichlorophenoxyacetic acid, 2,4-dichlorophenol, 2-chlorophenol, and 
dicamba by HPLC–UV with and without preconcentration on a microcolumn packed 
with, synthesized by us, acrylamide-based polymer with imprints of 2,4-D [156].

The same MIP was used for spectrophotometric determination of 2,4-D by reac-
tion with chromotropic acid [155]. By applying the sorption preconcentration from  
100 mL of a sample, the LOD of 2,4-D was reduced from 300 to 5 μg/L. The achieved LOD 
corresponds to 0.17 MPC for drinking water and 0.005 MPC for environmental water.

Tab. 9.3: MIPs applied for isolation of drugs from river water and the conditions of SPE

Analyte MIP and its amount Volume of  
analyzed  
solution, рН

Elution Ref.

Diclofenac Poly(2-vinylpyridine 
 dimethacrylate), 100 mg

200 mL, no pH 
adjustment

3 mL of dichlorometh-
ane : acetonitrile  
(94 : 6 v/v)

[48]

Fluoroquinolone  
antibiotics

Poly(methacrylamide- 
ethyleneglycol 
 dimethacrylate), 150 mg

100 mL, 1 mL of methanol 
 containing 1 % 
 trifluoroacetic acid

[64]
рН 7.5

Benzimidazoles Poly(methacrylamide- 
ethyleneglycol 
 dimethacrylate), 200 mg

500 mL 12 × 1 mL of metha-
nol : acetic acid  
(50 : 50 v/v)

[84]

Antiepileptic drugs  
(cyclobarbital, phenobar-
bital, amobarbital, and 
phenytoin)

Poly(4-vinylpyridine- 
ethyleneglycol  
dimethacrylate)

50 mL, no pH 
adjustment

2 mМ ammonia –  
acetate buffer : 
 acetonitrile  
(60 : 40 v/v)

[97]

Carbamazepine Copolymer of methacrylic acid 
and divinylbenzene, 200 mg

100 mL, 5 mL of methanol [157]
рН 11

β-Blockers Commercially available  
MIP4SPETM – β- blockers, 
25 mg

25 mL, рН ~7 2 × 1 mL of metha-
nol containing 10 % 
acetic acid, 2 × 1 mL 
of  methanol

[177]
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Apart from environmental waters, MIPs are utilized for isolation of organic compounds 
from soil and silt [42, 45, 89, 90]. HPLC–UV analysis of nine samples of marine silt and 
soils from different regions of Spain has been carried out [90]. Sample preparation 
consisted of SPE on a cartridge packed with MIP for benzylparaben (200 mg). Most 
often the analyzed samples contained methyl paraben (1.6–11.5 ng/g), ethyl paraben 
(0.8–6.7 ng/g), and butyl paraben (0.7–2.8 ng/g).

Biological samples. A large number of research works are devoted to applica-
tion of MIPs for selective isolation of drugs from various biological samples: urine 
[47, 49, 65, 85, 143, 157, 181–185], plasma [138, 143, 151, 158, 183, 186–188], serum [47, 
150, 172, 185, 189], blood, saliva [188], and hair [190–193]. Using synthesized MIPs, 
fluoroquinolone antibiotics [65, 181], carbamazepine [85, 157], metoclopramide [47], 
chlorpromazine [49], sinomenin [73], methocarbamol [138], sitagliptin [143], lamo-
trigine [150], alfuzosin [151], bupivacaine and ropivacaine [158], theophylline [172], a 
marker of cancer – 1-methyladenosine [182], tramadol [183], methamphetamine and 
3,4-methylenedioxymethamphetamine (ecstasy) [184], citalopram [185], β-estradiol, 
estrone, estriol [186], acetazolamide [187], methadone [188], methotrexate [189], ben-
zodiazepine [190, 191], ketamine [192], and cocaine [192] were extracted from these 
biological samples.

Most of the works cited above employed SPE followed by the HPLC–UV determi-
nation. For example, according to [181] for extraction of nine fluoroquinolone anti-
biotics from urine, a water-compatible methacrylic acid–based MIP with imprints of 
ofloxacin was synthesized in water–methanol solution. The solid-phase extraction 
was carried out on a cartridge packed with 100 mg of the MIP from 10 mL of urine. The 
limits of detection were 0.036–0.10 μg/mL (HPLC–UV). An MIP with imprints of meto-
clopramide was applied for selective isolation of this drug from urine and serum (R,% =  
90) followed by the HPLC–UV determination with detection limits of 1.2 and 3 μg/L 
[47]. It has been shown that application of an MIP with imprints of methocarbamol 

Tab. 9.4: Characteristics of methods for HPLC determination of 2,4-D, 2,4-dichlorophenol, 2-chloro-
phenol, and dicamba without (I) and with the preconcentration on a microcolumn packed with the 
acrylamide-based polymer with imprints of 2,4-D from 25 (II) and 100 (III) mL of aqueous solution
The sorbent weight – 40 mg, eluent – 1 mL of methanol [156]

Analyte Linear range (μg/mL) LOD (μg/mL)

I II III I II III

2,4-D 2–50 0.1–2 0.025–0.5 0.4 0.06 0.01
2,4-Dichlorophenol 2–50 0.1–2 0.025–0.5 0.4 0.06 0.01
2-Chlorophenol 2–50 0.1–2 0.025–0.5 0.4 0.10 0.02
Dicamba 1–50 0.1–2 0.025–0.5 0.2 0.08 0.01

LOD limit of detection.
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allows extracting this compound from plasma more efficiently (91.8 %) compared 
with a C18 cartridge (59.0 %) [138].

Food. Compared with conventional sorbents, MIPs have proved more effective 
and selective sorbents for isolation and purification of different microcomponents 
from food: milk [59, 60, 71, 91, 163, 169, 171, 194–199], baby food [200], fish and 
seafood [40, 88, 146, 201], meat and meat products [88, 159, 202–204], fruits and veg-
etables [44, 86, 191, 205–207], tomato sauce [208, 209], animal feed, and grains [152, 
176, 210–213].

MIPs have been used for extraction of albumin [59], penicillin [91], tetracycline 
[71, 88, 125, 195], fluoroquinolone [200], and cephalosporin [196] antibiotics, sulfon-
amides [159, 171, 197, 201], salbutamol [202], steroid hormones [198, 204], β-estradiol 
[199], melamine [60, 163, 194], colorants [40, 41, 146, 203, 208, 209], oleanolic acid 
[206], polyphenolic compounds [207], atrazine [86], fenitrothion [44, 205], sulfony-
lurea herbicides [152], mycotoxins [181, 201, 213], tilmicosin [211], and valnemulin 
[212] from these products. Let us consider some examples.

Using the precipitation polymerization method and tetracycline as a template, an 
MIP for selective extraction of tetracycline (IF = 7.0), chlortetracycline (IF = 7.4), doxy-
cycline (IF = 7.7), and oxytetracycline (IF = 4.1) was synthesized [88]. By the example of 
seafood, honey, and egg analysis, it was demonstrated that the new sorbent extracts 
the tetracycline antibiotics from real samples more efficiently and selectively than 
the commercial cartridges C18 and Oasis HLB. The LODs were of 0.1–0.3 μg/kg (HPLC/
MS).

The method for sample preparation prior to determination of the mycotoxin 
zearalenone in corn, based on extraction of the mycotoxin in aqueous acetonitrile 
solution (90:10) followed by purification of the extract on a commercial column 
AFFINIMIPTM ZON MIP–SPE packed with MIP has been proposed [176]. The determi-
nation was performed by HPLC with fluorescence detector. The authors note that the 
analytical characteristics of this column are not inferior to ZearalaTestTM column, 
packed with an immunoaffinity sorbent, but it is superior than the last one in cost 
and sustainability. To determine sulfonylurea herbicides in corn, a method was devel-
oped, based on a preliminary selective extraction of chlorsulfuron, monosulfuron, 
and thiophenesulfuron-methyl on a microcolumn packed with an MIP for chlorsul-
furon and subsequent determination by HPLC–MS. The LODs were of 0.02, 0.75, and 
1.45 μg/kg, respectively [152].

To control the content of the long-acting macrolide antibiotic tilmicosin 
(20-deoxy-20-(3,5-dimethylpiperidin-1-yl)desmycosin) in feed, a method was 
developed, which combines SPE using an MIP based on methacrylic acid with 
imprints of tylosin (structural analogue of tilmicosin) and HPLC determination. It 
has been shown that the cartridges packed with the synthesized MIP retain tilm-
icosin more efficiently than the C18 and Oasis HLBSPE cartridges. The LOD was 
0.35 μg/g [211].

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



326   Part IV:  Application in Sorption and Separation Methods

9.6  Conclusions

Publications in the field of molecular imprinting, whose number is increasing every 
year, suggest that the search for new MIPs is proceeding. This is mainly due to almost 
unlimited possibilities of varying the nature of the functional monomers, cross-link-
ing agents and target template molecules, as well as the relative ease and cheapness 
of MIP preparation, which allows for synthesis of MIPs in scientific laboratories by 
researchers working in this field. Interest in MIPs is primarily owing to a rare com-
bination of the unique properties of these materials. They are employed especially 
as the sorbents for SPE and HPLC, materials for membranes and sensors, a basis for 
artificial antibodies. Application of MIPs is not limited to research; they have already 
been implemented in the chemical, pharmaceutical, and biotechnology industries; 
they are trying to be used for water treatment [29, 214]. Several companies such as 
“MIP Technologies” (Sweden), “Semorex” (USA), and “POLYIntell” (France) produce 
and sell SPE cartridges packed with MIPs.

Despite the undoubted recent advances in molecular imprinting, there are still a 
number of unresolved problems. Today MIPs are usually prepared by a conventional 
approach – bulk thermal polymerization using commercially available functional 
monomers. Along with the specific binding sites, MIPs synthesized in this manner 
contain the nonspecific sites, the percentage of the latter being much higher, resulting 
in low capacity of the sorbent and high nonspecific binding. Moreover, MIPs synthe-
sized by the “conventional” approach in nonpolar solvents have high hydrophobicity, 
which often makes them difficult to extract analytes from aqueous media. Besides 
the above-mentioned synthesis strategies, many more novel technologies have also 
been introduced for preparing attractive and competitive well-designed MIPs over the 
latest years [215].

Intensive research studies are being made for development of MIPs, which would 
be compatible with aqueous medium and have higher capacity and affinity. These 
studies aim at both development of new methods for MIP synthesis and search for 
new specially synthesized functional monomers “tuned” to the template molecule. 
In this connection, it is necessary to mention a few recent publications. Thus, in 
[216], by the example of a polymer with imprints of bisphenol A, a new method for 
synthesis of MIPs based on ring-opening metathesis polymerization has been devel-
oped. The method allows one to obtain MIPs under milder conditions and much 
faster. The polymerization was completed within 1 hour, whereas MIP preparation 
by bulk polymerization took 14–24 hours to get completed. The sorbent selectively 
and efficiently extracts bisphenol A from dilute aqueous solutions, urine, and milk 
without additional sample pretreatment and has high capacity. There is a publication 
[217], indicating the possibility of obtaining MIP by frontal polymerization reducing 
the synthesis time from 24 hours to 30 minutes. An ionic liquid vinyl-3-butylimidaz-
olium chloride has been proposed as a new functional monomer for synthesis of an 
MIP with imprints of chlorsulfuron [218]. In comparison with MIP for this compound 
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synthesized before [152], the sorbent removes chlorsulfuron from water more effi-
ciently (81–110 %) and faster (within 5 minutes), allowing one to implement a combi-
nation of SPE with HPLC in “online” mode. Good compatibility with aqueous medium 
is exhibited by MIPs synthesized by grafting with the use of silica micro- and nanopar-
ticles [219–221] as the substrates as well as molecularly imprinted hydrogels [222]. An 
increasing number of works can be noted, in which the choice of components for MIP 
synthesis is not made empirically but utilizing different computer technologies. So 
the choice of components for synthesis of a water-compatible MIP with imprints of 
amidorone drug was performed by screening existing libraries of MIPs and NIPs [223, 
224].

In the last years, great interest was paid to synthesis of MIPs with imprints of 
high-molecular compounds, with a molecular weight >1500 Da, such as proteins, 
enzymes, DNA, and cells. For the synthesis of macro-MIPs, many original approaches 
and techniques have been suggested. They are, in great detail, discussed in recent 
reviews [225, 226]. For example, for the selective binding lysozyme, one has synthe-
sized an MIP consisting of two layers: an internal thermally sensitive layer imprinted 
with lysozyme and an outer layer of poly(N-isopropylacrylamide). At the temperature 
of 43°C, the polymer sorbs both lysozyme and other proteins, whereas at 38°C only 
lysozyme is essentially extracted. At 23°C, the sorption of both lysozyme and other 
proteins is impeded [227]. For the first time, an automated solid-phase synthesis of 
MIP nanoparticles with imprints of proteins was carried out [228].

Another modern trend in the field of molecular imprinting is synthesis and ana-
lytical application of new composite materials based on polymers imprinted with 
quantum dots [229–234]. They provide combination of high selectivity and sorp-
tion efficiency of MIPs with such properties of quantum dots as high luminescence 
intensity and possibility of varying position of the emission band in a wide range of 
wavelengths. It was used to create composite materials for selective determination 
of compounds based on the quantum dot fluorescence change (usually suppression) 
while binding an analyte. The polymers incorporating quantum dots were prepared 
by phase inversion of solutions of polyethylene–polyvinyl alcohol copolymer in the 
presence of target molecules of amylase, lipase, and lysozyme [229]. The fluorescence 
intensity of quantum dots at 655, 605, and 545 nm on rebinding these compounds 
depended on their concentration, which was the basis of determination of lysozyme 
in saliva samples. Synthesis of polymers with imprints of lysozyme and cytochrome 
was carried on the surface of denatured bovine serum albumin modified with CdTe 
quantum dots [230]. It was noted that bovine serum albumin serves not only as a mod-
ifier of quantum dot surface defects but also as an auxiliary monomer for creation of 
effective binding sites. By the example of lysozyme, the possibility of its determina-
tion with the detection limit of 6.8 nM was shown.

Evaluating the prospects of analytical applications of MIPs one can predict their 
increasingly intensive use not only as the selective sorbents in solid-phase extraction 
but also in creation of various types of sensors [25, 235–242].
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10  Sorbents Based on Carbon Nanotubes
10.1  Introduction

Many organic and inorganic substances are used as sorbents in analytical chemistry. 
In various analytical methods, they are commonly used to separate and concentrate 
impurities or separate matrix elements [1–5]. However, available sorbents do not 
always satisfy the requirements of analyses because of their insufficient selectivity, 
problems connected with reproducibility, sorption ability, efficiency, sorbent aggre-
gation and blockage of columns during column filling in the dynamic regime, column 
regeneration, etc. This urges searching for new efficient sorbents among novel mate-
rials, including carbon allotropes. Carbon fibers, fullerenes, and carbon nanotubes 
(CNTs) have recently been intensively studied by many researchers as promising 
materials for analytical purposes, including sorbents. A large number of papers 
and several detailed reviews have been published [6–10]. At present, most actively 
studied are CNTs. They can be used both in “raw” form (as grown) and after chem-
ical treatment (modified CNTs). The area of their analytical application is vast; they 
can be used as sorbents for various kinds of chromatography, as collectors for impu-
rities concentration, as highly sensitive gaseous, bio-, electrochemical sensors and 
 electrode materials, membranes and filters.

Among most thoroughly studied is the possibility of using CNTs for electroanalysis 
where their electric properties allow creating electro- and biosensors and electrode 
materials. The review by Trojanowicz [10] summarizes the achievements in this field 
and considers promising CNTs potentialities.

In this review, we consider the sorption potentialities of CNTs with the empha-
ses on the properties which can be realized in various kinds of chromatography, 
 solid-phase extraction (SPE), and piezosensors fabrication. Special attention is 
given to an increase of sorption capacity, reproducibility of results on various 
sorbent batches, dispersion optimization, and effectiveness of column filling, its 
repeated regeneration and compatibility with various methods of analysis. Finally, 
an emphasis is placed on the simplicity, express character, reliability, and economy 
of use.

Modified (chemically treated) CNTs with introduced functional groups are pri-
marily used in practice. The functional groups are introduced to make CNTs hydro-
philic, on the one hand, and as the first step of further more complicated chemical 
treatment, on the other hand. However, the published data on CNTs sorption capac-
ity, oxidizability, and aptitude for further modification differ considerably, which 
hampers the estimation of real properties of CNTs and prospects of their use in ana-
lytic chemistry. The aim of this review was to elucidate the causes of the above dif-
ferences connected, in part, with conditions of CNTs synthesis and their subsequent 
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modification. Moreover, the review presents the discussion of recent works on new 
aspects of sorption properties of CNTs revealed in several studies related to CNTs 
application in analytical chemistry.

10.2  Synthesis, properties of CNTs, and methods of their study

10.2.1  History of CNTs

For a long time, diamond and graphite were considered the only allotropic forms 
of carbon. However, after the discovery of fullerene in 1985 (awarded Nobel Prize in 
chemistry in 1996), new forms of carbon were discovered, for example, nanotubes, 
graphene, ultradispersion diamond, nanoporous carbon, nanofibres, nanorings, etc. 
Nanotubes presumably discovered long before the work by Iijima [11], whose priority 
in the discovery of CNTs is generally recognized, possess a number of unique phys-
ical and chemical properties. CNTs were first discovered in the soot at arc discharge 
between graphite electrodes (they were considered to be cylindrical fullerenes). 
However, it was soon found that CNTs are superior to the class of fullerenes by their 
physicochemical properties and variety of structures. These characteristics gave 
impetus to wide and efficient applications of CNTs in various fields of science and 
technology.

Further investigations led to the development of different methods of CNT 
preparation and radical changes in the understanding of the mechanisms of syn-
thesis and physicochemical properties of products prepared under different exper-
imental conditions. A unique combination of high specific surface area of CNTs 
and the presence of internal cavities of nanometer scale initiated fundamental 
studies of surface phenomena on a nanometer level and investigation of the mech-
anisms of capillary and sorption processes inside the tubes at sizes comparable 
with molecular dimensions.

Soon after the discovery of CNTs and data on their physicochemical properties 
and structure characteristics became available, several new areas of their appli-
cation appeared in micro-, nano-, and molecular electronics. Individual CNTs can 
be of different types of conductivity: metallic or semiconducting depending on the 
geometry (chirality) of tubes, which makes them suitable for fabrication of computer 
devices of record-high capacity and sources of field electron emission in cold emis-
sion cathodes.

CNTs were soon discovered to be single-walled (single-layered) and multiwalled 
(multilayered). They are layers of graphene rolled to form a single- or multilayer (from 
one to ten and more layers) co-axial cylinders with a diameter from one to several 
tens of nanometers and several hundred micron long. Several forms of CNTs exist, 
e. g. achiralic (an arm–chair or a zig–zag) where two sides of each hexahedron are 
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oriented perpendicular or parallel, respectively, to the tube axis or chiral (spiral) with 
each pair of hexahedra at an angle of 0 to 30 deg. to the CNT axis. Figure 10.1 shows a 
schematic image of nanotubes [9].

Because of high length-to-diameter ratio, tubes are regarded as one-dimensional (or 
quasi-one dimensional) extended nanostructures. The end of CNTs is usually a semi-
spherical “cap” (fullerene-like structure). The smallest tube diameter is ~0.7 nm and 
it sets the diameter of subsequent co-centric layers. The distance between layers in 
multilayered tubes is always 0.34 nm, which corresponds to the distance between 
layers in graphite.

The interior cavity of CNTs can be filled with various liquid, gaseous, and con-
densed substances due to the capillary effect and external pressure. The substances 
can be stored inside and protected from external physicochemical influence by the 
graphite surface. This property opened up large possibilities of using CNTs for storage 

Fig. 10.1: Schematic of the structure of a 
graphene sheet (A). Singlewalled (SWCNTs ) 
tubes of armchair (B), zigzag (C), and chiral 
(D) type. The multiwalled (MWCNT) tube 
(E). Reprinted from ref. 9, Copyright 2005, 
with permission from Springer-Verlag.
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substances in such fields as hydrogen power technology, catalysis, medicine, etc. 
[12–18]. Sorption on the inner surface of CNTs and mechanisms of tube filling with 
substances in various aggregate states are a separate and rapidly developing field of 
investigation well presented in the literature and it will not be considered in detail 
here. Extensive and detailed information on the issue can be found in the reviews and 
monographs, e. g., [15–17] and references therein.

Simultaneously with physical methods of investigation, the chemistry of CNTs 
began to develop mainly connected with modification of the external surface of 
single- and multiwalled tubes using various chemical reagents. Modified CNTs were 
shown to possess better sorption potentialities than conventional sorbents; therefore, 
they found application in the analysis and purification of objects in the environment, 
separation, and concentration of impurities in organic and inorganic substances 
in combination with subsequent analysis. For more details, see part of this chapter 
named “Sorption properties of CNTs.” 

From the viewpoint of application, the cost of CNTs fabrication is still high 
in spite of a certain progress and updating of various methods of their synthesis. 
The most expensive is the synthesis and isolation of single-walled, individual, and 
perfect nanotubes that are essential for nanoelectronics, hydrogen power technol-
ogy, medicine, biology, and other fields where the tube application implies the per-
fection of the inner tube surface. On the other hand, the synthesis of CNTs consisting 
materials for chromatography, concentration of impurities in analytical procedures, 
solution of various ecological problems, i. e. fields where the external surface layer 
and interlayer space in multilayer tubes play an important role, does not require a 
technology of the above high standards. Moreover, structures with defects are more 
appropriate because they facilitate the tube modification, increase their sorption 
capacity and prevent aggregation of tubes. Exact requirements to the properties of 
CNTs according to the purpose of their application have not been formulated yet 
and the progress in this direction would depend on the understanding of what cor-
relation exists between the specific features of synthesis and quality of the product 
obtained.

10.2.2  Synthesis, functionalization, and characterization of CNTs

10.2.2.1 Methods of synthesis
Many CNTs synthesis methods have been fairly well described in the literature 
[12–28]. The major of them are (1) electric arc synthesis under inert gas atmosphere 
(a time-consuming procedure giving a mixture of allotropic forms of carbon as 
byproduct with a large number of defects, including edge dislocations). The dis-
order character of thus obtained structures is connected with the nonequilibrium 
conditions of the arc discharge. The yield of CNTs and their morphology is strongly 
influenced by the basic discharge conditions (current strength, voltage between 
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the electrodes, plasma temperature, and time of discharge) and by parameters 
such as gas flow, purity and configuration of electrodes and their cooling, setup 
geometry, etc. Moreover, transition metal addition inside the graphite anode 
affects the yield and shape of tubes. (2) Laser evaporation of graphite, a most 
expensive and hard to control method. Its advantage is a fewer number of param-
eters influencing the shape and yield of CNTs than the electric arc synthesis. This 
probably increase the tube yield. A higher efficiency of laser ablation was achieved 
by addition of Ni and Co catalysts to the graphite. (3) Chemical vapor deposition 
(CVD) at catalytic decomposition of various carbon-containing gases is the sim-
plest and cheap method of synthesis. The advantage of CVD is deposition of CNTs 
films onto different substrates such as glass, silica, metal etc., which is important 
in fabrication of various types of sensors. (4) Other methods of CNTs synthesis 
include hydrocarbons combustion in flames, electrolysis of molten salts, carbides 
chlorination, etc.

Materials obtained by different methods can be of various shape and morphol-
ogy: solid residue, wool-like and textured structures on substrates, aggregates, ropes 
consisting of tube assembly cabled together and some other. Depending on the syn-
thesis method used and/or its conditions, single- and multiwalled tubes and other 
carbon modifications, amorphous carbon and fullerenes, are obtained. To proceed 
with the discussion, it is pertinent here to consider what the term “purity of CNTs” 
means when used in the literature on the physical and chemical aspects of CNTs. 
Sometimes, it is not clear what kind of “purity” is implied and how this “purity” is 
determined. Evidently the term is used to denote the presence or the absence of other 
allotropic carbon forms. Sometimes the term refers to the content of single-walled 
tubes in the whole mass of carbon material. But nowhere the chemical composition 
of the tubes and the presence of catalyst residues and other elements are discussed. 
However, this issue seems important to understand the mechanism of synthesis, 
physicochemical properties of tubes and their application in analytical procedures, 
medicine, and biology. Aspects connected with the purity of CNTs will be considered 
in Section 10.2.2.

Each of the CNTs synthesis methods has its own advantages and disadvantages 
widely discussed in the literature. However, these methods are not considered in 
detail in this review, except for the CVD method because of its wide potentialities, 
promising properties from the viewpoint of simplicity, lability, and economical effi-
ciency. First of all, it is a CVD synthesis of CNTs from ethanol vapors [19–28], so-called 
alcoholic catalytic CVD or AC-CVD. Its advantages are lower temperature of synthe-
sis, simplicity, high reproducibility, and high yield. The method became of intense  
interest among researchers at the beginning of the 2000.

The gas-phase catalytic pyrolysis of ethanol vapors involves several chemi-
cal reactions on the catalyst; these are connected with decomposition of ethanol 
molecules into simpler components such as methane, carbon monoxide, and 
hydrogen. The major reaction to evolve carbon at the temperature below 600°C is 
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disproportination of carbon monoxide. The reaction products (depending on the con-
ditions) can be single- and multi-walled CNTs and nanofibers of various thicknesses. 
Moreover, AC–CVD enables the synthesis of single-walled nanotubes that are almost 
free of amorphous carbon, multi-walled nanotubes, and other carbon-containing 
admixtures. Long CNTs were prepared in [21], which were oriented along a substrate 
of mesoporous silica with a Mo/Co catalyst deposited onto it. The tubes were synthe-
sized from ethanol vapors in a flow-type reactor at 850°C. The tubes were reported to 
grow strictly parallel to the vapor flow direction to form a two-dimensional network 
of oriented one-walled CNTs with interior cavity diameters in a narrow distribution 
range. Pure CNTs containing more than 96% single-walled nanotubes were synthe-
sized from ethanol vapors in a similar reactor using ferrocene as a catalyst precur-
sor [22]. By simple treatment of the CNTs in nitric acid, their purity was increased to 
99 %. The comparison of various alcohols showed that ethanol gives the best results. 
The use of isopropanol and octanol led to a larger amount of amorphous carbon and 
with methanol no carbon deposition was observed. High-quality two-layered CNTs 
were obtained in high yield from ethanol vapors at a reduced pressure [23]. These 
tubes had averaged diameters of 1.55 and 0.85 nm for the first and second layers,  
respectively.

Synthesis of multi-walled CNTs and nanofibers by catalytic pyrolysis of ethanol 
vapors was the objective of a number of works. A simple and efficient method of fab-
rication of coatings from multi-walled tubes on quartz substrates was reported in [24]. 
The catalyst used was a thin (5 nm) film of iron or nickel. The synthesis was performed 
at atmospheric pressure in oxidizing atmosphere in the presence of O2, N2, and CO2. 
Ethanol solution of ferrocene can be a source of carbon and simultaneously a catalyst 
in the synthesis of CNTs and nanofibers. Multi-walled CNTs with high degree of order 
were obtained using the above solution [25].

The effectiveness of a number of catalysts (Co, Ni, Mo, and Fe acetates, bime-
tallic mixtures deposited onto substrates by centrifugation) for the synthesis of 
 single-walled CNTs from ethanol vapors was studied in [26]. The thermally oxidized 
silicon was used as substrate. The synthesis was performed at 500–1,000°C. The 
samples were analyzed using Raman spectroscopy (RS), atomic-force microscopy 
(AFM), scanning tunnel microscopy (STM), and transmission electron microscopy 
(TEM). The ratio of G and D peak intensities in the RS spectra of the samples served 
as a criterion to estimate the efficiency of the catalytic process. Pure nickel and cobalt 
were found to be highly active as catalysts, the catalytic properties of iron were weak, 
and molybdenum did not work as a catalyst at all. At low temperatures, binary Ni–Co 
catalysts were most efficient.

All known setups to synthesize CNTs by the AC-CVD method are in principle 
similar and can correspond to the scheme shown in Fig. 10.2 [20]. Figure 10.3 shows a 
typical electron-microscopy image of carbon nanomaterial prepared by AC–CVD. The 
material consists of multi-walled tubes and nanofibers 20–100 nm in diameter and 
several micrometers long. Thus, it was shown that structural, physicochemical, and 
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morphological properties of CNTs depend both on the method of preparation and the 
conditions of synthesis (temperature, catalyst, time, etc.).

Fig. 10.2: The scheme of the unit for the synthesis of CNTs from ethanol vapors by the CVD method.

Fig. 10.3: Electron microscopic image 
of a carbon nanomaterial obtained by 
catalytic pyrolysis of ethanol vapors.
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Regretfully, details of CNTs synthesis are not always reported in the literature, which 
can explain the ambiguity and discrepancy of the results concerning the CNTs prop-
erties presented in the literature.

10.2.2.2 Modification and functionalization
Modification of CNTs is widely discussed in the literature devoted to the studies and 
application of CNTs [29–68]. Modification is believed to open ways to real application 
of CNTs in nanoelectronics, composite materials, as catalysts, sorbents, etc. Synthe-
sized CNTs (by any method) are practically insoluble in water and major organic 
solvents. However, their use often requires them to be in a dissolved form. Their 
transformation into dissolved form is achieved by various methods of modification. 
The meaning of the term “modification” is rather broad. Sometimes it implies the 
following operations: functionalization (introduction of various functional groups 
to the side surfaces and tube ends), subsequent reactions involving these groups, 
chemical reactions inside the tubes including the filling of the tube interior with 
various substances, substitution of carbon atoms by other elements, purification of 
CNTs from catalysts, and opening the tubes during acidic treatment. Modification 
changing the chemical composition of the tube surface is often called functional-
ization. It can proceed by two mechanisms: covalent (chemical) and non-covalent 
(physical) one. The term “non-covalent functionalization” does not seem very 
correct, although covalent bonds are really absent. It would be more appropriate to 
speak about a noncovalent interaction or modification in a broad sense of the word. 
However, the term “noncovalent functionalization” is widely used in the literature 
[31, 40, 47].

Covalent functionalization can be, in its turn, divided into direct nondestructive 
and that connected with surface defects [30]. Direct covalent functionalization is 
connected with the change in the sp2 hybridization to sp3 and simultaneous loss of 
π-conjugation of the graphene layer. This can occur during the interaction with highly 
reactive agents, for example, in the reactions such as ozonation, chlorination, and 
fluorination [31]. “Defect” functionalization presumes the formation of defects on the 
surface during the growth or chemical treatment of CNTs which become the sites of 
chemical interaction. Open ends of CNTs or irregularities of pentagons and hepta-
gons in the graphene hexagons can serve as defects. Covalent functionalization of 
nanotube ends causes changes only in their electron structure and does not affect the 
material volume properties. Functionalization of side walls changes the properties 
of CNTs [31]. Oxidized centers in CNTs can also be regarded as defects. These defects 
are formed during oxidation with strong acids or their mixtures [32]. Defects formed 
by oxidants can be stabilized through combining with carboxyl and carbonyl groups, 
which can then become a basis for further functionalization. A step-by-step chemical 
treatment allows the substitution of some functional groups in CNTs by other groups, 
depending on the purpose of further application. The process can be regarded as a 
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controlled change of nanotube properties so that they suited the purposes of further 
application [33]. This technique enables “sewing” any groups, even complicated 
dendrite structures, to the surface of nanotubes so that they could make 50 % of the 
resulting product mass [34]. Such structures can find wide application, for example, 
for biomedical purposes.

Non-covalent modification is an alternative method of changing physicochemical 
properties of CNTs and is based on using weak bonds (π–π and hydrophobic interac-
tions, hydrogen, electrostatic, and van der Waals forces). Due to van der Waals forces 
or other interactions, a suspension of nanotubes can form supramolecular complexes 
with polymers [35–41] or with surfactants [42]. This process promotes also the destruc-
tion of CNTs associates formation of individual tubes [43]. Another kind of non-cova-
lent modification is “host–guest” interaction, which consists in sorption introduction 
of inorganic particles such as Ag, Au, and Pt [44] and small biomolecules, e. g. DNA 
[45], into the interior cavity of CNTs.

The range of fundamental and applied issues of CNT modification has been con-
sidered in a large number of publications [20–31, 41, 45, 51, 53–56]; we shall deal here 
with the latest works on covalent functionalization of CNTs by oxidation from the 
viewpoint of oxidation effect on the sorption properties related to analytical  chemistry.

Covalent functionalization to oxidize the CNTs surface by introduction of 
 oxygen-containing groups (oxidative functionalization) is the most thoroughly 
studied and described modification process [46, 48–51, 58–68]. Depending on 
the oxidant, the introduced groups can be carboxyl, carbonyl, and hydroxyl. In all 
cases, the number of grafted functional groups per mass unit is an important char-
acteristic of the obtained materials. The number and kind of introduced functional 
groups are compared with the nature of the oxidant used, e. g. HNO3, H2SO4, KMnO4, 
H2O2, and their mixtures under various conditions: temperature, concentration, and 
contact time. The efficiency of the oxidation process is estimated by the concentra-
tion of introduced groups which is controlled by physical and chemical methods 
and compared with the nature and concentration of an oxidant, temperature, and 
time of treatment. A detailed comparison of the efficiency of six most frequently used 
oxidants was reported in [46]. The objective of investigation was commercial, multi-
walled CNTs (outer diameter 15–5 nm, 5–20 µm long, 95 %). The oxidants were HNO3, 
KMnO4, H2SO4/HNO3, (NH4)2S2O8, H2O2, and O3. The formation of oxygen-containing 
groups on the CNTs surface after treatment were determined by X-ray photoelectron 
spectroscopy (XPS) and energy-dispersion X-ray spectroscopy; the concentration of 
introduced groups was determined by chemical derivation combined with XPS. It was 
found that different oxygen-containing groups reacted with specific derivation agents 
containing original chemical marks. It was also shown that the effect of oxidant con-
centration is much less pronounced than the oxidant type. For example, the treat-
ment with (NH4)2S2O8 , H2O2, and O3 mainly causes the introduction of carbonyl and 
hydroxyl groups whereas more aggressive oxidants (HNO3, KMnO4) lead to the forma-
tion of carboxyl functional groups on the surface of CNTs.
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The formation and behavior of various oxygen-containing functional groups after 
treatment with different oxidants and subsequent treatment with a strong reductant 
(NaBH4) was studied in [48]. It was found that the treatment with a reductant does 
not practically decrease the amount of oxygen on the CNTs surface but radically 
changes the relative content of different functional groups because of their partial 
reduction: the amount of carboxyl groups decreases while the content of hydroxyl 
groups increases.

Studies on the application of various oxidants (strong acids and their mixtures) 
were described several times [65–68]. Oxidation of CNTs with nitric acid under dif-
ferent conditions and control over the changes in such properties as mass, solubil-
ity, morphology, and order degree by Raman spectroscopy and the optical method 
developed in [65] was examined in order to determine CNTs solubility in concentrated 
water suspension. It was found that the solubility is determined not only by the func-
tional groups on the CNTs surface but also by the functionalization of amorphous 
carbon formed as a result of CNTs destruction during acidic treatment. A high solu-
bility (20–40 mg ml−1) was obtained only after a long (24–48 h) exposition in concen-
trated (60 %) nitric acid. However, about 60–90 % of nanotubes are lost under such 
conditions. After 48 h oxidation, CNTs undergo fragmentation and become covered 
with amorphous carbon. Tube destruction under the effect of aggressive agents is dis-
cussed [66], and it was shown that the treatment of tubes with nitric acid under hard 
conditions (with refluxed nitric acid) leads to partial degradation of CNTs consisting 
in a considerable decrease in the tube length and the appearance of new defects. 
However, these defects facilitate further functionalization through the introduc-
tion oxygen-containing groups, as was shown by XPS and acid−base titration. The 
treatment of CNTs with alkaline agents does not cause any noticeable changes in the 
structure of CNTs. Similar investigation was also done in [67], showing that harsh 
conditions (e. g. 8 M HNO3 or its mixtures with H2SO4 via sonication) radically func-
tionalize the CNTs surface but lead to the destruction of the structure of graphite.

Under more mild treatment conditions (3 M HNO3, 2 h treatment), the destruc-
tion of tubes is considerably smaller; however, the degree of their functionalization 
decreases as well. To prevent the decrease, the authors used additional oxidation of 
CNTs by H2O2 and optimized the power of sonication to obtain a higher content of 
 oxygen-containing groups. The introduced groups were controlled by the FTIR spec-
troscopy. A simple procedure was also used to estimate the degree of functionaliza-
tion; it consisted in visual observation of the sedimentation rate of CNTs suspension 
obtained by sonication in polar solvents after different techniques of functionaliza-
tion. In this experiment, 5 mg of CNTs in 13 mL of ethanol were subjected to ultra-
sound treatment for 10 min and the time of CNTs sedimentation was determined. It 
was found that sedimentation of the tubes that were not subjected to acid treatment 
took 10 min, whereas the time of oxidized tube sedimentation depended on hardness 
of the treatment conditions. The functionalization at the above mild conditions gives 
a colloid dispersion of CNTs which is stable for several weeks. These results were in 
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agreement with electron microscopy data and spectroscopy data, which exhibited 
more intense spectral lines due to oxygen-containing groups as compared with those 
under different conditions.

In addition to functionalization of CNTs, oxidation of nanotubes by concentrated 
acids causes opening of tube ends and purification of synthesized tubes from other 
carbon allotropic forms and amorphous carbon.

Thus, treatment of CNTs fabricated by various synthetic methods using acidic 
and basic agents enables the introduction of functional groups into the side and end 
tube surfaces, the type and concentration of these groups depend on the oxidant 
and treatment conditions. Functionalization considerably increases hydrophilicity 
of CNTs, decreases the van der Waals interaction and, correspondingly, decreases 
aggregation of hydrophobic nanotubes that stabilizes the formed colloid [52]. Oxygen- 
containing groups substantially increase the sorption capacity of CNTs in the case 
of ion-exchange mechanism of sorption. These issues are considered in detail in the 
“10.3.1 Sorption of metals from aqueous solutions”. Note that no general principles 
have been formulated to explain the connection between the synthetic conditions of 
CNTs and their ability to modification in spite of a large number of works on the effect 
of functionalization conditions on the type and concentration of introduced groups 
which change the physicochemical properties of CNTs, sorption capacity included. At 
the same time, the synthetic conditions that influence the morphology can affect the 
CNTs properties and, in the first place, their ability to modification which determines 
the sorption properties of obtained materials. From this point of view is of interest 
the discussion in [46] (one among few) which points to the discrepancy between the 
results obtained for various commercial samples of CNTs. To clear up the disagree-
ment, the authors first determined the parameters of the initial commercial samples 
of CNTs using electron microscopy.

10.2.2.3 Methods of characterization
CNTs can be characterized from different viewpoints: by the relative content of single- 
and multiwalled nanotubes in carbon material, presence of other allotropic carbon 
forms, specific surface area, dispersion, sizes (diameter and length), chirality, chem-
ical composition. No standard parameters of characterization (neither rigorous clas-
sification of characterization methods) exist. Characterization of CNTs requires the 
use of several different methods. As a rule, most methods are multipurpose and are 
used to characterize the structure and/or morphology and chemical composition of 
CNTs. From the viewpoint of purpose, these methods sometimes can be divided only 
conventionally.

A detailed review of the methods to characterize CNTs is given by Belin and Epron 
[69] as well as Merkoci [9] as applied to analytical chemistry.

Characterization of the morphology and structure of CNTs is aimed at estimating 
their mechanical, electric, and electronic properties. Most widely used methods are 
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SEM, TEM, ESCA, and Raman spectroscopy [70–73]. The use in TEM of an accelerat-
ing voltage of 60–200 kV enables the resolution of several nanometers and allows 
the differentiation of single- and multiwalled CNTs and, roughly, the positioning of 
graphene planes. A high-resolution TEM (0.15–0.30 nm) with an accelerating voltage 
to 400 kV enables the visualization of atomic layers [74]. This method permits the 
determination of CNTs diameters, structure of joints and walls, and distance between 
graphene planes. Neutron diffraction can give information on structure features and 
C–C bond lengths [75, 76]. The observation of individual nanotubes by these methods 
requires a special preparation of samples: sonication in the medium of organic sol-
vents often in the presence of surfactants and subsequent deposition of the obtained 
suspension onto an electroconducting substrate. In fact, characterized is not the 
initial but rather a newly obtained substance.

One of the important methods to characterize solid samples of CNTs without 
preliminary treatment is to determine the specific surface area and inner diame-
ter of tubes by nitrogen adsorption at 77 K using the Brunauer–Emett–Teller (BET) 
method [77].

Because the use of CNTs in practice often involves their transferring into solution 
(real or colloidal) by functionalization or noncovalent modification, which causes 
changes in the CNTs properties, the characterization of introduced functional groups 
plays a decisive role. A detailed review of methods for chemical and structural char-
acterization of covalently functionalized CNTs was recently published in [46, 72]. In 
these reviews both widely used methods (STM, TEM, XPS, IR, and RS) and some spe-
cific techniques such as chemical derivatization, acid–base titration, etc. were consid-
ered. The chemical derivatization method is based on the selective and stoichiometric 
reaction of a functional group with a specific derivatization agent containing a certain 
chemical marker. Note that derivatization in combination with various physicochemi-
cal methods of analysis is not widely used to determine functional groups in oxidized 
CNTs. The fact is that not all of functional groups can be derivatized, that limits the 
potentiality of the method. Nevertheless, the method has been successfully used by 
several researchers [56–60] and is worth attention.

The information on the nature of CNTs functional groups can be obtained by XPS 
[72, 73]. The major peak at 284.6 eV is due to the C1s atoms of carbon in graphite. The 
shoulder at 287.6 eV is due to carbonyl groups, that at 288.8 eV to carboxyl groups, 
and the shoulder at 286.3 eV appears when hydroxyl groups are present [16].

The introduced functional groups of CNTs are commonly identified by IR spectros-
copy [16, 78–80]. The characteristic lines in the IR spectrum at 1614–1620, 1710–1735, 
1585–1590, 1200–1205, and 1080 cm−1 testify to the presence of carboxyl groups. The 
C–O–C group vibrations are observed at 1207 and 1040 cm−1, epoxide group vibrations 
are seen at 1267 and 822 cm−1, and those at 3350–3500 cm−1 are due to –OH− groups 
[16]. Although a quantitative analysis by IR spectroscopy presents certain difficulties, 
relative changes in the –COOH group content, depending on the experimental condi-
tions, can be determined using the intensity, for example, line at 1725 cm−1 attributable 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 10 Sorbents Based on Carbon Nanotubes   355

to the carboxyl group vibrations. The line at 1590 cm−1 was used as a reference point 
because it corresponds to innerplane stretching vibrations of carbon atoms in nano-
tubes and does not vary with experimental conditions [78]. The line was isolated as a 
gaussian, and all lines in the spectrum were normalized to its integral intensity.

Raman spectra can provide information on the quality of CNTs from the view-
point of “graphitization,” i. e., the presence/absence of amorphous carbon and other 
allotropic forms [81–85], if use is made of the ratio of the G and D lines characteriz-
ing sp2 and sp3 hybridization lines, respectively [16, 46, 79]. The higher the ratio, the 
better is the product quality. Moreover, narrowing of the G line in the Raman spectrum 
suggests a stronger “graphitization” [16]. Note, however, that this conclusion mainly 
refers to single-walled nanotubes, because Raman spectra of multiwalled CNTs are 
more difficult to interpret due to the appearance of a large number of additional 
lines. The presence of introduced oxygen-containing groups can be inferred from the 
general acidity of CNTs surface employing acid–base titration [78, 86–88].

As mentioned above, considerations of CNTs purity rarely imply their chemical 
(impurity) composition of nanotubes themselves. In most cases, the term “purity” 
implies the presence of one-type structures, for example, single- or multiwalled nano-
tubes. Other allotropic carbon forms are also regarded as impurities. Only in 2008 
Chinese researchers [89] presented a paper where they consider in detail the purity 
and element composition of CNTs. The impurity composition of CNTs can be deter-
mined by methods of element analysis, for example, by arc atomic-emission spectrom-
etry (AES). By element admixture composition, the material obtained from ethanol 
vapors proved fairly pure [88]. The content of basic admixtures in it was at the level 
of graphite usually employed as an admixture collector in dc arc AES. The results of 
CNTs element analysis by AES depending on the method of the catalyst washing are 
given in Tab. 10.1. It is seen that the content of the Ni catalyst after washing decreases 
by approximately five times but still remains at the level of tenth parts of percent. As 
was expected, the contents of aluminum, silicon, and calcium decrease after washing 
with hydrofluoric acid.

Purification of CNTs material from other allotropic forms of carbon is especially 
important when single-walled nanotubes are used in biomedicine, electronics, or 
nanocomposites. In other cases, e. g., when CNTs are used as sorbents in SPE or in 

Tab. 10.1: Results of dc arc atomic emission analysis of CNTs (n = 3, Sr = 0,25)

CNTs washing 
from the catalyst

Element, % mass

Al × 
105

B × 
105

Cu × 
105

Fe × 
105

Mg × 
104

Mn × 
105

Si × 
103

Ti × 
105

Ca × 
104

Mo × 
105

Ni × 
101

Without washing 3.0 2.0 <0,5 1.0 2.5 <0,5 1.0 <1 0,13 <5 5,0
НNO3 15 1.5 <0,5 5.0 2.0 <0,5 1.0 <1 1.6 <5 1.2
НNO3  +  HF 0.8 1.0 <5 7.5 0.1 <5 0.12 <1 0.10 <5 1,1
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various kinds of chromatography, the isolation and subsequent characterization of 
single-walled nanotubes alone makes the synthesis procedure complicated and is 
hardly expedient. The use of bulk material of CNTs seems more suitable for these 
purposes because such parameters as specific surface and/or nature of functional 
groups introduced during modification and sorbent dispersity play a determining 
role. Therefore, the effect of various parameters on the CNTs characteristics should 
be thoroughly studied.

10.3  Sorption properties of CNTs

10.3.1  Sorption of metals from aqueous solutions

Studies of metal ions sorption from aqueous solutions are important from the view-
point of technology and analytical chemistry. These studies are closely related to 
environmental problems (e. g., sorption and determination of toxic elements). The 
problems of sewage disposal and treatment are closely connected with those of their 
analysis. As a rule, analysts deal with considerably diluted solutions (at preconcen-
trating trace amounts of impurities) and it may seem that the sorption capacity of 
CNTs is not that important as it is in technology and ecology. More significant for the 
results are distribution coefficients, extraction completeness, reproducibility of the 
results of sorption and desorption (depending on the analysis method) on various 
sorbent batches, and compatibility with methods of analysis. Nevertheless, some 
general issues such as the character of sorption isotherms, dependence on pH and 
initial solution concentration, etc. are equally important in analytic chemistry and 
technology. Therefore, the problem of element extraction from waters of various 
compositions is expedient for analysts. A number of works have recently appeared 
devoted to metal ion extraction (especially toxic metals) using CNTs prepared and 
oxidized by different techniques [90–109]. Some papers devoted the extraction of lead 
[92–98], cadmium [92, 99,101], zinc [100–103], and nickel [104–105]. The review by 
Rao [90] on bivalent metal ions extraction to purify waters has demonstrated consid-
erable possibilities of CNTs to extract and concentrate heavy metals. The economic 
aspect of CNTs application as compared to other sorbents is considered to be essential 
for the solution of environmental problems.

Most of the above investigations deal with oxidized CNTs and pay much atten-
tion to the effect of oxidation conditions on the sorption properties: the type of CNTs 
oxidant, temperature and time of treatment, medium acidity or pH of solutions, and 
metal concentration. Introduced functional groups increase the negative charge on 
the carbon surface and, correspondingly, increase the cation-exchange capacity of 
CNTs [94]. It was shown that the adsorption behavior of heavy metals on CNTs can be 
described either by the Langmuir or the Freundlich isotherms [91] or by both [93]. The 
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sorption mechanism was the object of many discussions. However, there is no unified 
opinion on its character. It is clear that sorption involves several physical and chem-
ical processes, which is confirmed by the absence of distinct correlation between 
the value of sorption capacity and specific surface area and nanotube diameter. The 
chemical interaction between metal ions and surface functional groups is schemati-
cally shown in Fig. 10.4 [90]. It can be explained by the ion exchange between metal 
ions in the aqueous phase and protons of carboxyl and phenol groups of modified 
CNTs [102, 105].

It was shown that competing mechanisms of various metal ions extraction can operate 
depending on the sorption conditions [92]. To this end, they studied the effect of solu-
tion ionic strength (0.01, 0.05, and 0.1 M) on the sorption of Pb2+, Cu2+, and Cd2+. It was 
shown that the adsorption interaction between the sorbent functional groups and 
metal cations mainly corresponds to the ion-exchange mechanism, whereas the neg-
atively charged surface of oxidized CNTs is responsible for electrostatic interaction. 
The simultaneous presence of Pb2+, Cd2+, and Cu2+ ions on their combined extraction 
in comparison with that of these individual metals [22] was performed. This influence 
appeared insignificant and decreasing in the following order Pb2+ > Cu2+ > Cd2+.

It was also found [100, 102] that the contribution of electrostatic interaction 
increases at high pH values, which increases sorption, for example, of zinc. The effect 
of pH in the range 8–11 on the extraction of Ni2+ and Zn2+ was studied in detail [100, 
105]. The behavior of various chemical species of the sorbate (Zn2+, Zn(OH)1+, Zn(OH)2, 
Zn(OH)3

− and Zn(OH)4
2− present in the aqueous solution at various pH was considered 

[100]. The Zn2+ sorption was found to dominate at pH < 8. At pH 8–11, the extraction 
of zinc is maximum and occurs as Zn(OH)+ and Zn(OH)3

− adsorption and Zn(OH)2 sed-
imentation. At pH 12, dominating are Zn(OH)3

− and Zn(OH)4
2− species; therefore, an 

observed decrease of zinc extraction can be partially a result of competition between 

Fig. 10.4: Mechanism of metal ions sorption on modified CNTs. Reprinted from ref. [90], Copyright 
2007, with permission from Elsevier.
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these species for the sorption places on the CNTs surface. The Zn2+ sorption from 
aqueous solutions on commercial powdered activated carbon (PAC) was studied in 
detail [100] in comparison with the sorption by CNT [103]. It was found that the sorp-
tion capacity of CNTs is significantly higher than that of PAC.

The mechanism of Pb2+ sorption on CNTs, as a model element, was studied [98] 
and by various methods of analysis showed that the contribution of functional groups 
to Pb2+ sorption is 75.3 % of the total sorption capacity and the rest 24.7 % is due to 
the specific surface area, i. e., to physical sorption. If the latter is the case, the 21.3 % 
of the above 24.7 % of Pb2+ sorption is defined by electrostatic interaction and 3.4 % 
is deposited as PbO, PbCO3, and Pb(OH)2 species. Nanotubes multitwisted in an arbi-
trary way form oriented spiral-like structures, which provide a considerable number 
of cavities of nanometer size accessible for liquids and gases from outside. In these 
structures, sorption occurs within the inside, outside, and intertube space via various 
mechanisms (Fig. 10.5) [106].

It was found that sorption capacity depends on the concentration of introduced oxy-
gen-containing groups. However, the order of changes in the capacity for various 
cations in the reported works differs. For example, in [93], this order is Pb2+ > Cd2+ > 
Co2+ > Zn2+, which coincides with that in [78]; in the review [90] the order is Pb2+ > Ni2+ > 
Zn2+Cu2+ > Cd2+. At the same time, the maximum copper sorption was reported [91, 93, 
109] and the interchange of places in the order between zinc and cobalt depending on 
pH was observed. Note that CNTs in [90] and [93] were fabricated by the CVD method 
although from different carbon-containing products and on different catalysts. Differ-
ent reagents were also used for subsequent modification to oxidize the CNTs surface. 
The difference in the sorption capacity on the obtained materials is mainly explained 
by the dependence of surface acidity on the type of an oxidant used and treatment 
conditions, which provide the introduction of various oxygen-containing groups and 
their different concentrations. On the other hand, it was found that sorption capacity 
differs considerably when identical oxidation conditions are used [78]. For example, 
the ability of CNTs to accept introduced oxygen-containing functional groups (–OH, 
–C=O, –COOH, etc.) under otherwise equal conditions (the same oxidant, treatment 
time and temperature) strongly depends on the conditions of synthesis of an initial 

Fig. 10.5: Different adsorption centers of a homogeneous 
beam of CNTs with partially open ends: 1, internal; 2, intraca-
nal; 3, external corner; 4, external surface. Reprinted from 
ref. [106], Copyright 2006, with permission from American 
Chemical Society.
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CNTs, particularly on temperature and catalyst. The oxidative modification was esti-
mated by comparing the intensity of –C=O and –COOH peaks in the IR spectra [84] 
and general acidity of modified CNT determined by back titration [86].

As was shown in [78, 107], the morphology of CNTs which determines their ability 
to the oxidative modification and, therefore, to sorption activity also depends on the 
conditions of CNTs synthesis (temperature and catalyst type). The CNTs were synthe-
sized at 400, 450, and 550°C by ethanol CVD onto various catalysts (Ni, Co, Fe) [20]. 
It was found that the CNTs synthesized at the lowest used temperature (400°C) and 
with Ni catalyst have the maximum ability to modification and, correspondingly, the 
maximum capacity of the resulting materials to sorb various ions (Fig. 10.6a, b).

SEM studies showed that CNTs fabricated on the Ni catalyst have the form of bundles 
twisted with each other (Fig. 10.7a, b). Ultrasonication of such structures in water 
does not appreciably change the situation. Only a small part of twisted nanotubes 
and their fragments can be obtained in the solution as individual tubes. When the 
Fe is used as catalyst, the obtained material is straight individual tubes, uniformly 
distributed in the solution after ultrasonication (Fig. 10.8a, b).

The morphology of CNTs grown on the Co catalyst is intermediate between those 
of grown on Ni and Fe: both ordered and twisted components are observed (Fig. 10.9). 
The difference in morphology suggests various ability of CNTs to oxidative modifi-
cation at the treatment with concentrated HNO3. The maximum surface acidity was 
found in CNTs grown on the Ni catalyst whereas on the Fe catalyst it was minimal. 
The sorption capacity with respect to metal ions varies in the same order. The CNTs 
synthesized on the Co catalyst are characterized by an intermediate state by acidity 
and sorption capacity.

Fig. 10.6a, b: Sorption capacity of oxidized CNTs in relation to Cu2+ depending on the catalyst and the 
temperature of CNTs synthesis: (a) static mode; (b) dynamic mode; catalysts for CNTs synthesis: 1, 
Ni; 2, Co; 3, Fe.
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It is evident that CNTs synthesized on the Ni catalyst possess a much larger concen-
tration of defects, which facilitates the introduction of oxygen-containing groups to 
stabilize the tube surface and prevent their subsequent aggregation. The use of Ni and 
Co catalysts evidently leads to the formation of more perfect structures that hamper 
the introduction of oxygen-containing groups as can be judged from a low surface 
acidity after treatment with concentrated HNO3. Moreover, an increase in the solution 
pH to that close to neutral brings about partial dissociation of the introduced –COOH 
groups and increases their hydration. The hydrated CNTs form a stable colloid sus-
pension, i. e., a sort of “solubilization” takes place.

Fig. 10.7a, b: CNTs grown on a 
nickel catalyst: (a) as grown; 
(b) after sonication.
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The term “solubilization” is often used in the chemistry of CNTs to denote their transi-
tion into solution (mainly colloidal) but, in some analytical applications, it has a neg-
ative connotation. For example, in spite of CNTs attractiveness as a pseudo- stationary 
phase in electrokinetic chromatography, their tendency to mutual aggregation is a 
negative factor. This property is also of disadvantageous character in filling the chro-
matographic columns during separation in the dynamic mode. To avoid this effect, 
various methods are used, for example, coating of CNTs with surfactants [108]. The 
results reported in [107] suggest that CNTs in the form of twisted bundles and tubes 
obtained on Ni catalysts at fairly low temperatures are free of this drawback.

The dependence of various physicochemical properties of CNTs (sorption capac-
ity, concentration of introduced functional groups by oxidative modification, size 
and diameter distribution of pores) upon the synthesized material morphology was 
studied also in detail [95]. The synthesis was carried out in horizontal and vertical 

Fig. 10.8a, b: CNTs grown on an 
iron catalyst: (a) as grown; (b) 
after sonication.
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furnaces by the CVD method (similar to that in [78]) although the carbon-containing 
compounds were xylene (Fe catalyst, 800°C), benzene (Fe catalyst, 1150°C), propyl-
ene (Ni catalyst, 750°C), and methane (Ni catalyst, 650°C). The nanotubes were then 
treated with concentrated HNO3 (140°C, 1 h) to remove the rest of catalysts and to 
introduce functional groups. The obtained nanotubes were of different morphology 
and different ability to oxidative modification and, hence, sorption capacity. The CNTs 
synthesized on a Ni catalyst at lower temperatures (those of methane and propylene 
decomposition) had the maximum sorption efficiency. Of minimum efficiency (by 6–8 
times) were the nanotubes grown on a Fe catalyst at higher temperatures (those of 
xylene and benzene decomposition). The authors of [95] and [78] relate this difference 
in properties to different defect structures of the obtained nanotubes and note that 
the more perfect the structure, the worse its sorption properties are. Moreover, the 
nature of the initial carbon-containing compound does not play a decisive role.

It can be concluded that the reaction ability of carbon in nanotubes is not constant 
and can vary depending on the synthesis conditions, catalyst nature, temperature, 
and other factors. CNTs with a larger number of defects would be more susceptible to 
the effect of strong oxidants at modification, as was shown in practice. This property 
is evidently the fundamental cause of substantial difference in the sorption properties 
of CNTs modified under similar conditions but obtained under different conditions of 
synthesis.

10.3.2  Sorption of organic substances

Extraction of organic substances from various natural and biological materials is 
the object of numerous papers [110–127]. A variety of organic substances that can be 
adsorbed on CNTs is determined by the sorption mechanism which depends on the 

Fig. 10.9: CNTs grown on cobalt 
catalyst.
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structure of organic compounds. Possible mechanisms of sorption are considered 
in the review paper of Pan and Xing [110] who came to the conclusion that this 
issue is not completely clear. Nevertheless, it can be stated with some degree of 
certainty that the mechanism of organic substances sorption from an aqueous 
phase consists of several processes. Several approaches, e. g. the Freindlich model 
[111–113], the Langmur model [114–116], BET [117], and the Polanii–Maness models 
[118–119], were proposed to describe this mechanism. Heterogeneous adsorption 
is explained by the presence of defects (high-energy adsorption centers and 
functional groups [120, 121]) and intermediate spaces among CNTs bundles [122]. 
If the dominating mechanism of sorption is the formation of hydrogen bonds, 
introduction of oxygen containing groups, which increase of CNTs electrophilicity, 
increases the sorption. In the hydrophobic mechanism, nonfunctionalized CNTs 
are more efficient.

In comparison with other carbon materials [122, 126], CNTs were found more effec-
tive as sorbents in SPE of chlorobenzene [111, 125], herbicides [113], fulvoacids [115], 
dioxine [121], dissolved natural organic substances [114], antracen [118], cyclic and 
polycyclic aromatic hydrocarbons [119, 126, 127]. CNTs oxidized by NaOCl appeared 
more effective in the sorption of benzene, toluene, ethylbenzene, and xylene from 
aqueous solution than CNTs treated by HCl, H2SO4, or HNO3 [127]. The sorption mech-
anism in these compounds is due to the π–π electron donor–acceptor interaction: 
carboxyl oxygen atoms on the CNTs surface serves as donors and the aromatic ring 
serves as an electron acceptor (Fig. 10.10).

The ability of CNTs to adsorb aromatic hydrocarbons, especially xylene, was found to 
considerably exceed that of other kinds of carbon and silicon sorbents [127]. This led 
the authors of [127] to recommend using CNTs for purification of water from aromatic 
compounds.

Fig. 10.10: The mechanism of adsorption of aromatic compounds on oxidized CNTs. Reprinted from 
ref. [127], Copyright 2008, with permission from Elsevier.
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10.3.3  Comparison of CNTs with other sorbents

In a number of papers [120, 123, 124], CNTs are considered as alternatives to other 
carbon materials for gas chromatography of volatile organic compounds. As com-
pared with “Carbopack B” [123], CNTs are superior in separating such polar com-
pounds as alcohols, ketones, and ethers of the same specific surface area. They are 
characterized by fast sorption kinetics, a stronger retention which allows the sepa-
ration of low-boiling compounds, more symmetric peaks, and a smaller number of 
theoretic plates. One more important advantage of CNTs is the possibility of fast and 
complete regeneration of sorbent and the possibility of their many-times repeated use 
[110]. CNTs differ from other carbon structures, from activated carbon (AC) in the first 
place, by an ordered and well-organized surface structure with definite adsorption 
centers, whereas the use of AC requires knowledge on the distribution of pore diam-
eters and sorption energy [128]. The idea was proposed in [129] that CNTs and other 
allotropic carbon forms can be regarded as mono- and polycrystals.

Note that comparison of characteristics of various sorbents always implies 
certain uncertainty because their properties crucially depend on many factors. 
For example, the characteristics of AC as reported in [130] radically depend on the 
technique of their activation. A comparison of the CNTs and AC properties modified 
under similar conditions requires knowledge of their genesis [78]. Note that the lit-
erature data on the AC sorption capacity are contradictory and depend on carbon 
specification. Therefore, an attempt was made [78] to study their sorption capacity 
before and after treatment (identical for CNTs treatment), using commercial charcoal 
(CH) and synthetic activated (SA) carbons. The subsequent comparison showed a 
much higher sorption efficiency of CNTs than that of carbon of the above specifica-
tions (Fig. 10.11a, b).

A comparative study on the sorption of heavy metals by various carbon sorbents 
and CNTs with capsulated magnetic nanoparticles (CCNTs) included was reported by 
Pyrzynska and Bystrzejewski in [131]. All the carbon sorbents studied were treated 
with conc. HNO3 under similar conditions. The morphology of the sorbents was exam-
ined by SEM to reveal their difference. Raman spectroscopy enabled the estimation 
of the sorbents crystallinity. CNTs and CCNTs were of similar crystallinity degree, 
whereas AC was of low crystallinity typical of amorphous carbon materials [132]. The 
modified products differed slightly by the surface acidity (it was less for AC) con-
nected with the number of introduced oxygen-containing groups. The difference in 
the surface charge density was essential: CCNTs > CNTs > AC. The sorption capacity 
on the basis of the studied model elements (Cu2+ and Co2+) is approximately equal in 
CCNTs and CNTs, but depending on pH of solution it is 2.5–6.5 times higher than in AC 
although their specific surfaces are considerably larger. The observation is explained 
by the difference in the calculated charge density of the sorbent surfaces correlated 
with the degree of their “graphitization,” i. e., relative content of tubes in the total 
mass of carbon material. An important fact found in the work is a smaller influence of 
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the salt composition of solution on the sorption of studied elements. The decrease in 
the sorption efficiency was 5–11 % for CCNTs and CNTs and 30–50 % for AC.

Noteworthy is an essential advantage of CCNTs over other carbon-containing mate-
rials from the viewpoint of their lability under external magnetic field. This property 
enables their efficient separation from other nonmagnetic carbon phases using a 
simple and cheap magnet. Recently, a large number of works have appeared devoted 
to the use of magnetic nanoparticles, CNTs/iron oxide magnetic composites to sepa-
rate various sorbates from aqueous phases [133–141].

The kinetics of Cu ions sorption on CCNTs, CNTs, and AC was studied in [134]. It 
was shown that the extraction of Cu2+ by nanotubes is much faster than by AC. The 
sorption kinetics in nanostructured sorbents and AC differ by the involved limiting pro-
cesses. The kinetics in CNTs and CCNTs is limited by the diffusion in the film, while in 
AC the typical stage is diffusion inside the carbon particles. The fast sorption kinetics 
on tubes is their important advantage in some cases, e. g., in the use of CNTs to modify 
the piezoelectric transducer (to be described below). A systematic comparison of Cr3+, 
Mn2+, Pb2+, Cu2+, Cd2+, and Zn2+ adsorption from aqueous solutions on oxidized and 
nonoxidized CNTs and AC revealed the superiority of CNTs over all the metals [132].

The adsorption properties of CNTs as compared to other sorbents with respect to 
organic compounds were the objective of numerous works. Noteworthy is the study 
of solid-SPE of pesticides, atrazine and sinazin, by CNTs as compared with AC and 
various silica sorbents [141]. In a number of other cases, the sorption efficiency of 
CNTs also proved to be higher. From the economy viewpoint, the statistic analysis 
in [142] on the example of Ni2+ sorption showed that CNTs are more effective than AC 
because they permit repeated sorption-desorption many times with a smaller sorbent 
loss, which makes CNTs (in spite of their rather high cost) economically more benefi-
cial in treatment of large water volumes.

Fig. 10.11a, b: Isotherms of sorption of Cu2+ (a) and Ag+ (b) on CNTs (static mode, synthesis at 400°C 
in comparison with activated coals). Abbreviation of samples with the number 1 – processing of 
conc. HNO3 at 90°C; with number 3 – treatment of conc. HNO3 at 120°C.
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10.4  CNTs for chemical analysis

10.4.1  Concentration and determination of metals

SPE is a well-studied and widely used method to concentrate impurities in analysis of 
real objects. SPE and other sorption methods are used to determine toxic substances 
in the environmental objects, food, geological and biological samples [1, 143]. These 
methods can be easily combined with modern multielement high-sensitive analytic 
methods, such as optical emission spectrometry with inductively coupled plasma 
(ICP–OES) and especially with mass-spectrometry (ICP–MS). Because instruments for 
the above analysis are expensive, traditional readily available and economic methods 
of analysis are also widely used: flame atomic absorption spectrometry (FAAS) elec-
trothermal AAS (ETAAS) and dc arc atomic emission spectrometry (AES). The latter 
methods require simple and effective procedures of analyte preconcentration. There-
fore, concentration by sorption makes the basis for new and modified methods of 
analytic control and is always in demand. The growth of works on the use of CNTs for 
SPE by 50 times in the period 2002 to 2010 is convincingly demonstrated by El-Sheikh 
and Sweileh [144]. Note that most of the papers cited in [144] deal with the analysis of 
organic compounds.

Table 10.2 gives the examples of CNTs application to concentrate metal ions for 
subsequent atomic-spectroscopy analysis. The table shows that FAAS is used to deter-
mine many metals [88, 145–153] employing oxidized CNTs without additional modi-
fication. Metals are concentrated in the dynamic mode at pH 6–9 (except gold [152]) 
with various concentrations of HNO3 as eluent. The relative detection limits for the 
elements are 0.05–8.0 µg L−1, depending on the concentration coefficient which is 12 
to 150. In [153], Fe(III), Cu(II), Mn(II), and Pb(II) in the environmental objects were 
concentrated on CNTs at pH 9. A quantitative extraction of elements was obtained 
when 1 M HNO3 solution in acetone was used as an eluent. The ICP–OES and ICP–MS 
methods enabled lower limits of detection (LOD) [156].

Concentration of impurities on CNTs columns in combination with FAAS was 
employed to analyze food (buckwheat), waters of various origin and river silt [88, 
183]. Due to impurities preconcentration, the relative LOD for buckwheat were by an 
order of magnitude lower as compared to direct determination or remained the same 
at a smaller (by ten times) mass of the sample. These results were confirmed by the 
analysis of standard samples and comparison with the AES and FAAS data.

Additional modification of oxidized CNTs with various organic agents (Tab. 10.2, 
[158–167]) did not always give better results from the metrology viewpoint, i. e., com-
plication of the analytic procedures hardly repays itself.

Efficient sorption of 243Am(III) with its subsequent determination was reported 
in [168]. Therein the mechanism of chemisorption of americium and its analogues, 
actinides, and lanthanides, and prospects of this sorbent application to treat large 

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 10 Sorbents Based on Carbon Nanotubes   367

volumes of industrial wastes were discussed. The investigations of Myasoedova and 
coworkers [169, 170] were devoted to the use of CNTs (Russian sorbent “Taunit”) to 
concentrate and separate radionuclides.

Tab. 10.2: Application of CNTs for preconcentration of metals

Metal Ligand pН Eluent К Method of 
analysis

LOD, µg L−1 References

Cu, Zn, Mg, Ag, 
Fe, Pb, Pd, Cd,

– 6–7 HNO3 150 FААS 0.02–0.98 [88]

Cu(II) – 7 HNO3 60 FААS 1.46 [146]
Cu(II) – 5–8 HNO3 150 FААS 0.42 [147]
Cu(II) – 7–9 HNO3 12 FААS 2.1 [148]
Ag – 7–9 HNO3 – FААS 0.60 [149]
Zn(II) – 8 HNO3 – FААS – [150]
Cd – 4–6 HNO3 60–100 FААS 0.15 [151]
Au – 1–6 Urea in HCI 75 FААS 0.15 [152]
Fe(II), Cu(II), 
Mn(II), Pb(II)

– 9.0 HNO3  +   
acetone

20 FААS 3.5–8.0 [153]

Сo(II), Mn(II), 
Ni(II)

– 8.0 HNO3 25 ICP-AES 0.04–0.05 [154]

Eu, Gd, Ho, La, 
Sm, Tb,Yb

– 3 HNO3 50 ICP-AES 0.003–0.06 [155]

Cu(II), Co(II), 
Pb(II)

– 7–9 HNO3 50 ICP-MS 0.001–0.04 [156]

Co(II) – 8.8 HNO3 19 EТА-ААS 0.01 [157]
Mn(II), Au NBHAE 6 Na2S2O3 250 FААS 0.01 [158]
Rh(III) PAN 3.7 DMFA 120 FААS 0.01 [159]
Pd(II) DABR 1.0–4.5 Thiourea 200 FААS 0.3 [160]
Cd(II) L-cysteine 5.5–8 HCI 33 FААS 0.28 [161]
Co(II) L-tyrosine 9 HNO3 180 FААS 0.05 [162]
Cu(II), Cd(II), 
Pb(II), Zn(II), 
Ni(II), Co(II)

APDC 2 HNO3 in 
acetone

80 FААS 0.3–0.6 [163]

Co(II) PAN 5–8.5 HNO3 300 FААS 0.55 [164]
Cu(II), Co(II), 
Ni(II), Pb(II)

o-cresol- 
phthalein

7 HNO3 40 FААS 1.6–5.7 [165]

Mn(II) PAN 8.0–9.5 HNO3 100 FААS 0.058 [166]
As(III) CTAC 5–6 HNO3 65 АFS 0.002 [167]

K Concentration factor
LOD Limit of detection
APDC Ammonium pyrrolidine dithiocarbamate
CTAC Cetyltrimethylammonium chloride
DABR 5-(4′-Dimethylaminobenzylidene- 

rhodanine)

DMFA N,N′-Dimethylformamide
NBHAE N,N-Bis 2-hydroxy-benzylidene)- 

2,2(aminophenylthio) ethane
PAN 1-(2-Pyridylazo)-2-naphtol
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10.4.2  On-line preconcentration and speciation analysis

Injection techniques for on-line preconcentration on oxidized CNTs (without addi-
tional modification) gave impressive results. For example, a simple and effective 
method of Cu(II), Zn(II), Mn(II), and Pb(II) concentration in vegetable samples using 
a microcolumn filled with CNTs and subsequent FAAS determination was proposed 
by Chinese analysts in [171] (Tab. 10.3). The authors report a high sensitivity of the 
method, reliability of determination, high factors of concentration, and the absence 
of the matrix effect.

A successful on-line determination of nanogram content of Cd in waters, cigarettes, 
and standard samples of various compositions using CNTs as a sorbent for precon-
centration, and FAAS analysis with thermospray was described Tarley et al. [172]. The 
on-line analysis enabled lowering the detection limit for Cd by 640 times as com-
pared with traditional FAAS determination. The minimum detected concentration of 
Cd was 0.01 μg L−1, which is by 1–2 orders of magnitude lower as compared to that 
detected with other studied sorbents (amberlite, polyurethane resins, rice husk, 
silica gels, fullerenes, etc.). No matrix effect and influence of foreign elements were 
found. The correctness of the determination was confirmed by analysis of standard 
biological samples. The authors emphasize the simplicity of the method, absence of 
complex-forming agents, and high reproducibility of the results (Sr = 6.5–2.1 for con-
centrations of 100 and 1000 ng L−1, respectively).

The efficiency of oxidized CNTs for on-line SPE preconcentration of Cd in sewage 
waters with subsequent ICP–AES determination was confirmed in [173]. Although the 
reported detection limit was higher than that in [172], CNTs proved superior in high 
stability, ease of column regeneration, ability of many times repeated use (300 cycles 
of concentration) as compared to other studied sorbents.

An original method of speciation analysis of As(III) and Sb(III) in water which com-
bines on-line preconcentration on CNTs by the SPE method with atomic-fluorescence 
spectroscopy and hydride generation was proposed by Wu et al. [174]. The scheme of 
the analysis consists in the formation and retention of pyrrolidine-dithiocarbamate 
complexes of As(III) and Sb(III) on the CNTs-filled column and subsequent elution 
and determination of As(III) and Sb(III). The total content of arsenic and antimony  

Tab. 10.3: On-line atomic spectroscopy methods

Metal рН Eluent К Method of analysis LOD, µg L−1 References

Cu(II), Zn(II), Mn(II), Pb(II) 6,0 HNO3 14–20 FААS 0.28–1.0 [171]
Cd(II) 4,9 HNO3 51 FААS 0.01 [172]
Cd(II) 7,0 HNO3  ICP-АES 1.03 [173]
Pb(II)  HNO3  АFS 0.003 [175]
Pb(II) 4,7 HNO3 44.2 FААS 2.6 [176]
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was determined after the oxidation to As(V) and Sb(V) by the same scheme, and con-
centration was found by subtraction. The high sensitivity, reliability of determina-
tions, simplicity of column design, ease of analytic operations make this method, by 
the author’s opinion, a good alternative to the expensive ICP-MS method for determi-
nation of hydride-forming elements. A similar approach was used to determine Pb in 
waters [175] by the elution of its 0.3 M HNO3 solution from a CNT-filled column with 
subsequent atomic absorption [176].

CNTs were also used for on-line concentration of Cd and Cu in biological samples 
and environmental objects at pH 4.5–6.5 and 5.0–7.5, respectively, which were then 
determined by FAAS [177]. Unlike other methods, elution of elements was carried out 
by 0.5 M HCl. The sorption kinetics was high which enabled a high flow rate of the 
sample (7.8 mL min−1) for on-line microcolumn preconcentration without loss in reten-
tion efficiency. The reported detection limits were 0.30 and 0.11 µg L−1 for Cd(II) and 
Cu(II), respectively (Sr = 2.1–2.4 % for Cd(II) and Cu(II), respectively, at the concentra-
tion of 10 µg L−1).

The use of CNTs for element speciation analysis was described in a number of 
recent publications [174, 178–183]. Some of them deal with Cr speciation analysis 
in environmental objects. For example, a CNT-filled microcolumn was employed to 
determine the oxidation state of Cr in natural and sewage waters [179]. It was found 
that Cr(III) is selectively retained on the CNTs at pH 2.0–4.0 whereas Cr(VI) remains 
in the solution. The sorbed Cr(III) was eluted by 2.0 mL of 1.2 M HNO3 and then 
determined by ICP-MS. The detection limit was 0.01 and 0.024 ng mL−1 for Cr(III) 
and Cr(VI), respectively; Sr was less than 5 % (n = 9, c = 1.0 ng mL−1). CNTs were also 
used for on-line preconcentration of vanadium to determine its species by ET-AAS 
[181]. A gold electrode modified with CNTs allowed the determination of As and 
Bi(III) [182].

10.4.3  Piezosensors

A topical issue in modern analytical chemistry is the development of express methods 
to determine the components content on-line without laborious operations of sample 
selection and preparation, i. e., with the use of test-devices, sensors and sensor 
systems [184]. These devices are often based on high-frequency piezoelectric quartz 
resonators (PQR) of volume acoustic waves (VAW), which serve as transducers. The 
exploitation characteristics of piezosensors (PS) depend on the properties of sorbing 
coatings: their composition homogeneity, density, thickness, and reproducibility of 
the sorption surface. The most important characteristics of PS are sensitivity and 
selectivity relative to substances to be determined. The collection of mass signals 
from nonselective sensors (one of matrix response variants is “of visual prints”) can 
enable the determination of fine differences in qualitative and quantitative composi-
tion of multi-component mixtures of gases and vapors.
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Selectivity and efficiency of gas and vapor sorption can be optimized through 
changing the structure and composition of sensitive coatings on the PS surface [185]. 
One of the ways to increase sorption efficiency is to enlarge the contact area of gas 
and sorbent, although this possibility is limited by the mass of sorption coating. 
For example, for PQR of VAW type with the basic frequency of vibration of 10 MHz, 
the coating mass should not exceed 200 µg. Depending on the coating nature, the 
optimum mass is 3–4 µg. Due to high sorption capacity, CNTs are a promising material 
for PS and would considerably increase the measurement sensitivity.

The sorption of organic substance vapors on CNTs coatings which differ by the 
conditions of synthesis, deposition and treatment procedures was studied in [186] 
with the aim of designing efficient PS (Tab. 10.4).

The specific features of sorption and kinetics of interaction with analytes were 
studied using a gas analyzer (Voronezh, Russia) fabricated by the “electron nose” 
methodology as an array of eight PS. The results of measurements were registered 
and treated using the software (“KvadroSoft,” Russia) which presents the analytic 
signals of sensors as graphs and tables. A special algorithm of the program allows 
converting them to total signal in the form of visual prints. The quantitative criteria 
of sorption were the maximum sensor response ∆Fmax (Hz) and molar sensitivity Sm 
(Hz m3 mol−1). The latter was calculated as the ratio of the maximum sensor response 
to the concentration of the test substance in the gas sample. The kinetics and revers-
ibility of sorption–desorption, and wear resistance of sensor coatings were estimated 
from the dependence of the sensor signal (∆F, Hz) on the exposure time (τ, s) and “of 
visual prints” of the sensor signal.

The sorption of arenas (benzene, toluene, o-xylene, ethylbenzene, cumene, and 
pseudo-cumene) and aliphatic alcohols (C2–C9) of normal and isomer composition 
has been studied. It was shown that the time of maximum piezosensor response (τmax, 
s) during the sorption of benzene and ethanol on CNT of any genesis is 2–6 s, which 
is 5–55 times faster than on standard chromatographic phases commonly used to 
modify PQR electrodes (Tab. 10.5).

Tab. 10.4: Synthesis conditions of CNTs with the following treatment and depositing on resonator

CNTs, sample No. Conditions of 
synthesis 

Treatment 
after synthesis

Coating of the resonator

t, °С Catalyst Method Mass, μg

I 550 Ni – Suspending 4.1 ± 0.1
II 550 Ni HNO3 Suspending 4.3 ± 0.1
III 550 Fe HF Suspending 4.2 ± 0.1
IV 450 Ni HNO3 Suspending 4.2 ± 0.1
V 550 Ni – Surface synthesis 4.0 ± 0.1
VI 450 Ni – Surface synthesis 4.2 ± 0.1
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The calculated Sm of sensors with CNTs coatings to arenas and alcohols are given 
in Tab. 10.6.

It is seen that the coatings of sensors I, IV, V, and VI possess the maximum Sm with 
respect to arenas and alcohols. The results presented Tab. 10.6 allow the conclu-
sion that the sorption efficiency depends on the genesis of CNTs, namely synthesis 

Tab. 10.5: Time to achieve the maximum sorption of benzene and ethanol (τ max, s ) on CNTs in  
comparison to standard chromatographic phases

Sorbents on quartz resonators τ max, s

Benzene Ethanol

SNTs (I–VI) 6 2
Polystyrene 150 110
Triton X-100 30 30
Polyvinylpyrrolidone 115 75
Polyethylene glycol 2000 45 45
Polyethylene glycol adipate 45 60
Polyethylene glycol-sebacate 110 90
Polyethylene glycol succinate 60 45
Polyethylene glycol-phthalate 60 75
Beeswax 30 45

Tab. 10.6: The molar sensitivity of the sensors with CNTs coatings for vapor of arenes and alcohols.

Sensors coated by CNTs I II III IV V VI

Arenes Benzene 28,000 7,000 5,000 29,000 30,000 31,000
Toluene 9,000 2,000 1,000 9,000 10,000 9,000
o-Xylene 21,000 6,000 4,000 23,000 24,000 25,000
Ethylbenzene 18,000 4,000 3,000 23,000 23,000 24,000
Kumol 51000 20,000 11,000 53,000 56,000 62,000
Pseudokumol 52,000 20,000 17,000 58,000 63,000 63,000

Alcohols Ethanol 398 129 64 411 427 456
n-Propanol 933 302 151 939 1,001 1,070
Isopropanol 411 171 85 417 566 605
n-Butanol 2,850 954 477 2,917 3,167 3,384
deut-Butanol 824 364 182 883 1,206 1,289
Isobutanol 466 215 108 516 715 764
tert-Butanol 1,532 683 341 1,658 2,266 2,421
n-Pentanol 11,031 3,666 1,833 11,109 12,164 12,997
Isopentanol 7,068 3,063 1,532 7,289 10,164 10,860
n-Hexanol 18,403 6,601 3,301 19,667 21,904 23,404
n-Heptanol 56,043 19,426 9,713 57,876 64,458 68,873
n-Nonanol 112,811 39,733 19,866 117,393 131,841 140,871
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conditions (temperature and catalysts) and subsequent treatment. This conclusion 
agrees with the data [71,107] on the ability of CNTs to undergo modification depending 
on the synthesis conditions. For example, sample III with the lowest molar sensitivity 
was prepared of an iron catalyst (Tab. 10.4). Its morphological properties hamper the 
introduction of carboxyl groups during its treatment with HNO3 [107], which lead to 
the formation of CNTs aggregates at sonication and decrease its sorption capacity. The 
comparison of samples II and IV prepared on an Ni catalyst and then treated under 
similar conditions (conc. HNO3 for 2 h at 110°C) revealed a considerable difference 
in the piezosensor sensitivity caused by different temperatures of synthesis. Sample 
IV obtained at 450°C is easier to modify and, therefore, has a larger concentration of 
introduced carboxyl groups than the sample synthesized at 550°C. The introduced 
functional groups stabilize CNTs and prevent their aggregation during sonication, thus 
increasing the sorption capacity of IV as compared with that of sample II. The compar-
ison of samples I and IV also points to the effect of the synthesis temperature on the 
CNTs properties. A similar picture is typical of samples V and VI; sensitivity increases 
with the synthesis temperature lowering, i. e., at an increase in defect character of the 
CNTs surface. To estimate the PS sensitivity, also account should be taken of sorbates 
chemical nature which mechanisms of sorption contribute to its total value.

Another advantage of CNTs is stability of the zero signal, one of the important charac-
teristics a sensor should have. It was found that the zero line drift in sensors with CNTs is 
by 4–15 times smaller than in sensors with other coatings. This means that the use of CNTs 
to form sorption coatings decreases the error of detection and lowers the detection limit.

However, the application of CNT-based sensor coatings is drastically limited by 
nonselective sorption. To improve the selectivity, some procedures were developed 
to identify vapors of organic substances by the signals of a multisensor system [186]. 
Specifically, a relative coefficient of sorption efficiency (k) calculated as the ratio of 
signals from two sensors in the massif was used to determine fine differences in the 
sorption kinetics and, thus, to increase the selectivity of detection.

Noteworthy is the use of CNT-based sensors to detect changes in the parameters 
of electron properties caused by molecule sorption on their surface. A large number of 
papers report the creation and studies of analytic potentialities of CNTs as gas sensors 
to detect O2, N2, CO, H2O, NH3, NO2, and SO2 at very low detection limits. To increase 
the selectivity of determinations, the CNTs modified usually with various organic sub-
stances. A review of such investigations and comparison with the potentialities of 
other gas sensors based on changes in their electron properties can be found in the 
paper by analysts from Spain [187].

10.4.4  Other applications of CNTs

Several promising, although less studied and less popular, directions of CNTs 
application are worth considering, e. g., CNTs as a material to obtain a new generation 
of stationary phases in liquid chromatography and capillary electrophoresis. In part, 
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of interest are monolith column sorbents in liquid high-resolution chromatography 
and electrochromatography, which are a good alternative to granulated sorbents 
[188]. In this case, CNTs are introduced into an organic polymer monolith 
containing divinylbenzene chloride and ethylenedimethacrylate. A comparison of 
chromatographic characteristics of initial monolith organic stationary phases with 
those containing CNTs revealed a better resolution of chromatographic peaks and 
a higher efficiency of separation of the studied peptides on the monolith CNTs-
modified organic phases.

The presence of CNTs in the dc arc AES was found to increase the volatility of a 
number of elements during their evaporation from the crater of arc. This observa-
tion allowed effectively using CNTs as a spectral additive [189]. The influence of CNTs 
concentration (2, 5, 10, and 15 mass%) on the character of evaporation and intensity 
of spectral lines of hard volatile elements to be detected in the graphite powder was 
studied to determine the optimum additive content which is 5 %. Figure 10.12 displays 
the curves of Al, Ba, Bi, and Hf evaporation from a graphite powder in the presence 
of 5 % CNTs and without the additive. For comparison, the figure shows the curves of 
the same elements’ evaporation in the presence of the known additive carrier Ga2O3. It 
is seen that the effectiveness of CNTs as an additive is higher than that of Ga2O3. This 
observation shows that the introduction of CNTs promotes an increase in evaporation 
rate of determined elements and creation of favorable conditions for their excitation 
in the dc arc plasma.

It is known that the optimum temperature (topt) of plasma to excite atomic 
spectral lines of elements depends on the potentials of their ionization and 
excitation. For elements with ionization potentials of 7–8 eV and potentials of 
line excitation 4–5 eV, the optimum plasma temperature is 5,600–6,000°C. The 
values of topt to excite ionic lines used in AES are much higher than for atomic 
lines (≥7,000°C). The dc arc plasma temperature is determined by the ionization 
potential of the major component in an analyzed sample. For pure carbon arc 
(ionization potential of carbon is 11.3 eV), the temperature is (6,000 ± 100)°C. 
Introduction of CNTs additive into an analyzed graphite powder, i. e., the same 
carbon, does not change the plasma temperature and it remains close to topt for 
the excitation of analytic lines of most elements to be determined. The addition of 
Ga2O3 (its ionization potential is 6 eV) lowers the arc plasma temperature to (5,500 
± 100)°C and, hence, would impair the detection limits for elements. Table 10.7 
presents the LOD (Clim) for several elements in graphite as estimated by the lowest 
point in the calibrated plot [190].

It is seen that CNTs improve the detection limits for impurities in graphite 
by three times as compared to the procedure without using CNTs. This can be 
explained as due to an increase of the evaporation rate of studied elements from 
the electrode crater because of their co-evaporation with the additive and a cre-
ation of favorable conditions for atomic and ionic analytic lines to be excited in 
the arc plasma

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



374   Part IV:  Application in Sorption and Separation Methods

Tab. 10.7: The LOD of elements in graphite at the presence of 5 % CNT additives and without 
additives and relative standard deviation (Sr) of elements in the presence of additives (n = 10, 
p = 0.95).

Element LOD % mass Sr

Without additives With additives

Al 2 × 10−4 5 × 10−5 0.18
Ba 1 × 10−3 2 × 10−4 0.15
Bi 1 × 10−4 5 × 10−5 0.15
Ca 2 × 10−4 1 × 10−4 0.18
Cd 2 × 10−4 5 × 10−5 0.12
Cr 2 × 10−4 1 × 10−4 0.15
Hf 1 × 10−3 2 × 10−4 0.18
Nb 1 × 10−3 3 × 10−4 0.17
Zr 5 × 10−3 1 × 10−3 0.17

Fig. 10.12: Evaporation curves of elements Al, Ba, Bi and Hf from the d.c. arc crater: 1, with 5 % CNTs; 
2, no additives; 3, with 5 % Ga2O3.
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10.5  Conclusions

As sorbents in analytical chemistry, CNTs proved highly promising material for 
extraction and preconcentration of metal ions, radioisotopes, and organic substances 
owing to high sorption capacity, completeness of analyte extraction–reextraction 
stages, and easily lend themselves to modification. A comparison of CNTs sorption 
parameters with other sorbents revealed their priority in sorption efficiency almost 
in all the cases. The mechanisms of CNTs interaction with a sorbate play an import-
ant role and should be taken into account. In the case of ion-exchange mechanism 
(sorption of metals from aqueous solutions), the use of covalently modified CNTs is 
more effective than other sorbents. In this case, a simple oxidative functionalization 
to introduce oxygen-containing groups is often sufficient to avoid additional modi-
fication with complex organic fragments. Attention should also be given to another 
important factor: the dependence of CNTs properties both on the reagent nature (in 
the case of functionalization) and on the synthesis conditions. For example, synthe-
sis of multiwalled nanotubes by catalytic decomposition of ethanol vapors on an Ni 
catalyst at lower temperatures gives a material of chaotic morphology which sorption 
and dispersion properties suit best for application in chromatography. For the nonco-
valent mechanism of CNTs interaction with a sorbate, a nonmodified material grown 
as films on quartz substrates by synthesis from the gas phase was found preferable. 
In view of extremely high rate of sorption–desorption processes, this property can 
be used to create piezosensors. A much higher sorption capacity and resolution in 
chromatography was found for sorption of some toxic aromatic organic substances 
as compared with traditional sorbents (carbons of various origins and carbopack).

This review covers the papers on CNTs as sorbents published to 2012. In recent 
years, including the year of 2016, interest in CNTs has not diminished, as evidenced by 
the large number of published reviews and original papers covering various aspects 
of their synthesis, modification, properties, and sorption characteristics in relation to 
different classes of substances [191–216]. As is noted in the review, the CVD technique 
remains one of the preferred methods of CNT synthesis. It has been untiredly employed 
by researchers to produce CNTs of various crystallographic configurations. It should be 
noted that in recent years more attention has been paid to the structure and morphol-
ogy of CNTs depending on the CVD synthesis conditions (carbon source, temperature, 
and catalyst) which is reflected in the review of Shah and Tali [191]. The role of these 
parameters in synthesis of CNTs is explained keeping the up-to-date literature in view. 
Recent understandings with regard to preferential growth of CNTs are also discussed. 
This literature review showed that carbon diffusibility and carbon solubility of any 
catalyst are two important factors in determining the CNTs nucleation and growth.

The review by Pyrzynska [192] presents recent applications of carbon-based 
nanomaterials in sample-preparation procedures for sample clean-up and precon-
centration of the analytes. Solid-phase extraction (SPE), microextraction (MSPE), and 
filtration techniques reported are reviewed and discussed.
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The review by Liang et al. [193] is focussed on the detailed description of 
different CNTs-based extraction modes such as SPE and MSPE (including fiber SPME, 
electrosorption-enhanced SPME, stir bar sorptive extraction, etc.) Compared with other 
new sorbents, CNTs have found a growing application field in SPE procedures, but few 
applications of CNTs were commercialized. The reasons are that CNTs are not fabricated 
at a large scale, and their characterization is not standardized. CNT-based SPE and 
SMPE techniques are promising for various sample pretreatments. Further development 
of SPE technologies for sample pretresatment as seen by the authors of the review is in 
increasing the selectivity of functionalized CNTs, especially for the extraction of organic 
compounds, as well as in the improvement and optimization of other extraction modes, 
for example on-line, for automation and miniaturization of separation processes. 
Another important motivation for further research related to the expanding use of CNTs 
and their release into the environment, is, according to the authors, the control over the 
content of CNTs in various environmental objects. As a nanomaterial, CNTs long-term 
impact on health and environment should be studied. Therefore, sensitive analytical 
methods in which CNTs would will become the target analyte must be developed. The 
importance of this aspect, connected with the methods of characterization of CNTs 
themselves, is also discussed in the review by Herrero-Latorre et al. [194]. There, the 
authors draw attention to the fact that the determination of CNTs in environmental and 
biological samples in different environmental phases, along with their mobility, bio-
transformation, and degradation, persistence and hazardous effects, need to be studied 
because this area has not been investigated to date. In principle, CNTs in various 
samples of the environment (water, soil, air), as well as in food and biological materials, 
can be determined by the same methods that are used to characterize them: TEM, SEM, 
AFM, ICP-MS, NAA, UV-vis-NIR, and photoluminescence spectroscopy. However, the 
issue of determination of CNTs differs from that of their characterization. In the case 
of developing the methods to determine CNTs, the issues of sampling and sample 
preparation of increasing selectivity, sensitivity, and reliability of determinations 
play a primary role. A serious obstacle in the development of quantitative methods 
to determine CNTs is also the absence of standard samples characterized by purity, 
morphology, chirality, etc. In the last years, a number of interesting studies were 
published [194–200] that are focussed on CNTs as analytical targets in real samples. 
The need for further research on possible toxicity of CNTs and CNTs-related materials 
is mentioned in the review by Srivastava [201]. The review presents the sorption data 
published in a large number of studies, and shows that the sorption capacities of metal 
ions to different CNTs roughly follow the order: Pb2+ > Ni2+ > Zn2+ > Cu2+ > Cd2+.

Quite number of works pertains to the study of the sorption properties of CNTs 
and the factors that affect these properties with respect to various classes of organic 
and inorganic substances [202–210]. Among them are the articles by Mubarak et al. 
[209–210] dealing with the kinetics of sorption processes involving CNTs. These 
studies are of interest because they corroborate to the known notions that one of the 
advantages of CNTs is the rapid sorption kinetics.
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Recent applications of CNTs (from 2010 to early 2014) as sorbents in analytical 
chemistry are also considered in the review by Socas-Rodríguez et al. [211]. In this 
review, the advantages and disadvantages of CNTs as sorbents in various types of 
chromatography (conventional SPE, SPME, matrix solid-phase dispersion (MSPD), 
membrane-based microextractions, etc.) are detailed and discussed. Note is taken of 
large number of positive results obtained when CNTs fibers are used SPMe. Over the 
past few years, the use of porous polymer membranes in combination with CNTs has 
also increased significantly. On the contrary, the applications of CNTs in MSPD and 
SBSE are few.

The review pays considerable attention to the prospects of using CNTs compos-
ites with magnetic particles. Note that the above approach has been developing quite 
intensively in recent years, judging by the number of original works and reviews 
[211–216]. The essence of the method consists in the sorption of an analyte on a mag-
netic sorbent, followed by phase separation with the help of a permanent magnet. 
This technology significantly simplifies the separation process, allowing one to avoid 
abandon long filtering and centrifugation operations. Although magnetic particles, 
mainly magnetite, stabilized and modified in various ways, have been used for a long 
time in the separation processes, recent decades have seen a surge in work in this 
direction. It should be noted that there is a certain terminological feature associated 
with the synthesis and modification of these particles. In some papers, emphasis is 
placed on the modification of magnetite by various sorbents, including functional-
ized CNTs [211], while in other articles modifications of CNTs by magnetite are also 
considered. Since the nature of the particles interaction is the same in both cases, 
mainly by noncovalent interaction, apparently it is more correct to regard it as the 
synthesis of composites containing magnetic particles as sorbents. Further studies 
are also needed to determine the contribution of magnetic particles to the overall 
sorption efficiency. Therefore, the contribution of magnetic particles to the overal 
sorption efficiency requires further investigation. For example, Masotti and Caporali 
[211] reported a significant sorption contribution of magnetic particles, while Herrera- 
Herrera et al. [216] observed a decrease in the sorption efficiency (in the latter case) 
when comparing magnetic and nonmagnetic CNTs in DSPE.

Because studies on various aspects of CNTs are often related to different fields 
of science, it is important to formulate general principles of their fundamental and 
applied investigation. The absence of generally accepted normative, terminologi-
cal, and metrological requirements to CNTs parameters, as well as the absence of 
reference samples of CNTs often hampers the understanding of the subject and 
makes it difficult to quantify them in different objects. For example, there is no 
distinct  definition of the term “purity” relatively to CNTs. The knowledge on the 
sorption mechanisms in the inner space of nanotubes also expects its adaptation to 
 analytical chemistry.

Since the fields of application of CNTs are constantly expanding, unpredictable 
applications of their sorption properties can be expected in the near future.
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11  Application of Microemulsions for  

Extraction and Preconcentration of Hydrophobic 
Target Compounds

11.1  Introduction

In modern analytical chemistry, a problem of the rapid and simultaneous determi-
nation of substances significantly differing in polarity and hydrophobicity is very 
important. Another problem is the determination of trace amounts of various com-
pounds in the objects with complex multicomponent matrix, and their quantitative 
extraction from that matrix. In most cases, the application of mass-selective detec-
tors is proposed, which allows one to avoid sample preparation. Another option 
is to conduct preliminary chromatographic separation on the column with unique 
stationary phase specially designed for the particular set of compounds. The draw-
backs of both approaches are obvious: they are very specific and require expensive 
instrumentation and consumables. In the beginning of 1990s, the application of 
microemulsions as mobile phases for liquid chromatography was proposed [1, 2]. 
Microemulsions are often used in capillary electrokinetic chromatography [3, 4], but 
a method of microemulsion liquid chromatography (MELC) has not been properly 
developed yet. Several reviews devoted to MELC have been recently proposed in order 
to give an insight to the readers [1–3].

In this chapter the examples of microemulsions application as media for 
extraction and preconcentration of target compounds from various matrices are 
summarized. The main parameters influencing recovery as well as advantages and 
disadvantages of the method are considered.

The author of this chapter did not try to cover all features of microemulsion 
extraction and to thoroughly consider structure, properties of microemulsions and 
ways of their preparation and decomposition. The purpose was to give an overview 
of microemulsions as representatives of nanostructured media and to demonstrate 
the ways of controlling selectivity and efficiency of extraction in the determination of 
particular classes of compounds.

11.2  Microemulsions: structure and classification

For the first time microemulsions were mentioned in the work of Hore and Schul-
man in 1943, where spontaneous formation of microemulsion consisting of water 
and oil after adding a surfactant was described [4]. In 1959, Schulman introduced 
the term “microemulsion” for indicating a transparent solution consisting of four 
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components, namely water, hydrocarbon, surfactant, and co-surfactant (alcohol) 
[5]. Schulman was titrating multiphase sample with alcohol and obtained an iso-
tropic solution of microemulsion. In 1981, more detailed definition appeared stating 
that microemulsion is a system composed of water, oil, and surfactant, which is 
a uniform optically isotropic and thermodynamically stable solution [6]. A few 
years later, the term “microemulsion” was used for indicating optically transpar-
ent complex system with a droplet size of 20–25 nm [7]. Four years later, the term 
“microemulsion” was assigned to a different category and described as a layered 
liquid crystal structure in water phase with a particle size below 200 nm [8]. Since 
that moment, several other definitions of “microemulsions” were proposed. For 
example, Tadros et al. [9] used that term for all kinetically stable emulsions with a 
droplet size from 50 to 200 nm.

For determining a droplet size and other parameters and properties of micro-
emulsions, various physical and physicochemical methods are used [10–12]. Micro-
emulsions are mixtures of water, other liquid immiscible with water (further indicated 
as oil), and surfactant, which are homogeneous at the macroscopic level, while at 
the microscopic level they consist of separate domains of water and oil divided by a 
monolayer of surfactant. In this case, any organic substance having limited solubility 
in water can be defined as “oil.” 

The first classification was introduced by Winsor in 1948 [13]. Schematic repre-
sentation of such classification is shown in Fig. 11.1. Strictly speaking, only Winsor IV 
can be considered as “classical” microemulsion.

Fig. 11.1: Classification of microemulsions by Winsor. W I – excess of water, W II – excess of oil,  
W III – bicontinuous microemulsion (as spaghetti), W IV – homogeneous (pure) microemulsions 
“o/w” or “w/o.” 
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Microemulsions cannot be considered as emulsions with droplets of a very small size 
(only few dozens of nanometers). Micro- and macroemulsions have several fundamen-
tal differences. Although macroemulsions (emulsions) are unstable systems, in which 
droplets will inevitably coalesce, microemulsions are thermodynamically stable [14] 
and have intensive internal structure dynamics [15]. In contrast to macroemulsions, 
microemulsions have high surface area (about 200 m2 g−1). Due to a smaller droplet 
size, microemulsion solutions are optically transparent. Since the formation of ther-
modynamically stable phase is based on the principles of self-organization of surfac-
tants, microemulsions are in many ways similar to other organized surfactant systems 
such as micellar solutions and liquid crystal phases. Being macroscopically homo-
geneous and microscopically heterogeneous, microemulsion organized media are 
considered as intermediate between the traditional single-phase and double-phase 
systems containing reagents of interphase transfer. If a chemical reaction proceeds in 
such nanosized microphase rather than in the whole volume of solution, the former 
one is referred to as a “nanoreactor” or a “microreactor” [16–18]. The main difference 
of microheterogeneous organized media from the common homogeneous solutions 
(aqueous, nonaqueous, or water-organic) is that the key role in them is played by 
local effect. It means that changes in the properties of the substances solubilized in 
organized media are caused by the change of medium conditions only in their micro-
environment rather than in the whole solution volume. Several main features of orga-
nized media (systems) can be emphasized [19]:
– the ability to solubilize (dissolve) substances, which are insoluble in a solvent 

forming dispersion medium;
– the ability to bring together and concentrate components of analytical reaction 

in the micro phase of organized medium, even if they have completely different 
hydrophobicity;

– multicenter and multifunctional interactions (electrostatic, donor–acceptor, van 
der Waals, hydrophobic) of components or parts of microphase with a solubilized 
substrate, where hydrophobic interactions are dominating.

Effective physicochemical parameters of a medium in various parts of the organized 
system will be significantly different. Thus, local dielectric permittivity (εeff) in the 
micro surrounding of a solubilized reagent can change from 78 to 5–6 with its transfer 
from aqueous to micellar medium. Such a sharp gradient of that parameter, together 
with a possibility to change the reagent localization, allows one to influence the prop-
erties of each component of chemical reaction directly. Solubilization of substances 
in micro phase of the organized system significantly changes their hydrophobic prop-
erties, hydration, “hardness,” and conformation of molecules and, as a result, the 
whole set of physicochemical, spectroscopic, electrochemical, and adsorption prop-
erties.

The examples of such properties are character of charge distribution in the 
molecule, efficiency of intra- and intermolecular transfer of excitation energy and 
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electrons, interphase particle distribution, solubility, rate, direction, and equilib-
rium of analytical reaction. The mechanism of a physicochemical action of organized 
media on both the reactant properties and target substances separation processes is 
based on the emphasized features. As a result, analytical signal intensity increases 
considerably, which results in the sensitivity growth and selectivity improvement for 
the analytical determination [20].

Depending on the liquid forming micro phase, three types of microemulsions can 
be distinguished:
1) “Oil-in-water” (further used without quotation marks), where oil droplets are sus-

pended in aqueous phase;
2) “Water-in-oil” (further used without quotation marks), where organic liquid rep-

resents macro phase;
3) Bicontinual microemulsion, which is characterized by interpenetration of 

aqueous and organic phases and formation of a specific three-dimensional net, 
in which separate domains of water and oil cannot be allocated. This type of 
microemulsions possesses dynamic, constantly changing structure and relatively 
high viscosity [12]. The properties of such phase (conductivity, viscosity, trans-
port properties) mainly depend on the quantity of aqueous phase. Bicontinual 
microemulsions are not used as mobile phases in chromatography. In practice, 
such systems are not always simple. In several papers [21, 22], big variety of pos-
sible types of emulsions macro phase is demonstrated (Fig. 11.2).

Fig. 11.2: A scheme of microemulsion formation. А – phase inversion, В – mechanical dispergation.
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Very often double microemulsions such as oil-in-water-in-oil or water-in-oil-in-water 
are formed [23–25]. Such systems are often used in pharmacology and medicine for 
highly effective encapsulation and target delivery of substances.

Not only hydrophilic–lipophilic balance, but also geometry of surfactant mol-
ecule is a key factor determining the choice of surfactant for obtaining microemul-
sion possessing required composition and properties. The most popular approach 
for evaluating surfactant geometry is based on the use of critical packing param-
eter concept. Geometry evaluation results in the conclusion that surfactants with 
moderately long aliphatic hydrocarbon substitutes are the most suitable ones for 
obtaining microemulsions of oil-in-water type, while surfactants having bulky 
hydrophobic groups in the structure are more suitable for forming bicontinual 
emulsions.

Microemulsion can be formed without adding a surfactant [22–26] and in the 
mixtures of an individual surfactant, oil, and water [23, 27], but in many cases their 
formation requires adding the second surfactant called co-surfactant such as alcohol 
with hydrophobic substitute of an average size [28]. It decreases surface tension on 
the phase border between two liquids forming microemulsion. In some cases, the 
introduction of salt [29] or organic modifiers [30] is required for the formation of 
microemulsion in the system.

Sometimes, when there are some other compounds present (either as micro-
emulsion or as individual compounds) in the solution besides those forming micro-
emulsion, they are distributed between macro phase and microemulsion droplets in 
a particular way. It should be noted that penetrating the droplet, they can behave as 
co-surfactants, thus changing the structure and properties of either individual drop-
lets or even microemulsion itself.

11.3  Preparation and decomposition of  microemulsions

The most simplified thermodynamic theory of microemulsion formation is based on 
the equation of free Gibbs energy, where free energy of microemulsion depends on 
how much a surfactant decreases surface tension on the phase border in microemul-
sion and changes system entropy. Free energy (ΔGf) of microemulsion formation is 
described by the following equation:

∆Gf = �∆H − T∆S,

where γ is a surface tension of microemulsion, ΔH is a change of surface area, ΔS is a 
change of entropy in the system, and Т is temperature.

When microemulsion is formed, the change in phase border surface area (ΔH) 
is very significant due to the appearance of numerous oil droplets of a very small 
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diameter. The contribution of entropy is also very significant due to the same reason, 
and it is connected with dynamic processes. Therefore, negative value of free Gibbs 
energy is achieved by a significant decrease of surface tension, which, in turn, is 
accompanied by a drastic change of system entropy. The process of microemulsion 
formation is spontaneous, and the obtained disperse medium is thermodynamically 
stable.

Since the addition of a surfactant and a co-surfactant decreases surface tension 
on the phase border of two liquids to very low values, microemulsions are formed 
spontaneously. Very slight stirring is sufficient for the arrangement of surfactant mol-
ecules. Nevertheless, this process can be difficult to realize because of some kinetic 
complications, and the period of stable microemulsion formation can take up to 
several days in some cases [14]. Therefore, for accelerating the process external dis-
turbances are applied such as heating, intensive stirring, and ultrasonication. The 
latter option is the most wide-spread, but even in that case microemulsion formation 
takes 30 minutes on average.

There is a way of obtaining microemulsions by temperature inversion of the phases 
[31–33]. The idea of the method is as follows: the initial microemulsion is prepared by 
mixing all components (surfactant, co-surfactant, water, and oil) using either ultra-
sonic bath or mechanical stirring for 10 minutes at 11000 rpm. The obtained solution 
is heated up to the temperature higher than the phase inversion point, which is about 
50–60°С on average for various microemulsions, and then drastically cooled to the 
initial temperature. At elevated temperature, microemulsion of water-in-oil type is 
formed (temperature should be higher than critical temperature of inversion point), 
with particle size and surface tension achieving their minimum. With a temperature 
decrease those particles are decomposing, the phase transition occurs, and stable 
oil-in-water microemulsion with regular spherical shape of the particles is formed. 
The second option is preferable, because the droplets of the formed microemulsion 
are smaller than in case of mechanical dispersion. A method of temperature phase 
inversion is mostly often used for obtaining microemulsions based on nonionic sur-
factants.

The main drawback of the described approach is a very narrow interval of concen-
trations of components forming the initial microemulsion. Not all types of microemul-
sions can be obtained in that way. Such approach is rather seldom used in analytical 
chemistry, where there is a necessity to obtain various microemulsions in different 
constituents concentration range. Basically, this is a technological process of prepar-
ing pharmaceutical preparations based on microemulsions.

Apparently, it is more convenient to use a method of subsequent mixing of the 
reagents during the ultrasonication of solution [34].

Phase separation of various surfactants solutions is known to depend on several 
factors, namely temperature, concentration of surfactant, various inorganic and 
organic salting-out agents, рН, etc. Water solutions of nonionic surfactants are 
very sensitive to the temperature changes and decompose into two separate phases 
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above the certain temperature point. Such phase separation is called a “cloud point 
extraction” (СРE) [35]. This method is based on the separation of the homogeneous 
surfactant solution into two isotropic phases. The first one enriched with surfactant 
contains the substances (of hydrophobic character) distributed throughout the whole 
volume before the phase separation; the second one is water phase containing sur-
factants in the concentration below the CMC and residual amounts of substances that 
were not extracted (Fig. 11.3).

The same effect is observed for zwitterionic surfactants [36], and it can also appear 
with the changes in pH [37] and ionic strength of solutions. This can be conve-
niently used as a first concentration step for the analysis and extraction of organic 
or inorganic (e. g., metal ions) substances from diluted water solutions. Such way of 
preconcentration and separation of the target components is characterized by high 
concentration coefficients in the small sample volumes, possibility of determining 
compounds of different nature (hydrophobic and hydrophilic) in the complex matri-
ces, simplicity and efficiency of the approach, low toxicity of surfactants applied in 
comparison with other organic solvents used as extractants.

When detergentless microemulsions are used, there is sometimes a possibility 
just to dilute a microemulsion solution [38, 39]. It results in going beyond the bound-
aries of microemulsion existence range and in microemulsion splitting. Very often 
such method does not work, when there are own surfactants in the sample or when 
microemulsion containing high amount of ionogenic micelle forming surfactants is 
used [40]. Then target compounds are partly solubilized by micelles and quantita-
tive extraction into organic phase cannot be achieved. While working with anionic 

Fig. 11.3: Cloud point extraction of metals [84]: a – solution of ions of metal with low concentration; 
b – chelates of metals formed by addition of a complex-forming reagent in the solution; c – pre- 
concentration of ions of metals in micelles of surfactant; d – separation of micelle-saturated phase 
after heating and centrifugation.
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surfactants (e. g., sodium dodecylsulfate), the authors of ref. [41] proposed the addi-
tion of calcium chloride for precipitating slightly soluble calcium dodecylsulfate 
and splitting a microemulsion. Such method was used for the preconcentration and 
further chromatographic determination of alkylphthalates [41] and polycyclic aro-
matic hydrocarbons (PAHs) [42].

11.4  Application of micellar and microemulsion media for 
extraction of target compounds

Due to their unique properties, microemulsions found their extensive application in 
sample preparation.

11.4.1  Extraction and preconcentration of organic substances

Microemulsions of water-in-oil type are used for liquid–liquid extraction of proteins, 
and protein polymers can be easily isolated and extracted again [43]. Protein extraction 
with oil-in-water-type microemulsion was, for the first time, considered in ref. [44]. 
Cytochrome c protein was used as a model sample. Maximum recovery of protein 
in microemulsion phase composed of poly(ethyleneoxymonoleate)-block poly(D,L- 
lactide) (MOPEO-PLA) /methanol /chloroform was observed at pH 10.1, which is 
equal to Cytochrome c isoelectric point. The main drawback of such microemulsion 
system is its dependence on the parameters that can influence the hydrophobicity of 
surfactant chain such as pH, temperature, and buffer concentration, which can lead 
to the decrease in complexe formation between determined Cytochrome c protein and 
MOPEO-PLA surfactant.

Selective extraction of haemoglobin from blood sample with reversed micro-
emulsion composed of water/AOT/1-butyl-3-methylimidazole hexafluorophosphate 
(6/50/5) was proposed [45] with recovery about 96 %. Haemoglobin can exist in micro-
emulsion either in the volume of ionic liquid or in “aqueous phase” of microemul-
sion. Electrostatic interactions are a main driving force causing haemoglobin transfer 
from water to microemulsion phase. Iron ions contained in haemoglobin form coor-
dination bonds with cations of ionic liquid, which leads to the distribution in ionic 
liquid volume.

The way of separating peptide hydrolyzate from heme using Winsor microemul-
sion system III, which is known to be unstable and to decompose quickly, is pro-
posed [46]. Microemulsion system was composed of tetraethyleneglycoldecyl ether 
(C10E4)/n-octane/1 % peptide hydrolyzate of bull haemoglobin. Such surfactant 
can form three-component microemulsion at room temperature without addition of 
co-surfactants or other surfactants. Moreover, ionic nature of surfactant results in the 
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transformation of Winsor system I into Winsor system III with the increase in its con-
centration and temperature from 20 to 30°С, which is often used for increasing recov-
ery of peptide hydrolyzate and its selective separation from heme. Using common 
organic solvents results in the formation of strong intermolecular interactions 
between heme and proteins, which leads to better solubility of heme in water and 
thus, significantly decreases separation selectivity. Using the surfactants decreases 
surface tension on the border of water and organic phases, which is a good condition 
for extracting heme into organic phase.

Microemulsions are suitable extractants for peptides, amino acids, and nucleic 
acids, since such biological compounds are not soluble in water and often denature 
or lose their properties in organic solvents. Therefore, in microemulsions of water-in-
oil type, peptide occurs in water droplets protected from organic solvent by a surfac-
tant layer.

A composition of microemulsion for the determination of licopene (carotenoid 
pigment determining the color of some fruits) in tomatoes was varied [47]. Different 
types of surfactants (Span 20, Twin 20, Twin 60, Twin 80, saponin, sarcosemono-
palmitate, and lecithin) and co-surfactants (glycerol, propyleneglycol, 1-propanol, 
and ethanol) were considered. The disadvantage of using microemulsions is low 
extraction efficiency, which can be increased by ultrasonic and fermentative sample 
preparation.

A comparison of microemulsion extraction of quercetin from guava leaves with 
classical liquid phase extraction is conducted [48]. It is shown that even though 
extraction with microemulsions was not quantitative (72 %), recovery was higher 
than when using common solvents.

Microemulsion system composed of rapeseed oil/lecithin/propanol/water 
was considered for extraction of food oils [49]. Natural lecithin is one of the most 
promising and useful agents in food analysis and medicine, since it is a natural 
surfactant, which is nontoxic, biocompatible, and can accelerate transportation of 
substances through the skin. However, for forming stable lecithin-water-oil systems 
the introduction of an additional component, namely co-surfactant is required. 
The drawback of such microemulsions is a presence of toxic aliphatic alcohols as 
co-surfactants.

The application of reverse microemulsions for extraction of organic compounds 
of average polarity from tea leaves is considered [50]. It is shown that microemulsions 
increase solubilization of ferrulic acid. The drawback of such approach is incomplete 
extraction of target compounds and interference of fat-soluble components, which 
are well extracted from tea leaves with microemulsions.

A method of СРE is widely used for the extraction from water solutions and/or 
preconcentration of some organic substances. The possibility of removing tannic 
acids from water solutions by extraction in a cloud point is studied. Two nonionic 
surfactants, namely Lutensol ON 30 and Triton X-114 were used, and recovery under 
the optimized conditions was 87 and 95 %, respectively.
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11.4.2  Extraction and preconcentration of metals

Microemulsion systems are widely used in sample preparation for extraction and con-
centration of various metal ions, mainly from water and oil solutions. In recent years, 
such approaches as metal isolation by CPE, formation of ion pairs with metal fol-
lowed by its simultaneous transfer into organic phase of microemulsion as a complex, 
and leaching with further re-extraction of metals from solid ores with microemulsions 
have gained significant development and wide application. The advantage of such 
techniques is sample preparation simplicity, use of less toxic solvents, possibility of 
varying microemulsion composition for increasing selectivity of extraction and sen-
sitivity of determination.

Recently, two- and three-phase microemulsions composed of coconut oil, 
1-butanol, and kerosene have been used for removing chromium(III) from water 
samples [51]. The optimal composition of microemulsion was chosen, which provided 
recovery of 96 %. Microemulsion of the same composition was used for the simulta-
neous extraction of chromium, copper, iron, manganese, nickel, and lead from water 
[52]. For all metals, recovery was higher than 98 %.

Microemulsion based on cyclohexanol, hexanol, hydrochloric acid solution, 
and ionic liquid of 1-n-tetradecyl-3-methylimidazole was used for the extraction of 
gold(III) ions [53, 54]. In that case, due to its diphilic structure, ionic liquid played 
the role of surfactant and extractant participating in anion exchange with gold ions. 
The proposed approach provided high selectivity in the presence of other metal ions 
in the system. In other works, microemulsions based on cetyltrimethylammonium 
bromide (CTAB), cetylpyridinium bromide [55], and tetradecyldimethylbenzylammo-
nium chloride (TDMBAC) [56] as surfactants were used for extraction of gold ions. The 
formation of gold complexes with such surfactants allows one to achieve selective 
extraction in the presence of other metals in the system.

Introduction of the reagents forming hydrophobic complexes with metals with 
their further solubilization into surfactant micelles in the system can significantly 
increase efficiency of microemulsion extraction. In turn, a chelating agent can be 
either water insoluble and localized in the surfactant micelles or water soluble and 
having ionized donor centers, which can bind metal ions. In the latter case, coordi-
nation of metal ions should decrease the charge, and thus, increase the affinity of the 
formed complex for nonionic surfactant micelles.

A novel approach for mercury extraction from gasoline by microemulsion destruc-
tion was offered by a group of scientists from Brazil [57]. Propanol and aqueous hydro-
chloric acid solution were added to gasoline samples, which resulted in the formation 
of optically transparent stable microemulsion. Further addition of deionized water 
caused splitting of microemulsion into two layers, with the upper one containing the 
residuals of gasoline and the lower one (water–alcohol) containing mercury. Mercury 
recovery was in the range from 88 to 109 %.
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The same approach with microemulsion splitting was applied in several other 
works. For example, microemulsion based on Triton X-114 with its further decomposition 
by adding deionized water was used for extracting of zink ions [58] and several metal 
ions simultaneously (copper, manganese, nickel) from diesel oil [59], for the determina-
tion of copper, iron, and manganese in lubricating oil [60], and for the determination 
of chromium and magnesium in food oils [61]. A little later, the same group of scientists 
proposed microemulsion based on Triton X-100 with further system splitting by heating 
up to 90°C for the simultaneous determination of calcium, magnesium, and cobalt in 
diesel fuel samples [62]. Recovery was in the range from 88 to 106 %. That approach is 
rather simple and does not require additional reagents, but it cannot be applied for the 
determination of thermosensitive compounds, because it requires heating the system.

For the first time, Chinese scientists used microemulsion of water-in-oil type 
based on such ionic liquid as 1-methyl-3-[tri-(methylsiloxy)]silane propyl-imidazole 
chloride ([Si4mim]Cl) for selective extraction of palladium(II) ions [63]. The stability 
of such microemulsion was studied, and extraction conditions were chosen (ionic 
strength, concentration of [Si4mim]Cl, time, microemulsion, and water phase ratio, 
influence of sodium chloride and hydrochloric acid as additives), which resulted in 
98 % palladium (II) recovery from water in the presence of other metal ions (Cu(II), 
Co(II), Ni(II), Fe(III), Al(III), Zn(II), Ce(III), Li(I), Mg(II), and Sn(IV)).

A method of isolating and extracting trace amounts of copper (II) from drink-
ing water and blood of the patients with hepatitis C is proposed [64]. The method is 
based on liquid extraction of copper (II) ions with microemulsion composed of such 
ionic liquid as 1-butyl-3-methylimidazole hexafluorophosphate ([С4mim][PF6]) and 
nonionic surfactant Triton X-100 with further concentration based on a cloud point 
approach. The proposed approach provides a low detection limit of 0.132 µg/kg and 
high concentration coefficient equal to 70.

Microemulsion composed of oleic acid/n-butanol/sodium carbonate solution 
(5/5/4, weight %) was used for extracting nickel (II) ions with 99 % recovery [65]. 
Some other microemulsion systems composed of water/isopropanol/Brij 30/pine oil 
and water/Brij 30/ethylacetate were also used for nickel extraction. The factors influ-
encing recovery (the ratio between microemulsion and water phases, the type of oil, 
the concentration and the type of co-surfactant) were studied [66]. Recovery of nickel 
in the concentration of up to 1000 mg/L was 85 %.

The way for selective extraction of cobalt (II) ions from hydrochloric acid solu-
tion in the presence of nickel is presented [67]. The proposed approach includes an 
application of microemulsion composed of hexadecyltrimethylammonium chloride 
(HDTAC)/n-pentanol/n-heptane/hydrochloric acid solution/tertiary amine. In that 
case, tertiary amine increased the stability of microemulsion and increased cobalt 
recovery, which was 92 %, while nickel recovery was below 6.7 %. Another example 
of microemulsion for extracting cobalt ions is described [68]. Microemulsion con-
sisting of 2-ethylhexylphosphoric acid, mono-2-ethylhexyl ether, and kerosene was 
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used. With a small amount of mono-2-ethylhexyl ether (6 %) at рН 2 and 6 minutes 
extraction time recovery was above 90 %. Such approach provided good efficiency 
and low consumption of organic solvents.

Russian scientists proposed the use of structured systems (microemulsions and 
micellar solutions) for extracting metals from solid-phase particles (microemul-
sion leaching) [69]. Metal extraction was conducted using microemulsion based on 
sodium di-(2-ethylhexyl)phosphate with the following metal re-extraction and micro-
emulsion decomposition by adding an excess of aqueous acid solution and intensive 
stirring for 1 minute. For completing the process of re-extraction and splitting the 
phases, the system was kept for 24 hours.

A method of microemulsion leaching implies the extraction of metals from tech-
nogenic raw materials (concentrates, sludge, ash, dust, etc.) by their contact with 
extractant-containing microemulsion, which allows one to combine leaching and 
extraction in one process. Such microemulsions can find their application for extract-
ing metals that are easily extracted by di-(2-ethylhexyl)phosphoric acid, namely rare 
earth elements, zirconium, hafnium, vanadium, etc. For example, such approach 
was used for extracting copper as copper di-(2-ethylhexyl)phosphate from copper 
(II) oxide, the samples of copper-containing galvanic sludge and copper ore [70]. The 
method included grinding raw materials and leaching copper with microemulsion, 
which had water phase consisting of sodium hydroxide water solution and organic 
phase composed of sodium di-(2-ethylhexyl)phosphate in kerosene. Extraction of 
copper as copper di-(2-ethylhexyl)phosphate with microemulsion was conducted 
in the closed vessel at constant temperature and stirring. Copper was re-extracted 
from microemulsion by active stirring for 1 minute with triple (by volume) amount of 
10 % sulfuric acid solution. For completing the process of re-extraction and splitting 
the phases, the samples were kept for 24 hours at room temperature. Then, copper 
content in the re-extract was determined by photometry with cuprizone. After leach-
ing with direct microemulsion within several days, copper recovery from ore sample 
and galvanic sludge was 13 and 80 %, respectively.

Selective extraction and separation of rhenium(VII) and molybdenum(VI) using 
microemulsion composed of Triton X-100/trialkylamine/iso-amyl alcohol/n-heptane/
sodium chloride solution was proposed [71]. Rhenium recovery was 80 %, while 
molybdenum recovery was below 20 %. A possibility of europium extraction by 
water-in-oil microemulsion composed of sodium oleate/pentanol/heptane/chloride 
aqueous solution is considered [72]. Under optimal extraction conditions, recovery 
was higher than 99 %.

Another example of microemulsion for the extraction of metal ions is devoted to 
the determination of aluminum in tea samples [73]. The method is based on the for-
mation of stable aluminum(III) complexes with 8-hydroxyquinoline and their follow-
ing extraction by the microemulsion composed of Triton X-100/n-pentanol/n-hexane. 
Aluminum recovery was within the range of 96.8–103.5 %. Some examples of using 
microemulsion for metal extraction are shown in Tab. 11.1.
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An effective way of extraction and preconcentration of metal ions from water solu-
tions is СРE. A method of uranium extraction in a cloud point as a complex of urani-
um(IV) with pyrocatechol violet was developed on the base of micellar solutions of 
TX100 and CTAB [74]. However, a big disadvantage of using the listed chelating agents 
is that effective lanthanide extraction can be observed only in neutral and weakly 
alkaline media, while, at pH 2–3, recovery is less than 1 %. One of the ways of expand-
ing pH range of micellar extraction using temperature-induced phase separation is 
to apply pH-independent chelating agents with good solubility in water solutions of 
nonionic surfactants.

The use of 2-(5-bromo-2-pyridylazo)-5-(diethylamino)phenol (5-Br-PADAP) 
as a complexing agent and Triton Х-114 as nonionic surfactant for extraction and 
 preconcentration of vanadium from natural water samples is proposed [75]. Such 
approach provides high recovery and is suitable for determining trace amounts of 
vanadium. A method of extracting lanthanides with micellar solutions of Triton 
X-100 and calix[4]resorcinarene phosphonic acid as a chelating agent is described 
[76]. It allows one to extract gadolinium ions in acidic medium (recovery is 30 % at 
pH 2) rather effectively, but such lanthanides as Yb and Lu cannot be quantitatively 
extracted, since they form precipitates, while lanthanum is not extracted under those 
conditions at all.

Tab. 11.1: Examples of application of ME for the metals extraction

Metal ME composition Recovery, % Ref.

Co(II) AOT / n-pentanol / n-heptane / water  solution of NaCl 95 [86]

Ge(IV) AOT/n-butanol/n-heptane/Na2SO4/N235 99 [87]

Co(II), Cd(II), Cu(II),  
Pb(II), Zn(II), Eu(III),  
La(III), and Sr(II)

AOT / perfluoropolyetherphosphate 90 [88]

Sm(III) Sodium oleate (0.24 M) / n-pentanol (20 % vol.) 100 [89]

Nd(III) OP-4 [polyoxyrthylene(4)nonylphenol] or OP-7  
[polyoxyethylene (7) nonylphenol] / benzyl alcohol / 
2-(2-ethylhexylphosphonic acid) / petroleum / water 
solution of HCl

95,3 [90]

Co(II) CTAB 0.10 M / n-pentanol (30 % vol) / n-heptane / 
water solution of HCl (4 % mass)

93 [91]

Ur(VI) N,N-dimethyldodecylamine / n-hexanol / n-heptane / 
trialkylphosphonic acid / 4.0 M water solution of HNO3

95 [92]

Eu(III) AOT / N,N-dioctyl-N,N-dimethyl-2-(30- 
oxapentadecyl)propane-1,3-diamide / n-hexane

– [93]
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11.4.3  Extraction and preconcentration of PAHs

Modern methods of determining PAHs in environmental samples are usually high- 
performance liquid chromotograhy (HPLC) with fluorimetric and spectrophotometric 
detection or on GC-MS. A drawback of many proposed techniques of PAH 
determination is long sample preparation, usually including several steps, which 
increases the total analysis time and the error in determining target compounds. 
Moreover, sometimes the organic solvents do not extract all determined PAHs 
simultaneously.

Special attention was paid to the studies of PAH solubilization by various 
surfactants and their mixtures. The influence of length of hydrocarbon groups and of 
hydrophilic groups on PAH solubilization on pyrene, naphthalene, and anthracene 
solubilization is studied [77]. One-, two-, and three-component systems composed 
of surfactants with dodecyl (С12) and hexadecyl (С16) hydrocarbon chains having 
cationic and nonionic polar groups were used. It was found that surfactant with C12 
hydrocarbon chain possessed lower solubility than the one with C18. While comparing 
two-component mixtures of surfactants, it was found that solubility was higher in 
the mixture of cationic and nonionic surfactant as compared with cationic–cationic 
surfactant mixture or individual cationic surfactant. However, three-component 
mixture composed of two cationic and one nonionic surfactant possesses lower 
solubilization than two-component mixture of cationic and nonionic surfactant.

Solubilization of PAHs was studied both individually and in the mixtures with 
some nonionic surfactants, namely Twin 20, Twin 80, Triton X-100, Brij 35, and Brij 58 
[78]. It was supposed that there are additional interactions of PAHs with each other 
and with surfactant molecules in the mixture of PAHs, which results in the change  
in the shape and size of micellar droplet and changes solubility. Thus, for single- 
component system, solubilization changes from 84 to 95 %, while for two- and three-
component systems it changes from 76 to 88 % and from 75 to 83 %, respectively.

It was found that solubilization of naphthalene, acenaphthene, anthracene, 
phenanthrene, and pyrene in micellar surfactant solutions with concentrations 
exceeding CMC decreases in the following row: Triton Х-100 > Brij 35 > Triton Х-305 
> sodium dodecyl sulfate (SDS) [79]. Other examples of studying PAH solubilization 
from soil using surfactants are presented in Tab. 11.2.

Microemulsions and micellar solutions are used for the extraction of PAHs 
from different objects followed by their chromatographic and spectrophotometric 
determination. The efficiencies for phenanthrene and pyrene extraction from soil 
using dichloromethane and sodium dodecylbenzenesulfonate (SDBS) solution as 
extractants followed by HPLC analysis with UV- and fluorimetric detection were 
compared [80]. It was shown that PAH recovery with SDBS depends on the soil type 
and its value is in the range from 75 to 93 %, which is slightly lower than that for 
dichloromethane as an extractant. A group of scientists studied the dependence 
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of efficiency of phenanthrene and pyrene extraction from different types of soils 
using SDBS micellar solution on extraction time [81]. SDBS as a surfactant did not 
provide quantitative PAH recovery (<95 %); however, using a surfactant increases 
precision and reproducibility due to lower volatility of SDBS in comparison with 
dichloromethane.

Phenanthrene solubilization and recovery from soil using microemulsions based on 
sulfonated castor oil and pure castor oil with different surfactants (synthetic surfac-
tants, Triton X-100, Twin 80, Brij 35, SDBS, and SDS) were studied [82].

Application of surfactants and microemulsions for pyrene and phenanthrene 
extraction from soil was studied using various techniques (ultrasonic extraction, 
microwave extraction, and accelerated extraction with solvent) [83]. It was shown 
that using microemulsion system composed of 0.5 M SDS/1-butanol/1:1 (v/v) hex-
ane:acetone (90:7:3, vol.%) resulted in recovery of 97 % and 80 % for phenanthrene 
and pyrene, respectively. It was also noted that using nonionic surfactants (Triton 
X-100) results in lower recovery compared with anionic surfactants (SDS) that form 
less viscous systems.

The technique of CPE using anionic surfactants was applied for the first time for 
preconcentration of PAHs and other organic substances (vitamins, steroid hormones) 
with further HPLC analysis [84]. It was noted that micellar solutions of anionic sur-
factants such as SDS, SDBS, and sodium dodecylsulfosuccinate split into two phases 
in acidic media. The proposed approach is characterized by high recovery and con-
centration coefficients for all studied PAHs in soil and water analysis. Ionogenic char-
acter and the absence of aromatic groups in the most abundant anionic surfactants 
make them applicable for polar analytes preconcentration; moreover, such approach 
is applicable for the analysis of thermostable compounds. A little later the factors 

Tab. 11.2: Examples of PAHs solubilization from soils by ME

Surfactants PAH  
concentration

Soil (g) /  
solution (mL)

t0C PAHs  
solubilization, %

Ref.

Twin 40, Twin 80, Brij 30,  
Brij 35

2 g/L 50/500 – 84 (phenanthrene) [94]

SDS 2 % 135/1800 – 90 (phenanthrene) [95]

Triton Х-100, Twin 20 3 % 1/ 7,5 25 47 (phenanthrene)  
и 51 (anthracene)

[96]

Twin 80, Brij 35, Twin 20, 
 Tiloxapol, Tergitol NP10

10 g/L 2,5/ 50 30 89,8 (fluoranthene),  
50,2 (pyrene), 86,5 
(benz(a) anthracene)

[97]
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influencing the splitting of anionic surfactant micellar solutions were considered in 
detail [85]. Such approach does not allow the determination of substances that are 
sensitive to pH of the medium. Such approach was used for extraction and following 
chromatographic determination of 10 PAHs and dialkylphthalates from soils [41, 42]. 
It was noted that using microemulsion consisting of 3 % SDS, 0.8 % benzene, 6 % 
n-butanol, and 90.2 % water the highest concentration degree is achieved for benz(a)
pyrene in organic phase after microemulsion splitting; therefore, microemulsion with 
such composition was used in further experiments. For extracting 10 PAHs three types 
of soil were chosen, namely sand, clay, and peat. The results showed that microemul-
sion composed of 3 % SDS, 0.8 % benzene, 6 % n-butanol, and 90.2 % water is a good 
extractant for all 10 considered PAHs in three types of soil. Recoveries are in the range 
from 90 to 105 %, and they only slightly depend on the soil type.

Adding 10-fold excess of dry calcium chloride to SDS-based microemulsion 
causes its splitting and formation of two immiscible phases, namely water and oil. 
Due to their high hydrophobicity (log P ≥ 3.36) (Tab. 11.3), all 10 PAHs are concentrated 
in organic phase after microemulsion splitting.

Figure 11.4 represents the chromatograms of standard mixtures of 10 PAHs in 
microemulsion without splitting and in organic layer formed after splitting.

Concentration coefficients are in the range from 5.2 to 6.5, and they almost do not 
depend on log P (in the log P range from 3.4 to 6.6). The obtained detection limits 
are considerably lower than maximum permissible concentrations stated by Environ-
mental Protection Agencies of Canada and Netherlands and lower than maximum 
permissible concentration stated for benz(a)pyrene in soil in Russia.

Tab. 11.3: Coefficients of the preconcentration of 10 PAHs in oil phase after the ME decomposition

Compound Coefficients of preconcentration

Naphthalene 6.5
Acenaphthylene 5.9
Fluorene 5.2
Fluoranthene 5.8
Pyrene 6.1
Benz[a]anthracene 5.8
Chrysene 5.7
Benzo[b]fluoranthene 5.7
Benzo[k]fluoranthene 5.8
Benzo(a)pyrene 5.8
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11.5  Conclusions

Thus, due to their unique properties, microemulsions can be used as promising 
extractants of hydrophobic target compounds from various food, pharmaceutical, 
ecological, and other objects. At the same time, it is convenient to conduct the proce-
dures of subsequent microemulsion splitting and concentration of target compounds 
in organic phase with following HPLC analysis. The proposed approach is character-
ized by low detection limits, significantly simplifies sample preparation by decreas-
ing total analysis time, and decreases total number of steps, which results in lower 
errors of the determination.
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Fig. 11.4: Chromatograms of model mixture of 10 PAHs in microemulsion without decomposition 
(chromatogram A), in organic layer (oil) formed after decomposition of the microemulsion (chromato-
gram B). HPLC-FLD method. Column Luna C18 (2) (250 mm × 4.6 mm, 5 μm), mobile phase: aceto-
nitrile – water, gradient elution, flow rate of the eluent: 1 mL/min. Injection volume: 20 μL. Column 
temperature: 30°C. Peaks: 1 – Naphthalene, 2 – Acenaphthylene, 3 – Fluorene, 4 – Fluoranthene,  
5 – Pyrene, 6 – Benz[a]anthracene, 7 – Chrysene, 8 – Benzo[b]fluoranthene, 9 – Benzo[k]fluoran-
thene, 10 – Benzo(a)pyrene.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



406   Part IV:  Application in Sorption and Separation Methods

References

[1] Gao HS, Li YN, Wang LY, Gao CK, Li N. Establishment of quantitative retention-activity 
model by optimized microemulsion liquid chromatography. J Chromatogr A 2016, 1478, 
10–18.

[2] Xu LY, Li LX, Huang JD, Yu SN, Wang J, Li N. Determination of the lipophilicity (log P-o/w) of 
organic compounds by microemulsion liquid chromatography. J Pharm Biomed Anal 2015, 102, 
409–16.

[3] Ryan R, Donegan S, Power J, McEvoy E, Altria K. Microemulsion HPLC. LС-GС Europe 2008, 21, 
502–10.

[4] Hoar TP, Schulman JH. Transparent water-in-oil dispersions the oleopathic hydro-micelle. 
Nature 1943, 152, 102–03.

[5] Schulman JH, Stoeckenius W, Prince LM. Mechanism of formation and structure of micro emul-
sions by electron microscopy. J Phys Chem 1959, 63, 1677–80.

[6] Danielsson I, Lindman B. The definition of micro-emulsion. Colloids Surf 1981, 3, 391–92.
[7] Shaw JM, Futch WS, Schook LB. Induction of macrophage antitumor-activity by acetylated 

low-density lipoprotein containing lipophilic muramyl tripeptide. Proc Natl Acad Sci USA 1988, 
85, 6112–16.

[8] Weder H, Mutsch M. Process for the production of a nanoemulsion of oil particles in an aqueous 
phase: Patent: USA. 1990, CA2019710 A1.

[9] Tadros T, Izquierdo R, Esquena J, Solans C. Formation and stability of nano-emulsions. Adv 
Colloid Interface Sci 2004, 108, 303–18.

[10] Weber A, Stuhn B. Structure and phase behavior of polymer loaded non-ionic and anionic 
microemulsions. J Chem Phys 2016, 144, 1–9.

[11] Vettegren VI, Mamalimov RI, Lozhkin VN, Morozov VA, Lozhkina OV, Pimenov YA. IR spectro-
scopic investigation of the structure of water-fuel microemulsion for diesel engines. Techn Phys 
2016, 61, 1433–35.

[12] Hickey RJ, Gillard TM, Irwin MT, Lodge TP, Bates FS. Structure, viscoelasticity, and  
interfacial dynamics of a model polymeric bicontinuous microemulsion. Soft Matter 2016, 12, 
53–66.

[13] Winsor PA. Hydrotropy, solubilisation and related emulsification processes. Part 1. Trans 
Faraday Soc 1948, 44, 376–98.

[14] Kartsev VN, Shtykov SN, Bogomolova IV, Ryzhov IP. Thermodynamic stability of microemulsion 
based on sodium dodecyl sulfate. J Molec Liq 2009, 145, 173–76.

[15] Kartsev VN, Shtykov SN, Sineva AV, Tsepulin VV, Shtykova LS. Volumetric and transport proper-
ties of water-n-octane-sodium dodecyl sulfate-n-pentanol microemulsions. Colloid J 2003, 65, 
394–97.

[16] Holmberg K. Organic and bioorganic reactions in microemulsions. Adv Colloid Interface Sci 
1994, 51, 137–74.

[17] Kometani N, Toyoda Y, Asami K, Yonezawa Y. An application of the water/supercritical CO2 micro-
emulsion to a novel “microreactor.” Chem Lett 2000, 6, 682–83.

[18] Garti N, Lichtenberg D, Silberstein T. The hydrolysis of phosphatidylcholine by phospholipase 
A(2) in microemulsion as microreactor. J Dispers Sci Technol 1999, 20, 357–74.

[19] Shtykov SN. Chemical analysis in nanoreactors: main concepts and applications. J Anal Chem 
2002, 57, 859–68.

[20] Kargin ID, Sokolova LS, Pirogov AV, Shpigun OA. The determination of tetracycline antibiotics 
in milk by HPLC with post-column reaction and fluorimetric detection. Zavodsk Lab (in Russian) 
2015, 81, 5–9.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 11 Application of Microemulsions   407

[21] Rodriguez-Abreu C, Shrestha RG, Shrestha LK, Harush E, Regev O. Worm-like soft nanostruc-
tures in nonionic systems: principles, properties and application as templates. J Nanosci 
Nanotechnol 2013, 13, 4497–4520.

[22] Klossek ML, Touraud D, Zemb T, Kunz W. Structure and solubility in surfactant-free microemul-
sions. Chemphyschem 2012, 13, 4116–19.

[23] Cabos C, Delord P, Marignan J. Local lamellar structure in dense microemulsions. Phys Rev B 
Condens Matter 1988, 37, 9796–99.

[24] Tyowua AT, Yiase SG, Binks BP. Double oil-in-oil-in-oil emulsions stabilised solely by particles.  
J Colloid Interface Sci 2017, 488, 127–34.

[25] Qi X, Wang L, Zhu J. Water-in-oil-in-water double emulsions: an excellent delivery system for 
improving the oral bioavailability of pidotimod in rats. J Pharm Sci 2011, 100, 2203–11.

[26] Fischer V, Marcus J, Touraud D, Diat O, Kunz W. Toward surfactant-free and water-free micro-
emulsions. J Colloid Interface Sci 2015, 453, 186–93.

[27] Xu Z, Jin J, Zheng M, Zheng Y, Xu X, Liu Y, Wang X. Co-surfactant free microemulsions: preparation, 
characterization and stability evaluation for food application. Food Chem 2016, 204, 194–200.

[28] Mendonca CR, Silva YP, Bockel WJ, Simo-Alfonso EF, Ramis-Ramos G, Piatnicki CM, Bica CI. Role 
of the co-surfactant nature in soybean w/o microemulsions. J Colloid Interface Sci 2009, 337, 
579–85.

[29] Mitra RK, Paul BK. Effect of temperature and salt on the phase behavior of nonionic and mixed 
nonionic-ionic microemulsions with fish-tail diagrams. J Colloid Interface Sci 2005, 291, 2, 
550–59.

[30] Tchakalova V, Testard F, Wong K, Parker A, Benczedi D, Zemb T. Solubilization and interfacial 
curvature in microemulsions. II. Surfactant efficiency and PIT. Colloids Surf Physicochem Eng 
Asp 2008, 331, 40–47.

[31] Papapanagiotou PA, Quinn H, Molitor JP, Nienow AW, Hewitt CJ. The use of phase inversion 
temperature (PIT) microemulsion technology to enhance oil utilisation during Streptomyces 
rimosus fed-batch fermentations to produce oxytetracycline. Biotechnol Lett 2005, 27, 1579–85.

[32] Gu YX, Huang YH, Liao B, Cong GM, Xu M. Studies on the characterization of phase inver-
sion during emulsification process and the particle sizes of water-borne microemulsion of 
poly(phenylene oxide) ionomer. J Appl Polym Sci 2000, 76, 690–94.

[33] Jeirani Z, Jan BM, Ali BS, Noor IM, Hwa SC, Saphanuchart W. Prediction of phase-inversion tem-
perature of a triglyceride microemulsion using design of experiments. Ind Eng Chem Res 2013, 
52, 744–50.

[34] Svidritskii EP, Pashkova EB, Pirogov AV, Shpigun OA. Simultaneous determination of fat- and 
water-soluble vitamins by microemulsion electrokinetic chromatography. J Anal Chem 2010, 65, 
287–92.

[35] Wang L, Jiang GB, Cai YQ, He B, Wang YW, Shen DZ. Cloud point extraction coupled with 
HPLC-UV for the determination of phthalate esters in environmental water samples. J Environ Sci 
(China) 2007, 19, 874–78.

[36] Materna K, Schaadt A, Bart HJ, Szymanowski J. Dynamics of surfactant-rich phase separation 
from solutions containing non-ionic and zwitterionic surfactants. Colloids Surf Physicochem 
Eng Asp 2005, 254, 223–29.

[37] Stalikas CD. Micelle-mediated extraction as a tool for separation and preconcentration in metal 
analysis. Trends Anal Chem 2002, 21, 343–55.

[38] Pons R, Carrera I, Caelles J, Rouch J, Panizza P. Formation and properties of miniemulsions 
formed by microemulsions dilution. Adv Colloid Interface Sci 2003, 106, 129–46.

[39] Trotta M, Gasco MR, Morel S. Behavior of oil-water microemulsions upon dilution with water.  
J Dispers Sci Technol 1991, 12, 239–55.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



408   Part IV:  Application in Sorption and Separation Methods

[40] Sole I, Solans C, Maestro A, Gonzalez C, Gutierrez JM. Study of nano-emulsion formation by 
dilution of microemulsions. J Colloid Interface Sci 2012, 376, 133–39.

[41] Pirogov AV, Tolmacheva NG., Shpigun OA. Use of microemulsion for the extraction of dialkyl-
phthalates from soils with following decomposition of microemulsions, preconcentration,  
and GC determination of target compounds. (rus.). Moscow Univ Chem Bull 2017, 58, 83–88.  
(in Russian)

[42] Mongjoo J. Tolmacheva NG., Pirogov AV, Popik MV, Shpigun OA. Use of microemulsions for the 
extraction, preconcentration, and determination of 10 PAHs from different types of soils. J Anal 
Chem 2017, 72, 515–20. (in Russian)

[43] Shen CW, Yu T. Protein separation and enrichment by counter-current chromatography using 
reverse micelle solvent systems. J Chromatogr A 2007, 1151, 164–68.

[44] Nishino S, Kishida A, Yoshizawa H, Shiomori K. A protein extraction system with a water/oil 
microemulsion formed by a biodegradable polymer surfactant. Solv Extr Res Develop (Japan) 
2014, 21, 47–54.

[45] Shu Y, Cheng DH, Chen XW, Wang JH. A reverse microemulsion of water/AOT/1-butyl-3- 
methylimidazolium hexafluorophosphate for selective extraction of hemoglobin. Separ  
Purif Technol 2008, 64, 154–59.

[46] Ontiveros JF, Froidevaux R, Dhulster P, Salager JL, Pierlot C. Haem extraction from peptidic 
hydrolysates of bovine haemoglobin using temperature sensitive C10E4/O/W microemulsion 
system. Colloids Surf Physicochem Eng Asp 2014, 454, 135–43.

[47] Amiri-Rigi A, Abbasi S. Microemulsion-based lycopene extraction: Effect of surfactants,  
co-surfactants and pretreatments. Food Chem 2016, 197, 1002–07.

[48] Lu RX, Lu,WB. Study on extraction of quercetin in guava leaf by microemulsion. J Chin med 
mater 2009, 32, 608–10.

[49] Radi M, Abbasi S, Hamidi Z, Azizi MH. Development of a new method for extraction of canola 
oil using lecithin based microemulsion systems. Agro Food Industry Hi-Tech 2013, 24, 
70–72.

[50] Gao J, Yi H, Yang H, Ren YF. Extraction of Angelica sinensis by using O/W microemulsion. Chin J 
New Drugs 2011, 20, 503–07.

[51] Melo KRO, Dantas TNC, Moura MCPA, Neto AAD, Oliveira MR, Neto ELB. Chromium extraction by 
microemulsions in two- and three-phase systems. Brazil J Chem Eng 2015, 32, 949–56.

[52] Dantas TNC, Neto AAD, Moura MCPA, Neto ELB, Forte KR, Leite RHL. Heavy metals extraction by 
microemulsions. Water Res 2003, 37, 2709–17.

[53] Tong Y, Han L, Yang YZ. Microemulsion extraction of gold(III) from hydrochloric acid medium 
using ionic liquid as surfactant and extractant. Ind Eng Chem Res 2012, 51, 16438–43.

[54] Lu WJ, Lu YM, Liu F, Shang K, Wang W, Yang YZ. Extraction of gold(III) from hydrochloric acid 
solutions by CTAB/n-heptane/iso-amyl alcohol/Na2SO3 microemulsion. J Hazard Mater 2011, 
186, 2166–70.

[55] Yang XJ, Li XL, Huang K, Wei QY, Huang ZJ, Chen J, Xie QY. Solvent extraction of gold(I) from alka-
line cyanide solutions by the cetylpyridinium bromide/tributylphosphate system. Minerals Eng 
2009, 22, 1068–72.

[56] Jiang JZ, Wang XY, Zhou WJ, Gao HC, Wu JG. Extraction of gold from alkaline cyanide solution 
by the tetradecyldimethylbenzylammonium chloride/tri-n-butyl phosphate/n-heptane system 
based on a microemulsion mechanism. PhysChem ChemPhys 2002, 18, 4489–94.

[57] Vicentino PO, Cassella RJ. Novel extraction induced by microemulsion breaking: a model study 
for Hg extraction from Brazilian gasoline. Talanta 2017, 162, 249–55.

[58] Cassella RJ, Brum DM, Lima CF, Caldas LFS, de Paula CER. Multivariate optimization of the deter-
mination of zinc in diesel oil employing a novel extraction strategy based on emulsion breaking. 
Anal Chim Acta 2011, 690, 79–85.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



 11 Application of Microemulsions   409

[59] Cassella RJ, Brum DM, de Paula CER, Lima CF. Extraction induced by emulsion breaking: a novel 
strategy for the trace metals determination in diesel oil samples by electrothermal atomic 
absorption spectrometry. J Anal Atom Spectrom 2010, 25, 1704–11.

[60] Caldas LFS, Brum DM, de Paula CER, Cassella RJ. Application of the extraction induced by emul-
sion breaking for the determination of Cu, Fe and Mn in used lubricating oils by flame atomic 
absorption spectrometry. Talanta 2013, 110, 21–27.

[61] Robaina NF, Brum DM, Cassella RJ. Application of the extraction induced by emulsion breaking 
for the determination of chromium and manganese in edible oils by electrothermal atomic 
absorption spectrometry. Talanta 2012, 99, 104–12.

[62] Pereira FM, Brum DM, Lepri FG, Cassella RJ. Extraction induced by emulsion breaking as a tool 
for Ca and Mg determination in biodiesel by fast sequential flame atomic absorption spectrom-
etry (FS-FAAS) using Co as internal standard. Microchem J 2014, 117, 172–77.

[63] Zheng Y, Fang LY, Yan Y, Lin SJ, Liu ZH, Yang YZ. Extraction of palladium (II) by a silicone ionic liquid- 
based microemulsion system from chloride medium. Separ Purif Technol 2016, 169, 289–95.

[64] Arain SA, Kazi TG, Afridi HL, Arain MS, Panhwar AH, Khan N, Baig JA, Shah F. A new dispersive 
liquid-liquid microextraction using ionic liquid based microemulsion coupled with cloud point 
extraction for determination of copper in serum and water samples. Ecotoxicol Environ Safety 
2016, 126, 186–92.

[65] Chen J, Liang R, Wang X. Extraction of Ni by Microemulsion. Mo Kexue Yu Jishu 2006, 26, 44–47.
[66] Mihaly M, Comanescu AF, Rogozea EA, Meghea A. Nonionic microemulsion extraction of Ni(II) 

from wastewater. Molec Cryst Liq Cryst 2010, 523, 63–72.
[67] Shang K, Yang YZ, Guo JX, Lu WJ, Liu F, Wang W. Separation of cobalt and nickel from concen-

trated HCl solutions by Winsor II microemulsion system with N235 as carrier. Asian J Chem 2012, 
24, 546–50.

[68] Huang TC, Tsai TH. Separation of cobalt and nickel ions in sulfate-solutions by liquid-liquid- 
extraction and supported liquid membrane with di(2-ethylhexyl) phosphoric-acid dissolved in 
kerosene. J Chem Eng Jap 1991, 24, 126–32.

[69] Levchishin SYu, Murashova NM, Yurtov EV. Extragent-containing microemulsion of sodium 
di-(2-ethylhexyl)phosphate. Uspehi Khimii I Khim Technol. 2008, 22, 37–39. (in Russian)

[70] Levchishin SYu, Murashova NM, Yurtov EV. Microemulsion with di-(2-ethylhexyl)phosponic acid 
for extraction of transition metals from slimes. Khim Technol. 2011, 7, 405–10. (in Russian)

[71] Lou ZN, Guo CF, Feng XD, Zhang SQ, Xing ZQ, Shan WJ, Xiong Y. Selective extraction and separa-
tion of Re(VII) from Mo(VI) by TritonX-100/N235/iso-amyl alcohol/n-heptane/NaCl microemul-
sion system. Hydrometallurgy 2015, 157, 199–206.

[72] Wang W, Yang YZ, Zhao H, Guo QW, Lu WJ, Lu YM. Extraction of europium by sodium oleate/ 
pentanol/heptane/NaCl microemulsion system. J Radioanal Nucl Chem 2012, 292, 1093–98.

[73] Lu JS, Tian JY, Guo N, Wang Y., Pan YC. Microemulsion extraction separation and determination 
of aluminium species by spectrofluorimetry. J Hazardous Materials 2011, 185, 1107–14.

[74] Madrakian T, Afkhami A, Mousavi A. Spectrophotometric determination of trace amounts of ura-
nium(VI) in water samples after mixed micelle-mediated extraction. Talanta 2007, 71, 610–14.

[75] Souza VS, Teixeira LSG, Bezerra MA. Application of multivariate designs in the development 
of a method for vanadium determination in natural waters by HR-CS GF AAS after cloud-point 
extraction. Microchem J 2016, 129, 318–24.

[76] Mustafina A, Elistratova J, Burilov A, Knyazeva I, Zairov R, Amirov R, Solovieva S, Konovalov A. 
Cloud point extraction of lanthanide(III) ions via use of Triton X-100 without and with water- 
soluble calixarenes as added chelating agents. Talanta 2006, 68, 863–68.

[77] Dar AA, Rather GM, Das AR. Mixed micelle formation and solubilization behavior toward polycy-
clic aromatic hydrocarbons of binary and ternary cationic-nonionic surfactant mixtures. J Phys 
Chem B 2007, 111, 3122–32.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



410   Part IV:  Application in Sorption and Separation Methods

[78] Prak DJL, Pritchard PH. Solubilization of polycyclic aromatic hydrocarbon mixtures in micellar 
nonionic surfactant solutions. Water Res 2002, 36, 3463–72.

[79] Zhu LZ, Feng SL. Synergistic solubilization of polycyclic aromatic hydrocarbons by mixed anionic- 
nomonic surfactants. Chemosphere 2003, 53, 459–67.

[80] Zhao Q, Weise L, Li PJ, Yang K, Zhang YQ, Dong DB, Li P, Li XJ. Ageing behavior of phenanthrene 
and pyrene in soils: a study using sodium dodecylbenzenesulfonate extraction. J Hazard Mater 
2010, 183, 881–87.

[81] Zhao Q, Xing BS, Tai PD, Yang K, Li H, Zhang LZ, Lin G, Li PJ. Effect of freeze-thawing cycles on 
aging behavior of phenanthrene, pyrene and their mixture in soil. Sci Total Environ 2013, 452, 
246–52.

[82] Zhao BW, Zhu LZ, Gao YZ. A novel solubilization of phenanthrene using Winsor I microemulsion- 
based sodium castor oil sulfate. J Hazard Mater 2005, 119, 205–11.

[83] Song GQ, Lu C, Lin JM. Application of surfactants and microemulsions to the extraction of 
pyrene and phenanthrene from soil with three different extraction methods. Anal Chim Acta 
2007, 596, 312–18.

[84] Casero I, Sicilia D, Rubio S, Perez-Bendito D. An acid-induced phase cloud point separation 
approach using anionic surfactants for the extraction and preconcentration of organic com-
pounds. Anal Chem 1999, 71, 4519–26.

[85] Goryacheva IY, Shtykov SN, Loginov AS, Panteleeva IV. Preconcentration and fluorimetric deter-
mination of polycyclic aromatic hydrocarbons based on the acid-induced cloud-point extraction 
with sodium dodecylsulfate. Anal Bioanal Chem 2005, 382,1413–18.

[86] Shang K., Yang YZ, Guo JX, Lu WJ, Liu F, Wang W. Extraction of cobalt by the AOT microemulsion 
system. J Radioanal Nucl Chem 2012, 291, 629–33.

[87] Liu F, Yang YZ, Lu YM, Shang K, Lu WJ, Zhao XD. Extraction of germanium by the AOT microemul-
sion with N235 system. Ind Eng Chem Res 2010, 49, 10005–08.

[88] Wang JS, Chiu K. Metal extraction from solid matrices using a two-surfactant microemulsion in 
neat supercritical carbon dioxide. Microchim Acta 2009, 167, 61–65.

[89] Chuan-Bo X, Yan-Zhao Y, Xue-Mei X, Song-Xian W. Extraction of rare earth metal samarium by 
microemulsion. J Radioanal Nucl Chem 2008, 275, 535–40.

[90] Gong F, Ma P, Luo Y, Liu L, Zhang L. Solubilization and phase behavior of nonionic water-in-oil 
microemulsion and its application to extraction of Nd3+ in hollow fiber modules. Huagong  
Xuebao/J Chem Ind Eng (China) 2006, 57, 590–95.

[91] Tao Z, Zhao YY, Yu LZ, Bo XC, Mei XX. Extraction of cobalt by CTMAB-pentanol-heptane-HCl 
Winsor II microemulsion systems. J Radioanal Nucl Chem 2006, 267, 401–06.

[92] Zeng S, Yang YZ, Zhu T, Han J, Luo CH. Uranium(VI) extraction by Winsor II microemulsion 
systems using trialkyl phosphine oxide. J Radioanal Nucl Chem 2005, 265, 419–21.

[93] Suzuki H, Naganawa H, Tachimori S. Extraction of europium(III) into W/O microemulsion con-
taining aerosol OT and a bulky diamide. I. Cooperative effect. Solv Extr Ion Exchange 2003, 21, 
527–46.

[94] Ahn CK, Kim YM, Woo SH, Park JM. Soil washing using various nonionic surfactants and their 
recovery by selective adsorption with activated carbon. J Hazard Mater 2008, 154, 153–160.

[95] Lopez-Vizcaino R, Saez C, Canizares P, Rodrigo MA. The use of a combined process of 
surfactant-aided soil washing and coagulation for PAH-contaminated soils treatment. Separ 
Purif Technol 2012, 88, 46–51.

[96] Paterson IF, Chowdhry BZ, Leharne SA. Polycyclic aromatic hydrocarbon extraction from a coal 
tar-contaminated soil using aqueous solutions of nonionic surfactants. Chemosphere 1999, 38, 
3095–3107.

[97] Alcantara MT, Gomez J, Pazos M, Sanroman MA. PAHs soil decontamination in two steps: 
desorption and electrochemical treatment. J Hazard Mater 2009, 166, 462–68.

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



https://doi.org/10.1515/9783110542011-012

E. G. Sumina
12  Surfactant Micelles in Liquid Chromatography
12.1  Introduction

Liquid chromatography has always used homogeneous solvents or mixtures thereof, 
sometimes with an addition of inorganic ions, as mobile phases (MPs). The compo-
nents of the mixture to be separated had to dissolve in the mobile phase, so polar 
and nonpolar MPs allowed dissolving and separating polar and nonpolar sub-
stances, respectively. However, complex natural and man-made mixtures of sub-
stances needed to be separated often contain both polar (hydrophilic) and nonpolar 
(hydrophobic) ones. The appearance of micellar liquid chromatography (MLC) made 
it  possible to solve the problem of the joint solubility of both polar and nonpolar 
substances in a nontrivial way, namely, by the use of micellar surfactant solutions, 
homogeneous at the macroscopic level but heterogeneous at the nanoscopic one, as 
mobile phases [1].

Micellar solutions have a peculiarity: in a homogeneous aqueous or nonaqueous 
dispersion medium, the diphilic surfactant molecules at a certain concentration, called 
the critical micelle concentration (CMC), spontaneously form nanoscale (3–5 nm)  
dynamic dispersed aggregates of several tens of surfactant ions or molecules, called 
micelles. The number of micelles forming a new “pseudophase” in the main solvent 
is enormous and calculated by dividing the total surfactant concentration in the solu-
tion by the aggregation number of surfactant ions (molecules) in a micelle; however, 
the micelles volume fraction relative to the main solvent is small since the CMC values 
are in the range of 10−4–10−2 M. The presence of nanoscale micelles in the main solvent 
is the basis for concentrating of the substances to be separated, which, depending on 
their hydrophobicity, are solubilized (dissolve) either on the surface of the micelle or 
inside it.

The main feature of micelles is that the medium inside these aggregates formed 
by alkyl radicals (С10–С16) is opposite, in polarity, to water as the main solvent of the 
mobile phase, which allows dissolving both polar (in the aqueous macrophase) and 
nonpolar (in the nanoscale micelles) substances in a micellar solution. Surfactant 
micelles are often called biomimetic systems, resembling, by structure and proper-
ties, the liposomes and vesicles of living organisms.

A second feature of micelles is the microheterogeneity of the medium inside the 
micelle, that is, a rapid change in polarity in the direction from the micelle surface to 
the center. For example, in an aqueous solution, the effective dielectric constant of 
the medium varies along the micelle’s radius from that of water (81) to that charac-
teristic of benzene or dioxane [2, 3]. This allows different (by properties) substances 
to be localized in different parts of the micelle and to have different binding con-
stants with it. Therefore, the compounds separated in the chromatographic system 
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participate not only in the stationary phase (SP)–MP equilibrium, but also in addi-
tional solvent–micelle equilibrium within the MP itself, which affects the selectivity 
of chromatographic separation.

Another factor influencing separation in MLC is that, when the micellar MP is 
moving along the sorbent, either single ions (molecules) of the surfactant are sorbed 
on the surface forming a monolayer (bilayer), or semi-micelles (admicells) are formed, 
depending on the surfactant concentration in the solution. This dynamically changes 
the nature of the SP, and, hence, the character of the adsorption equilibrium and dis-
tribution of the sorbate in the SP–solvent–MP system as well.

For the first time, surfactant micelles were applied as the main components 
of aqueous mobile phases in gel chromatography by Armstrong and Fendler [4]  
in 1977. To date, more than 1,000 publications have described their use in high- 
performance liquid, thin-layer, ionic, supercritical fluid, extraction, and micellar 
electrokinetic chromatography (MEKC). Surfactant micelles, due to the efficiency 
of their modifying effect on the chromatographic process in the whole, are most 
widely used in high-performance liquid chromatography (HPLC), thin-layer chro-
matography (TLC), and MEKC. Liquid chromatography (LC) based on the use of 
micellar surfactant solutions as mobile phases was first referred to as pseudo- 
phase LC [5, 6] and then MLC [7, 8], and such mobile phases containing surfac-
tant micelles were named micellar mobile phases (MMP) [9, 10]. As the surfactant 
concentration in MP exceeds its CMC, the main carriers of the substances to be 
separated are normal (in aqueous media) or reversed (in nonaqueous media) sur-
factant micelles selectively solubilizing hydrophobic or hydrophilic substances, 
respectively.

Micellar mobile phases in TLC were proposed by D. Armstrong in 1979 [10]. The 
following year this author applied MMP in reversed-phase liquid column chromatog-
raphy (RP HPLC) [11]. This new type of mobile phases has made it possible to sig-
nificantly expand the capabilities of liquid chromatography and, in some cases, to 
effectively separate mixtures of hydrophobic and hydrophilic (neutral and charged) 
organic compounds. Surfactants are shown to modify both MP and SP, as a result 
of which these phases acquire qualitatively new properties, and the LC method gets 
novel analytical capabilities.

For more than 30 years, the development of micellar liquid chromatography 
has progressed in several directions: studying of the chromatographic properties of  
surfactant-modified stationary phases, studying of the properties and characteristics 
of MMP; the development of retention models in MLC; evaluation of the efficiency, 
selectivity, and optimization of the separation of substances in MLC; the use of MLC 
for separation and analysis of the components of real environmental, pharmaceutical, 
biological, and food objects. The results of such comprehensive studies and applica-
tion of the main options of MLC are summarized in a number of reviews dealing with 
micellar HPLC variants [12–21, 115], TLC [22–25, 115], and a monograph on micellar  
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HPLC [26]. However, no joint consideration of the micellar options of HPLC and TLC 
has been carried out.

In this connection, the purpose of this review chapter is to consider the capabilities 
and limitations of micellar liquid chromatography in the whole, as well as features of 
both variants in comparison with the classical LC with water–organic mobile phases.

12.2  General characteristics of the method

Micellar HPLC, like the classical LC variant, can be performed in isocratic and gradi-
ent elution modes with pre-column and post-column derivatization of the analytes, 
at room or elevated (up to 40°C) temperatures, usually on hydrophobic nonpolar sor-
bents. Micellar TLC is commonly conducted in isocratic mode at room temperature on 
ordinary or high-efficiency plates with a normal or reversed phase. In spite of similar 
methods of implementing the chromatographic process, both MLC options have a 
number of advantages over classical chromatography based on the use of nonaque-
ous and water-organic MPs (Fig. 12.1).

Fig. 12.1: Advantages and disadvantages of micellar liquid chromatography in comparison with 
liquid chromatography with water-organic mobile phases.

MICELLAR LIQUID
CHROMATOGRAPHY

Advantages:

- reduced detection limit;

- increased selectivity;

- direct injection of biological samples into
   the chromatographic column;

- shorter analysis time;

- reduced cost of analysis; and

- saving labor.

Disadvantages:

- high viscosity of MMP;

- low e�ciency of measurements;

- hindered mass transfer when sorption-
  desorption from SP; and

- poor wettability of the sorbent surfaces.
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For example, aqueous MMPs lack a number of disadvantages of organic solvents tra-
ditionally used in LC, such as acrid odor, volatility, flammability, chemical aggres-
siveness, and toxicity. In this regard, they are recommended not only for production 
and research laboratories, but also for educational laboratories and even for lecture 
demonstrations [27]. Another merit of MMPs is their low cost and good biodegrad-
ability [9]. One more advantage of MLC is the possibility of achieving lower detec-
tion limits than in traditional liquid chromatography. This is especially true when 
using fluorescent or phosphorescent detectors, since the analytical signal inten-
sity increases upon solubilization of compounds in micelles due to changes in the 
micropolarity and microviscosity of the medium in the local environment of the 
luminophor, as well as the effect of concentration in surfactant micelles. In addi-
tion, the use of MMP simplifies sample preparation and decreases the time analy-
sis of complex objects, for example, biological fluids, allowing them to be directly 
injected into the chromatographic column due to solubilizing proteins in surfactant 
micelles.

The retention mechanism in micellar liquid chromatography is based on the fol-
lowing properties of surfactant micelles, determining a number of specific features of 
the technique [3]:
– the ability to solubilize (dissolve and bind) and concentrate substances in 

nanoscale micelles, which are insoluble in the solvent forming the dispersion 
medium of the micellar solution;

– the selective nature of solubilization due to a combination of electrostatic, 
donor–acceptor, and hydrophobic interactions, which underlies differentiation 
and separation of compounds with different binding constants of the analytes 
with surfactant micelles;

– the appearance of a new equilibrium (“micelle–solvent”) in the mobile phase 
with the participation of the analyte, complementing the MP–SP equilibrium; 
and

– the ability of individual surfactant ions and molecules to be sorbed on the sorbent 
surface and to dynamically change the properties of the stationary phase.

The listed properties of micellar solutions serve as a basis for increasing the separa-
tion selectivity of substances in LC compared with water–organic eluents.

The efficiency of binding of a substance with micelles is determined by both the 
characteristics of the surfactant micelles themselves and the nature of the analyte. 
Normal and reversed micelles are known to bind, as a rule, hydrophobic and hydro-
philic compounds, respectively. A more fine differentiation of substances (and, 
therefore, a higher selectivity) is due to the following factors: the micelle–analyte 
charge ratio, for example, anionic surfactant micelles mainly bind cationic analytes; 
the presence of functional groups in the molecules of surfactants and analytes; the 
presence of aromatic rings and unsaturated bonds in the hydrocarbon radical; the 
hydrophilic–lipophilic balance of the surfactant and analyte molecule as a whole, 
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and changes in the counter ion nature of ionic surfactants. Additional opportunities 
for improving the separation selectivity in MLC can be achieved by modifying the 
properties of the micelles themselves, for example, by adjusting the charge density 
and/or surface potential, and also by varying the hydration degree and micelle size 
or the viscosity of the micellar mobile phase by adding electrolytes, organic solvents, 
or co-surfactants [2, 3]. In light of these advantages, MMPs have become an import-
ant addition, and, in some cases, an alternative to simple mobile phases containing 
organic solvents.

Comparison with classical water–organic MP reveals few disadvantages of MMP. 
One of them is associated with the higher viscosity of MMP compared with organic 
solvents, which increases the duration of analysis. Such a viscosity is due to high 
surfactant concentrations in the mobile phase, sometimes even exceeding CMC2, at 
which the micelles are no longer spherical, but cylindrical and have very high aggre-
gation numbers [1, 3]. In the case of lower surfactant concentrations (corresponding 
to spherical micelles), the separation time is comparable or shorter than when using 
MP based on organic solvents.

Another significant demerit of MMP is the lower separation efficiency of com-
pounds in MLC compared with water–organic MPs, which is a consequence of poor 
mass transfer during the sorption/desorption of substance to/from the stationary 
phase. The causes are the poor wettability of the surface of hydrophobic sorbents 
and surfactant adsorption on their surface, which increases the thickness and 
 microviscosity of the surface layer, especially in the case of the reversed phase. To 
improve the wettability and mass transfer, it is recommended to add alcohols to 
MP, which would partially displace the surfactant from the surface of the sorbent. 
Another way to improve mass transfer may be using elevated temperatures. The 
efficacy is significantly improved and becomes comparable with the classical LC 
version, when inverse surfactant micelles are used as MMP. This technique is mainly 
used in TLC [24].

12.3  Features of mobile and stationary phases in MLC

12.3.1  Mobile phases

Low CMC values and small aggregation numbers of surfactant micelles are common 
requirements to select micellar eluents. The size of micelles should not exceed  
6–8 nm, and the CMC should not exceed 0.01 M. Such micellar characteristics 
provide the formation of not very viscous eluents and a decreased pressure in 
the chromatographic column, as well as a depressed effect of light scattering by 
 surfactant micelles in the operating ranges of UV and spectrophotometric detec-
tors [20].

 EBSCOhost - printed on 2/12/2023 11:31 PM via . All use subject to https://www.ebsco.com/terms-of-use



416   Part IV:  Application in Sorption and Separation Methods

Aqueous micellar solutions of all surfactant types (cationic, anionic, and non-
ionic) that meet this condition are used as mobile phases in micellar HPLC. Of the 
cationic surfactants (CS), cetyltrimethylammonium bromide and chloride (CTAB and 
CTAC), dodecyltrimethylammonium bromide (DDTAB) are most often used, of the 
anionic ones – sodium dodecyl sulfate (SDDS, or simply SDS), sodium tetradecylsul-
fate, and sodium dodecylsulfonate. Brij-35, Tween-20, Tween-80, Triton X-100, and 
Triton X-114 are the main representatives of nonionic surfactants (NS) used as com-
ponents of MMP. In most works, SDS is preferred with its concentration in the MMP 
within 0.02–0.08 M [28–41].

The situation is almost the same in micellar TLC (MTLC). It has been established 
that the effects needed in MTLC are mainly inherent in ionic surfactants [22, 24]. This 
is especially true for polar silica gel, with the surface of which cationic surfactants 
bind more strongly due to not only hydrophobic, but also electrostatic interactions 
with dissociated silanol groups. Of this surfactant group, CTAB and CTAC are most 
often used, and more rarely – other salts of alkyltrimethylammonium and alkylpyr-
idinium. Of anionic surfactants, alkylsulfates and alkylsulfonates are used. In sepa-
rate studies, the MMP also included micelles of nonionic surfactants: Tween-80 and 
Triton X-100, SPAN-20. Mixtures of surfactants are sometimes used: SDS and TX-100, 
CTAB (CTAC) and Brij-35, CTAB and Tween-80. However, SDS is preferred of all types 
of surfactants [42–49].

Besides normal micelles formed in water, reversed micelles are also used in 
MTLC, for example, Aerosol OT (AOT) in cyclohexane [9, 10, 27]. The recommended 
surfactant concentrations in micellar mobile phases are very various: from 1.5–5 CMC1 
to 10–50 CMC1 [22, 24].

The optimum micelle concentration in MMP can be calculated by the equation 
[50]

pMopt ≈ lg KXM − 12 lg
K/X
K/1

, (1)

 (2)

where Мopt is the optimum concentration of micelles, М;
 КXM the sorbate–micelle binding constant;
 КX

/ the limiting value of the sorbate retention factor; and
 К1

/ the sorbate retention factor at a surfactant concentration equal to 1 M.

This equation was used to calculate the pMopt values for SDS, CTAB, or Brij-35 for 
chromatography of a wide range of sorbed substances [14]. The properties of mobile 
phases containing surfactant micelles can be influenced by various factors, which 
may substantially change the chromatographic pattern of separation. It is therefore 
necessary to consider them in more detail.

pMopt = − lg[M],
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Organic modifier effect. The micellar mobile phases containing an organic modi-
fier, in addition to surfactants, are proposed to be called the hybrid or modified MMP 
[20]. The following substances are used as organic MMP modifiers: aliphatic alcohols, 
generally of normal structure with the number of carbon atoms from C1 to C5 [51–56], 
sometimes their mixtures (e. g., 1-butanol and 1-pentanol) [57], acetonitrile [29, 47], 
and tetrahydrofuran [20]. Branched isomers of aliphatic alcohols are taken less often 
[54, 58]. Aliphatic carboxylic acids (acetic, propionic, butyric, valeric, and hexanoic) 
were proposed for the first time as MMP modifiers, as well as two fluorine-substituted 
acetic acids (monoacetic and trifluoroacetic) [45].

Such organic modifiers have been established [1, 3, 20, 59, 60, 104] to be able to 
modify both the micellar properties of surfactants themselves (CMC values, aggrega-
tion numbers) and the eluent strength of surfactant-containing mobile phases, and, 
therefore, the solubilization conditions of the analytes in micelles, their retention, 
and the selectivity of separation.

The effect of alcohols on the CMC of sodium dodecylsulfate has been studied 
most thoroughly [20, 58, 61]. It was shown methanol to be the only representative of 
aliphatic alcohols whose introduction increases the CMC of SDS [62]. By measuring 
the surface tension in SDS solutions, it was found that at 25°C the CMC was 2.3⋅10−2, 
3⋅10−2, and 3.8⋅10−2 M at the CH3OH concentration of 0 %, 5 %, and 20 %, respec-
tively. Other alcohols, on the contrary, reduce the value of CMC and the stronger, 
the higher the alcohol concentration and the longer its hydrocarbon radical [20]. For 
example, an equal decrease in CMC is observed when 15 % propanol, 5 % butanol, 
or 1 % pentanol is added to an aqueous DDS solution. High (exceeding 20 vol.%) 
alcohol concentrations, vice versa, suppress micelle formation, for example, no 
micelles are formed in water–alcohol solutions containing above 23 % 1-propanol or 
27.5 % 1-butanol. Hexanol, octanol, and decanol are not used to modify MMP due to 
their low solubility in water and emulsion formation. It has been established [45] 
that aliphatic carboxylic acids, like their corresponding alcohols, reduce CMC and 
stabilize SDS micelles.

Solvents of another chemical nature (acetonitrile and tetrahydrofuran) act in dif-
ferent ways. Acetonitrile, similar to methanol in polarity, also increases the CMC of 
SDS. The effect of tetrahydrofuran depends on its concentration, namely: a change in 
the solvent volume fraction from 0 % to 5 % causes a slight decrease in the CMC, with 
its further increase.

Studies of the effect of solvents on the chromatographic properties of sorbates 
have established the following features of hybrid MMPs:
– dependence of their properties on the nature and hydrophobicity of the organic 

solvent modifier;
– dependence of the eluent strength of the MMP on the concentrations of the 

solvent and surfactant; and
– dependence of sorbate retention on the hydrophobicity of the substances to be 

separated.
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For example, Ruiz-Angel et al. [63], when chromatographing benzene and 2- 
ethylanthraquinone, found that solvents of similar polarity but belonging to different 
types according to Snyder’s classification (methanol, tetrahydrofuran, and acetoni-
trile) caused smaller changes in the retention factors (k’) than one-type solvents, for 
example, monohydric alcohols, differing in hydrophobicity. For alcohols, the values 
of k’ of the sorbates studied decrease in the row: methanol > ethanol > propanol > 
butanol > pentanol > hexanol, that is, with an increase in the alcohol hydrocarbon 
radical length. The observed selectivity row of alcohols correlates with their ability 
to adsorb on the hydrophobic surface of the reversed-phase sorbent C18, which sup-
presses the sorption and retention of the analytes, and thereby enhances their trans-
port by normal SDS micelles.

The effect of aliphatic carboxylic acids with different hydrocarbon radical lengths 
on the retention and selectivity of separation of amino acid derivatives was studied 
[45]. It has been shown that the more hydrophobic the acid is, the lower concentration 
is necessary for complete separation of the components of the mixture under analysis. 
The authors explain the less pronounced effect of acetic acid by its lower hydropho-
bicity in comparison with other acids and, consequently, the poorer possibility to act 
as a co-surfactant in the modification of micelles. Aliphatic carboxylic acids are rec-
ommended by these authors to separate substances of an acidic nature. In contrast to 
alcohols, acids in MMP perform two functions, namely stabilization of the pH value 
of the mobile phase, which avoids the additional use of buffer solutions, and modifi-
cation of the surfactant micelles.

To select the most suitable organic modifier for a certain micellar mobile 
phase, it was suggested to use data on the hydrophobicity of separated compounds  
in accordance with the values of their distribution coefficients in the octanol– 
water system (Рo/w) [20]. Propanol is recommended for use to separate such hydro-
philic compounds, which lg Рo/w values fall within the range of −1 to 2 (amino acids, 
 proteins [64], sulfonamides, and phenolic antioxidants [65]), butanol – for less 
hydrophilic substances: 1 < lg Рo/w < 3 (e. g., β-blockers [66]). Pentanol (<6 %) is 
suitable for separation of sufficiently hydrophobic compounds, when lg Рo/w > 3 
(corticosteroids, barbiturates, diuretics, stimulants, and polyaromatic hydrocar-
bons [67, 68]).

It is known [69, 70] that in RP HPLC, the eluent strength of water–organic MP is 
calculated by the equation

lg k� = lg k0 − Sφ, (3)

where k0 is the sorbate retention factor in the absence of an organic solvent;
 k/ the sorbate retention factor in the presence of an organic solvent;
 S the eluent strength; and
 φ the solvent volume fraction in MP.
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A similar equation was proposed for hybrid micellar mobile phases [60]:

lg k� = lg k0 − Shybφ, (4)

where k0 is the sorbate retention factor in MMP in the absence of any organic solvent;
 k/ the sorbate retention factor in MMP in the presence of an organic solvent;
 Shyb the eluent strength parameter of the hybrid micellar eluent; and
 φ the solvent volume fraction in MMP.

Eqs (3) and (4) show that with increasing S and Shyb, the sorbate retention should 
decrease. However, in classical RP LC, the eluent strength depends on the solvent 
concentration in the mobile phase only, while in MLC it depends on the concentra-
tions of both components (the surfactant and organic solvent). It was shown that the 
influence of the surfactant concentration in MMP is stronger than that of the solvent 
concentration in the mobile phase [26]. Detailed studies of the effect of organic mod-
ifiers in MMP were also carried out in few papers [29, 58, 71–74].

pH effect of the mobile phase. The necessary pH values of the MMP in column and 
planar chromatography are usually maintained by acetate-ammonia or phosphate 
buffer solutions, which are usable in weakly acidic, neutral and slightly alkaline 
media. The MMP acidity mostly affects the chromatography of ionizable substances. 
In this case, a small change in pH may significantly change the chromatographic 
pattern, especially if this value is close to pKa of acids or pKb of bases [75]. In HPLC, 
such studies are mainly known for reversed-phase sorbents [26, 75], while in TLC – for 
sorbents with normal and reversed phases [22, 24].

The pH effect in TLC is described for organic reagents of the series of fluores-
cein, sulfophthaleins, and dicarboxylic acids [43, 76–78]. Studies have shown that 
the optimum separation condition for the reagent classes studied is an alkaline (flu-
oresceins, sulfophthaleins) or slightly alkaline (phenol carboxylic acids) medium, 
irrespective of the stationary phase nature (Silufol or Plasmachrom). Under these 
conditions, they are all in the same R2−-ionized form [79], which makes it possible to 
compare their chromatographic behavior in MMP.

Effect of the ionic strength of solution. Strong electrolytes, like organic solvents, 
primarily affect the micelle formation of ionic surfactants and, as a result, the modi-
fying properties of ionic micelles [1, 3, 22, 24, 26, 60, 75, 105, 106]. Due to adsorption of 
the salt counter ions on the micelle, some of its ionic charge (for various surfactants 
and according to different authors: from 60 % to 90 %) is screened. It is noted [1] that 
at a thickness of the Stern layer of 0.7 nm, the local concentration of counter ions 
therein could reach 3–5 M, that is could exceed their concentration in the solvent 
by 2–3 orders of magnitude. The remaining counter ions are located in the diffuse 
Gouy–Chapman layer. According to the general approach [60, 80], the potential ζ of 
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the Stern layer should depend on the activity of the potential-determining surfactant 
ions in the bulk of solution, for example:

ζ = ζ0 + (2.303 ⋅ RTF ) ⋅ lg acsurf+ (5)

An increased activity of counter ions in the aqueous phase enhances the neutraliza-
tion of the micelle’s charge. The ζ value in the presence of salts therefore decreases 
and the critical micelle concentration decreases as well. An additional effect of salts 
is expressed in the dehydration of the micelles and separated substances solubilized 
therein (the salting-out effect), which changes their binding and, consequently, the 
chromatographic characteristics. Therefore, the salt effects in micellar solutions 
should be determined by the effect of the adsorbed salts on the Stern layer potential, 
and, as a consequence, on the micelle formation of surfactants, the solubilization of 
organic compounds, and also on the distribution processes occurring in this medium. 
However, these questions have so far been studied little and do not allow predicting 
the effect of an electrolyte in every particular case.

The review [20] notes that the effect of all the above parameters can be optimized 
by using the mathematical apparatus and computer programs, which will allow the 
researcher to select directly the optimum separation conditions in MMP [81–87]. 
Unlike HPLC, electrolytes have virtually no effect on the chromatographic behavior of 
sorbates in TLC. This is perhaps due to the presence of a double solvent front on the 
sorbent surface in MTLC [42], which determines the simultaneous existence of two 
separation mechanisms (micellar and ion-pair). Electrolytes differently affect the sol-
ubilization process in micelles and the formation of ion pairs with the participation 
of surfactants [1, 12], so their influence on the SP surface in TLC is difficult to predict.

12.3.2  Stationary phases

Micellar HPLC commonly uses reversed-phase sorbents produced by few firms, 
namely: Separon C18, Nucleosil C18, Hypersyl ODS, μ-Bondapak C18, Ultrasphere ODS, 
Spherisorb ODS-2, etc. Unlike RP HPLC, according to some authors [20, 88–90], the 
brand of reversed-phase sorbents has little effect on the results of separation. To test 
columns, a new approach to comparing the selectivity of stationary phases was devel-
oped [90], based on the use of a test mixture of sorbates chromatographed by differ-
ent mechanisms. A classification of stationary phases is proposed to make it possible 
to reveal interchangeable columns, which greatly simplifies and  accelerates the prac-
tical application of methods for analyzing various objects in the MLC conditions. This 
is a feature of the reversed stationary phase in micellar HPLC.

In micellar TLC, mixtures of compounds are separated on normal SP (Silufol and 
Sorbfil plates, alumina, cellulose) and reversed SP (silica gel with a grafted C3 phase 
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(Plasmachrom plates), silica gel with a grafted C18 phase), as well as on silica gel mixed 
with a polymeric material and on polyamide-6 or polyamide-11 [22, 24]. According to 
[24] and some previous studies, polyamide is the best sorbent for the micellar mobile 
phase in TLC. The good separating ability of polyamide plates is attributed to the rel-
atively weak adsorption of the surfactant and, as a result, the relatively constant con-
centration of surfactant micelles in MP as it moves along the sorbent’s surface, which 
leads to good reproducibility of analysis. Good separation in micellar TLC was also 
achieved on polar Silufol and Sorbfil plates [22, 24].

It has been established that the chemical stability of SP on the TLC plate is affected 
by the nature of the surfactants that form MMP. For instance, when silica gel plates 
coated with chemically bound octadecylsilane (KC18F) are used, CTAC less destroys 
the stationary phase than SDS. Effective separation on KC18F is achieved when using 
0.4 M CTAC solution or a mixture of 0.2 M CTAC + 0.2 M sodium chloride as MP. In the 
case of SDS, it is recommended to add high concentrations of strong electrolytes to 
prevent destruction of the reversed nonpolar phases in MMP. The total concentration 
of the surfactant and electrolyte in MP should be constant; it can reach 0.4–0.6 M [91].

When the surfactant-containing mobile phase moves along the sorbent layer in 
the chromatographic column or on the surface of the chromatographic plate due to 
adsorption of hydrophobic ions or surfactant molecules, its surface is dynamically 
modified [42, 120]. This is another feature of the stationary phase in MLC. The conse-
quence of such dynamic modification of SP is a radical change in its properties and 
the corresponding chromatographic regime. This is a third feature of the stationary 
phase in MLC. Let us dwell on its characteristics.

Anionic surfactants mainly adsorb on the hydrophobic surface of the sorbent 
by the hydrophobic mechanism (hydrophobic adsorption). The driving force of this 
process is the hydrophobic interactions between the hydrocarbon radicals of the 
grafted sorbent layer and the surfactant. As a result, the sorbent’s surface which nega-
tively charged hydrophilic groups of the anionic surfactant appear on becomes hydro-
philic and acquires the ability to cation exchange with the ions in the mobile phase. 
Therefore, the reversed-phase chromatography regime changes to the normal-phase 
one and the analyte elution order is also reversed [24, 75].

If cationic surfactants adsorb on a hydrophobic surface, two types of interaction 
are possible, namely hydrophobic and electrostatic [75]. The first one, just as in the 
case of anionic surfactants, is accomplished through hydrophobic interactions. The 
second one is due to interactions between the unmodified dissociated silanol groups 
of the silica gel surface and the cationic groups of the surfactant. A combination of 
both mechanisms is possible. The final result depends on the surface modification 
degree, that is, the ratio between the alkylated and nonalkylated surface silanol 
groups. Depending on this, the chromatography mechanism may change or remain 
unchanged.

In the case of weakly hydrophobic reversed phases RP-3 or RP-2 and ionic surfac-
tant of different types, the elution order usually does not change in comparison with 
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the normal phase. In contrast to reversed phases, ionic surfactant adsorption on the 
normal phase (unmodified or hydrophilically modified silica gel) results in hydropho-
bization of the sorbent, which acquires the reversed-phase properties. The result is a 
switch from the normal-phase chromatography mode to the reversed-phase one. The 
elution order of substances changes accordingly [43, 76, 92, 93].

Such changes were described for normal-phase TLC during the chromatography 
of fluorescein derivatives [43, 76, 77], phenol carboxylic acids [78], sulfophthaleins 
[77], Cu (II), Co (II), Ni (II) diketonates on Silufol plates [94] and for reversed-phase 
TLC when separation of amino acids on KC18 layers [22, 24, 75]. It should be noted 
that there are still no rules to predict the elution order. A comparison of the chromato-
graphic behavior of substances with their distribution coefficients in the octanol– 
water system could probably be a good criterion. The modification nature becomes 
more predictable if the sorption mechanism of various surfactants on the normal and 
reversed phases is clear. An important research in this direction was carried out by 
Berthod and García–Álvarez–Coque [26].

Ionic surfactants are most often used to modify SP, whereas nonionic surfactants 
are used rarely. This is due to some peculiarities of their adsorption on a solid surface. 
Unlike ionic surfactants adsorbed vertically oriented, the oxyethylated chains of non-
ionic surfactants are located horizontally to the surface and modify the stationary 
phase to a lesser degree [95].

Regardless of the sorbent nature, temperature, the nature and structure of the 
surfactant, the pH and ionic strength of the aqueous solution, the simultaneous pres-
ence of several surfactants in solution and the presence of an organic solvent strongly 
influence the surface modification and the shape of the adsorption isotherms of the 
surfactant [102].

Molecular structure of surfactants. It has been established [95] that within a homol-
ogous series, an increased length of the hydrocarbon chain of the surfactant leads 
to an increased adsorption Гmax on both polar and nonpolar sorbents. An increased 
size of the polar (head) group in ionic surfactants or the oxyethylated chain length 
in nonionic ones, on the contrary, reduces the value of Гmax. For example, when the 
oxyethylated chain length of a nonionic surfactant >44, no adsorption of oxyethylated 
tetramethylbutylphenols on silica gel is possible, since the hydration energy of the 
oxyethylated chain exceeds the adsorption energy [96]. With a low surfactant content 
in solution (C « 0.1 CMC1), the adsorption grows insignificantly with concentration, 
and for concentrations ≥0.1 CMC1 it sharply increases. This may be due to changes in 
the orientation of surfactant molecules on the surface: from horizontal (in very dilute 
solutions) to vertical (around CMC1) [95].

The acidity of solution affects the adsorption properties, especially those of 
ionic surfactants, especially in the case of unmodified polar silica gel, for which the 
adsorption of cationic surfactants increases with pH, while that of anionic surfactant 
decreases [97–99]. For nonionic surfactants, the acidity effect is weaker, however, on 
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polar sorbents containing carboxyl groups, when pH > 5.2 the adsorption is small but 
increases by an order of magnitude with decreasing pH. This increase is associated 
with the formation of hydrogen bonds between the undissociated carboxylic groups 
of the sorbent and the ester groups of the surfactant.

Electrolytes that cause salting out of surfactants from an aqueous solution due 
to their own hydration increase their adsorption. At the same time, some inorganic 
salts themselves can be adsorbed on polar surfaces and actually displace surfactants. 
An example is the hydrated lanthanum ion [95]. Finally, electrolyte ions, sorbing 
on a solid surface, change the surface charge, and, as a consequence, modify the 
surfactant adsorption. This adsorption can also be influenced by nonelectrolytes, 
which high concentrations could change the solvent structure or the sorbent surface 
nature.

Joint adsorption of various surfactant types on the stationary phase has not yet 
been studied sufficiently. However, it has been established that the adsorption iso-
therm of nonionic surfactants in the presence of anionic ones varies insignificantly. 
On the contrary, nonionic surfactants significantly affect the adsorption of anionic 
ones, causing an adsorption peak to appear on the isotherm [100]. Similar changes 
in the isotherm are characteristic for joint adsorption of nonionic and cationic surfac-
tants [101]. It is believed that when the concentration exceeds CMC1, due to the forma-
tion of mixed micelles, the relative concentrations of surfactant molecules or ions in 
solution vary. Moreover, in the mixed system of CS–NS, the surfactant cation diffuses 
to the surface faster than the NS molecule, but after adsorption the ionic surfactant is 
gradually replaced by the nonionic one.

The organic solvent present in the solution not only alters the CMC of the sur-
factant, but can also be sorbed on the surface of the solid phase, reducing the surfac-
tant concentration thereon, so the stationary phase undergoes further changes [95]. 
Although the mechanism of action of the solvent when combined with a surfactant is 
not well studied, it can be assumed that the resultant effect depends on the nature of 
all the three components: the surfactant, the surface, and the organic additive, as well 
as on the concentration of the organic additive and surfactant.

Together, the listed factors underlie the modification of the properties of the sta-
tionary phase in the presence of a surfactant.

12.4  Retention models in MLC

The model by Armstrong and Nome [107] is the most common one describing the equi-
librium processes in the column and on the sorbent surface in micellar liquid chro-
matography. According to this model, the sorbate is distributed not only between the 
stationary and mobile phases, but also inside the mobile phase itself, that is between 
water and surfactant micelles (Fig. 12.2).
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The chromatographic behavior of the sorbate in the micellar mobile phase is deter-
mined by three distribution coefficients, namely:

Ksw – the distribution coefficient between the stationary phase and water;
Ksm – the distribution coefficient between the stationary phase and the micelle; and
Kmw – the distribution coefficient between the micelle and water.

The existence of this second equilibrium distinguishes MLC from liquid chromatogra-
phy with water–organic eluents.

In accordance with this model, all compounds can be divided into four groups 
[108]. The first one includes substances bound by micelles, their mobility increases with 
the surfactant concentration in the mobile phase (Kmw > 0). The second group consists 
of substances not bound by micelles, their mobility does not change with the surfac-
tant concentration (Kmw = 0). The third one includes so-called anti-bound substances, 
whose mobility decreases with increasing surfactant concentration in the mobile phase 
(Kmw < 0). The fourth option includes high-molecular-weight compounds with an abnor-
mally strong binding, which more than one surfactant micelle is involved in.

It is obvious that the electrostatic repulsion of like-charged surfactant micelles 
and substrate particles is the factor determining the anti-binding behavior of the sub-
strate. However, this rule is not always observed; for example, there are many com-
pounds carrying a positive charge and bound by cationic micelles – and negatively 
charged ones interacting with anionic micelles. In the case of the anti-binding effect 
due to electrostatic interactions, the Kmw value should be influenced by strong electro-
lyte additives (the salt effect). For most compounds, the values of Kmw increase with 
the salt concentration in the mobile phase. Often, when a salt is added, the substrate 
switches from anti-binding to binding.

There are other developed models that summarized in a number of reviews, for 
example [14, 20]. Modern variants of modeling processes in MLC are discussed in few 
papers [82, 85, 109–113].

Fig. 12.2: The chromatographic behavior of the sorbate in the micellar mobile phase.
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For column chromatography, Armstrong and Nome [102] have proposed the fol-
lowing equation:

VS
Vl − V0

= ν (Kmw − 1)
Ksw

Cm + 1
Ksw

, (6)

where Vs is the volume of the stationary phase;
 Vl the volume of the mobile phase;
 V0 the column dead volume;
 ν  the partial specific volume of the surfactant (mL/g) (0.862 mL/g for DDS); 

and
 Сm  the micelle concentration in the mobile phase, Cm = (C – CMC), C being the 

total surfactant concentration in the mobile phase, and CMC is the critical 
micelle concentration (g/mL).

A similar equation was proposed by Armstrong and Stein for micellar thin-layer chro-
matography [114]:

Rf
1 − Rf
= Vm

Vs
⋅ ( ν (Kmw − 1)

Ksw
) ⋅ Cm + Vm

Vs
⋅

1
Ksw

, (7)

where Rf is the sorbate mobility;
 Vs the volume of the stationary phase;
 Vm the volume of the mobile phase;
 v the partial specific volume of the surfactant (mL/g);
 Ст  the micelle concentration in the mobile phase, Cm = (C – CMC), where C is 

the total surfactant concentration in the mobile phase, CMC is the critical 
micelle concentration (g/mL); and Vm/Vs the phase-volume ratio.

According to the above equations, the Vs/(Vl − V0) vs. Сm and Rf /(1 − Rf ) vs. Сm 
dependences are linear, which makes it possible to calculate the constants of equilib-
rium processes from graphical data.

Let us consider a graphical version of the algorithm with micellar TLC as an 
example. The equation describing the dependence of retention (Rf) in TLC on the sur-
factant micelle concentration Rf/(1 – Rf) = f(Cm) is a straight line equation y = ax + b, 
where the coefficients are:

a = Vm
Vs
× [ (Kmw − 1)ν

Ksw
] , (8)

 (9)b = Vm
Vs
× 1
Ksw

,
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Transition to the a/b ratio, that is, to the ratio of the slope of this line (coefficient a) to 
the segment cutoff on the ordinate axis (coefficient b) reduces (Vm/Vs) and Ksw in the 
equation to obtain the dependence

a
b =

Vm × (Kmw − 1)ν × Ksw × Vs
Vs × Ksw × Vm

= (Kmw − 1)ν, (10)

Then, by measuring the value of Rf and plotting Rf /(1 – Rf) = f (Cm), the sorbate distri-
bution coefficients between the aqueous (dispersion medium) and micellar phases 
can be calculated by the formula

Kmw = a
bν + 1, (11)

The distribution coefficient Кsw can be calculated from Eq. (9), and the coefficient Ksm 
is obtained as the ratio of the two previous coefficients

Ksm = Ksw
Kmw

, (12)

It has been shown [2, 3, 7, 22–24] that the solubilization of a substance into micelles 
is determined by the surfactant charge, the nature of its counter ion, and the nature 
of the solubilizate, regardless of whether the particles of the compounds to be sep-
arated are charged or neutral. The hydrocarbon radical length of the surfactant 
also influences the distribution coefficient Kmw. This is consistent with the results 
of determining Kmw by other methods and is well revealed with a significant con-
tribution of hydrophobic interactions to the solubilization of substances [1–3]. The 
nature of the sorbate bound by micelles is a more significant factor, also caused by 
hydrophobic interactions. This conclusion can be arrived at by analysis of the data in 
Tab. 12.1, which shows the results of calculating Kmw and Ksw for several compounds 
of the xanthene and triphenylmethane series (TLC). It can be seen that the presence 
of bromine (eosin) and iodine (erythrosine) atoms in the molecules of the fluores-
cein reagents significantly increases the binding constant of the indicator anions 
with anionic surfactant micelles. A similar dependence is also observed for sulfoph-
thalein derivatives (phenol red and its derivatives), but the growth of the binding 
constant is not so great. The joint presence of halogen atoms and alkyl substituents 
enhances the binding of the anionic forms of reagents with SDS micelles, the longer 
the hydrocarbon radical of the substituent in the reagent molecule is, the stronger 
the binding [43, 47].
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12.5  Application of MLC in analysis

Micelles have found much wider application in LC than surfactants in their ionic state 
involved in the implementation of ion-pair chromatography, which selectivity is also 
due to the appearance of a second equilibrium in the mobile phase. This is related, as 
shown above, to much greater capabilities that arise in connection with the appear-
ance of a nanoscale pseudophase in solution, which include varying the properties 
of the medium in the microenvironment of analytes solubilized in micelles, expand-
ing their solubility range, the effects of concentrating the components of the mixture 
to be separated, changing the sorbent surface, and other above-mentioned factors, 
which, as a rule, act simultaneously and allow optimizing the separation conditions 
of the components of complex objects [21, 115, 116]. The objects of analysis in MLC 
are diverse: biological fluids (urine, serum, and blood plasma), placenta, medicines, 
food products, cosmetics, environmental objects, forensic objects, etc. The analytes 
are diverse as well (Fig. 12.3).

MLC is most widely used in analysis of medicinal products, in the quality control 
of medicinal substances and ready-made dosage forms, as well as in analysis of med-
icines in biological fluids, studying metabolic processes, the stability, destruction 
kinetics, toxicity, and therapeutic effects of medicines in the human body. MLC is 
also used to study the retention mechanism on the normal and reversed phases 
and to establish the relationship between retention and the hydrophobicity of the 
analytes [14, 20, 22–25]. The use of surfactant micelles is promising for extraction, 
separation, and concentration of biological substrates, especially proteins, in 
combination with high-performance liquid chromatography [117–120]. Application 
examples of the micellar options of TLC and HPLC in practice are presented in 
Tabs. 12.2 and 12.3.

Tab. 12.1: Coefficients a and b in the equation Rf/(1 – Rf) = аCm   +  b and the distribution coefficients 
of substances from water into SDS micelles Kmw and on the sorbent surface Ksw (297 K)

Substance a b Kmw Ksw

Fluorescein 42.6 4.07 13.1 0.30
Eosin 29.1 0.33 105 3.6
Erythrosin 37.4 0.10 431 11.7
Phenol red 59.3 2.14 33.2 0.50
Bromophenol red 56.5 1.39 48.1 0.80
Bromophenol blue 35.5 0.38 108 3.1
Cresol red 46.2 0.45 119 2.6
Thymol blue 37.1 0.060 681 18.6
Bromothymol blue 38.9 0.060 710 18.5
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The main advantage of micellar mobile phases in comparison with water–organic 
eluents, as noted above, is the improved metrological characteristics of the analytical 
techniques (Tabs. 12.4 and 12.5), which have enabled many of them to be included in 
the Pharmacopoeia of the world’s leading countries [121, 122].

Fig. 12.3: Examples of analytical applications of surfactant micelles in liquid chromatography.

SURFACTANT MICELLES

Inorganic analysis:

- cations of transition metals
   and rare-earth elements;

- metal chelates;

- anions;

- heteropolyacids.

Environmental analysis:

- heavy metals;

- beryllium and aluminum;

- polyaromatic
   hydrocarbons;

- pesticides;

- biphenyls;

- dioxins;

- food dyes.
Organic analysis:

- benzoic acids, phenols, and
   catechins;

- naphthols;

- fluoresceins;

 - phenylcarboxylic acids;

- flavones;

- nucleotides and nucleosides.

Pharmaceutical analysis:

- antioxidant agents;

- water-soluble and fat-soluble
   vitamins;

- antiviral agents;

- diuretics;

- hormones;

- sleeping pills (barbiturates and
  benzodiazepines);

- antidepressants;

- antispasmolytics;

- antipyretics;

- painkillers;

- antiplatelet agents;

- sedatives.
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434   Part IV:  Application in Sorption and Separation Methods

12.6  Conclusions

Our analysis of the literature and comparison of the surfactant micelle modification 
of both mobile and stationary phases in HPLC and TLC allow the following conclu-
sions to be drawn:
– The use of nanoheterogeneous micellar MPs has not only widened the capabili-

ties of liquid chromatography, allowing simultaneous separation of the polar and 
nonpolar components of mixtures, but also excluded or significantly reduced the 
use of toxic and carcinogenic organic solvents.

Tab. 12.4: Separation of several mycotoxins by TLC with organic and micellar mobile phases

Characteristics Mobile phase

Ethyl acetate:toluene (3:1) 5⋅10−3 M CPC and  
5⋅10−3 M Tween-80,  
pH 9 (phosphate buffer)

Difference in Rf for neighboring spots   
Zearalenone–E-2 toxin 0.02 0.07
E-2 toxin–NT-2 toxin 0.27 0.29
NT-2 toxin–T-2 tetraol 0.14 0.39

Toxicity (TLV, mg/m3) Ethyl acetate 
0.2 M (highly 
hazardous)

Toluene 0.5 M  
(a precursor, 
 moderately 
 hazardous)

All components are 
nontoxic

Chamber saturation time, min 90 No saturation

Chromatography duration, min 20 10

Tab. 12.5: Fluorescent detection limits of polyaromatic hydrocarbons (ng/ml) by HPLC with 
water–methanol and water–micellar MPs

Compound RP-HPLC  
MeOH: H2O 
(40:60)

MLC,  
0.024 M  
SDS

Compound RP-HPLC  
MeOH: H2O  
(30:70)

MLC, 
0.035 M 
SDS 

Pyrene 2.6 0.25 Pyrene 17.4 1.7
Naphthalene 1.2 0.3 1,2-Benzanthracene 2.0 0.5
Biphenyl 0.7 0.2 Acenaphthylene 270 100
Fluoranthene 0.8 2.5 Benzo[a]fluorene 480 270
Benzo[e]pyrene 0.5 0.2    
Anthracene 0.2 0.2    
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– Water–micellar eluents allow the researcher to dynamically modify the normal 
and reversed stationary phases, as well as medium-polarity sorbents (polyamide, 
cyanopropyl, and diol sorbents); ionic surfactants are most frequently used for 
the SP modification.

– In micellar MPs, in comparison with water–organic ones, it is easier to optimize 
the separation conditions and to improve the metrological characteristics of the 
techniques using LC.

– The separation efficiency in MMP is worse and selectivity is better than when 
using classical nonaqueous or water–organic MPs; the efficiency and selectivity 
depending significantly on the surfactant concentration and the introduction of 
an additional organic modifier.

– In micellar HPLC, nonpolar sorbents are effective in most cases.
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