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1 General introduction and preface

Nature is full of examples of stimuli-responsive (or smart) materials. Leaves of the
Dionaea muscipula (venus flytrap) close capturing insects, leaflets of Codariocalyx
motorius (telegraph plant) and Helianthus annuus (sunflower) rotate under expo-
sure to sunlight, the former at a speed that can be visually perceived, leaves of
Mimosa pudica (sensitive plant) can collapse when shaken or touched and Cha-
maeleonidae (chameleon) or Octopoda (octopus) change their colour depending
on the environmental condition or situation. These natural phenomena have at-
tracted the interest of researchers for a long time, and many different efforts have
been carried out to mimic this behaviour using synthetic materials. In this sense,
the synthesis, characterization and applicability of stimuli-responsive polymers
have become one of the most important research lines of the polymer science.

Smart polymers present the ability to respond to different stimuli by changing
their physicochemical properties. The type of response varies from dimensional var-
iation (shape-memory polymers), to changes in colour, electrical conductivity, lu-
minescence and many others. Concerning the stimuli, we can have, for example,
temperature variations (thermo-responsive), pH (pH-responsive), magnetic and
electric fields (magneto-responsive or electrical-responsive polymers), humidity or
light (light-responsive polymers). Furthermore, when the external stimulus is the
chemical or physical interaction between the polymer and an external substance
itself, smart polymers can be employed as sensory materials due to their ability to
detect and quantify the target substance by analysing their responsive properties.
Here, the term “smart” indicates that the polymer exhibits a specific response for a
given stimulus; thus, the control, triggering and analysis of the stimuli-response re-
lation in smart polymers is the key factor in which researchers put their efforts.

This book describes the fundamentals and main applications of smart poly-
mers. Chapter 2 will be devoted to resume the fundamentals of smart polymers, list-
ing the main families of responsive polymers in terms of external stimuli, such as in
pH, temperature, light and mechanical stimuli. In Chapter 3, we will describe the
use of smart polymers as key components of sensory systems. Due to their intrinsic
nature, stimuli-responsive polymers can be designed to respond to a wide variety of
different stimuli, resulting in changes in shape, solubility, surface properties, col-
our or fluorescence, including also a section dedicated to the immobilization of biomo-
lecules, which is especially interesting for the recent developments in the recognition
and immobilization of several proteins which are directly related to several diseases
(e.g. the immobilization of the human angiotensin-converting enzyme 2 allows
the recognition and detection of the SARS-Cov-2 pathogen). Additionally, the easy
processability of polymers allows them to be manufactured into different forms
such as films, beads, coatings and fibres, making them promising materials for
sensors fabrication. For these reasons, the use of smart polymers as sensory materials
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was one of the earliest developments in this research field. However, the exponen-
tial interest in biomedical and biological-related applications over the last decade
focus the attention of Chapter 4, becoming an essential part of the book. With the
obtention of new biocompatible and biodegradable smart polymers, and the de-
signing and fabrication of hydrogels, that can be easily implemented in biological
media with minimal risks, the use of smart polymers in these applications have
significantly increased. We will analyse four different research lines in which
these materials play a key role: drug delivery, tissue engineering and precision
medicine or cell therapy. The use of smart polymers in precise drug delivery im-
plies the use of pH-responsive polymers that can retain a specific drug when en-
tering the stomach, where it could irritate or inflame the stomach lining, but then
rapidly release it when it reaches the intestines where the pH rises to physiologic
pH levels. Tissue engineering employs regenerative polymers that present similar
properties to human skin or tissues, taking advantage of their biocompatibility
and/or biodegradability. Finally, precision medicine uses pH-responsive polymers
that can interact directly with a specific cell or a group of cells to treat directly
diseases such as Alzheimer or brain tumours, due to the different pH that these
cells present with respect to healthy ones. Our final chapter will include some per-
spectives and reflections about the evolution of smart polymers, that will have un-
doubtedly to turn their main efforts to study their role in the biomedical and
biological fields, broadening their applicability and leading the materials science
in the future years, driven by the aim to provide solutions to societal challenges.
In this sense, polymer science is continuously evolving, and there are still numer-
ous polymer structures that remain not investigated, methods to be developed for
their synthesis and new properties to be discovered.

In short, we present here a critical review of the state of the art of this outstand-
ing research field, including both the chemico-physical fundamentals and main ap-
plications of smart polymers. However, this text comes from our experience as
researchers and authors in sensory polymers, so our personal view has been rele-
vant for writing the book, and this must be considered by the reader. In this way,
the classification in responsive and sensory polymers, commented in the next chap-
ter, is affected by the mentioned research experience. We believe that this book can
be used as a teaching manual in an advanced polymer science course, but also it
can be very useful to the polymer science researchers, as a reference guide for
novel researchers that takes their firsts steps in the polymer science, and to the ex-
perienced scientist working in a specific polymer science area.

2 1 General introduction and preface
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2 Fundamentals of smart polymers

2.1 Introduction

The term polymer, and more specifically polymeric, was coined in 1832 by Berzelius
[1]. Parallel to the development of chemistry as a science, and in complete analogy
to its evolution, the industrial importance of polymer science and technology began
long before establishing the scientific foundations of science itself. Although cellu-
lose was isolated and chemically modified throughout the nineteenth century as a
substitute for silk and ivory, the real breakthrough in industrial production of modi-
fied natural polymers came in 1839 with the vulcanization of natural rubber by
Goodyear, and concerning fully synthetic polymers in 1908, by Baekeland, with the
development of phenolic resins known as Bakelites.

However, despite the commercial success of polymers or macromolecules, at
the beginning of the 1920s, their structure was completely unknown since the col-
loidal theory was in force, which stated that polymers were simple associations of
molecules of relatively small molecular mass. Thus, in 1920, Staudinger, professor
of organic chemistry at the ETH in Zurich, published an article entitled “Über Po-
lymerisation” [2], which describes various polymer formation reactions called po-
lymerization, in which discrete molecules react with each other, giving rise to
structural units that are repeated by formation of conventional covalent bonds.
This radically new concept of polymers, referred to by Staudinger as “Makromole-
küle” in 1922 [3], coining the term macromolecules, covered both synthetic and
natural or modified polymers, reinforcing his proposition of polymers as long
polymer chains, thus laying the foundations of polymerization and polymer sci-
ence and technology.

The development and description of the structure of macromolecules paved the
way to the precisely designed architecture of synthetic polymers to meet the techno-
logical needs of today’s highly technical society. Thus, the buildout of conven-
tional random chain or step-growth polymerization and copolymerization techniques
based on radically initiated polymerization or on well-known organic reactions af-
forded an impressive number of structures leading to polymers designed to have
target properties. However, recent polymerization techniques allowed for the easy
preparation of precise structures, in terms of blocks and chain size and distribution
that are basic for fine-tuning the properties of responsive polymers. Among these
techniques are the evolution of anionic polymerization, that is, controlled/living
radical polymerization (e.g. atom transfer radical polymerization, reversible addi-
tion-fragmentation chain transfer polymerization and nitroxide-mediated polymeri-
zation [4], and chain growth polycondensation [5]. Also, highly efficient techniques
for modifying polymers, in terms of yield, lack of side reactions, smooth conditions
and tolerance to functional groups, such as “click chemistry”, have fostered the

https://doi.org/10.1515/9781501522468-002
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evolution of smart polymers from the viewpoint of design of the polymer and the
response mechanism [6].

Thus, the science and technology of polymers is directed today towards obtain-
ing and studying special polymers, prepared directly by synthesizing new mono-
mers or through chemical and physical modifications of pre-existing polymers, and
it has become a cutting-edge science, eminently interdisciplinary, which is on the
frontiers of chemistry, physics, engineering and biology, and which also requires
knowledge about synthesis, characterization, structure, processing, properties and
behaviour of materials. The main objectives of this branch of scientific research
focus on the preparation of materials with high modulus, high thermal and oxida-
tive resistance, non-flammable, electroactive, photosensitive, biopolymers, poly-
mers with non-linear optical properties, nanomaterials, multicomponent systems
with special properties, selective materials for separation or analysis techniques,
for medical applications, with biodegradable structures, support for heterogeneous
catalysis or for the automatic synthesis of proteins or nucleic acids and so on.

In this way, polymers are currently part of a wide range of structural, functional
and special application materials, which find application in the construction, aero-
nautical, automotive, container and packaging industries, electronics, in medical
applications and so on, acquiring great importance in the economy and social wel-
fare. The diversity of applications that polymeric materials find is due to the variety
of physical and chemical properties that they can present, which are intrinsically
related to their structure, which derives from the nature of the monomer and the
bonds they form throughout the polymer chain, in addition to the length and func-
tionality of the side groups that they may incorporate. This extraordinary develop-
ment has notably boosted research in this field, one of the most active from a
scientific and technological point of view today. The general advances in science
and technology made in recent decades are mainly due to the rapid evolution of
polymer science and technology, which has become a key instrument in humans’
development, safety, and quality of life.

The inherent macromolecular structure of polymers turns these materials sensi-
tive to each macromolecular chain’s microenvironment, regardless of the state,
solid or solution. Thus, several variables, such as temperature, humidity and me-
chanical stress, change the way each structural unit of each chain interacts intra-
and intermolecularly with others and with solvents, absorbed species and so on.
And this leads to changes that can be used to sense this microenvironment. The
question is if we have a technique with the sensitivity to correlate these changes
with a useful output or signal, thus entering into the field of smart polymers. This
challenge is faced by chemically designing sensory monomers to get sensory poly-
mers with easily measurable responses to specific targets, where these targets can
be a physical stimulus (temperature, light, electrical and magnetic, mechanical,
etc.), a chemical stimulus (pH, solvent, redox reaction, chemical species, etc.) or a
biomolecule in biological media (enzymes, proteins, glucose, etc.).

4 2 Fundamentals of smart polymers
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The ability to respond to changes in environmental conditions is the key factor
of the functionality of biomacromolecules, such as proteins, DNA and RNA, and the
milestone of life itself, intimately related to sensing mechanisms of complex nature.
And the goal in the design of advanced intelligent materials is intimately related to
mimicking nature in selective and sensitive recognition, structural accommodation
and response [7].

This book will show the potential of smart- or stimuli-responsive polymers as
sensory materials concerning their ability to respond to different physical or chemi-
cal stimuli, such as temperature, electromagnetic pulses, pH, chemical species or
biological molecules, changing different physicochemical properties (e.g. solubility,
colour, fluorescence, electric conductivity or shape) [8]. The smart behaviour of
these materials is boosted by the shapes that can be obtained by simple transforma-
tion of polymers, such as coatings, films, fibres or wires, coupled with the easy tuning
of key properties, such as their hydrophilicity, porosity and mechanical properties.
Also, the relevance of smart polymeric materials in biological and biomedical applica-
tions will be reported, for example, in the diagnosis of numerous diseases, selective
release of drugs at cellular level, tissue engineering and regenerative medicine, bio-
sensors for detection and immobilization of biomolecules and cell therapy and preci-
sion medicine.

There are multiple ways of classifying this kind of polymers and, in this sense,
the type of response has been used in this manuscript for the classification into pol-
ymers that respond to the stimulus with an action, for example, drug delivery poly-
mers, from which the generic term responsive polymers is used, or with an alert
consisting of useful analytical information, termed herein sensory polymers. Ac-
cordingly, the same stimulus, both physical and chemical, can affect a sensory poly-
mer to give a macroscopic processable signal or by a responsive polymer to perform a
specific action.

2.2 Response to physical stimuli

2.2.1 Temperature as stimulus

Temperature can be easily monitored and controlled. For this reason, it has been
widely used as a stimulus in responsive polymers. Temperature affects a polymer
solution in terms of the interaction of the polymer with the solvent. Thus, when
phase changes are observed at a given temperature, we have a thermo-responsive
polymer system comprised of a pair polymer/solvent. Solution systems, a single-
phase, therefore, can split into two phases by heating or cooling, thus exhibiting an
upper critical solution temperature (UCST) or a lower critical solution temperature
(LCST), respectively [9].

2.2 Response to physical stimuli 5

 EBSCOhost - printed on 2/14/2023 12:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



LCST-exhibiting polymers have been broadly studied, and the structure of the
polymers modified to tune the “cloud point” at which the transition between a
transparent solution to opaque is observed. The one-phase solution comes from
strong interactions of the structural units of the polymer with the solvent, usually
hydrogen bonding with water. Upon heating, the hydrogen bonds are weakened
and the inter- and intra-chain interaction reinforced, finally leading to the aggrega-
tion of the polymer chains due to the dominance of hydrophobic interaction above
the LCST.

On the other hand, UCST exhibiting polymers have been much less studied.
The transition from the globule state to the open coil state is enthalpy driven, the
entropic (hydrophobic effect) is less dominant, and it can depend on hydrogen
bonds or Coulomb interactions. In addition, there may be direct inter- and intra-
chain interactions or bridged by water or ions [10].

2.2.2 Light as stimulus

Light is an interesting stimulus that can be controlled and measured from multiple
aspects, such as wavelength, intensity, area of exposure or a combination thereof.
Light-responsive polymers are mainly based in two approaches: photochromic and
photocleavable groups [11].

Polymers having photochromic groups undergo isomeric changes upon irradia-
tion at a given wavelength, and sometimes these changes are reversible by irradiating
at another wavelength of at a given temperature. These changes are usually cis–trans
isomerization, intramolecular hydrogen or groups transfers or pericyclic reactions.
These changes modify the chemical structure with other physical (electrical, optical,
mechanical, etc.) and chemical properties, for instance, with different chromatic of
fluorogenic properties or other physical characteristics, such as refractive index and
dipole moments and geometrical structure. The proper device can record the re-
sponse, or even visually, to get information about the environment [12–14].

Polymers with photocleavable groups in their structure usually undergo chemical
changes at a given wavelength, usually irreversible, giving rise to other functional
groups that provide the materials with different physical and chemical character-
istics [15].

2.2.3 Electrical stimuli

Electrical stimulus may induce changes in the shape of electro-responsive poly-
mers, usually conductive or ionic polymers. This stimulus can be easily controlled
through the current magnitude and the electrical pulse to transduce it into mechan-
ical work for actuators [16, 17].

6 2 Fundamentals of smart polymers
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2.2.4 Mechanical stress as stimulus

High mechanical stress of macromolecules gives rise to a reduction of the average
molecular mass, and is usually observed in the transformation of polymers, usually
termed as mechanical degradation. This degradation comes from the unspecific ho-
molytic bond cleavage, followed by unspecific side reactions or chain rearrange-
ments. However, the term mechano-responsive polymer comes from the fact that
the mechanically driven bond cleavage or rearrangement can be targeted to me-
chanically labile groups, called mechanophores, precisely designed to impart smart
capabilities to the materials. The cleavage or rearrangement can be observed in so-
lution, in flow field and under ultrasounds, and in the solid state usually in com-
pression or elongation mechanical forces [18, 19].

2.3 Response to chemical stimuli

2.3.1 Chemical species as stimulus

The work carried out by Pedersen, Cram and Lehn in the 1960s lead to the develop-
ment of supramolecular chemistry, paving the way to the dawn of a new research
field called chemical sensors or chemosensors, where low molecular mass mole-
cules, termed hosts or receptors, selectively interact with target chemical species,
acting as a stimulus, also called guest, with an action or a concomitant measurable
change in a macroscopic property, or transduction. After the initial steps of host–
guest chemical sensing by low molecular mass chemosensors, the selective interac-
tion with synthetic species was extended to polymers with receptor motifs in their
main or lateral structure, giving rise to a sensory polymer when a change in a mea-
surable physicochemical property is obtained, such as colour, fluorescence or resis-
tivity, or to a responsive polymer, when an action is obtained, such as a change in
shape or solubility.

Polymers, as macromolecules, have important advantages compared to low-
mass chemosensors, such as the lack or migration of the sensory motifs, and the
possibility to prepare the sensory materials in several shapes, such as films, coat-
ings, beads and fibres. Also, as biomacromolecules, they may exhibit the allosteric
effect and other collected properties and signal-amplification characteristics.

A wide assortment of target chemical species can be identified or trigger the
smart polymers’ action. Among the chemical species of interest to identify, it is
worth mentioning heavy metal cations and anions, acidity, organic volatile com-
pounds and gases, chemical warfare agents, and biomolecules, such as proteins,
disease markers and glucose. Also, these species, and specifically biomolecules,
can trigger the response of responsive polymers, for instance, shape and solubility
changes leading to drug delivery [8, 20, 21].

2.3 Response to chemical stimuli 7
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2.3.2 pH as stimulus

Polymers respond to the medium’s acidity when they have pendant or main chain
groups that can accept or donate protons. Accordingly, variations in pH in the mi-
croenvironment of these sensory polymers induce changes in the main or lateral
polymer chains, in terms of inducing a partial polyanion or polycation structure.
This strongly modifies the solvent-polymer and inter and intrachain interactions,
giving rise to the collapse or expansion of the macromolecules due to coulombic
interactions, affecting solubility in solution and shape in the gel state. Also, the
overall electronic structure of the system is affected, changing the highest occupied
molecular orbital–lowest unoccupied molecular orbital and, hence, the spectro-
scopic behaviour, specifically fluorescence and colour, especially in polymers hav-
ing groups with charge-transfer complexes. Gels and solid-state sensory materials
can also sense vapours, for instance, detecting changes in the acidity of the atmo-
sphere surrounding the smart materials [22–24].

2.3.3 Solvent as stimulus

Polymers can interact with solvents in solution and in the solid-swelled state,
where the swelling and de-swelling processes depend on the solvent or the composi-
tion of a mixture of solvents. This interaction may change the shape or microstructure
to achieve functionalities in finished goods or even to sense by a shape change, chro-
mogenic behaviour or other easily macroscopic property, the solvent, solvent mixture
or even water content of organic solvents. Obviously, these changes can also be ex-
ploited to sense vapours, for example, water or methanol, by a colour change (vapo-
chromism) due to structural change of solid-state polymers coming from the selective
interaction of macromolecules with solvent in the gas phase [25, 26].

2.3.4 Redox as stimulus

Polymers having chemical moieties sensitive to oxidations and reductions undergo
changes in oxidations states, thus modifying the electronic structure of these groups
and, accordingly, that of all the polymeric chains. These changes are responsible for
variations in the hydrophilic/hydrophobic balance of the material with the concomi-
tant swelling/de-swelling in the solution media, changes in colour or fluorescence,
shape and so on [27–30].

8 2 Fundamentals of smart polymers
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2.3.5 Varied stimuli that trigger controlled depolymerization

Oligomers, dendrimers and macromolecules that undergo controlled depolymeriza-
tion promoted by a stimulus-responsive trigger are known as self-immolative poly-
mers, which can undergo head-to-tail depolymerization when triggering moieties,
at the end of the polymeric chains, are activated under selective responsive triggers,
such as light, pH, enzymes, redox and chemical species.

The applications of self-immolative polymers are related to the fact that the in-
teraction of a single stimulus triggers the depolymerization of a whole polymer
chain releasing multiple small chemical species, covalently bound to the chains,
following an amplification pattern of the stimulus [6, 31].

2.4 Response to biological stimuli

The concept of using small to moderate environmental stimuli within biological
media, such as chemical species, pH, light and temperature, to obtain a response in
smart polymeric materials in an endeavour that mimics the smartness behaviour of
biological systems in biological media. Thus, the field faces the fascinating inter-
face between chemistry and biology to open a broad set of possibilities, applica-
tions and tools in biosensing, tissue engineering, precision medicine and cell
therapy, immobilization of biomolecules and so on.

Obviously, biological stimuli are physical or chemical stimuli. However, they
have been considered in a specific section centred in applications due to the impact
of the smart polymers in biological applications of the present and forthcoming de-
rived applications, in terms of benefits for society and increase in the welfare of hu-
mankind. Thus, it is a highly evolving area full of opportunities related to research
and innovation.

2.4.1 Polymer-based biosensors

From the early discovery of synthetic macromolecules, polymers have been widely
used in biochemical science, where the term intelligent, or smart polymeric materi-
als, points out to a broad set of synthetic, natural or chemically modified natural pol-
ymers with unique properties for biological applications. The inertness, versatility
related to the chemical constitution and design, and their macromolecular nature of
polymers, like relevant biopolymers, such as proteins or DNA/RNA, make them ideal
materials of advanced biological applications where chemistry meets biology.

The field of biosensing by using polymer-based biosensors is fostered by the ad-
vantage of using polymers in terms of specificity, versatility, easy design, low cost
and so on. Among these advanced applications of stimuli-responsive polymers, the
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development of biosensors implies mimicking nature in recognition processes where
the selective interaction of parts of a polymeric structure acting as host or receptor,
motifs and a guest or target species, gives rise to a change in a property than can be
easily detected, registered and processed to get information of the presence and con-
centration of the target. Of special significance in diagnosis is the supporting and en-
trapping or immobilized antibodies, antibody fragments or enzymes and DNA. Target
biomolecules are every biologically significant biomolecules, such as glucose [32–34].

Thus, polymers bearing specific sensitive moieties to enzymes, or enzyme-
substrate, in the main or lateral chains provide these polymers with smart char-
acteristics, for instance, for selectivity cleaving a particular enzyme. In a similar
fashion, antigen/antibody recognition can be exploited to prepare polymers with an-
tigen/antibody and peptide substrate sensing capabilities. Also, other relevant bio-
molecules, such as glucose, are target objectives in the design of sensory polymers
having selective glucose receptor motifs in their structure or chemically anchored or
entrapped glucose oxidase [33, 35].

2.4.2 Drug delivery

Systems devoted to drug delivery involved technologies for the controlled release of
therapeutic agents following a pattern, initially at an established rate, and respond-
ing to stimuli arising from the illness’s evolution in a regulated drug release [36–38].

Initially, polymer carriers were used as vehicles to promote the time-controlled
release of therapeutic agents in both pulsatile and implanted delivery systems.
These conventional drug delivery systems have highly improved the treatment of
diseases, paving the way to the dawn of smart delivery systems, which are facing
the need for specific targeting while responding precisely to physiological environ-
ments, and at the same time, addressing challenges as biocompatibility and intracellu-
lar transport. Polymers offer an easy control of their functionality and physicochemical
features because they can be easily designed and prepared with different architectures
(linear, cross-linked, hyperbranched, etc.) and functional groups to active biochemical
characteristics, such as biocompatibility and hydrophilicity/hydrophobicity balance,
and at the same time, they are stable, versatile and not expensive [39].

2.4.3 Tissue engineering

In vitro or in vivo tissue engineering is devoted to maintenance, restoration, impro-
ving tissue functions or even substituting complete organs. From a preparation
viewpoint of synthetic materials for this purpose, the challenge is to have materials
with similar properties to human tissues, playing biocompatible and biodegradable
polymeric hydrogels a key role as scaffolds in this endeavour [40, 41].

10 2 Fundamentals of smart polymers
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2.4.4 Precision medicine and cell therapy

Precision medicine and cell therapy are devoted mainly to diagnosing relevant dis-
eases and the treatment of cancer. They have the potential of allowing the early de-
tection and prevention of diseases, and the guidance and control of the release of
bioactive chemical species to the therapeutic target organ at the correct timing and
concentration. In this sense, smart polymers, as intelligent soft materials that re-
spond to physical or chemical environmental conditions, play a relevant role in this
field. Thus, thermo-responsive, shape-memory and self-healing polymers are used
as cell/drug/protein carriers. They can be applied in precision medicine, bioprint-
ing and minimally invasive surgery [42].

2.5 Multiple stimuli-responsive polymers

Dual and multiple stimuli-responsible polymers are prepared with a set of mono-
mers bearing in their chemical structure groups that separately impart to the polymers
prepared with them a smart behaviour to a single stimulus. Thus, the combination of
these monomers can provide smart materials with response to thermal and light
changes; or to thermal and pH variations; or to thermal, pH and light changes or with
thermal, redox and light response [43, 44].

2.5 Multiple stimuli-responsive polymers 11
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3 Sensory polymers

3.1 Introduction

Sensory polymers have the ability to respond to different stimuli, through a specific
mechanism, to generate a certain response [8]. Three different classifications of sen-
sory polymers are reported, depending on the stimuli, the mechanism and the re-
sponse, as graphically depicted in Figure 3.1.

Unlike other smart polymers (SPs) described in this book, such as drug delivery
systems (Section 4.2), which respond to the stimulus with an action, the response
generated by the sensory polymers is an alert. Ultimately, they transform certain
chemical or physical information into useful analytical information [8, 11].

In the same way, it is also important to clarify that responsive polymers and
sensory polymers usually have very similar chemical composition, but the main dif-
ference relies on the application for which they are designed: sensitive polymers
respond with an action, and sensory polymers respond with an alert. Thus, a
thermo-responsive polymer can shrink and release a drug with increasing tem-
perature, while a thermochromic polymer responds to the same stimulus with a
colour change [45].

Figure 3.1: Graphical abstract of the different types of sensory polymers, classified by stimulus,
mechanism and response.
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Depending on their chemical structure, sensory polymers can be formed by a
single monomer (sensory homopolymers) or by several monomers (sensory copoly-
mers), taking multiple shapes, such as linear, branched or cross-linked polymers.

Sensory copolymers usually combine functional monomers or groups designed
to interact with the stimulus, called sensory monomers or sensory groups. On the
other hand, these monomers can be copolymerized with non-sensory monomers or
structural monomers, which do not interact directly with the stimulus but allow to
achieve specific properties in the final copolymer such as electrical conductivity,
hydrophilicity, hydrophobicity and affinity for a substrate.

Sensory polymers can be transformed easily into different shapes, such as coat-
ings, films, fibres or wires, tuning at the same time their hydrophilicity, broadening
the applicability of SPs in many different sensory devices, from the detection of
harmful substances (volatile organic compounds [46] or heavy metal cations [47]),
to the most recent and outstanding applications in the detection of molecules,
virus, bacteria and so on in biological media.

To conclude, the last section of this chapter will be devoted to resume the
main sensory polymers and applications in which this kind of SPs are employed,
covering both classical and recent developments, and focusing our attention on
specific and key research works in the field of polymeric sensors, from colorimet-
ric and conducting polymers for gas detection or Hg(II) quantification in aqueous
media, to the recent advancements in the use of SPs in textile applications or as
biosensors.

3.2 Classification of sensory polymers by stimulus

Two large groups of stimuli can be distinguished: chemical stimuli (also called spe-
cies of interest or targets) and physical stimuli (such as temperature and pressure).

3.2.1 Chemical stimuli: targets

Concerning chemical stimuli, targets are generally the species of interest to be iden-
tified and/or quantified. These polymers arise from a problem related to these
chemical species (targets), and therefore, they are born as a solution that is usually
quick, simple and direct [20]. Thus, there is a broad list of targets, ranging from ev-
eryday problems such as determining the pH of a swimming pool to advanced solu-
tions related to diagnosing and controlling diseases [48, 49].

Targets can be in the gas phase, in solution or they can even be solids. Here is
where sensory polymers outstand over non-polymeric sensors, being adaptable not
only to the specific target, but also to the environment where they are found. This
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adaptation depends not on the sensor units but on the rest of the polymer chain
and how the polymer is transformed.

Undoubtedly, the most explored scenario is the detection of targets in solution,
such as enzymes in the biological media or pollutants in drinking water. In this
case, the detection phenomenon can be approached in different ways. When a man-
ageable solution is required, the best choice is to use dense membranes or films
that combine a sensory monomer to detect the target species and generate a re-
sponse with other hydrophilic monomers that give rise to a material with gel behav-
iour to be used in aqueous media. Also, using coatings based on sensory polymeric
electrodes is a very recurrent and relatively easy way to work, producing excellent
results with simple procedures.

The detection in the gas phase does not depend so much on the hydrophilicity
of the sensory polymer since the interaction occurs between a solid (sensor poly-
mer) and a gaseous target. Therefore, this type of solution can also be approached
with sensory polymers as films [50], although it can also be carried out by coatings
based on linear or branched sensory polymers containing specific receptors, and
monomers specifically selected to provide affinity with the substrate. In this way,
sensory systems based on paper or textile fibres can be obtained, giving outstand-
ing results in the detection of targets in the gas phase [51].

Finally, although less explored, sensory polymers can also be designed to de-
tect solid targets so that molecular recognition occurs between two solids. The most
relevant applications that have been described for this type of sensor polymer
range from the detection of traces of heavy metals in the hands of an operator [52],
to the manufacture of smart labels that comply with the food-contact regulations
for the quality control of food by the final consumer [53].

The mere existence of sensory polymers is intimately related to the targets. In
this section of the book, we briefly discuss the most common targets and the in-
creasing pollutants that have emerged in recent years, which pose a challenge to
society and the scientific community.

One of the pollutants family that worries society is the persistent organic pollu-
tants (POPs), which were intentionally and unintentionally produced and are now
ubiquitous contaminants in soil, water and air. Due to their persistence and lipophi-
licity, they bioaccumulate and are very hard to degrade. Pesticides (dichlorodiphe-
nyltrichloroethane, DDT), polytetrafluoroethylene (PTFE) coatings (they have a
practical use in frying pans or textiles as well as perfluorooctanoic acid or perfluor-
ooctane sulfonate), sophisticated fire-fighting foams used by fire brigades (perfluor-
oalkyl substances, PFAS) and some building materials (polychlorinated biphenyls
or hexabromocyclododecane) are only a few examples of new pollutants, of which
sensory polymers science will have to tackle in the following years. On the whole,
these substances can be divided into four families of POPs to give a complete over-
view of all existing groups: (1) halogenated aromatic POPs, (2) halogenated non-
aliphatic POPs, (3) aromatic POPs and (4) aliphatic POPs.
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Additionally, the Joint Research Centre from the European Commission report
shortlists of potential water pollutants to complete a first Watch List which will pro-
vide high-quality information on the concentrations of emerging or little-known
pollutants across the EU [54]. The report proposes some prescription drugs (for
instance, diclofenac, 17-beta-estradiol, 17-alpha-ethinylestradiol, erythromycin,
clarithromycin, azithromycin), some pesticides (methiocarb, tri-allate, imidacloprid
(thiacloprid, thiamethoxam, clothianidin, acetamiprid)) and some personal care
products (2-ethylhexyl 4-methoxycinnamate, 6-ditert-butyl-4-methylphenol). This
tendency has also been observed by other countries such as India, which has dis-
covered that 57% of the studied contaminants were pesticides, 17% were pharma-
ceuticals, 15% were surfactants, 7% were personal care products and 5% were
others.

3.2.2 Physical stimuli

Sensory polymers for detecting physical stimuli are much less abundant, and in
many cases, it is not easy to differentiate between a stimuli-responsive polymer and
a sensory polymer. In fact, this book mentions physical stimuli-responsive polymers
in Section 2.2, and this section is only intended to give a few brushstrokes of the
most relevant applications of this type of polymers.

For this kind of sensory polymers, the most common uses are as thermochromic
polymers in devices to control room temperature or even body temperature [45, 55].

Additionally, related to advanced applications, physical stimulus as mechani-
cal stress (mechanochemoelectric effect) can be detected using polymer-based
films of three-layer polypyrrole (PPy) sensor. In this sense, Figure 3.2 shows an
example of how mechanical deformation can produce measurable electronic cur-
rents. In terms of produced charge, these sensory polymers go beyond other ones
as piezopolymers that convert pressure to voltage, but deep down, they are based
on the same concepts. The mechanical stress increases ion concentration and mobile
ions are expelled from the contracted layer on the opposing side. The generated po-
tential difference between two layers can be detected by an open-circuit potential
measurement, or by detecting a short-circuit current [56,57].

In the same way, equivalent sensory polymers can be designed for the detection
of other physical stimuli as a force [58] or an electromagnetic field [59], and based
on different polymers as poly(N-isopropylacrylamide), poly(methyl methacrylate)
(PMMA) or poly(vinyl alcohol).
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3.3 Classification of sensory polymers by mechanism

3.3.1 Reversible mechanism-based sensory polymers

3.3.1.1 Indicator displacement assays
Sensor polymers based on indicator displacement assays (IDAs) are always linked
to a visual response, usually colorimetric or fluorometric. What is more, this type of
sensory polymers is postulated as an advantageous alternative when the interaction
between the target and the receptor units does not generate a coloured or fluores-
cent species. That is why an indicator species, a chromophore or a fluorophore, is
included as an extra component in their formulations. This indicator species is rec-
ognized by the receptor units of the sensor polymer in the same way as the target,
but through a weaker interaction. Otherwise, from an analytical point of view, if the
interaction with the indicator is stronger than with the target, the indicator would
be an interference and the sensor system would not be valid. Consequently, when
the target reacts with the receptor units, it displaces the coloured or fluorescent in-
dicator to the medium and produces a visual change (Figure 3.3) [60–62].

Figure 3.2: Mechanochemoelectric effect in a polypyrrole three layer sensor: (a) bending of the
three layer sensor; (b) a three layer sensor is detected by a finger; (c) open circuit potential
generated by the mechanical stimuli. Reproduced with permission of The Royal Society [57].
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3.3.1.2 Molecularly imprinted polymers
Molecularly imprinted polymers (MIPs) are especially interesting in the field of sen-
sory polymers. They are prepared by a process in which the sensory and cross-
linking monomers are copolymerized in the presence of the target, which acts as a
molecular template. The sensory monomers initially interact with the target, and
after polymerization, their functional groups remain in the same position due to the
highly cross-linked polymeric structure. Subsequent removal of the imprinting mol-
ecule reveals binding sites [63], complementary in size and shape to the target. In
this way, a molecular memory is introduced into the polymer, which can now reat-
tach the target with very high specificity [64–66].

This methodology is also used to prepare other kinds of SPs, with different ob-
jectives, as the immobilization of biomolecules (Section 3.6). Indeed, the use of
MIPs as sensory materials emerged a few years ago, as was pointed out in 2007 by
McCluskey et al. [67], and nowadays, it presents interesting application perspec-
tives in many fields such as drug delivery, biotechnology, separation sciences and
chemo/biosensors [68]. Among many other functional monomers, methacrylic acid,
4-vinylpyrrolidine, acrylamide or hydroxyethyl methacrylate are used to implement
the binding interactions in the imprinted sites, taking into account that cross-
linkers and solvents must be appropriately selected to confer the mechanical stabil-
ity and processability required.

One of the key factors considering the importance of MIPs as sensors is their
high selectivity and easy preparation, especially relevant in detecting emerging pol-
lutants or new targets. Figure 3.4 shows the schematic fabrication process of MIPs
as sensory polymers [69].

3.3.1.3 Organometallic complexes formation
These sensory polymers contain receptor units that interact with different metal
ions. The formation of these organometallic complexes in the polymer chain is
often favoured compared to the same non-polymeric sensory system, that is, with
conventional probes [70]. The formed organometallic complexes have different

Figure 3.3: Schematic representation of an indicator displacement assay.
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characteristics derived from the ligands (or receptors), and in many cases colour
or fluorescence changes occur, and this fact is the basis of these kinds of sensor
polymers.

In this book, these types of sensory polymers have not been included as chemi-
cal dosimeters, since in general, the formation of organometallic complexes is re-
versible under the appropriate conditions.

3.3.1.4 Transduction mechanisms based on electrical conductivity
Sensory polymers based on this type of mechanism are conductive (or conjugated)
polymers. Compared to discrete receptors in solution, that is, conventional probes,
this type of polymers offer a much more sensitive collective response to the pres-
ence of a stimulus due to its transport properties, electrical conductivity or rate of
energy migration. Especially with conductive polymers, it is important to differenti-
ate between the type of response of a sensory polymer, and the type of mechanism
by which this response occurs. That is why, in this book, conductive polymers are
in this classification [71–74].

As mentioned, the response generated by a conductive polymer-based sensor
can be analysed by voltammetry, amperometry, potentiometry, impedometry, con-
ductometry and so on. This is intuitive, as it is easy to relate an electrical response
to the intrinsic electrical conductivity of these sensory polymers. But these polymers
can also generate visual responses (colorimetric and fluorometric), and also in these
cases, the response is a direct consequence of the conductive nature of these poly-
mers. Thus, this section intends to describe the mechanism by which this type of pol-
ymers mediates or transduces responses that indicate the presence of a stimulus.

Conductive polymers can be found both in their pristine (neutral) state and in
their doped state. The adjective “doped” has been inherited from the most common
semiconductor materials, which are certain metals such as germanium. However, it
is important to clarify that when we speak about conducting polymers, the term
“doped” refers to modifying the π-electronic system and not to atoms replacements.
The p-doping implies an oxidation of the π-electronic system, and the n-doping a re-
duction. The doping process of a conductive polymer can be carried out chemically

Figure 3.4: Schematic fabrication process of molecular imprinted polymers (MIPs). Reproduced
with permission of MDPI [69].
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or electrochemically, and it is necessary to incorporate a counter ion to maintain the
electroneutrality of the system.

The chemical structure of conductive polymers is responsible for their being
considered wide band gap semiconductors. Conductive polymers such as polyfluor-
enes have high luminescence because they exhibit high absorptions and emissions
at the edge of the cited band, as other conductive polymers such as poly(phenyle-
nevinylene). This luminescent character is also related to a delocalization and po-
larization of the electronic structure. Thus, when the system is excited, the energy
is absorbed by some photons to create excitons (electron–hole pairs). This property
of the luminescent-conductive polymers is the basis for their application as visual
sensory polymers [75–77].

When the chemical structure provides the conductive polymers with higher
delocalization and polarization, the luminescence goes down reaching non-fluor-
escent or weakly fluorescent conductive polymers. This is the case of the first dis-
covered conductive polymer, namely, polyacetylene, in which free carriers are
generated from the dissociation of excitons, and they migrate throughout the sys-
tem. Generally, these free carriers are deactivated by non-radiative processes, but
the formation of triplets is also possible. In addition to free carriers, there is another
type called local carriers, generated by doping the conductive polymer, which in
chemical terms can be cations, anions, radicals and so on. Figure 3.5 shows the
chemical structures of the best known conducting polymers, such as polyaniline
(PAni) [78], PPy [79], polythiophene [80] and poly(3,4-ethylenedioxythiophene)
(PEDOT) [81]. However, there is a wide collection of advanced conductive polymers
as sensors: conjugated polymers with synthetic receptors and functional groups
(polyalkyl ether and crown ether functionalization conjugated polymers, function-
alized with pyridyl-based ligands, enantioselective conjugated polymers, etc.); con-
jugated polymers with appended protein ligands, nucleotides or DNA; embedded or
attached redox-active enzyme-based sensors; induced-fit proteins attached to con-
jugated polymers and so on [71].

In short, the chemical structure of conducting polymers supposes a great ma-
trix for the preparation of sensory polymers for different targets and with different
responses. The most common ones are based on the detection of doping agents
(change from weakly conductive to highly conductive), detection of redox species
(potentiometric changes) and detection of species implying changes in the lumines-
cence of the system [82–84].

3.3.1.5 Other reversible mechanisms
Other reversible mechanisms give rise to sensory polymers such as ion exchange
processes, protonation/deprotonation processes, the formation/breaking of hydro-
gen bonds or the formation/breaking of weaker bonds such as van der Waals and
electrostatic forces.
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These types of mechanisms are especially useful to detect species such as
anions of interest, since the exchange of one anion for another in an organic, inor-
ganic or hybrid salt can generate changes in the system large enough to be mea-
sured. In fact, there are some examples based on visual changes, as in the case of a
chloride anion sensory polymer with direct application in the control and diagnosis
of cystic fibrosis, by quantifying these anions in patients’ sweat (Figure 3.6) [85].

3.3.2 Irreversible mechanism-based sensory polymers

3.3.2.1 Polydosimeters
Dosimeter-based sensory polymers (polydosimeters) imply an irreversible chemical
reaction between the receptor units of the polymer and the target. The formation of

Figure 3.5: Chemical structures of the most common conductive polymers.
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these new units is traduced in a variation of some property of the system, and the
return to the starting point is not possible. These types of sensor polymers are often
used to detect chemical species, generating a response that cannot be erased or
eliminated. They are also handy for detecting blows (changes in force or pressure)
in shipments of fragile or delicate items since they act as a permanent indicator
that will attest to a problem regardless of the time that has passed since it.

The potential of polydosimeters has proven to be extraordinary since with them
it has been possible to detect species both in the gas phase [51, 86], such as in aque-
ous media [87–89], as well as by direct contact with a solid or a foodstuff [53].

The appearance of polydosimeters has allowed the creation of new sensory pol-
ymers based on chemical reactions discovered and characterized decades ago, giv-
ing them a new life by improving aspects such as ease of use or stability. This is the
case of the azo-coupling reaction, which occurs between a diazonium salt and a nu-
cleophile as an activated aromatic ring, or an organic anion. Specifically, benzene
diazonium salts are prepared through the reaction between an aniline derivative
with a nitrosyl cation. These salts are extremely unstable, they decompose quickly
after being prepared, and this instability is exacerbated in the solid state. However,
when these types of benzene diazonium salts are prepared on a polymer with ani-
line side groups, they remain stable for at least two weeks, and sensory polymers
can be prepared easily and in a simple way for the detection of potentially danger-
ous species such as phenol derivative-based pesticides [90]. Additionally, the same
sensory polymer based on benzene diazonium side groups also finds application as
a polyphenol detector in wines [91], or as a detector of antioxidant activity in hon-
eys [92].

Figure 3.6: Procedure followed for the determination of human chloride in the sweat test.
Reproduced with permission of the Royal Society of Chemistry [85].
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A new line of research that is gaining interest in the scientific community is the
preparation of polydosimeters through reactions on films with anchorage func-
tional groups (solid or gel-state functionalization). These groups are reactive, and
can be chemically modified to obtain sensory motifs in polymers through modifica-
tion of these anchorage motifs. This new sensory polymer preparation methodology
is especially useful when the synthesis of sensory monomers is tedious, or economi-
cally unfeasible. Thus, polydosimeters based on ninhydrin sensor motifs can be ob-
tained to detect amino acids, through the oxidation of aminoindanone side groups
present in the polymeric structure [49]. In the same way, polydosimeters based on
dithizone sensory motifs can be obtained for the detection of Hg(II) through the
modification of polymers with aniline side groups present in the polymeric struc-
ture, following the synthetic route of Bamberger (Figure 3.7) [93].

Polydosimeters are based on irreversible reactions, but not necessarily on the for-
mation of discrete motifs or discrete molecules. The reactions on which they are

Figure 3.7: (a) Structure and schematic preparation of the sensory films F2 from F1; (b) five-step
route to prepare the sensory and cross-linking dithizone-derivative moieties. Reproduced with
permission of the Royal Society of Chemistry [53].
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based can also give rise to polymers. In fact, some targets such as certain oxidants,
are catalysts for polymerizations such as the synthesis of PAni. This fact can be ex-
ploited to prepare a sensory polymer containing dispersed aniline to detect and
quantify oxidants in the gas phase. The dispersed aniline contained in the sensory
polymer starts polymerizing in the presence of targets (oxidants), providing a dual
response. In this case, PAni is a coloured conductive polymer, so the formation of
this polymer inside the sensory polymer generates changes both in the material’s
colour and in the conductive properties [94].

3.3.2.2 Polymers containing enzymatically degradable bonds
Fluorogenic and chromogenic peptide-based substrates have been used for many
years to analyse the activity of different proteases [95]. In most cases, these peptides
can intrinsically be considered polymers since they reach molecular weights around
2,000 by polymerizing tens of amino acids. Generally, the higher the number of
amino acids, the higher the specificity of the substrate towards the protease. But
these peptide-based substrates are also modified to enable copolymerization with
structural monomers to synthesize polymers containing enzymatically degradable
bonds [96–101].

In addition to amino acids, the side chain peptide-based substrates contain mo-
tifs of fluorophores or chromophores covalently anchored to the peptide. Regarding
the first, the fluorophores are combined with quenchers, and give rise to systems
based on non-radiative energy transfer processes between a donor and an electron
acceptor, specifically, Förster/fluorescence resonance energy transfer processes
[102, 103]. In this way, the system only shows fluorescence when an enzyme cleaves
the peptide, and separates the fluorophore from the quencher [104].

Other systems are even more straightforward and are based on breaking an
amide bond between a fluorophore/chromophore and a peptide to give rise to two
fragments, that is, a fluorophore/chromophore with an amine terminal group, and
a peptide with a terminal acid group, or vice versa. However, the fundamental prin-
ciple of the system is the same, as it only exhibits fluorescence when the protease
acts on the substrate.

3.3.2.3 Other irreversible mechanisms
There are other irreversible mechanisms through which a sensory polymer can gen-
erate a response in the presence of a stimulus. Some of these mechanisms were dis-
covered decades ago, such as enzyme-based sensory polymers, and others are
much more recent, such as self-immolative polymers.

The preparation of enzyme-based sensory polymers implies the immobiliza-
tion of a biological macromolecule on a polymeric substrate, such as enzymes or
antibodies. Due to the high relevance of this family of sensory polymers in ad-
vanced applications, this book contains an entire section dedicated to the description
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of enzyme-based sensory polymers, specifically to the immobilization process
(Section 3.6). This immobilization leads to sensors with a great variety of appli-
cations, such as the detection of biomolecules, the preparation of rapid diagno-
sis kits that is pregnancy tests, SARS-Cov-2 antigen tests and even drug delivery.

In the case of self-immolative polymers, the polymeric chains contain a pro-
tected triggering group. In the presence of a target, the triggering group is depro-
tected and initiates a controlled depolymerization, releasing the building blocks
from which it was prepared, and generating a response that allows the quantifica-
tion of the target [6, 31, 105]. One of the most recurrent examples of this type of
mechanism is polyurethanes that contain protected amine groups as triggers [106].

3.4 Classification of sensory polymers by response

Considering the nature of the response generated by the sensory polymers, this sec-
tion is aimed to classification by the most relevant responses, that is, colorimetric,
fluorometric and electrochemical sensory polymers.

3.4.1 Colorimetric sensory polymers

In these sensory polymers the response is a colour change, and it can be recorded
with an ultraviolet-visible spectrophotometer, through the digital colour analysis,
or even with the naked eye.

Colour is a macroscopic property that is determined by the chemical structure of
the system. It depends on the energy difference between HOMO and LUMO. For exam-
ple, when red colour is observed, green colour is absorbed (780–650 nm), reaching rela-
tively small differences between two cited molecular orbitals. On the other hand, when
this difference is higher, dark blue is absorbed (435–480 nm) and yellow is observed.

Colorimetric sensory polymers are the most desired systems for preparing sen-
sors that are easy to use and very intuitive, so that even people without scientific
knowledge can use them. In colorimetric sensory polymers, the interaction of the
analyte with the target leads to a change in the colour of the material. Moreover,
the colour variation is directly related to the concentration of the target species,
which allows an easy quantification of the substance in terms of colorimetric pa-
rameters. The numerical evaluation of the colour variation was traditionally carried
out using a spectrophotometer, and more recently, through the determination of
RGB parameters, which can be easily quantified also using a smartphone applica-
tion [107–109]. After the smartphone boom in 2010, colorimetric sensor polymers
have been perfectly complemented with these devices, since colour changes can be
easily recorded with the integrated camera, and analysed with very simple software
(smartphone applications) that allows it to evolve from a semi-quantitative system
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(analysis with the naked eye) to a completely quantitative system. Sometimes offer-
ing limits of detection similar to spectrophotometric techniques, enough for many
applications [107–109].

3.4.2 Fluorometric sensory polymers

Regarding the response, fluorometric sensory polymers are analogous to colorimet-
ric ones. Fluorescence is related to radiative transitions from an excited electronic
state to the fundamental one emitting radiation. Depending on the type of transi-
tion, two phenomena could occur, fluorescence or phosphorescence, which is ex-
plained with the Jablonski diagram [110].

The response of this type of sensory polymer is recorded with fluorometers
(Figure 3.8), but in recent years, digital colour analysis enhanced by smartphones
has also been used [85]. However, unlike colour changes, fluorescence changes
are not visible to the naked eye, and the sample must be illuminated with UV light
(wavelengths ranging from 250 to 400 nm).

However, it is possible to take digital photographs once the sample is illuminated,
which ultimately means a translation of fluorescence into parameters of a digital
colour space, such as RGB, HSV and CIE-LAB space [112].

Figure 3.8: Variation of fluorescence curves of the sensory polymer (left) and titration plot (right)
against the solution concentrations of TATP. It is also clearly visible with the colour change of the
polymer dissolution when TATP is detected. Reproduced with permission of Wiley [111].

3.4 Classification of sensory polymers by response 25

 EBSCOhost - printed on 2/14/2023 12:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.4.3 Electrochemical sensory polymers

Electrochemical polymeric sensors are also known as chemoresistive sensors, and
they can be schematically represented as in Figure 3.9. This kind of sensory poly-
mers are commonly based on conductive polymers, sometimes combined with MIPs
[113–115].

They transform the chemical information into an electrical response, and a broad
range of electrochemical techniques can be used to analyse this response. The most
common ones are voltammetry (measurement of the system’s current when modifying
potential), amperometry (a uniform potential is applied and the change in current is
monitored as a function of time), potentiometry (measurement of the system’s potential
under no current flow), impedometry (application of an alternating potential and fol-
low up of the perturbation in the steady state) and conductometry (measurement of
the ability of the system to conduct an electrical current).

There are two main applications in which chemoresistive sensory polymers are
employed: gas sensing and heavy metal ions detection. Gas sensing mechanisms
involve the charge conduction mechanisms achieved through intra- and interchain
transports [116]. Different types of charges are present in the conducting polymer,
namely polarons, bipolarons or solitons, which introduce energy states between
the LUMO and the HOMO. Then, electrical resistance variation is directly related to
the presence of these charges and their mobility. Thus, the mechanisms of the crea-
tion of these charges define the electrical response of chemiresistive sensors.

In the case of the interaction with gas substances, the resistance variation de-
pends on the nature of both the sensing polymer and the gas molecule. For a p-type
semiconducting polymer, a determined quantity of the oxygen of the air is continu-
ously adsorbed on the surface, removing the electrons from the conduction band.
This process led to creating single or double oxygen ions, which the surface cannot
adsorb. Then, when a reducing gas such as ammonia (NH3) reacts with these unad-
sorbed species, hole concentration is reduced, and resistance increases. On the
other hand, in the presence of an oxidizing gas such as nitrogen dioxide (NO2), elec-
trons are consumed from the valence band, increasing hole concentration and decreas-
ing resistance. The sensing mechanism is inverse in the case of n-type conducting
polymers. The p-type or n-type behaviour of conducting polymers depends on the

Figure 3.9: Schematic presentation of an electrochemical sensor.
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doping procedures. Then, doping with oxidizing agents (p-type doping) introduces
charge carriers into the electronic structure, forming a p-type conducting polymer
and vice versa [117]. Figure 3.10 shows the sensing mechanism of a p-type material in
air and reducing gas environments, whereas Table 3.1 indicates the sensing response
of p-type and n-type sensors (adapted from Ref. [118]).

As seen in Table 3.1, many different gases can be detected using chemiresistive sen-
sors, although ammonia is the most analysed gas [119]. PPy-based sensors present a
very similar response (in terms of R-value) for a wide range of concentrations (20 to
10,000 ppm), although this parameter can reach higher values (up to 2.5), when
higher concentrations are present [120]. Other gases can also be detected, such as

Figure 3.10: Sensing mechanism of p-type conducting polymer in air and reducing gas
environments. Reproduced with permission of: IOPscience [118].
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H2, NO2 or methanol [121]. In these cases, the better response (R ≈ 24) is obtained
when PPy nanosheets are employed [122]. PAni has been employed to detect ammo-
nia gas with values of R ranging from 1 to 100 in concentrations between 20 and
1,000 ppm [123, 124], and it has also been used in the detection process of other
gases (CO, NO2, Cl2, etc.), but the responses showed almost equal R values in a wide
range of concentrations, except in a very few cases in which thin films were fabri-
cated [125]. Other conducting polymers that can act as chemiresistive sensors are
polythophene and PEDOT. Their response was highly dependent again on the mate-
rial’s geometry, obtaining promising results in the case of using poly(3-butylthio)
thiophene) films in the detection of NO2 (R ≈ 16) [126] and PEDOT nanowires to de-
tect nitric oxide (R ≈ 7) [127].

The use of electrochemical polymer-based sensors in the detection of heavy metal
ions has emerged as an alternative to classical methods (atomic absorption spec-
troscopy, X-ray fluorescence spectrometry and so on [128]) due to the capability of
performing fast analysis combined with high sensitivity and simplicity [129]. Among
all the heavy metal ions, mercury has been the most analysed in the last years, using
mainly a modified electrode in which conducting polymers such as PAni or PEDOT
were deposited onto its surface using different electric measurements (amperometry,
potentiometry or cyclic voltammetry) to detect the presence of the analyte [130]. Re-
cently, Wang et al. have presented a review about the use of chemiresistive polymers
in heavy metal ion detection [131]. The importance of conducting polymers such PPy,
PEDOT or PAni in this field is increasing greatly, although in most cases, these SPs
are modified or synthesized as a part of more complex polymeric systems. PPy has
been functionalized with iminodiacetic acid (containing carboxylic groups) in a mod-
ified electrode to detect different heavy metal ions (Pb(III), Hg(II), Cd(II) or Co(II))
[132], traces of Hg(II) were detected using nanocomposites based on graphene oxide/
PEDOT [133], and Deshmukh reported the detection of Cu(II), Pb(II) and Hg(II) using
EDTA chelating ligands to modify PAni and single wall carbon nanotubes [134]. On
the other hand, it is important to remark the importance of MIPs in this research
field, because of their advantages as strong selectivity, simple synthesis procedures

Table 3.1: Sensing response of p-type and n-type chemoresistive sensors.

Sensing response
behaviour

p-Type sensor n-Type sensor Analytes

Reducing analytes Resistance
increases

Resistance
decreases

COx, NH, CH, H, HS,
methanol

Oxidizing analytes Resistance
decreases

Resistance
increases

NOx, CO, SO, O, O

Dominant charge carrier Holes (h+) Electrons (e–) N/A
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and the possibility of building appropriate recognition sites. In this sense, different
literature works can be found in which Pb(II) or Cu(II) are detected and quantified at
trace level [135, 136].

3.5 List of the most relevant sensory polymers sorted
by application

The number of applications related to sensory polymers is extremely extensive, and
it goes beyond the scope of this book to review them in detail, so a list of the most
relevant examples classified according to their application are given in Table 3.2,
together with the reference for further information.

Table 3.2: List of the most relevant sensory polymers sorted by application.

Application Stimulus Mechanism Response Reference

Biomedicine Amino acid
detection

Chemical –
liquid
phase

Reversible – MIP Colorimetric []

Escherichia coli
detection

Chemical –
liquid
phase

Reversible – MIP Electrochemical []

Chronic wounds
monitoring

Chemical –
liquid
phase

Irreversible –
polydosimeter

Colorimetric []

Cystic fibrosis
monitoring

Chemical –
liquid
phase

Reversible – ion
exchange

Fluorimetric []

Iron detection in
blood

Chemical –
liquid
phase

Reversible –
organometallic
complex formation

Colorimetric []

Detection and
inhibition of
bacteria

Chemical –
liquid
phase

Irreversible –
polydosimeter

Fluorimetric []
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Table 3.2 (continued)

Application Stimulus Mechanism Response Reference

Food
control

Determination of
chlorpyrifos in apple
juice

Chemical –
Liquid
phase

Reversible – MIP Colorimetric/
Raman

[]

Determination of
melamine in milk

Chemical –
liquid
phase

Reversible – MIP Electrochemical []

Phycocyanin
detection

Chemical –
liquid
phase

Reversible –
fluorescence
quenching

Fluorimetric []

Determination of
antioxidant activity
in honey

Chemical –
liquid
phase

Irreversible –
polydosimeter

Colorimetric []

Determination of
total polyphenol
index in wines

Chemical –
liquid
phase

Irreversible –
polydosimeter

Colorimetric []

Determination of
mercury in fish

Chemical –
solid phase

Reversible –
organometallic
complex formation

Colorimetric []

Soil, water
and air
pollution

Cyanide detection Chemical –
liquid
phase

Irreversible –
polydosimeter

Colorimetric []

Bisphenol A
detection

Chemical –
liquid
phase

Reversible – MIP Colorimetric []

CO detection Chemical –
gas phase

Reversible –
conducting polymer

Electrochemical []

NO detection Chemical –
gas phase

Reversible –
conducting polymer

Electrochemical []

CO detection Chemical –
Gas phase

Reversible –
Conducting
polymer

Electrochemical []

Pesticide control Chemical –
liquid
phase

Irreversible –
polydosimeter

Colorimetric []
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3.6 Immobilization of biomolecules

3.6.1 Introduction

The first phenomenon in the detection of a target molecule by a chemical sensor is
the selective interaction between the analyte and the sensor; the recognition and
affinity of the sensor towards the analyte are brought to light. In general, if the rec-
ognition is based on biochemical or biological nature, the term biosensor is used
instead of chemosensor. One of the most common recognition methods taking part
in these processes is the detection through a reversible weak interaction, non-
covalent, between the biosensor and the analyte. The most representative example
is the interaction of an antigen with its antibody, which is highly selective. Antibod-
ies are glycoproteins produced by the immune system due to the presence of an an-
tigen (caused by virus, pathogen bacteria, etc.) [153, 154, 163–165, 155–162].

The immobilization of biomolecules such as antibodies, antibody fragments or
enzymes, is of great interest for the detection of other biomolecules such as anti-
gens, or peptide substrates. In fact, the antigen/antibody interaction, or the recog-
nition of a peptide substrate by an enzyme, are just two examples of detection
systems present in the biological environment, which sciences such as chemistry,
biology, biotechnology and materials science attempt to mimic when immobilizing
a biomolecule on a solid support.

Table 3.2 (continued)

Application Stimulus Mechanism Response Reference

Civil
protection

Nitroexplosive-Picric
Acid detection

Liquid and
solid phase

Reversible –
conducting polymer

Fluorimetric []

TNT detection Liquid and
gas phase

Irreversible –
polydosimeter

Colorimetric [,
]

TATP detection Liquid and
gas phase

Reversible –
quenching process

Fluorimetric []

Oxidant
atmospheres
detection

Chemical –
gas phase

Irreversible –
polydosimeter

Colorimetric/
electrochemical

[]

Extreme acidity Chemical –
gas phase

Reversible –
protonation/
deprotonation

Colorimetric []

Acidic atmospheres Chemical –
gas phase

Reversible –
protonation/
deprotonation

Colorimetric []
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The most obvious application of biomolecule immobilization techniques is the
preparation of systems able to detect species of interest, such as another biomole-
cule related to a disease, that is, an antigen. In this way, by immobilizing a protein
(antibody, antibody fragment or enzyme) on a solid support, a system able to detect
another protein (antigen, peptide, etc.) is generated.

Antibodies are immunoglobulins (Ig), a type of proteins of about 150 kDa and
sizes about 14 x 10 x 4 nm. They show a three-dimensional (3D) structure defined
by a precise amino acids sequence. Figure 3.11 shows the basic structural unit of an
antibody, constituted by four protein chains, two light chains (L) of about 25 kDa
and two heavy chains (H) of about 50–70 kDa each one depending on the type of
immunoglobulin, bind together through non-covalent bonds and disulphide bonds,
forming the quaternary structure of the protein. LC are formed by two domains and
HC by four. Antibodies have two types of domains, constants (C) and variables (V).
Constant domains show an amino acid sequence similar for all the antibodies of the
same type, while the sequences of the N-terminal domain of heavy and light chains
(named HV and LV) are variable among the different types of antibodies and they
constitute the variable fragment (VF), where the antigen interacts with the anti-
body. The former domains of the chain, H and L constitute the Fab fragment (anti-
gen-binding fragment), while the latter constant domains (HC) of both H chains
constitute the crystallizable fragment (Fc). This region of the antibody modulates
the immune activity through the binding to specific receptors, what ensures that
each antibody generates an immune answer to a specific antigen. Antibodies show
carbohydrates chains in the Fc region bound to the amide nitrogen of an asparagine
residue, being, as a result, glycoproteins.

Undoubtedly, the best-known technique based on this principle is the enzyme-linked
immunosorbent assay (ELISA) technique, which emerged as an alternative to the

Figure 3.11: Schematic representation of an antibody.
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radioimmunoassay, in which harmful radioactive isotopes were used. Also, rapid
tests to detect SARS-CoV-2 antigen quickly and cheaply were developed following the
same principles. Furthermore, pregnancy tests, tests to detect allergens in food or
even some tests to detect viruses are based on the ELISA technique, highlighting the
importance of the immobilization of antibodies or enzymes on solid supports.

An adequate immobilization of a biomolecule to solid support ensures a correct
fabrication and performance of a biosensor. A preferable orientation avoids denatu-
ralization and keeps the active site exposed to maintain the affinity towards another
molecule. The active site needs to be in a specific conformation and accessible to
the target species, while random orientation can denaturalize and block the active
site. Traditional physical immobilization methods involve the adsorption of the pro-
teins to the substrates through electrostatic forces of hydrophobic interactions.
These strategies lead to unstable and uncontrollable immobilization, which reduces
sensitivity. Covalent attachment through functional groups present in the biomole-
cule with modified substrates is irreversible and efficient, but it is also non-oriented.

Oriented protein immobilization is important for bioanalysis, and various strat-
egies are being carried out. In this sense, polymers play an important role in the immo-
bilization of biomolecules, which is another reason they are called “smart”. Regarding
the immobilization of biomolecules, SPs can be divided in four types, schematically
represented in Figure 3.12:
– Type 1 SP. The polymer or copolymer acts as support and attachment point; that

is, it makes the final product manageable and allows, from a chemical point of
view, the attachment of a protein, either by covalent bonds, or by affinity, by
entrapment and so on.

– Type 2 SP. They are formed by a Type 1 SP and a polymer placed between the bio-
molecule and the Type 1 SP. This polymer makes the chemical or physical attach-
ment of the support and the biomolecule possible. These polymers are also used as
chain spacers, functionalization agents or even orientation agents. For example, if
the biomolecule to be immobilized is an antibody (usually represented as “Y” due
to its shape), it can orient the attachment of the antibody in the right way.

– Type 2 pseudo-SP. They have the same composition as Type 2, but instead of
using a polymeric Type 1 SP, a non-polymeric support is used, such as an elec-
trode, a glass support or a metal support.

– Type 3 SP. They are formed by a Type 2 SP and a protein, aimed to an almost
perfect orientation of the immobilized biomolecules (in this case, antibodies).

Some types of SP may seem very simple, but they need to place macro-biomolecules
as antibodies, with sizes around 150 KDa, and approximate dimensions of 14 x 10 x 4
nm. SPs make this possible for several reasons: they can provide many and different
functional groups prone to form covalent bonds with antibodies; different polymeric
structures can be selected according to the needs of the final applications, making it
possible to control the surface properties to immobilize antibodies specifically
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and to diminish the immobilization of other proteins; they can locate long chains and
proteins on the surface to act as spacers between the substrate and the antibody and
thus favouring the immobilization of antibodies and their interaction with antigens.

Furthermore, for the right functioning of the detection system, the antibodies must
be correctly positioned and attached. In other words, the orientation of the antibody
must be appropriate, and the interaction with the SP must be robust, which means
that they should not break apart under normal use conditions. Thus, there are two im-
portant characteristics of SPs that must always be considered: orientation and linkage.

3.6.1.1 Orientation
SPs favour the ideal orientation of antibodies. Thus, if an antibody is immobilized on
a “non-smart” surface, the orientation would be random. There will be lying down
antibodies (or “lying-on”), leaning antibodies (or “side-on”), upside-down antibodies
(“or head-on”) and suitable oriented antibodies (or “end-on”). Figure 3.13 shows
antibodies randomly immobilized on a “non-smart” surface.

Figure 3.13: Schematic representation of randomly immobilized antibodies on a “non-smart” surface.

Figure 3.12: Schematic representation of different types of smart polymers. (*) Type 2 pseudo-
smart polymers are composed by a non-polymeric substrate instead of a Type 1 smart polymer.
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There are different strategies to favour the appropriate orientation of antibod-
ies. One of them is through the disulphide groups of the antibody. One of the most
straightforward is the use of Type 1 SP containing phenylboronic acids in their for-
mulation since they favour the “end-on” orientation due to the reaction of the diol
groups of the glycosylate in the crystallizable fragment of the antibody. To charac-
terize the succeed of this orientation procedure, Time-of-flight secondary ion mass
spectrometry technique is carried out, which is used to analyse the composition of
solid surfaces and thin films by spraying the surface of the sample with a beam of
focused primary ions, and collecting/analysing the ejected secondary ions.

In an ideal situation, the perfect SP would orient 100% of the antibodies in the
right and accessible position (end-on), but so far, this does not occur. However, as
described later regarding the linkage of polymers and antibodies, very high percen-
tages are achieved with Type 1 SP and Type 2 SP, and especially with Type 3 SP.

3.6.1.2 Linkage
The immobilization process can be carried out physically (adsorption, electrostatic
interactions, affinity) or chemically (covalent bond). Each of these ways has its ad-
vantages and disadvantages. For example, physical methods do not modify the
structure of the immobilized biomolecule; they simply encapsulate it or retain it
through electrostatic interactions. This is a great advantage since a modification in
the biomolecule structure can lead to its denaturation or deactivation. However, the
interactions between the SP and the protein are weaker than in the case of chemical
attachment, which sometimes results in the release of the protein from the sub-
strate. Furthermore, in physical linking carried out by encapsulation, the interac-
tion of the attached antibodies with the targets (antigens) can be more impeded
and, depending on the SP’s final application, which can be a drawback.

The use of 3D substrates, MIPs, electrostatic interactions (layer-by-layer materi-
als, LbL) and taking advantage of chemical polarity (Langmuir–Blodgett (LB) mate-
rials) are the physical linking methods most used currently.

On the other hand, chemical methods generate covalent bonds of different types,
but all of them are very resistant and reliable. However, depending on the area where
the antibody binds the substrate and how specific these bonds are, the antibodies
could lose their activity. The antigen/antibody interaction is so specific and so deli-
cate that any change in the chemical structure of both can lead to the inactivation of
the system. That is precisely why SPs have to be designed appropriately and ad hoc
for each application.

In the case of a covalent bond between the support and the antibody, a sine
qua non condition for Type 1 SP is that they have functional groups to enable chem-
ical reactions and thus succeed in the immobilization of antibodies. Polystyrene
(PS) is not a SP, and in fact, it is a fairly inert material. As depicted in Figure 3.14, it
is a linear polyethylene chain with benzene lateral groups from the chemical point
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of view. It does not have any functional groups capable of generating any type of
chemical reaction. However, with the appropriate treatment and design of materi-
als, PS can become a Type 1 SP. These treatments generate modifications in the ma-
terial, which allow the inclusion of functional groups susceptible to a chemical
reaction. These modifications are further discussed in this chapter.

3.6.2 Smart polymers for the immobilization of biomolecules

3.6.2.1 Type 1 smart polymers
Type 1 polymers are made by just one polymer substrate, which can be modified
(or not) with different techniques: surface modification with plasma for polymers
such as PS, poly(vinylidene fluoride), PMMA, polydimethylsiloxane (PDMS); tak-
ing advantage of click reactions; using 3D substrates; through MIPs; through con-
trolled polymerization techniques such as atom transfer radical polymerization
(ATRP) or reversible addition-fragmentation chain-transfer polymerization. For
Type 1 SP, the attached biomolecule is directly linked. The polymer acts as support
material, and the immobilization can be carried out by both physical and chemical
methods. The different Type 1 SP can be classified according to their manufacture or
preparation techniques as follows.

a) Preparation of Type 1 smart polymers by using plasma and functionalized
polymers
Plasma is considered the fourth state of matter and it is generated using gases
(such as CO2, O2, N2, NH3 and H2) and an energy source such as microwaves, radio
waves or high-energy electrons. This technique generates functional groups on the
surface of an originally inert polymer, such as PS. This allows both the direct an-
choring of antibodies to prepare a Type 1 SP and its further modification with an-
other polymer for the preparation of Type 2 SP [156].

Thus, depending on the gas and the experimental conditions, carboxylic, amino,
methyl or hydroxyl groups can be generated on the surface of the inert polymer.

Figure 3.14: Generation of different functional groups on the surface of an inert polymer
as polystyrene by using plasma.
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Additionally, this process also increases the affinity of the material for aqueous
media, making it more hydrophilic and avoiding the denaturation of the immobilized
biomolecules that usually occurs when wholly hydrophobic supports are used. Tak-
ing PS as an example, Figure 3.14 represents the generation of functional groups with
different gases [162].

For PS, the plasma modifications are most likely to occur in the aromatic ring,
since it is the most susceptible to modifications moiety. However, the generation of
plasma with a gas can also involve modifications in the main chain of the polymer,
which explains why polymers such as PTFE, or PMMA can be used for the prepara-
tion of Type 1 SP.

Other polymers can intrinsically contain these types of functional groups in
their structure, so plasma modification is not necessary, and they are used directly
as Type 1 SP. Examples of these polymers are polylysine or polyethylenimine con-
taining –NH2 functional groups. Also, carboxymethylcellulose has –COOH groups,
and polymers widely known as polysaccharides contain –OH groups. The method-
ology for the formation of new bonds described below can be used indistinctly for
polymers containing generated or intrinsically present functional groups.

Once Type 1 SP is prepared, the next step is to bind it to a biomolecule (as an
antibody) and thus immobilizing it. In the case of Type 1 SP with –NH2 groups, the
reaction is carried out with free –COOH groups, due to the presence of amino acids
such as aspartic acid or glutamic acid present on antibodies along their structure.
This type of reaction is commonly referred to as “carbodiimide chemistry” that uses
N-ethyl-N-(3-dimethylamino propyl) carbodiimide (EDC) combined with succini-
midyl esters such as N-hydroxysuccinimide (NHS). This chemistry is known as EDC/
NHS coupling and results in the formation of solid amide bonds between the anti-
body and the Type 1 SP. This methodology is also used with Type 1 SP modified
with –COOH groups, with the reaction taking place through the free –NH2 groups
present in the proteins and provided by amino acids such as lysine. Figure 3.15
schematically shows these procedures on a generic inert polymer, such as PS or
PTFE. However, this figure shows an ideal orientation of the antibody on the Type 1
SP surface, which does not represent the real situation, in which random orienta-
tion occurs in these conditions.

Figure 3.15: Schematic representation of the attaching process of an antibody on to the surface
of a Type 1 SP by EDC/NHS chemistry.
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An alternative to the reaction between acids and amines is the reaction between
thiol groups and maleimide groups. To obtain a Type 1 SP with thiol groups, ammo-
nia plasma is generally used to generate –NH2 groups in the inert polymer surface,
and then these groups are transformed into thiol groups with 2-iminothiolane
(Traut’s reagent). The Type 1 SP could then be linked to a biomolecule modified
with maleimide groups. On the other hand, a Type 1 SP could be prepared with malei-
mide groups (or maleimide derivatives) based on the same chemistry. The procedure is
also based on the generation of –NH2 groups in the inert polymer with ammonia and
plasma, but this time, these groups are reacted with reagents such as sulpho-
succinimidyl-4-(N-maleidomethyl)-cyclohexane-1-carboxylate, or sulfo-succinimidyl
-4-(p-maleimidophenyl) butyrate. Figure 3.16 schematically shows these procedures
on a generic inert polymer, such as PMMA. Once the Type 1 SP with maleimide
groups is generated, a previously modified antibody can be anchored. In this
case, the existing disulfide bridges in the Fc region of the antibodies need to be
reduced, and this process can be carried out with reagents such as tris-(2-carboxyethyl)
phosphine, 2-mercaptoethylamine or dithiothreitol.

The combinations of the selected inert polymer, the gas, and the type of anti-
body attachment are numerous, and the choice would depend on the final applica-
tion of the SP and the working conditions.

Table 3.3 summarizes some examples of polymer modification and their features.

b) Preparation of Type 1 smart polymers by using click reactions
Click reactions are a very efficient alternative for the preparation of Type 1 SP
through the reaction between an azide and a triple bond. In this sense, Type 1 SP
with alkynyl (triple bond) groups are obtained from other Type 1 SP that can be pur-
chased commercially, such as PEG modified with NHS esters. These functionalized
PEGs are reacted with propargylamine in CH2Cl2 at room temperature, and the al-
kynyl-PEGs are obtained (Figure 3.17) [166]. In this case, unlike –NH2 groups or
–COOH groups, proteins do not contain azide side groups, so they need to be
generated. The most common procedure to render azide groups is based on
substituting methionine (natural amino acid) with azidohomoalanine (AHA).

Once the Type 1 SP with a triple bond has been generated, and once the protein
has been modified with AHA, immobilization can be carried out through the 1,3-
dipolar cycloaddition reaction of Huisgen, in the presence of a catalyst Cu(I),
which is known as “click” reaction.

c) Preparation of Type 1 smart polymers based on molecularly imprinted polymers
MIPs are synthetic receptors for a target molecule. They are prepared using the mo-
lecular imprinting technique, which leaves cavities in the polymer matrix with af-
finity for a chosen template molecule, such as an antibody. One of the most widely
used polymers is poly(hydroxyethyl methacrylate) (PHEMA) in the form of a gel or
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cryogel. With this type of polymers, the orientation of the antibodies is improved,
and no chemical modification takes place in the immobilized biomolecule since it is
physically attached. Due to the hydrophilic nature of polymers such as PHEMA, the
probability of denaturation of the antibodies is also reduced. Figure 3.18 shows the
preparation of a Type 1 SP with PHEMA [167].

Table 3.3: Plasma treatment of different polymers with different gases and the obtained result [156].

Polymer Plasma treatment Result

Polytetrafluoroethylene (PTFE) N or O Enhanced hydrophilicity

Poly(methylhydrogensiloxane-co-
dimethylsiloxane) (PMHS-co-DMS)

(SF + O) or (CF + O) Brittle columnar structure

Low-density polyethylene (LDPE) Poly(-ethyl--oxazoline), low
temperature plasma

Desired wettability and
adhesion properties

Polystyrene (PS) Ar, O Improvement of adhesion
properties.

O Hydrophilic surface

CF Hydrophobic surface

Polycaprolactonediol (PCL) Ar + H Hydrophobic surface

Ar + N/Ar/Ar + O Hydrophilic surface

Poly(lactic acid) (PLA) Dry air/Ar/He/NH Hydrophilic surface

Figure 3.17: Schematic representation of the attaching process of an antibody into a modified
PEG (Type 1 SP) through click chemistry.
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d) Preparation of Type 1 smart polymers based on three-dimensional substrates
Unlike MIPs, 3D substrates are porous polymeric supports that form a 3D network
with cavities that can be used for the physical immobilization of antibodies. The most
notable examples are agarose or dextran gels [167], for example, which have im-
proved the attaching process of antibodies due to their high surface area. These two
examples are probably the most widely used porous polymers within this group, but
3D immunochromatographic nitrocellulose membranes have also been used [168].
Figure 3.19 schematically shows a 3D substrate for the immobilization of antibodies.

e) Preparation of Type 1 smart polymers based on atom transfer radical
polymerization
ATRP is a controlled radical polymerization method, which was developed with the
aim of having control over molecular weight and molecular weight distribution of
synthesized polymers. It is sometimes called “living polymerization” because grafts
of other polymers can be grown in a controlled way. The ATRP method can be used
to synthesize Type 1 and Type 2 SP. When Type 1 SP is synthesized using ATRP, the
ATRP initiators (“living” polymers) allow further polymerization with another poly-
mer to form a Type 2 SP.

For this Type 1 SP preparation, it is common to use chloromethylated polyether-
sulphone membranes. They can then react with polymers such as poly(2-(methacry-
loyloxy)ethyl dimethyl-(3-sulfopropyl)ammonium hydroxide), to prepare a Type 2 SP
for the immobilization of biomolecules. Polysiloxanes are also often prepared using

Figure 3.18: Schematic representation of the preparation process of a SP based on MIPs.

Figure 3.19: Schematic representation of a 3D-substrate.
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ATRP (Type 1 SP). The “living polymer” can initiate a second polymerization on its
structure, by adding monomers (or mixtures of monomers) as N-isopropylacrylamide
and 2-methoxyethyl methacrylate to the media, to finally obtain a Type 2 SP.

3.6.2.2 Type 2 smart polymers
Type 2 SP combine a Type 1 SP with another polymer that improves the system, in
terms of affinity, chain separation, or orientation of the antibody.

a) Preparation of Type 2 smart polymers based on plasma modifications
and 3‑aminopropyltriethoxysilane
The use of plasma and a gas is still a good strategy when preparing these SPs. In the
first step, an inert polymer (such as PDMS) can be modified with plasma and oxygen,
generating hydroxyl groups on the material’s surface. In a second step, the material
is reacted with 3‑aminopropyltriethoxysilane (APTES) as described in Figure 3.20. In
this reaction, one of the hydroxyl groups of the APTES is condensed with the hy-
droxyl groups on the surface of the material [157].

The rest of the hydroxyl groups of APTES remain free and can self-condense, pro-
ducing a polymerization on the material’s surface and leaving free –NH2 groups on
the surface. At this point, the Type 2 SP is susceptible to immobilize an antibody
following different chemical and physical strategies:
– Adsorption: The generation of –NH2 groups turns the material’s surface hydro-

philic, which enables the immobilization of antibodies. However, this strategy
produces randomly oriented immobilized antibodies, which is undoubtedly a
major disadvantage.

Figure 3.20: Schematic representation of the preparation of a Type 2 smart polymer based on
plasma modified PDMS and 3‑aminopropyltriethoxysilane (APTES).
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– Amide formation reactions: As described previously for Type 1 SP, the amines
generated on the surface can react with the acid side groups of certain amino
acids present in biomolecules such as antibodies, through EDC/NHS chemistry.
Orientation is enhanced compared to adsorption immobilization, but it still can
be further improved.

– Imine formation reactions: –NH2 groups on the material’s surface can be trans-
formed into imine groups, using reagents such as glutaraldehyde. This bifunc-
tional aldehyde reacts with the amines of the material through one of its
aldehyde groups. In this way, the other aldehyde group is free, and the materi-
al’s surface is aldehyde-modified. The last step consists of the reaction between
this aldehyde group and the free amine groups present in the antibody, result-
ing in an imine bond.

– Oxidation in glycols: Another preparation strategy consists of the oxidation of
the hydroxymethyl groups present in antibodies to aldehydes. Polysaccharides
of specific antibody regions provide these hydroxymethyl groups. In addition,
oxidizing agents such as periodate are often used to enable the reaction of these
aldehydes with the amine groups present on the surface of the material.

– Thioureas formation reactions: 1,4-phenylenediisothiocyanate is a molecule
that contains an aromatic ring with two isothiocyanate groups. These groups
react with amines to form thiourea bonds. This way, using an excess of 1,4-
phenylenediisothiocyanate, only one of the groups reacts with the amine
groups of the surface, functionalizing the material with isothiocyanate groups.
When immobilizing an antibody, these groups can react with the amine groups
present in the antibodies (provided by amino acids such as lysine) to form the
final thiourea bonds, and immobilizing the antibodies.

b) Preparation of Type 2 smart polymers based on plasma modifications
and boronic acids
Boronic acids are compounds that can form boronic esters with the diols present in
specific sites of antibodies. These diols are located in the polysaccharides of the
crystallizable region of antibodies, which is commonly called Fc. This reaction can
be used to anchor antibodies to Type 2 SP. However, firstly the Type 2 SP must con-
tain boronic acids in its structure.

A proven strategy is based on preparing a Type 1 SP using plasma to generate
–COOH groups on the surface. These groups will be used to attach a polymer with
boronic acid groups (Figure 3.21), which also contains an –NH2 group and is sus-
ceptible to forming an amide bond through EDC-based chemistry [169].

The polymer shown in Figure 3.21 holds a third functional group based on 3-
(trifluoromethyl)-3H-diazirine. This group is a cross-linking agent that is activated
with ultraviolet light, and that generates a cross-linked polymer to improve the
workability of the material and the anchoring of antibodies.
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c) Preparation of Type 2 smart polymers based on plasma modifications
and material binding peptides
This preparation method for Type 2 SP is based on the affinity between specific pep-
tide chains (peptides) and specific Type 1 SP, obtained through treatment with
plasma and gas. Each material binding peptide (MBP) has affinity for its own Type 1 SP
(Table 3.4), and they can either be synthesized or commercially acquired.

In this way, the peptides can be attached to the biomolecules through chemical
conjugation, and in a later step, the modified protein is anchored to the Type 1 SP,
given the affinity of MBP for the substrate. The process can also be carried out in
the opposite way, that is, anchoring the MBP to the Type 1 SP, and attaching the
biomolecule to be immobilized in a later step.

Figure 3.21: (a) Polymer containing –NH2 groups (for the formation of amide bonds, and the
consequent attaching of the polymer to the Type 1 SP), boronic acid groups (for the attaching of the
antibodies throughout the diols of the antibodies Fc region), and 3-(trifluoromethyl)-3H-diazirine
(for the cross-linking of the system); (b) schematic procedure for the preparation of Type 2 SP with
boronic acids.
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d) Preparation of Type 2 smart polymers with DNA directed immobilization
Small chains of nucleotides (DNA) can be used to attach antibodies to a Type 1 SP.
The bond between the small chain of DNA and the antibody must be a covalent
bond. Only in that way, the orientation of the immobilized antibodies will be the
suitable one (end-on).

e) Preparation of Type 2 smart polymers with enzymes assistance
Sometimes, an enzyme can be used to attach a biomolecule as an antibody. For ex-
ample, tyrosinase is an enzyme that reacts with tyrosines present in biomolecules
surface, turning those tyrosines into o-quinones. These compounds react with amine
residues (–NH2); therefore, a Type 2 SP with amine residues could directly anchor a
tyrosinase-treated biomolecule. This Type 2 SP could be composed of plasma-treated
polycarbonate, and a polyallylamine coating.

3.6.2.3 Type 2 pseudo-smart polymers

a) Preparation of Type 2 pseudo-smart polymers by entrapment
This type of SP is based on the physical trapping of a biomolecule, preferably an en-
zyme, in a polymer matrix. It has been included in the “pseudo” category as the Type
1 SP is typically replaced by an electrode (usually platinum). However, the only func-
tion of the electrode is to transform the biological signal into an electrical signal (am-
perometric, potentiometric, etc.). That is, if the response of the system is a visual
signal (spectrophotometric), the support could also be a plasma-modified PS.

Ion-exchange polyelectrolytes such as NAFION® are used to make these Type 2
pseudo-SP. NAFION® (Figure 3.22) is a commercial copolymer based on tetrafluoro-
ethylene and perfluoroalkyl vinyl ether and it is commonly used in biological appli-
cations due to its excellent biocompatibility with biological tissues.

The preparation of these Type 2 pseudo-SP is very simple. NAFION® can be
commercially purchased as a solution of the polymer in a mixture of alcohols, so a
drop of the polymer solution and a drop of the enzyme solution are placed on the

Table 3.4: Combinations of Type 1 SP and material binding peptides (MBP) [162].

Type  SP MBP

Polystyrene treated with plasma and O MBP: PS- and PS-

Polymethyl methacrylate treated with plasma and O MBP: c, PM-OMP, PMMA-tag

Polysiloxane MBP: Si-tag

Polycarbonate MBP: PCOMP

Poly-L-lactide MBP: c
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electrode, and the solvents evaporated. This process can be difficult to optimize, es-
pecially the polymer solution concentration. However, once optimized, good results
are obtained. Enzyme activity is maintained at 85–95% even several days after Type 2
pseudo-SP are prepared, due to the enzyme-polyelectrolyte complexes formed.

b) Preparation of Type 2 pseudo-smart polymers with self-assembled
monolayers
Self-assembled monolayers (SAMs) are long, linear-shaped molecules, which con-
tain active head and tail groups separated by a long hydrocarbon chain. The hydro-
carbon chain promotes self-assembly when attached to a surface. Additionally, one
of the end groups reacts/interacts with the surface of the support material, and the
other end group reacts/interacts with the biomolecule [170, 171].

This group has been included as Type 2 pseudo-SP, since the support used is
not usually a Type 1 SP, but rather a gold support. The gold–thiol interaction is
commonly used to prepare these Type 2 pseudo-SP with molecules such as 11-
mercaptoundecanoic acid. The thiol group of this molecule interacts with the
gold surface, leaving free –COOH groups to anchor proteins through the forma-
tion of amide bonds.

In a certain way, APTES could be considered a SAM, because it contains func-
tional groups to interact with the support surface at one end –OH), groups for pro-
tein attaching at the other end –NH2), and a hydrocarbon chain in the central part
of the molecule. Since this chain of hydrocarbons is very small (only three carbons),
it has not been considered as a long hydrocarbon chain and thus it has been ex-
cluded from this group. Figure 3.23 shows the differences between APTES and 11-
mercaptoundecanoic acid in terms of their chemical structure.

c) Preparation of Type 2 pseudo-smart polymers with layer-by-layer materials
LbL systems can be based on Type 1 SP (such as plasma modified PS) but they are
typically prepared on supports such as indium tin oxide (ITO) electrodes. LbL

Figure 3.22: Chemical structure of NAFION®.
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materials are composed of multilayer films sequentially assembled from oppositely
charged polyelectrolytes (generally natural-origin polymers). These multilayer ma-
terials can be used for multiple biomedical applications, since the initial substrate
(PS, ITO, etc.) can be easily removed once the preparation process of the Type 2
pseudo-SP is finished, giving rise to a free-standing material [172].

Since LbL materials are composed of polyelectrolytes, two large groups of poly-
mers are differentiated for the preparation of these materials, polycations and poly-
anions. Among the most prominent polycations polyethyleneimines stand out, poly
(2-(dimethylamino)ethyl methacrylate) or chitosan. On the other hand, poly(vinyl
sulphonate) and poly(acrylic acid) are commonly used as polyanions.

In this sense, the immobilized biomolecules are usually enzymes, due to the
simplicity and versatility of the method to immobilize these biomolecules without
affecting the enzymatic activity. The films are prepared by immersion of the sub-
strate (ITO electrode) in a solution of the polycation and the enzyme, followed by a
washing process in the appropriate aqueous buffer (depending on the enzyme),
and finally, the immersion of the system in the polyanion solution. This process is
repeated as many times as necessary to obtain a workable material or to reach the
desired amount of immobilized enzyme.

d) Preparation of Type 2 pseudo-smart polymers with Langmuir–Blodgett films
LB films are monolayer-based nanostructured systems, conceptually similar to
SAMs. In fact, the assembled monolayers are composed of amphiphilic molecules
containing a polar head (hydrophilic), an apolar tail (hydrophobic) and Langmuir
monolayers. LB films can contain one or more monolayers transferred from the
liquid–gas interface to the solid supports, during the vertical passage of the sup-
port through the monolayers (Figure 3.24) [173].

Figure 3.23: Chemical structures of APTES and 11-mercaptoundecanoic acid. The long chain of
hydrocarbons of 11-mercaptoundecanoic acid favours self-assembly, while that APTES actually
polymerizes through the free –OH groups.
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In the first step, the amphiphilic molecule (as stearic acid), the chosen polymer
(as poly(3-hexyl thiophene) or similar) and the enzyme are dissolved in a volatile
organic solvent such as chloroform. This solution is spread over water, specifically
through the air/water interface, in such a way that the organic solvent evaporates
and the stearic acid molecules are arranged as shown in Figure 3.24b. As the sup-
port material (usually an ITO electrode) passes vertically through the solution, the
stearic acid molecules and the poly(3-hexyl thiophene) molecules are arranged as
shown in Figure 3.24c, entrapping the enzyme.

There are numerous alternatives to poly(3-hexyl thiophene), such as poly(3-
octyl thiophene), or even copolymers based on a thiophene monomer with a polar
moiety, and another thiophene monomer with an apolar moiety. This further im-
proves the arrangement of the molecules correctly as shown in Figure 3.25 [174].

3.6.2.4 Type 3 smart polymers
The preparation of Type 3 SP is based on a Type 2 SP, such as any of those previously
described. Type 2 SP improve orientation over their previous ones (Type 1 SP), but
efforts are still being made to further improve orientation. Type 3 SP are the most ad-
vanced type, achieving near-perfect orientation of immobilized biomolecules, espe-
cially antibodies. This is achieved by anchoring (at least) one orienting-protein to the

Figure 3.24: Schematic representation of the preparation of Type 2 pseudo-smart polymers with
Langmuir–Blodgett (LB) films: (a) representation of an amphiphilic molecule; (b) the amphiphilic
molecule dissolved in an organic solvent is sprayed onto an aqueous surface, and the molecules
are arranged according to the polarity; (c) the support is passed through the solution in a vertical
and upward direction, in such a way that the polar heads interact with the support, and the first
layer is generated; (d) the support containing the first layer is passed through the solution in a
vertical and downward direction, in such a way that the apolar tails interact with each other, and
the second layer is formed. This process can be done as many times as needed.
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surface of Type 2 SP. Depending on the nature of that orienting-protein, different
types of Type 3 SP can be differenced [162].

a) Preparation of Type 3 smart polymers based on Fc binding protein
This type of Type 3 SP is based on anchoring an Fc binding protein (FBP) to a Type
2 SP. The best-known FBPs are protein A (protein originally found in the cell wall of
the bacteria Staphylococcus aureus, capable of recognizing molecules in extracellu-
lar matrix, which is used in biochemical research because of its ability to bind
immunoglobulins) or protein G (similar to protein A but with different binding spe-
cificities). If an antibody is usually represented by the form “Y”, the lower part of
that “Y” is known as the crystallizable region, or Fc. The FBPs, conceptually, sup-
pose a perfect attachment for the Fc zone of the antibodies, which implies a per-
fect orientation of the same (Figure 3.26).

A FBP could be anchored directly on Type 1 or Type 2 SP, but the efficiency of
the process is lower since many of the FBPs would not be well placed, and therefore
the orientation of the immobilized antibody would not be the ideal one.

b) Preparation of Type 3 smart polymers based on streptavidin/avidin and biotin
interaction
Streptavidin and avidin are tetrameric proteins with a high affinity for biotin, a sim-
ple and small organic compound (244.3 Da). This feature of biotin is of great im-
portance since this biotinylation process does not affect the conformation of the

Figure 3.25: Example of Type 2 pseudo-smart polymer prepared by Langmuir–Blodgett (LB)
procedure. The example combines thiophene monomers both with polar and apolar moieties.
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biomolecule or its biological activity. This affinity can be used to prepare Type 3 SP
following two strategies: Attaching avidin on the surface of Type 2 SP or modify-
ing the material’s surface with biotin, although this last strategy is less common.

The attachment of avidin on the surface of Type 2 SP can be carried out through
the formation of covalent bonds, with chemical reactions between aldehyde groups
or amine groups present on the surface of Type 2 SP. In this way, avidin is immobi-
lized, and a Type 3 SP is obtained. Avidin is usually represented as a cubicle since
it has four sites where it can interact with biotin.

On the other hand, the FBP to be attached is biotinylated (Figure 3.27). This
process consists of forming an amide bond between the carboxyl group of biotin
and the amine side groups present in the FBP. The reaction is carried out in the
presence of EDC, and once biotinylated, the FBP is anchored on the surface of the
material, generating a Type 3 SP through the avidin/biotin interaction.

Figure 3.27: Schematic representation of the attaching process of a biotinylated FBP in a Type 2 SP
formed by a plasma modified PS and avidin.

Figure 3.26: Schematic representation of a Type 3 SP structure and the attaching process of an
antibody.
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4 Emerging applications of smart polymers
in biomedicine

4.1 Introduction

Biological and biomedical applications have emerged as the most important re-
search field of smart polymers. Due to their intrinsic characteristics, the number of
biological or biomedical applications in which responsive polymers play a central
role is spreading quickly. From the early diagnosis of numerous diseases through
the detection and immobilization of biomolecules to the selective release of specific
drugs at the cellular level, the use of smart polymers has increased greatly in the
last years, boosted at the same time for the synthesis and development of new bio-
compatible and biodegradable polymers. In this part of the book, we will describe
three of the main applications of smart polymers in the biological field: smart poly-
mers in drug delivery, new developments in tissue engineering and regenerative
medicine, and finally the importance of responsive polymers in cell therapy and
precision medicine.

4.2 Drug delivery

4.2.1 Introduction

Since the origin of humanity, civilizations have tried to find the best ways to apply
natural remedies to heal wounds and cure diseases, which sometimes involved boil-
ing seeds in water, the preparation of cataplasms for extended performance or mix-
ing with other components such as fats or with other ingredients called excipients
to make them more stable or to make their administration easier. Together with the
industrial revolution, the production of drugs improved, and the preparation of
large-scale medicines available for the population became a reality [175]. Soon,
pharmacists and physicians realized that the release rate played a key role in ob-
taining therapeutic benefits and minimizing the side effects and toxicity, giving rise
to a series of generations of controlled releasing systems [176, 177].

The first generation of controlled release systems (rate-programmed drug release)
consisted of a designed drug dosage form that liberates the drug according to an es-
tablished rate, minimizing the number of intakes, and without considering the pa-
tients’ status. Therefore, new excipients were developed around the 1970s as polymer
science advanced, controlling the drug release relying on mechanisms related to diffu-
sion, ion exchange or osmosis. These systems allowed the intake of a lower dose of
the drug, improving treatments and diminishing side effects in patients [178].
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In a step forward towards the control of the releasing rate and the releasing
site, a new generation of liberating systems was developed (activation-modulated
drug release). These new systems were born due to the need to protect some drugs
from harsh environments in the body, allowing the release in a specific region and
minimizing adverse events in other sites. Examples of these systems include poly-
mers with pH or time-dependent solubility or swelling, or suffering enzymatic deg-
radation at the desired body sites [179].

These first and second generation controlled release systems are well estab-
lished in current therapeutic treatments of different diseases, and polymers have
been used as stabilizers or solubilizing agents in the composition of the drug, or
even as mechanical support to the release systems [180]. However, current research
is directed to the obtention of systems that, in addition to the benefits provided by
the first and second generation systems, can respond depending on the evolution
of the illness and fit the state of the body: the third generation controlled system, a
feedback-regulated drug release. This last system needs the presence of active exci-
pients instead of the previous passive ones to control the releasing rate according
to the concentration or intensity of a triggering agent as an indicator of the state of
the illness, which involves the incorporation of drug molecules in polymer matrices
for controlled delivery to tune the pharmacokinetic and biopharmaceutic properties
[181, 182]. This way, the excipients act then as sensors and actuators, mimicking the
recognition mechanisms that take place in membrane receptors, enzymes or antibod-
ies, as the living systems do when a change in the local environment triggers a change
in a property (solubility, charge, size, shape or conformation) [183]. After the drug is
released and the concentration of the triggering agent has decreased, the drug release
is stopped. This means that these systems interact proactively with the biological func-
tions, receiving information from the body and modifying their behaviour or function,
ideally, as a function of the illness progression [184].

The great advance in the generation of these smart biomaterials capable of being in
contact with biological substances, cells or tissues without causing damage became
possible with the integration of materials science and engineering principles, focusing
on the relationship between their processing, structure and their properties [185]. In this
sense, polymers play an important part in the evolution of these biomaterials, and soon
the confluence of polymer science with biomedicine became unavoidable [186]. Poly-
mers constitute structures that are cheap, stable, versatile, can be prepared with a num-
ber of architectures (linear, hyperbranched, cross-linked, hybrid, etc.), with different
functions and characteristics, and, as a result, great control of their physicochemical
features and functionality is possible [187, 188]. On the other hand, contrary to the large
number of scientific papers describing drug delivery materials, some considerations
must be taken into account (Figure 4.1), and thus only a few of them have continued to
the status of the clinical trial to test their efficiency and safety, cytotoxicity, genotoxicity
and antigenicity, not only in their first administration but also after prolonged used.
Many of them fail due to limited bioavailability, poor efficiency or other issues [188].
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4.2.2 Polymers for drug delivery

Drug delivery systems (DDS) can be especially valuable, for example, in scenarios
when the biological medium can degrade the drug before reaching the site of ac-
tion, when the drug is particularly toxic and the contact with other organs or cells
needs to be avoided, when a sustained and controlled drug concentration in the
blood is needed, when the drug is intended for very difficult to access cellular struc-
tures, when it is intended to follow circadian releasing rhythms or when the patients
compliance needs to be improved [189, 190]. On the other hand, these systems also
have a series of drawbacks due to their possible dose dumping or toxicity of the
materials used, need of surgery to insert or remove the DDS, poor availability, delay
in start of action and high preparation costs.

Small molecule drugs sometimes have low stability, poor bioavailability, physical
or chemical instability, short solubility, short circulation time or toxicity, and their
therapeutic efficiency is limited. Other biodrugs such as peptides, proteins or nucleic
acids normally have low stability and are removed from the body very fast. To over-
come these obstacles, stimuli-responsive polymers as novel DDSs are being fuelled,
and methodologies outside the polymer field are not widely available [191, 192].

The key objective of effective DDS is to improve the pharmacodynamics and
pharmacokinetics of drugs to be delivered at the right moment, in the exact place
and in the necessary amount. Therefore, the main approaches followed to enable
this are [177, 193]:
– Controlled release: The efficacy of a drug is enhanced when its concentration is

maintained in the therapeutic window. Spatial and temporal release is regulated
by therapeutics loaded in polymer carriers, by controlling the speed of dissolu-
tion, drug distribution and degradation of the carrier.

– Targeted delivery: If the drug is released in the target cell, tissue or organ,
the toxicity is minimized and the efficacy is improved. This can be accom-
plished by covering or conjugating the carrier with functional molecules,

Figure 4.1: Considerations for a smart drug delivery system.
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moieties or macromolecules that bind specific polysaccharides, nucleic acids
or cell receptor proteins.

– Solubility improvement: The encapsulation of lipophilic or hydrophobic drugs in
drug delivery carriers or their conjugation with a polymer improve their solubil-
ity, enhancing the effectiveness of a therapeutic candidate.

The selection of the polymer for DDS according to their compatibility and desired drug
release kinetics is guided both by the characteristics of the DDS and by the type of
drug, as summarized in Table 4.1 [192]. The main types of polymeric DDS are polymer
drug conjugates, hydrogels and colloidal carriers (micelles, micro or nanoparticles
and micro or nanogels). The description of the types of DDS and their fabrication
methods is a very extensive field, and their discussion can be found in the works of
Mishra et al. and Yadav et al. [194, 195]. However, a summary of the advantages and
weaknesses of each polymer type as DDS are described in Table 4.2 [194, 195].

Table 4.1: Aspects needed for the process of formulating a DDS.

Drug Drug delivery system Polymer
selection

Drug property (stability,
solubility, chemistry, potency)
Desired site of action and
release rate
Delivery challenge (related with
the drug)

Route of administration
Loading capacity
Longevity of release
Characteristics: size, shape, flexibility,
inclusion of targeting moieties, hydrophobicity

Compatibility
with the drug
Desired release
kinetics

Table 4.2: Advantages and limitations of the different types of drug delivery systems.

DDS polymer
type

Advantages Limitations

Drug conjugates
Hydrophilic
polymers
Dendrimers

Low drug degradation and immunogenicity
Increased drug hydrodynamic radius reduces
clearance and extends circulation half-life

Low loading capacity
Sustained but uncontrolled
release
Conjugation can cause a
decrease in the activity of
the drug

Hydrogels
Natural polymers
Biodegradable
polymers
Hydrophilic
polymers

Broad release lapse of time
Useful for targeted delivery
Infrequent dosing improves patients approve

Usefulness limited due to
drug solubility
Large needle or incision
needed for delivery
Possible local dose
dumping
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4.2.3 Stimuli-responsive polymers

Smart polymers experience a sudden variation in a physical property as a non-
linear answer to a minor environmental change until a critical point is reached, and
then they are capable of going back to their initial form after the stimulus is
stopped. These changes are reversible, and related to interaction with solvents, hy-
drophilic/lipophilic rates, physical state, form and solubility and conductivity,
causing different responses in the materials, including the formation/destruction of
secondary interactions (hydrophobic, van de Waals, hydrogen bonding or electro-
static), simple reactions (acid–base, oxidation/reduction or hydrolysis) or even dra-
matic conformational changes in the polymeric structure [196, 197].

These types of smart polymers have some advantages such as the versatility in
their preparation, sustained release to obtain the desired therapeutic concentration,
reduced dosing intakes, reduction of side effects or enhanced stability [196]. They
must also possess a number of attributes such as biocompatibility, biodegradability,
high drug charging ability and stability, controlled release profile, lack of reproduc-
tive or systemic toxicity, carcinogenicity and immunogenicity [192, 196, 197].

Smart polymers for drug delivery can also be classified according to the type of
triggering stimuli responsible of their change in: temperature, pH, light, electric/
magnetic field, enzyme or antigen sensitive polymers, polymers sensitive to bio-
chemical signals and dual stimuli-sensitive polymers [198, 199]. Also, the stimuli can
be applied externally (thermal, photo, magnetic and electrical stimuli-responsive poly-
mers) or triggered by a physiological stimulus (thermal, pH, enzyme, biological,
redox, antigen stimuli-responsive polymers).

Table 4.2 (continued)

DDS polymer
type

Advantages Limitations

Micelles/
liposomes
Amphiphilic
block
copolymers

Facile synthesis
Hydrophobic drugs show enhanced solubility

A bit unstable. Sometimes
cross-linking is required

Microparticles
Natural polymers
Biodegradable
polymers

Continuous release
A variety of drugs can be encapsulated

Break can cause local
toxicity

Nanoparticles
Natural polymers
Biodegradable
polymers

Improved retention and permeation into tumour or
tissue due to their small size
Enhanced stability

Non-specific uptake in
reticular endothelial system
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Drugs can be encapsulated in the smart polymers in different ways, such as by
swelling the dry material in a solution containing the drug until equilibrium, by
preparing the gel from a combination of the monomer (or monomers, cross-linkers
and initiators) or the polymer and the drug, and also, drugs can be chemically
bound to the polymer.

In this chapter, the fundamentals and the mechanism of action of different
stimuli-responsive polymers for drug releasing applications are explored, and some
specific examples of their applications found in the literature are reviewed and dis-
cussed in tables.

4.2.3.1 Temperature sensitive polymers
The most studied responsive polymeric materials for drug delivery are the ones that
show a phase transition answer to body temperature variations. Temperature can act
both as an internal inducement when the local temperature in the body increases due
to a pathological condition (e.g. a tumour or an inflammation), or as an external stimu-
lus, when the temperature is applied from outside. Regarding the latter, many ap-
proaches can be applied to increase local temperature to initiate drug delivery, such as
ultrasound mediated heating, thermal heating or photoillumination [200, 201].

Typically, temperature-responsive polymers are formed from amphiphilic seg-
ments with hydrophilic groups such as secondary, tertiary or quaternary amines,
amides or carbonyls, and hydrophobic groups including propyl, ethyl or methyl
moieties. These segments can be both monomers or polymer blocks, and inter- and
intramolecular interactions between the hydrophobic parts can lead to chain aggre-
gation or cross-linking [198]. These polymers show phase transitions at certain tem-
peratures, triggering a rapid change in their solvated form and their global size as a
result of the variations of the polymer–solvent and polymer–polymer interactions.
With increasing temperatures, the intensification in the Brownian mobility of the
solvent molecules raises the entropy of the system, diminishing the intensity of
solvent–polymer interactions. The specific temperatures in this case are called critical
solution temperatures (CTS), and thus, temperature sensitive polymers are divided in
two categories as mentioned in Section 2.2 of this book: the ones possessing a lower
critical solution temperatures (LCST) and the ones showing an upper critical solution
temperature (UCST). The former turns insoluble when heating above the LCTS, under-
going a phase transition, and the latter became soluble upon heating. A general exam-
ple for LCTS polymers is schematically represented in Figure 4.2a [200] where if the
local temperature in the environment surrounding the self-assembled carrier contain-
ing the drug is rather superior to the LCTS, polymer chains dehydrate becoming more
hydrophobic, and so the system collapses, releasing the encapsulated drug [202].

This fact is explained by the “hydrophobic effect” [38, 203]. The presence of
H-bonds among water molecules and polymer hydrophilic moieties at low tempera-
tures results in high solubility. At higher temperatures, the hydrophobic interactions
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between the hydrophobic groups prevail over hydrogen bonds, and recoiling/shrink-
ing is observed in the polymer due to the inter-polymer chain interaction (as sche-
matically represented in Figure 4.2b). For LCST polymers, at a certain temperature,
this increase in polymer–polymer association or hydrophobic interactions within the
polymer chains leads to polymer micellation or precipitation. In this sense, polymers
with LCTS behaviour include poly(N,N-diethylacrylamide), poly(N-alkylacrylamides),
poly(ethylene glycol) copolymers (PEG), poly(2-ethyl-2-oxazoline) and some other
seminatural polymers such as elastin-like polypeptide poly(GVGVP) (elastomeric
polypeptide containing G: glycine, P: proline and V: valine). The transition temper-
atures of these smart polymers are ideally around 37 °C, with some exceptions, and
the temperature can be modified including hydrophobic or hydrophilic comonomers,

a)

b)

Figure 4.2: (a) Scheme of temperature-responsive amphiphilic polymers for drug deliver;
(b) disposition of an LCST polymer chains and water molecules upon heating or cooling.
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or some additives after polymerization. Polymers showing UCTS are commonly
poly(alkylacrylamides) and poly(acrylic acid) (PAAc). Also, it is possible to pre-
pare dual thermo-responsive polymers showing both UCST and LCST using poly
(N-isopropylacrylamide (PNIPAAm)) chains in a poly(N-acryloylglycinamide)
network [204]. Some examples of polymers that can be used either as homopoly-
mers or copolymers showing LCTS and UCTS and their CTS are described in
Figure 4.3.

The number of different applications of these temperature-sensitive DDS used as
hydrogels, liposomes, micelles and drug conjugates is very extensive and diverse, so
only some examples of LCTS and UCTS are mentioned in Table 4.3 as a summary.

4.2.3.2 pH-sensitive polymers
pH-responsive polymers are generally obtained through a cycle of deprotonation/
protonation of a weak polyacid or base (polymers containing bases and/or weak
acids including amines, phosphoric or carboxylic acids, azo, pyridine or imidazole
groups connected to the polymer structure) by a pH-triggered conformation change,
which can be reversible or not.

pH-responsive DDS include ionizable polymers with a pKas between 3 and 10. Irre-
versible pH-responsive polymers lose their structural conformation with a variation of
the pH, and include polymers with linkers prone to hydrolysis catalysed by acids or

Figure 4.3: Chemical structures of common thermo-responsive polymers exhibiting LCST
and UCST in water.
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Table 4.3: Examples of temperature-responsive polymers for DDS.

Type/polymer
composition

Drug delivered System Discussion Reference

LCST/poly(N,N-
diethylacrylamide)

Insulin Hydrogels Increase in the insulin
delivery in the first hours
compared to poly(N-
isopropolylacrylamide) gels

[]

LCST/poly(-(-
ethoxyl)
ethoxylethyl vinyl
ether (EOEOVE)

Doxorubicin
(DOX)

Liposomes Stable liposomes under
physiological conditions and
above  °C release DOX.
Tumour growth was
suppressed

[]

LCST/elastin-like
polypeptides

DOX Drug
conjugate

The systems are endocytosed
by carcinoma cells. Phase
transition temperature was at
 °C, and by combining
these polymers with
hyperthermia, the
cytotoxicity of the system
was increased

[]

LCST/poly(-
oxazolines)

Paclitaxel,
Amphotericin B,
Cyclosporin A

Micelles They form micelles as a
response to temperature.
They show high loading
capacity of hydrophobic
drugs without loss of activity

[]

LCST/cytosine-PPG DOX Hydrogel DOX charged nanogels
display lower IC than free
DOX cancer when exposed to
temperatures of  °C. At
 °C, nanogels are not
cytotoxic

[]

UCST/poly
(acrylamide)/poly
(acrylic acid)
interpenetrating
network

Ibuprofen Hydrogel Drug was released faster at
 °C than at  °C

[]

UCST/poly
(acrylamide-co-
acrylonitrile)

DOX Micelles/
functionalized
nanoparticles

When the transition
temperature is reached, the
drug is almost
instantaneously released.
Improved antitumour
efficiency

[, ]
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bases (a schematic representation of two different possibilities of DDSs containing acid
responsive bonds and encapsulated drugs is exemplified in Figure 4.4a). On the
other hand, reversible pH sensitive polymers are commonly polyelectrolytes with var-
ious weak bases or acid functional groups. These polyelectrolytes can donate or ac-
cept protons as a function of the environmental pH, causing an alteration of the
polymer solubility, size, conformation and so on and thus the drug is released (a
schematic representation of a general situation is depicted in Figure 4.4b).

The pH response can be tuned to a precise pH according to the pKa of the chosen
functional groups. Some examples of structures used for pH sensitive polymers
(also natural polymers) in drug delivery uses including basic, acid and polymers
containing pH labile bonds are shown in Figure 4.5. There are two main kinds of
pH-responsive polymers: polymers with acid or basic moieties. Also, polymers with

(a)

(b)

Figure 4.4: pH-responsive mechanisms for drug delivery caused by a change in the pH:
(a) break of acid-responsive bonds; (b) protonation/deprotonation of polymers.
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Figure 4.5: Common pH sensitive polymers used in drug delivery applications [23].
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Figure 4.5 (continued)
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pH labile bonds can be used for DDS design. Weak polyacids accept protons at low
pH and donate them at neutral and high pH, while weak polybases accept protons
at low pH, and gaining polyelectrolyte nature. The polymer–water interactions
through electrostatic or hydrogen bonding in the ionized state result in a greater
quantity of polymer associated water of hydration. Also, polymer chain expansion
can be observed as a result of the electrostatic repulsion between functional moie-
ties with the same charge. In contrast, polymers in the unionized state show weak
inter- and intrachain hydrophobic and dipole–dipole interactions, and polymer ag-
gregation or precipitation can occur through the increased solute interactions and
the resulting solvent expulsion [191, 196, 198].

The fact that different pH environments cause a sharp change in physiochemi-
cal properties show a great potential in DDS since some tumour tissues have a
slightly lower pH than normal tissue. In this sense, a more extensive discussion of
the uses of pH-responsive polymers for drug delivery in cancer treatment is found
in Section 4.4 of this book concerning cell therapy. They are usually designed ac-
cording to the physiologically relevant pH changes, and are typically used in oral
controlled release formulation for the gastrointestinal (GI) tract pH variations (GI
fluid pH rises gradually from the stomach to the colon) [197, 201]. pH-responsive
materials can be designed to meet special features such as the flexibility, mechani-
cal strength, solubility or the degradation rate, being prepared in different forms
and shapes to be used in different administration methods such as intraosseous, sub-
cutaneous, intravenous, transdermal or ingestion. As in the case of temperature-
sensitive polymers, there are many examples of pH-sensitive applications for DDS, so
a discussion of some a few examples of their applications in DDS systems is summa-
rized in Table 4.4. However, these systems need the local pH to vary according to the

Figure 4.5 (continued)
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severity of the illness or the closeness to the unhealthy tissue. In addition, the con-
servation of the structure can be complex since the system can also be activated
during administration.

4.2.3.3 Redox-potential sensitive polymers
Redox reactions involve an electron transfer between chemical species, leading to
the development of covalent bonds and breaking other existing ones. This fact can
be used to develop DDSs in specific body sites, since the redox state of the different
parts of the body or different cell sites is different. The difference in the redox po-
tential between the extracellular (oxidizing) and the intracellular (reducing) spaces
can be used as possible stimulus for the controlled DDSs. Also, an oxidative envi-
ronment is related with inflammation process, caused by pathological processes
such as cancer or arthritis.

This means that if a redox-responsive chemical moiety is somehow linked to a
drug, it will remain stable when the redox state is neutral. Choosing a linker sensi-
tive to a certain redox state in the body tissue can then control the drug delivery
[28, 191]. For this purpose, the most commonly exploited biological redox couple to
trigger the drug release is the glutathione (glutamyl-cysteinyl-glycine; GSH)/gluta-
thione disulphide (GSSG). The presence of the cysteine residue causes GSH to be

Table 4.4: Examples of drug delivery uses of pH-responsive polymers.

Polymer composition Drug
delivered

System Discussion Reference

N-carboxyethyl
chitosan/
dibenzaldehyde-
terminated poly
(ethylene glycol)

DOX Hydrogel pH modification causes physical
and chemical variations swelling
the system and releasing the drug.
Used in human hepatocellular liver
carcinoma (HepG)

[]

Poly(lactic acid)-poly
(ethyleneimine)

DOX Nanoparticle Fast release of DOX as pH changes
from . to .. Suppressing
proliferation of MCF- cells

[]

Poly(lactic-co-glycolic
acid) (PLGA)

Vancomycin Microsphere Structural change produces drug
delivery. Used to treat
osteomyelitis

[]

Poly(acrylamide)-g-
carrageenan and
sodium alginate

Ketoprofen Hydrogel Drug release is raised when the pH
changes from acid to basic. Colon-
targeted delivery

[]

Hyaluronic acid-
hidrazone-DOX

DOX Nanoparticle Drug liberation was induced by pH
gradient. The system showed
higher toxicity on tumour cells
(HeLa) than in other cells

[]
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oxidized by free radicals and reactive oxygen/nitrogen residues and turned into
GSSG. Then, GSSG is eliminated from the cells. The ratio GSH/GSSG serves to spec-
ify the cellular redox state, which is around 10 in usual environments, but rises up
until 1,000 in cancer cells, although the level of GSH also depends on other redox
couples (NADH/NAD+, NADPH/NADP+) [218, 219], so this fact can be used to pre-
pare redox-responsive intracellular drug delivery. Common redox sensitive poly-
mers usually include an S–S bond, and some examples are depicted in Figure 4.6.

The preparation of these drug delivery polymeric systems depends on the chem-
istry of the redox-sensitive motifs, that is the disulphide bonds, showing greater sta-
bility in oxidizing extracellular environments, and tends to be reduced to generate
thiol groups in reducing environments. These disulphide bonds can be located both
in the polymer backbone and in the side chain, being the latter easier to be modi-
fied. The number of disulphide bonds can be controlled, so when facing the re-
ducing media, the system with higher proportion of disulphide bonds will have a
higher response to fully release the drug [220]. This way, the polymeric carrier will
be broken apart in the case of the high amounts of GSH present inside the tumour
cell (GSH amount is lower in healthy than in tumour tissue), delivering the active
drug (Figure 4.7).

A more extensive discussion of uses of redox-responsive polymers for drug de-
livery in cancer treatment can be found in Section 4.4 of this book. However, some
examples of micelle and nanoparticles redox-sensitive DDS applications for drug
delivery are summarized in Table 4.5, together with their discussion.

4.2.3.4 Light-sensitive polymers
Another smart option for the controlled delivery of drugs are the light-responsive
materials. One of the main advantages of these materials is that they can be stimu-
lated non-invasively with a great precision in terms of location and time, reducing
the affection to other tissues and systemic toxicity [225, 226]. Current available
equipment can apply radiation of specific wavelengths between 2,500 and 380 nm,
including ultraviolet (UV), visible or infrared light and lasers of various wave-
lengths. Blue or UV light is commonly used as activation releasing agent for topical
treatments including mucous, skin or eyes. However, UV light has reduced tissue
permeation and has harmful effects on healthy tissue [227]. On the other hand,
higher wavelength light (infrared) penetrates to deeper tissues; it is innocuous and
does not produce as much heating in the application area. Nevertheless, NIR-light
sensitive systems show lower efficacy and thus need an extended exposure time to
generate beneficial effects, causing damage to the surroundings. Despite the many
advantages of these systems, light-responsive polymers are sometimes difficult to
synthesize, limiting their bulk production.

Light-sensitive polymers contain functional groups that change their conforma-
tion when irradiated. The light-response characteristic is commonly introduced in
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Figure 4.6: Redox-responsive polymers for drug delivery.
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Figure 4.7: Scheme of redox-responsive micelles for drug delivery inside cytosol due to
GSH-triggered disassembly. Glutathione (GSH) reduces the disulphide bonds after approaching
the cytosol.

Table 4.5: Examples of drug delivery uses of redox-sensitive polymers.

Polymer composition Drug
delivered

System Discussion Reference

Poly(ethylene glycol)-b-poly
(propylene sulphide)-b-poly
(ethyleneimine)

Plasmid
DNA

Micelle DDSs effectively transfected
melanoma cells, and
tumour development was
diminished

[]

Poly(ethylene glycol)-SS-poly
(lactic acid)

Paclitaxel
(PTX)

Nanoparticles PTX delivery from particles
was reactive towards GSH.
Uniform intracellular
distribution

[]

Hyperbranched poly
(-((-(acryloyloxy)ethyl)
disulphanyl)ethyl -cyano
--(((propylthio)
carbonothioyl)-thio)-
pentanoate-co-poly(ethylene
glycol) methacrylate)
(HPAEG)

DOX Nanoparticles When the HPAEG-AS
nanoparticles charged with
DOX enter tumour cells, the
disulphide bonds were
broken by GSH, liberating
the drug

[]

Poly(ethylene glycol)-block-
poly(-(methacryloyloxy)ethyl
-(,-dithiolan--yl)
pentanoate) diblock
copolymers (PEG-b-PLAHEMA)

DOX Micelle Decrease in IC of  R
cancer cells by DOX
charged CCMs

[]
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the polymer through a linker that can be broken when exposed to light irradiation
of a defined wavelength, such as the o-nitrobenzyl light-cleavable linkage [228].
Also, light has been used as a stimulus to disrupt the carrier with a chemical switch
such as azobenzene, nitrobenzyl, pyrene, coumarin and spirobenzopyran (Fig-
ure 4.8) [229–231]. In this sense, isomerization, dimerization and others of these
compounds after irradiation with light induces a change in their polarity or hydro-
philicity [232, 233]. A third type of light-sensitive DDSs are based on a polymer con-
taining a photosensitive chromophore. When a certain wavelength is applied, the
chromophore absorbs light, and then it is dissipated as heat by a radiationless tran-
sition, causing the local temperature to rise (as a function of the chromophore con-
centration and the intensity of the light), resulting in a variation of the swelling
performance of the thermosensitive system [196].

Some light-responsive DDSs are intended for a single use, with an irreversible struc-
tural transformation in the system, liberating the complete dose, and others can un-
dergo reversible conformational variations when cycles of light/dark are applied,
discharging the therapeutic chemical in a pulsatile manner [229].

Figure 4.9 illustrates in a schematic way the general mechanism of different
scenarios for photosensitive systems for drug delivery. Light exposure prompts

Figure 4.8: Examples of various types of reversible and irreversible light-responsive groups.
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solubility variations in the block modified with the photochromic moiety and the
DDS breaks apart.

Once again, the number of examples of different DDS (mostly micelles and nano-
particles) that can be found in the literature with the above-mentioned photo-
responsive motifs in their structure is very extensive. Most of the examples found are
intended for delivering doxorubicin (DOX) for cancer treatment. Some examples are
summarized in Table 4.6.

Figure 4.9: Representation of various forms of light-responsive block copolymer micelles. Light
causes solubility changes and micelles disassemble.

Table 4.6: Examples of drug delivery uses for photo-responsive polymers.

Polymer composition Drug
delivered

System Discussion Reference

Poly(,-dimethoxy--
nitrobenzyl
methacrylate)

DOX Nanoparticle Upon  nm light irradiation,
the nanoparticle absorbed the
UV from upconversion
nanoparticles causing break of
the o-nitrobenzyl residues,
changing the hydrophilic/
hydrophobic ratio,
disassembling the nanoparticle
and releasing the drug

[]
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4.2.3.5 Electric field-sensitive polymers
Electric field-responsive polymers modify their physical characteristics due to a
small variation in the electric current. Thus, electric stimuli can be generated with
devices for transdermal delivery, enabling a defined control through regulating the
current intensity, the length of the pulses and the time interval between the electric
pulses [238, 239]. These polymers are made using polyelectrolytes with large num-
ber of ionizable motifs in the polymer backbone, and thus they have a similar re-
leasing mechanism to those with a pH response [240].

They are processed in the shape of sheets, microparticles or, for subcutaneous
implantation, as in situ gelling injectable systems. An electric field is applied through
the electro-conducting system located on the skin above the polyelectrolyte structure.
The ions movement caused by the potential leads to local changes in pH, originating
a shrinking or a swelling in the cross-linked polyelectrolytes, leading to drug dis-
charge due to the degradation or bending or the system structure. The explanation of

Table 4.6 (continued)

Polymer composition Drug
delivered

System Discussion Reference

Spiropyran-
hyperbranched glycerol

Hydrophobic
drugs

Micelle Micelle assembly/disassembly
stimulated by UV irradiation to
control the drug discharge

[]

Azobenzene-β-galactose Hydrophobic
drugs

Micelle Low cytotoxicity. The
azobenzene motifs isomerized
fast to the polar cis isomers
with UV light. Used for
melanoma A cells

[]

ABA-type triblock
copolymer poly(ethylene
glycol)-b-poly
(ethanedithiol-alt-
nitrobenzyl)-b-poly
(ethylene glycol)

DOX Micelles The carrier is prepared to have
light-sensitive o‐nitrobenzyl
bonds so when light is applied,
a rapid burst release is
induced. Quicker drug
discharge in A cells after
UV irradiation and better
anticancer activity

[]

Spiropyran-containing
amphiphilic copolymer,
poly(RBM-MAPEG-SPMA)

DOX Nanoparticle The DDS varies its
hydrophilic–hydrophobic
balance turning into
hydrophilic when UV light is
applied and breaking away
from the hydrophobic surface
releasing the pre-loaded
anticancer drug

[]

70 4 Emerging applications of smart polymers in biomedicine

 EBSCOhost - printed on 2/14/2023 12:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



the shrinking in volume because of the disruption of hydrogen interactions between
the polymer chains is simultaneously attributed to two different facts. In the first
place, to the migration of hydrated H+ towards the cathode and water loss happening
at the anode. In the second place, the electrostatic interaction of negatively charged
functional moieties towards the anode results in the formation of stress along the
polymeric system backbone [191]. Thus, control of the releasing rate can be obtained
by applying pulses of electricity, alternating swelling and shrinking of the system,
which has particularly been tested for insulin delivery [241].

The use of intrinsically conducting polymers (ICP) like polypyrrole (PPy), poly-
aniline (PAni) and poly(3,4-ethylenedioxythiopehene) (PEDOT) (the structure of
these materials can be found in Figure 3.5 in Chapter 3) is an alternative to the use
of polyelectrolytes. These polymers show electrical conductivity due to the alternat-
ing single and double bonds that create an ordered and uninterrupted π-conjugated
backbone [242, 243]. Also, in order to control the redox state, ionic dopants are in-
cluded in the polymerization step, and they can work as ion carriers upon polymer
charge variations if the drug is bonded to the carrier. When a potential is applied to
these ICPs, reversible oxidation/reduction occurs, altering the polymer change and/
or inducing a conformational variation. Reduction or oxidation of the polymer can
directly discharge the drug load, increasing the elution as a response to the stimuli
(e.g.; in anionic ibuprofen) [244].

Alternatively, the dopant can carry the drug out of the polymer matrix when
stimulated, or the polymer can suffer conformational alterations increasing the dif-
fusion [245]. ICPs typically show poorer mechanical properties and no biodegrad-
ability, so they are commonly incorporated into natural hydrogels.

Electric stimulation is an easy and economical method to modulate drug deliv-
ery, providing reversible and reproducible responses. Examples of applications of
these systems for drug delivery are discussed in Table 4.7. The main drawback of
these DDSs is that their use is restricted to topical or subdermal implants, normally
as hydrogels, since it is necessary to place electrodes in the polymer matrix, and so
their applications are consequent with this fact.

4.2.3.6 Magnetic field-sensitive polymers
Magnetic drug carriers can act in three different ways: visualizing the drug carrier
in de body by magnetic resonance imaging, controlling the tissue distribution ap-
plying an outer magnetic field and triggering drug discharge as a consequence of a
local temperature rise by application of an alternating magnetic field [249, 250].

Magnetic field-responsive polymers are generally prepared using magnetic mi-
crobeads or Fe3O4 superparamagnetic iron oxide nanoparticles (SPIONs), which react
to an applied magnetic field. The drug discharge occurs according to the strength of
the magnetic field, stopping the drug liberation when the magnetic field is removed
[197]. SPION stimulation with an alternating current magnetic field prompts Neel
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relaxation, Brownian losses, or both, generating heat, which can be used to in-
duce conformational changes, break heat-labile covalent bonds, and so on, to in-
tensify drug distribution from the DDS. Temperature increase can be controlled by
the time of application and the frequency of oscillation of the magnetic field. A slight
rise in the temperature leads to a reversible drug release according to a reversible

Table 4.7: Examples of drug delivery uses for electric field-sensitive polymers.

Polymer composition Drug delivered System Discussion Reference

Agarose/alginate-aniline tetramer Dexamethasone Hydrogel Research in
neuroregenerative
medicine.
Improved hydrogel
biocompatibility
with neural cells

[]

Poly(,-ethylenedioxypyrrole) Ibuprofen Film Electric
stimulation causes
a rapid and
controlled
discharge of
ionically attached
ibuprofen but not
physically trapped
ibuprofen

[]

Polypyrrole DOX Nanowires Efficient system
for controlled drug
discharge as a
function of the
applied electric
field. Enhanced
therapeutic results

[]

Poly
(dimethylaminopropylacrylamide)
(PDMAPAA)

Insulin Hydrogel Administered
subcutaneously in
rats. Responding
to a stimulus, the
drug is released
and the glucose
levels decrease

[]

Sodium alginate and carbopol Diclofenac sodium
(DS), diclofenac
potassium (DP),
and diclofenac
diethylammonium
(DD)

Hydrogel As a consequence
of a pulsatile
electric current,
the drug release
varies

[]
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conformational change in the polymer, and a strong increase results in the polymer
carrier rupture, leading to the whole dose drug release [251].

Commonly, these iron oxide nanoparticles are just physically entrapped inside
a polymer matrix together with the drug. However, magnetically responsive polymers
per se can also be prepared by covalent conjugation of ferromagnetic particles, al-
though they are not a common platform for magnetically responsive drug delivery
and are not so well explored. Some examples of covalent conjugated magnetic par-
ticles other than SPIONS are paramagnetic chelates of gadolinium (Gd) [252]. They
are employed as magnetic resonance contrast media for imaging, and as a result of
their low molecular weight and the need of high doses, they can be toxic to the
human body. In this sense, magnetic chelates of Gd or ferrous and ferric nanopar-
ticles can be functionalized and covalently linked to dendritic polymers to be
used in cancer treatment, to target and carry the DDS and fluorophores to the tu-
mour tissue [253, 254]. Some examples of these systems for drug delivery found in the
literature are discussed in Table 4.8. This time, the common DDS are nanoparticles
and dendrimers and are intended for delivering diverse drugs.

Table 4.8: Examples of drug delivery applications for magnetic field-responsive polymers.

Polymer
composition

Drug delivered System Discussion Reference

Polyethylene
glycol with azo
drug linker

DOX Nanoparticle Iron oxide nanoparticles
produce heat under an
alternating magnetic field,
and DOX with thermo-labile
azo molecule is released

[]

Poly
(amidoamine)
(PAMAM)

Antisense survivin
oligodeoxynucleotide

Dendrimer The drug was efficiently
internalized in the cell,
inhibiting its growth as a
result of dose and time
variations

[]

Polyethylenimine
(PEI)

siRNA Nanoparticle PEI-SPIOs were able to silence
specific Genes in vitro without
being cytotoxic and damaging
siRNA stability

[]

Poly
(amidoamine)

Avidin Dendrimer Visible changes in ovarian
tumours were found after an
efficient delivery of chelated
Gd(III)-fluorophores by the
drug delivery system

[]
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4.2.3.7 Bioresponsive polymers
Bioresponsive polymers are classified into glucose-sensitive polymers, enzyme-
responsive polymers and antigen-responsive polymers. These DDS are gaining
relevance in various biomedical applications, as they react to the stimuli intrinsically
existing in the body. They have in common that the response comes from common
functional groups known to interact with biologically significant substances. Biomo-
lecules have higher specificity than those responding to chemical or physical stimuli.

a) Glucose-sensitive polymers
The biochemical signal in this case is the rise in the blood sugar level, and it is used
to control insulin release in diabetes therapy. They mimic endogenous insulin se-
cretion to transport blood sugar to the cells. Their main weaknesses are the possible
non-biocompatibility and their short response time. There are three main glucose-
sensitive polymeric systems: built on glucose-boronic acid complexation in polymeric
chains, based on the interaction of lectin (Concanavalin A (Con A)) with glucose,
and based on the enzyme glucose oxidase, which turns glucose to gluconic acid
[257]. Figure 4.10 shows the main mechanisms and structures used in these systems.
– Glucose-boronic acid complexation: Polymers having phenylboronic acid moie-

ties form a complex with the hydroxyl groups of sugars [258]. Diol concentration
or environmental pH controls the water solubility of boronic acid moieties. Poly-
mers with neutral phenyl boronic acids are hydrophobic, and anionic boronate
ester groups are hydrophilic. When glucose concentration increases in the
human body, the ratio of anionic boronate/native boronic form increases, turn-
ing the hydrophobic system into hydrophilic, thus releasing insulin [191].

– Lectin (protein)-based glucose sensitive polymers: Lectins are multivalent pro-
teins present at the cell’s surface with specific glucose and mannose binging
ability. A lectin commonly used in insulin-modulated drug delivery is Con A,
with four binding sites, and it is useful for immobilizing chemically modified
insulin (glycosylated insulin) [259]. In glucose-free medium, no release takes
place. When glucose is present, a competitive mechanism occurs. When free
glucose reaches a certain concentration, glycosylated insulin is easily displaced
from the binding to Con A and so discharged [196].

– Glucose-oxidase (GOx)-based glucose-sensitive polymers: The oxidation of glucose
is catalysed by GOx, forming H2O2 while inducing hypoxia, and yielding glucono-
1,5-lactone. This product suffers hydrolysis when water is present to yield gluconic
acid, modifying the local pH. Glucose-sensitive polymers based on GOx respond to
these by-products due to the presence of chemically or physically sensitive
functional groups which are embedded or linked to the polymer. Generally, these
systems are prepared from pH sensitive polymers. Polymers used for this type of
DDS can be prepared from chitosan, or are prepared from monomers such as dime-
thylaminoethyl, 2-hydroxyethyl or 3-trimethoxysilypropyl methacrylate. As blood
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Figure 4.10: Mechanism and chemical structures used in the three main glucose-sensitive
polymeric systems.
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glucose level grows and is converted into gluconic acid, the pH of the media
decreases, and thus the configuration of the polymer is modified, releasing the
entrapped insulin [39, 260]. This releasing system mimics the endogenous insulin
release.

One of the main advantages of these last two DDS is that they are controlled by a
closed-loop feedback system. However, their use is very limited since the proteins
are difficult to immobilize, leading to leakages from the polymer and causing a
host-immune reaction [198]. Examples of these three types of glucose sensitive poly-
mers used for insulin delivery are summarized in Table 4.9.

Table 4.9: Examples of drug delivery applications for glucose-responsive polymers.

Polymer composition Drug
delivered

System Discussion Reference

Chitosan microgel
incorporating GOx and
insulin

Insulin Microgel Glucose oxidase converts
glucose in gluconic acid.
Chitosan amino groups are then
protonated, the matrix is
swelled, and insulin is
discharged, to control of the
blood glucose level

[]

Copolymer of
polyethylene glycol and
phenylboronic ester-
conjugated polyserine
(mPEG-b-P(Ser-PBE))

Insulin Vesicles The polymer is HO-responsive,
it is integrated with a
transcutaneous microneedle-
array patch and contains GOx
and insulin. Insulin releases as
glucose levels rise, and the
kinetics are controlled adjusting
the concentration of GOx loaded
in the system

[]

N-(-(dimethylamino)
ethyl)-methacrylamide)
and concanavelin

Insulin Hydrogel Insulin discharge was reversible
according to the glucose
concentration. Used for self-
controlled insulin release

[]

Acrylic acid (carbomers
(Carbopol P and
P))

Insulin Gel Concanavalin was covalently
bonded to the carbomers to
avoid toxicity. Insulin is
delivered in response to the
glucose level

[]
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b) Enzyme-responsive polymers
Enzymes play an essential part in the human body controlling biological and meta-
bolic processes, and their capability to bio-recognize, and catalyse physicochemical
variations makes them valuable for the development of smart polymer DDS [267].
These systems are ideal when an overexpression of specific enzymes occurs, and
when there is a gradient of the concentration of enzymes as a result of a disease, or
the combination of both. Enzymes are useful to fix together polymer chains, form-
ing covalently bonded or self-assembled networks; or to break certain bonds caus-
ing the rupture of the system. Anyhow, enzymes act on DDS causing the discharge
of the drug or modifying its rate [268].

The design of these systems requires an enzyme sensitive component (a sub-
strate for the enzyme). This is achieved by introducing specific enzyme sensitive
moieties in the polymer backbone or in the side chains to generate structures that
can cleave a particular enzyme, and with the drug physically or chemically en-
trapped in the system [269]. Then, the DDS needs to be able expose the sensitive
groups to the enzyme, so the system has to be designed taking into account the ex-
tracellular or intracellular obstacles to achieve enzyme-responsive release.

Hydrolases (proteases, lipases, kinases, phosphatases, etc.) are the most studied
enzymes to trigger drug release. They break covalent bonds or modify some specific
chemical groups, varying van der Waals forces, steric or π–π, hydrophobic, or elec-
trostatic interactions or hydrogen bonds [270]. A direct release or activation goes
through the covalent modification of a polymer with drugs by an enzyme-cleavable
linker (Figure 4.11a) and involves a fast release of the therapeutic payload or the acti-
vation of the quenched functional agent. For example, proteases can produce drug

Table 4.9 (continued)

Polymer composition Drug
delivered

System Discussion Reference

Poly(styreneboroxole)
block copolymer with PEG

Insulin Micelles and
vesicles

The system shows binding to
monosaccharides at neutral pH.
A polymersome was prepared
encapsulating insulin, that can
be discharged when sugars are
present in the media under
physiologically relevant pH
conditions

[]

Poly(-methacylamido
phenylboronic acid)
(PMAPBA) and thiolated
chitosan

Insulin Nanoparticles Disulphide bonds decrease
insulin release from the system,
and when glucose levels are
increased, the insulin delivery
increases

[]
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discharge when it is associated to the polymer by a peptide, glycosidases can act if
the transporter is a polysaccharide, lipases when they hydrolyse phospholipid moie-
ties and so on [271, 272]. As an alternative, DDS can be designed to follow an indirect
release or activation via physicochemical change (Figure 4.11b). This way, the drug is
released by designing the system to act on the polymer main chain through enzyme
activity, inducing different physicochemical variations.

These systems have a number of applications in different diseases. Some examples
are discussed in Table 4.10. One of their advantages is their selectivity which re-
duces their toxicity in healthy tissues. Their main drawback is that they can release
the drug before reaching the target location, which can be avoided by the incorpo-
ration of other stimuli-responsive properties such as pH.

c) Antigen/antibody-responsive polymers
The treatment of cancer, hypersensitivity and infectious diseases relies on the proper
immune response, whose mechanism is guided by antigen/antibody interactions in
the body [277]. Antibodies can specifically recognize antigens, and this concept can
be exploited to prepare antigen/antibody-sensitive polymers with three different ap-
proaches. First, through the combination of the antigen or antibody in the polymer
system, through the grafting of antigen/antibody pairs in the polymer carrier as

Figure 4.11: Schematic representation of enzyme responsive drug delivery systems following a
direct (a) and indirect (b) release/activation. Reproduced with permission of Elsevier [272].
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cross-linkers or through the physical entrapment of an antibody or antigen in the
polymer. The immobilization of biomolecules is discussed in Chapter 3 of this book,
so it is not further detailed here. One of the main disadvantages of the first approach,
is that the modification goes through the amino group of the lysine moiety, which is
a non-specific reaction, and there are several lysine groups, leading to a great modifi-
cation of the antibody and a concomitant reduction of the sensitivity towards anti-
gens [278, 279]. Despite the high specificity of the antigen/antibody response, it is
rarely exploited to prepare DDS due to the high costs, and examples are difficult to
find in the literature. These DDSs are mainly used in the form of hydrogels, and some
applications are discussed in Table 4.11.

Table 4.10: Examples of drug delivery applications for enzyme-responsive polymers.

Polymer
composition

Drug
delivered

System Discussion Reference

Chondroitin
sulphate (CS) and
poly(ethylene
glycol) (PEG)

Bone
morphogenic
protein

Hydrogel Enables the application-specific
tailoring of growth factor delivery
and cellular responses. Thrombin
hydrolyses peptide amide bonds
of fibrinogen

[]

Poly(methacrylic
acid-co-N-vinyl--
pyrrolidone)

Insulin Hydrogel System designed for oral delivery.
The polymer shows enzyme-
catalysed breakup targeted by
trypsin in the small intestine by
hydrolysing peptide amide bond
at C terminal lysine and arginine

[]

Azobenzene linked
poly(ethylene
glycol)-b-
polystyrene

Sulfasalazine Nanoparticles Micellar disassemble caused by
the breakup of azo copolymers
after treatment with
azoreductases and CoE NADPH.
Azoreductases are present in
human intestine

[]

Drug-polymer
conjugate,
PEG-peptide-
PTX

Paclitaxel
(PTX)

Micelle Improved antitumour efficiency
and targeting by a self-assemble
of MMP-paclitxel micelle

[]

Poly(ethylene
glycol)-b-poly(L-
tyrosine) block
copolymer

DOX Nanoparticle Improved loading capacity and
release speed of DOX caused by
proteinase K

[]
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4.2.3.8 Multi stimuli-responsive polymers
Most of the existing DDS are based on smart polymers that respond to one single
input. However, multi-responsive systems can also be prepared, and they are intended
for addressing previous issues. They preserve the primary drug until the objective is
reached, enhance drug loading capacity and release and offer further modes of treat-
ment. Multi-responsive systems typically consist of AB or ABC block copolymers,
where each of the copolymers is responsive to one particular stimuli. Common combi-
nations include temperature/pH, NIR/pH/redox, enzyme/thermal or enzyme/pH sensi-
tive copolymers [282–284], and some examples are discussed in Table 4.12. The main
disadvantage of these systems is that they are difficult to synthesize and thus their ap-
plications are limited.

Table 4.11: Examples of drug delivery applications for antigen/antibody-responsive polymers.

Polymer composition Drug
delivered

System Discussion Reference

N-isopropylacrylamide
(NIPAAm) and N,N-
methylenebis
(acrylamide)

Antibody Hydrogel Linking of the antigens to the
antibody part bonded to the
polymer produced reversible
modifications in the swelling

[]

Polyacrylamide, goat
anti-rabbit IgG

Antibody Hydrogel When the system is treated with
IgG antigen, the cross-linker is lost
and swelling of the gel takes place

[]

Polyacrylamide and
vinyl copolymer of goat
anti-rabbit IgG

Haemoglobin
(model drug)

Hydrogel Competitive interaction of the free
antigen causes modifications in
the network volume. Hydrogel
shows shape-memory
characteristics, and variations in
antigen concentration prompts
pulsatile permeation of a protein
through the system

[]

Table 4.12: Examples of drug delivery applications for multi-responsive polymers.

Polymer
composition

Stimuli Drug
delivered

System Discussion Reference

Poly(ethylene
glycol)
methyl ether
methacrylate,
poly(N-vinyl-
-pyrrolidone)

NIR,
thermal

Bupivacaine
hydrochloride

Nanoparticles Release was higher at  °C
with and increased with
NIR irradiation

[]
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4.3 Tissue engineering

4.3.1 Introduction

Our human body consists of hard tissue such a bones and teeth, and soft tissues, such
as muscles, cartilages or skin, containing large amount of water (between 30% and
70%), in a very specific environment that we call “biological media”, defined mainly
for the pH and water content [288]. These materials in our body combine good mechan-
ical properties (toughness, damping or low sliding friction) with smart behaviour. In-
deed, our body presents smart characteristics (e.g. self-healing in the case of wounds or
self-wrinkling concerning muscles) [289]. One of the main challenges of researchers in-
volves the use of materials with similar properties to human tissues [290]. In this sense,
the search of these type of materials is large, covering from biomaterials extracted from
the body itself [291] to new rubber-based nanocomposite materials [292], with the objec-
tive of “developing biological substitutes that restore, maintain, or improve tissue func-
tion or a whole organ”, according to the classic work of Langer and Vacanti [293].

Table 4.12 (continued)

Polymer
composition

Stimuli Drug
delivered

System Discussion Reference

Poly(ethylene
glycol), poly
(dopamine)

NIR, pH,
redox

Anticancer
drugs (DOX
and SN)

Nanoparticles Improved stability and
drug retaining in
biological conditions.
Multiple stimuli (NIR,
light, pH and reactive
oxygen)

[]

Poly(ethylene
glycol)

Enzyme,
pH

Hydrophobic
drugs (i.e.
DOX)

Dendritic
polymer

Drug release is increased
at pH . when cathepsin
B and glutathione are
present

[]

Poly(N-vinyl
--pyrrolidone)

Enzyme,
NIR

DOX Nanoparticle Released when
hyaluronidase is present,
and enhanced with NIR

[]

Poly
(amidoamine)
dendrimers and
PEG segments

pH,
redox

DOX Polymer
conjugates

Solves the contradiction
between long circulation
time and efficient
intracellular drug delivery.
Improves antitumour
efficiency and present a
good safety

[]
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Tissue engineering involves four components, as depicted in Figure 4.12. Firstly,
progenitor or steam cells; then, a scaffold material that can be natural or synthetic
that serves as architecture for adhesion, transplantation and cell function; a bioreac-
tor to provide an active media for cell proliferation; and finally, signalling molecules
to bind receptors.

Simple polymers can provide the mechanical and physical support needed for the de-
velopment of tissue. However, they lack biomimetic properties and interactions with
human tissue, which is still limiting for functional tissue formation. For this reason,
efforts are being made to develop advanced smart materials able to respond to stimuli
and thus interacting with human stem cells together with providing structural integrity.
In this sense, smart functional polymers, both synthetic and natural, are able to control
physical, chemical and biological properties. In addition, the versatility of these materi-
als (they can be synthesized from different monomers, including bioactive molecules)
results in materials with different compositions, molecular weight, shapes and proper-
ties, and thus they can serve for tissue engineering [293]. Accordingly, smart cross-
linked hydrophilic polymers forming a 3D network, smart hydrogels, have emerged as
the ideal “biological substitutes” to replace human tissues. The polymer provides me-
chanical and porous network structural support, with surface chemistry for cell at-
tachment and growth, cell–cell communication (through the porous structure) and
cell proliferation and differentiation for tissue development. In this sense, the smart
function of the polymers is directed to maintain and control cellular behaviour for
functional tissue regeneration. As mentioned previously in this book in Section 4.2,
smart-responsive polymers vary their properties as a response to one or more stimuli,
including pH, temperature, redox potential, light electric or magnetic field, biomole-
cules and so on, which influences cell behaviour and functionality, and this way,
smart polymers for tissue engineering can respond to body variations as a functional
tissue would do.

Following these ideas, functional tissue can be developed both in vitro and
in vivo in a surgical procedure, and they are crucial for injury repair.

There are different approaches to tissue engineering, as described in Figure 4.13.
Normally, tissue-specific cells are isolated from the patient and harvested in vitro.
In this approach, these cells are expanded and seeded into hydrogels scaffolds that

Figure 4.12: Components of tissue engineering.

82 4 Emerging applications of smart polymers in biomedicine

 EBSCOhost - printed on 2/14/2023 12:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



mimic the extracellular matrices (ECMs) of the damaged tissues. The functions of
the hydrogels include the delivery of the seeded cells to the target site of the pa-
tient’s body and to promote cell–biomaterial interactions and adhesion and en-
hance the transport of gases and nutrients to ensure cell survival, among other
functions. In a second step, hydrogels scaffolds are transplanted into the patient by
two main techniques: Through surgery, with all the negative implications associ-
ated to the patient, and a second one, which has been employed successfully in the

Figure 4.13: Tissue engineering approaches. Tissue-specific cells are isolated from a small biopsy
from the patient (1), expanded in vitro (2), seeded into a well-designed scaffold (3) and transplanted
into the patient either through injection (4, right), or via implantation at the desired site using
surgery (4, left). Reproduced with permission of Bloomsbury Qatar Foundation Journals [296].
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last years, using injectable hydrogels [294]. The importance of injectable hydrogels
has grown exponentially in the last years, because they present minimal invasive
administration and they can be mixed homogeneously with cells and therapeutic
agents [295, 296]. Some of the latest advances associated to the use of smart in-
jectable hydrogels in tissue regeneration are described in this chapter.

Focusing our attention on these materials and their importance in tissue engi-
neering, the first part of the section will define what smart hydrogels are and their
essential characteristics and the materials used to prepare them, then, the applica-
tion of stimuli-responsive hydrogels and the most recent applications of these mate-
rials in tissue engineering will be covered.

Hydrogels are one type of polymeric materials, consisting of 3D networks of
cross-linked and hydrophilic polymers, which have the ability to hold very large
amounts of water, showing an outstanding swelling behaviour [297, 298]. There are
different characteristics that define the behaviour of a hydrogel: swelling ratio, de-
fined as the percentage of water uptake, the gelation time, the porous structure, in
terms of pore size and morphology (closed or open) and also the weight ratio of
polymer, which can be extremely low (from 0.1% to 10%) [299]. The ability to con-
trol the surface morphology, shape, size and porosity of the hydrogel has enabled
the overcome of a number of challenges in tissue engineering, such as vasculariza-
tion. In general, polymeric hydrogels for biomedical applications are usually re-
ferred to as “scaffolds” [296]. The presence of an open porous structure is essential
[300] because it enables the transfer of nutrients and cellular waste. Finally, hydro-
gels can be obtained from biocompatible and biodegradable polymers [301], which
allow the control of the migration and growth of cells during regeneration [302].

These materials can be produced by different polymerization techniques, aimed
to obtain a cross-linked hydrophilic network to produce an elastic structure. The
preferred procedure is the conventional free radical polymerization when polymer-
izable functional groups are present. Some other techniques include the cross-
linking of a polymeric precursor by irradiation, chemical cross-linking or even
physical cross-linking through polyelectrolyte complexation, hydrogen bonding or
hydrophobic association. In terms of polymerization techniques, any classical pro-
cedure can be employed to form hydrogels, such as bulk, solution and suspension
polymerization [303].

Hydrogels can be classified into natural or synthetic according to their origin;
as durable or biodegradable; and they can also be classified according to the re-
sponse to stimulus (smart- or stimuli-responsive hydrogels). Smart hydrogels can
go under reversible changes in swelling behaviour, network structure or mechani-
cal properties in response to various external factors, including temperature, pH,
light or electric and magnetic fields [304–306]. The volume phase transitions can
be easily triggered, then obtaining smart hydrogels in which their cross-linking and
swelling behaviour can be tuned, making them attractive to fulfil the requirements
of tissue regeneration [307].
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4.3.2 Materials for smart hydrogels

As described in this chapter’s introduction, hydrogels provide a series of different
functions in tissue engineering to mimic ECMs. These functions include their use as
structural integrity and bulk for cellular organization, act as tissue barriers and pro-
vide adhesion, serve as drug carriers, encapsulate cells and provide bioactive moie-
ties for natural healing:
– Hydrogels can serve as carriers for cell transplantation as they provide unique

immunoisolation and at the same time they allow the diffusion of nutrients, ox-
ygen and metabolic species.

– Hydrogels serve as scaffolds. Their physical and mechanical characteristics can
be tuned to mimic natural tissues, where cells can be suspended or adhered.

– Hydrogels are barriers against restenosis, showing improved healing response
after surgery procedures. Hydrogels act as thin films barriers to avoid contact of
vascular walls with platelets, plasma and coagulation factors.

– They can be used as localized drug depots due to their hydrophilicity, biocompat-
ibility and stimuli-responsive ability. This ability can be used simultaneously with
the barrier function and the inhibition of post-operative adhesion formation.

There are no ideal hydrogels that can be employed in all tissue engineering applica-
tions. It is necessary to select the properties as a function of the cell type, tissue or
pathology. In this sense, it is a very different application in which the hydrogel is
used as a permanent scaffold for the growth or replacement of a bone from a tempo-
rary hydrogel that supplies a reservoir of cells in nerve regeneration. Then, the first
step in tissue regeneration engineering, before selecting the ideal polymeric hydro-
gel, is to take into account several key considerations [299]:
– Will the hydrogel be used in vivo or employed to grow tissue in vitro?
It is important to consider that polymer scaffolds can be tolerated in the laboratory by
isolated cells using controlled conditions, but when they are implemented into the
body, environmental conditions change (and also, they are exposed to many cell types
which could affect drastically their performance [308]). Also, a hydrogel implanted
in vivo into a patient is mechanically stressed from a very different manner than a hy-
drogel used in vitro, which defines the type of polymer that must be used [309].
– Must the hydrogel behave as a space-filling material or to fill a defined 3D

architecture?
This design point is related to injectable hydrogels that are essentially used in in vivo
applications, and more specifically, to their gelation behaviour. For example, in free
filling space applications, it is usual to use preformed smart hydrogel in which differ-
ent stimuli (pH or temperature) triggers a fast and in situ gelation upon injection
[310]. In 3D patterns, the gelation must be even faster, and new applications in the
design of 3D printing and stereolithography using cell-containing “bio-inks” are
being explored [311].
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– Which is the useful lifetime of a hydrogel?
This parameter is referred to the type of application in which the hydrogel is used.
Some hydrogels are applied as permanent implants, where others (more commonly)
are gradually removed from the site after their healing action. Another interesting pos-
sibility is the recent use of hydrogels with degradable cross-links, allowing the develop-
ment of bio-resorbable polymers. The hydrogel is de-cross-linked, obtaining small
monomers that can be easily eliminated from the human body [312]. A well-known ex-
ample of biodegradable polymer is the hyaluronic acid (HA), which is rapidly digested
by endogenous enzymes, but leading to very low tissue retention times [313].
– Should we employ an inert hydrogel or an active hydrogel in which proteins can

adhere?
In most of tissue engineering applications, the hydrogel provides an adhesive scaffold
for cell binding. Then, it is necessary to mimic the recognition motifs present in the
ECM to bind proteins and carbohydrates. Binding synthetic peptide sequences usually
achieve this to enhance cell binding, for example in PEG-based hydrogels [314, 315].
However, although it is important to remark that synthetic hydrogels present a bioinert
nature, this behaviour can also be used advantageously to control and limit cell attach-
ment and growth, because natural polymers can induce undesired signalling.

4.3.2.1 Natural polymers
The importance of hydrogels based on natural polymers lies in their macromolecular
similarity to the physical and chemical conditions of the ECM. One of the main ad-
vantages of using natural polymers is that the degradation products are non-toxic
and can integrate easily into the human body. On the other hand, these polymers
present rapid degradation and poor mechanical properties [316, 317].

Natural polymers employed as hydrogels are essentially divided in two groups:
polysaccharides and proteins. Polysaccharides present a resemblance to the biologi-
cal ECM through the presence of glycosaminoglycans, which are long linear polysac-
charides consisting of repeating disaccharide units [318]. Therefore, we can remark
different polysaccharide-based scaffolds based on natural polymers such as:
– Chitosan, a natural polysaccharide used extensively due to its low toxicity, biode-

gradability and biocompatibility. In terms of their performance, chitosan can be eas-
ily degraded by lysozyme, a protein naturally present in the human cartilage [319].

– HA, or sodium hyaluronate, is a linear non-sulphonated polysaccharide, which is
also present in the ECM. HA can affect cell proliferation, inflammation and wound
reparation. This natural polymer can also support cartilage formation through chon-
drogenic differentiation of mesenchymal stem cells [320]. HA has attracted great at-
tention in the recent years in cosmetic applications as rejuvenating skin agent [321],
but it also has several disadvantages related to the limitation as free radicals, being
necessary to introduce different functional groups such as –OH, –COOH or N-acetyl
groups to increase their durability and mechanical properties. Another key factor is
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the molecular weight of HA, which defines the hydrogel´s application, from block-
ing endothelial cell migration to anti-inflammatory properties [322].

– Alginate is a natural polysaccharide combining mannuronic acid and guluranic
acid blocks. This chemical structure allows using alginate in hydrogels com-
bined with Ca(II) and Ba(II), which are inert immunologically and can be ap-
plied in the regeneration of mammalian cells [323]. However, one of the main
drawbacks of alginate is related to the degradation process, which depends es-
sentially on the diffusion of cations, and cannot be controlled properly [324].

The second group of natural hydrogels is based in fibrous proteins, which have at-
tracted many attentions in the last years because they greatly resemble the ECM, in
terms of structure and mechanical properties, then allowing cell migration and growth
easily. In addition, this natural hydrogel type is highly hydrophilic and can be easily
cross-linked chemically or physically [325]. Among other protein-based hydrogels (such
as elastin or keratin), the most important biopolymers are collagen, gelatin and silk:
– Collagen is the major and most important fibrous protein in connective tissue,

and presents many advantages such as biodegradability, biocompatibility, easy
availability and great versatility, although again, its poor mechanical properties
can limit their application fields [326]. There are, essentially, five different colla-
gen types depending on the tissue in which they are present. Type I (skin, ten-
don, vasculature or organs), type II (cartilage), type III (reticular fibres), type IV
(epithelium-secreted layer of the basement membrane) and type V (cell surfaces,
hair and placenta) [326].

– Gelatin is the denatured form of collagen, obtained from broken triple-helix of
collagen. These hydrogels are thermo-responsive, with an UCST between 25 °C
and 35 °C, but they need to be chemically modified to enhance their poor ther-
mal and mechanical stability and to obtain materials with long durability [327].

– Silk fibres are derived from natural silkworms, and they are formed by core fila-
ments of silk fibroin protein and a rubbery coating protein named sericin [328].
In this case, these polymers also present good biocompatibility and processabil-
ity, combined with excellent mechanical properties, making them a very promis-
ing material for building scaffold structures. Also, it can be easily degraded by
ubiquitous proteases with different ratios depending on the formulation of the
silk protein [329].

As said before, other protein-based hydrogels can be obtained starting from fibrin
(a natural component of blood clots, which make them very useful in endothelialized
tissue engineering [330], and keratin, the main fibrous protein in hair or wool, with
great stability and special physicochemical properties due to the intermolecular
bonding of disulphide cysteine and amino acids [331]. Figure 4.14 lists some of the
chemical structures of different natural polymers employed as hydrogels.
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4.3.2.2 Synthetic polymers
One of the main drawbacks of natural polymers is their rapid degradation and low
mechanical strength, limiting their applicability in tissue engineering. This issue

has motivated the research around synthetic hydrogels, which can be tuned physi-
cochemically to overcome these difficulties. On the other side, the biological activ-
ity of synthetic polymers is much lower because they tend to increase their local pH
by acidic degradation products and present poor degradation. However, these ma-
terials present the possibility of controlling their macrostructure, porosity and me-
chanical properties to widen the applicability range of natural hydrogels [332, 333].
Some of the most important synthetic polymers employed as smart hydrogels in tis-
sue engineering are shown in Figure 4.15, and depicted below:
– PNIPAAm is a thermo-responsive polymer with a LCST temperature around 33 °C,

close to the temperature of the human body. This hydrogel can trigger its swelling
behaviour together with its mechanical stiffness by varying the ambient tempera-
ture above or below this LCST. The formation of a hydrogel is based on the

Figure 4.14: Examples of natural polymers employed as hydrogels in tissue engineering.
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copolymerization of PNIPAAm with hydrophilic and hydrophobic monomers to
obtain the desired properties in biomedical applications [334, 335].

– Poloxamers are triblock copolymers of a hydrophobic core of propylene oxide and
two hydrophilic units of ethylene oxide. The importance of these copolymers is that
they are commercial (trademarks Pluronic®, Synperonic® or Tetronic®) [336].

– Poly(vinyl alcohol), or PVA, is a synthetic hydrophilic polymer that can be easily
cross-linked [337]. PVA is usually mixed with collagen to enhance cross-linking
efficiency, obtaining smart hydrogels with good biocompatibility, good degrada-
tion behaviour and low toxicity [338].

– PEG is a hydrophilic polymer with a backbone likely to form hydrogen bonds
with water [339]. Also, PEG is biocompatible with proteins and enzymes, and it
can be used in many biomedical applications through the coupling of PEG mac-
romeres with peptides and similar ECM molecules [340].

– Polycaprolactone or PCL is a polyester-based polymer with many advantages in
tissue engineering applications [341]. First, it is easily synthesizable and pro-
cessable, it shows excellent compatibility and it can be mixed and copolymer-
ized with natural polymers (collagen or HA) to obtain hybrid materials with
good mechanical properties for biomedical applications [342].

– Polylactic acid or PLA is a biocompatible synthetic polymer that has been used
(employing porous structures) in the regeneration of different tissues [343]. PLA
is also easily biodegradable, and it can easily incorporate cell cultures for
in vivo applications. PLA-based hydrogels may also be tailored as stimulus-
responsive (pH, photo or redox) materials by copolymerization with PEG or
other synthetic polymers [344].

4.3.3 Stimuli-responsive hydrogels in tissue regeneration

Stimuli-responsive polymers were previously described in this book regarding their
use for drug delivery applications, and thus, only specific applications of these ma-
terials, especially hydrogels, on tissue engineering are described in this chapter, in-
cluding mechanical responsive materials [345].

Temperature-responsive polymers were described extensively in Section 4.2 in
this book. Temperature-dependent change is related to the hydrophilic/hydrophobic
balance in the network [345]. When temperature is increased/diminished above/below
the CST of the polymer, disruption of hydrogen bonding with water allows intra- and
intermolecular bonding and hydrophobic interactions to dominate, then aggregates
the polymer chains and lowers the swelling ability of the hydrogel [11]. The importance
of these smart hydrogels in tissue engineering lies in their ability to reach the gelation
point easily without needing any other chemical or physical phenomena, only induced
by changing the environment temperature. Then, hydrogels with a LCST lower than
human body temperature can be used as injectable systems [346].

4.3 Tissue engineering 89

 EBSCOhost - printed on 2/14/2023 12:29 PM via . All use subject to https://www.ebsco.com/terms-of-use



Some examples of smart hydrogels for tissue engineering are based on N-
isopropylacrylamide (NIPAAm), which present a LCST around 32 °C, and it is fre-
quently used in the fabrication of thermo-responsive surfaces, in which surface
roughness is easily regulated to tune the attachment (above the LCST) or release
(below the LCST) of diverse cells in cell culture applications [347]. Also, NIPAAm
can be combined to methylcellulose to obtain thermo-reversible hydrogels em-
ployed in cartilage regeneration [348].

Another common type of stimuli-responsive polymers used in tissue engineering
are pH-responsive hydrogels, that present acidic or basic groups which exchange pro-
tons depending on the pH, through a mechanism of disassociation and association
with hydrogen ions when pH is varied [349]. This type of hydrogel is employed mainly
in drug delivery applications, as described previously in this book (Section 4.2), in
which the pH profile of different pathologies, such as infections or cancers, is very dif-
ferent from the pH of healthy tissue [350]. PAAc is the classical example of weak poly-
acid that can be protonated and deprotonated by varying the pH, and it is used in the
preparation of block copolymers to obtain pH-responsive hydrogels [351]. These hydro-
gels can also be employed in tissue regeneration, examples can be found in the litera-
ture in which chondroitin sulphate PEG adhesive pH-responsive hydrogels were
synthetized to regenerate cartilage tissues [352], and also in which pH-responsive in-
jectable hydrogels based on chitosan and hydroxyapatite were synthetized, proving
their ability to promote angiogenesis, a key process in bone regeneration [353].

Also, the use of light to tune hydrogel properties has also become very interest-
ing in the last years. It is necessary to incorporate photosensitive functional groups
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Figure 4.15: Some synthetic polymers used as hydrogels in tissue engineering.
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to the hydrogel, such as photochromic chromophores (examples can be found in
Section 4.2 of this book, to obtain phototriggered hydrogels [354]). The use of light
stimulation presents several advantages with respect to other external stimuli in tis-
sue engineering: the capability of contact-free remote manipulation of biomaterial
properties, the possibility of fine adjusting of wavelength and intensity and, more
importantly, water is almost transparent for light in the photochemically relevant
range (NIR-UV), improving the efficiency and functionality of hydrogels as scaffolds
in biological media [355]. These hydrogels can also be used for tissue reparation,
especially cartilage regeneration, following a simple procedure. The regeneration
cells are encapsulated in the non-polymerized hydrogel, which is subcutaneously
injected into the damaged tissue, and then transdermal photopolymerization is car-
ried out to obtain a cross-linked material that acts on the targeted cartilage by re-
leasing the healing cells. Networks based on PEG and PVA with encapsulated
chondrocytes can be prepared to repair neocartilages [356], and also biodegradable
materials, such as gelatin or HA, can be used to form photocurable hydrogels based
on methacrylamide copolymers to repair cartilage tissue [357].

Electrosensitive hydrogels are usually composed of electrolytes, and their behav-
iour is similar to pH-responsive hydrogels (see also Section 4.2 for further descrip-
tion of these type of polymers). In this case, the properties variations (swelling,
shrinking or mechanical) are tuned by the presence of an electric field, and more spe-
cifically, they depend on the orientation of the hydrogel with respect to the electric
field, and also on the intensity and duration of the stimulus [358]. This type of hydro-
gels has been employed in different research works related to tissue regeneration.
For example, poly(acrylic acid)/fibrin electroactive hydrogels have been success-
fully tested to promote collagen production through three-dimensional culturing,
conditioning smooth muscle cells [359] and, recently, neural tissue engineering
using electroactive hydrogels based on chitosan–aniline oligomers/agarose has
been developed with very promising results [360].

Mechanically responsive hydrogels react when external mechanical stresses are
applied. In this sense, mechanical forces can stimulate or trigger smart hydrogels to
control growth factors in biomedical applications [361]. One important key point to
consider is that since musculoskeletal tissues are constantly under mechanical
stressing, it is essential to evaluate the influence of these stimuli in the cellular be-
haviours and biological parts [362]. Then, mechanical forces can play a key role in
regulating cartilage development, specifically in the chondrogenic process [363].
Some research works have been developed using mechanical-responsive hydrogels
in tissue regeneration, although this type of materials are not being extensively
used. Hydrogels based on 2-acryloylamido-2-methylpropane sulphonic acid can be
used for stem cell culture, showing that the matrices support survival, proliferation
and differentiation of stem cells [364]. Also, hydrogels based on nanofibrils of PVA
have been tested as artificial muscle-like fatigue-resistant materials [365] to work as
possible substitutes of damaged natural tissues.
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Hydrogels with the molecular recognition capabilities have found great applica-
bility in different biomedical areas, such as insulin delivery [366], blood coagula-
tion [367] and protein immobilization [306]. In terms of tissue engineering, there
are some examples of bioresponsive hydrogels with interesting regeneration proper-
ties, mostly enzyme-responsive hydrogels. A representative example is the develop-
ment of an enzyme-sensitive hydrogel based on PEG cross-linked with a peptide
derived from aggrecanase, which showed the ability of cartilage repair [368]. Con-
cerning the other applications, they are described in more detail in Sections 4.2
(drug delivery) and 3.6 (protein immobilization).

Table 4.13 resumes the characteristics of responsive hydrogels employed in tissue
engineering. Although we have treated each stimulus separately, we must remark
that different efforts have been developed to obtain multi-responsive smart hydro-
gels. Material properties can be triggered by different external stimuli, obtaining ver-
satile materials that can be used in different conditions and environments [369].

4.3.4 Recent developments and applications

We can classify tissue engineering applications into two main categories in vitro
and in vivo tissue engineering. The first category corresponding to in vitro tissue en-
gineering is carried out outside the patient’s body, to develop a functional tissue
construct prior to implementation [370]. Following this approach, cardiac tissues
can be developed in culture dishes using engineering scaffolds to apply electrical
stimulation in a second step [371]. Another example of successful in vitro tissue en-
gineering is developing an artificial bladder, starting from biopsies from patients

Table 4.13: Examples of stimuli-responsive hydrogels used in tissue engineering and governing
mechanisms of behaviour (adapted from [302]).

Stimuli Mechanism Materials

Temperature Changes in swelling behaviour NIPAAm, pluronic, PEG copolymers

pH Association/dissociation of pendant acidic/
basic groups with hydrogen ions

PAAc, chitosan, poly(N-
vinylcaprolactam)

Light Incorporation of photosensitive functional
groups into the hydrogel network

Azenobenzenes, poly(cinnamic acid),
triphenylmethane

Electric field Generation of electrical polarization in
polyelectrolytes

Chitosan/PAN, hyaluronic acid/PVA,
alginate/PMMA

Mechanical
stress

Induced conformational changes Peptides, acrylate-based block
copolymers

Biomolecules Dissolution/precipitation dynamics Glucose-sensitive, DNA-responsive,
enzyme-sensitive hydrogels
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(autologous tissue engineering) that were grown in culture and seeded into a
collagen–poly(ethylene) glycol hydrogel. These structures were later implanted into
patients to restore their bladder function [372]. A more complex reversible-responsive
fluorochromic hydrogel, suitable for stem cell development, is based on a lantha-
nide-mannose complex [373]. In this case, in real-time, fluorescence labels were used
to develop gelatin-based 3D cell culture. Another in vitro research line uses stem cells
to derive specific cell types, which must be clearly differentiated before implementa-
tion. Using this method, a human embryonic stem cell-derived pancreatic endoderm
can be generated [374]. Stem-cell culture can also be used to develop hematopoietic
cells using PVA-based hydrogels in culture fluids, carrying out in vivo tests using live
mice [375].

The second category, called in situ or in vivo tissue engineering, is based on the
recruitment of endogenous stem cells to the site of injury, using the native regener-
ative potential of the body itself. In this approach, it is necessary to enhance the
healing process through different biocompatible hydrogels, which play a key role in
these procedures. This approach requires considering the extracellular factors, due
to the direct interaction of the ECM with the hydrogel, which can lead to the im-
mune response of the body or even its rejection [376]. Then, the use of the European
Medicines Agency (EMA), the Food and Drug Administration (FDA) or other govern-
mental agencies approved materials is compulsory for clinical use. In this sense,
natural polymers do not present any issue (such as protein-based materials as silk
or elastin), and concerning synthetic polymers, PLA, PLGA or PLC can be used
in vivo applications. Different in vivo applications can be found in the literature,
from the engineering of human skeletal muscles [377] and the reparation of the
physics, a cartilaginous tissue in children’s long bones that is responsible for bone
elongation, using alginate – chitosan-based hydrogels [378].

Among all the types of hydrogels used in tissue regeneration processes, in-
jectable hydrogels have emerged as the ideal candidates to lead this research line,
due to several advantages such as possibility to repair a specific damaged area,
they can be used in minimally surgical invasive procedures, or they can be modified
with nanocharges to improve their performance [379]. First, the building blocks of
the hydrogel preparation are collected, including, if necessary, biological cells from
the human body. Then, the hydrogel is formed in situ through cross-linking (physi-
cal or chemical) to capture the biological compounds which will act as repairing
agents (biological compounds, drugs, growth factors, etc.). Finally, the hydrogel is
injected at the site of interest. The importance of polymeric injectable hydrogels has
grown exponentially in the last years [380], and for this reason, we will focus our
description of the latest applications in this type of materials.

Two main factors define the targeting region of smart polymeric injectable hydro-
gels in tissue engineering. First, the mechanical behaviour, related to tissues involving
bones and muscles, and second, the electrical properties, which are essential in cardiac
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or nerve tissues [381]. Then, it is usual to separate the applications of these hydrogels
in musculoskeletal, cardiac and neural tissue engineering.

Musculoskeletal tissue engineering is related to bone and muscle (cartilage)
reparation. Focusing our attention on bone regeneration, we must remark that
bones are the second most transplanted tissue in the world [382], and for this rea-
son, the use of hydrogels in bone reparation has gained a lot of importance through
the use of stem cells and scaffolds, able to create an environment in which the for-
mation of new bone tissue is possible [383]. The most important mechanism of hy-
drogels in tissue regeneration is based on electrostatic forces, where different ions
can interact with oppositely charged ligands of the polymeric chains. This mecha-
nism is especially interesting when the smart hydrogel responds to the presence of
Ca(II), naturally present in the bone [384]. Recent studies have shown the possibil-
ity of using smart hydrogels of HA modified with biophosphonate, which can bind
reversibly to Ca(II) ions, obtaining an injectable hydrogel with excellent healing
properties, but low mechanical properties and poor stability at physiological pH
[385]. Another recent and innovative feature applied to bone regeneration is a smart
hydrogel based on protein DNA, which can cross-link through DNA hybridization.
In this case, gelation occurs through the addition of a complimentary multi-arm
DNA cross-linker. This mechanism allows the design of customized hydrogels that
could remedy the bone resorption caused by osteoporosis disease [386].

Muscle (or cartilage) reparation has also become an essential research field in
tissue engineering due to the increasing number of injuries occuring in the general
population caused by trauma or sport-related problems. The main problems associ-
ated to cartilage reparation are the absence of vascularization and the low activity
of the ECM [387]. Moreover, the mechanical properties of the hydrogel are especially
crucial in this application. For these reasons, using nanomaterials as reinforce-
ments of smart hydrogels has become an interesting alternative to classical hydrogels,
showing an attractive approach to tailoring the hydrogels’ mechanical properties
[388]. Additionally, using electrically conductive charges, such as carbon nanotubes,
enhance the electrical conductivity of hydrogels (needed in muscle regeneration appli-
cations), also increasing their responsive behaviour. To overcome this issue, there is a
new investigation line concerning the use of hydrogels based on conductive polymers,
combining the redox switching capabilities of conductive polymers with the fast ion
mobility of hydrogels [243]. Then, different efforts have been carried out to obtain
smart hydrogels based on PPy, PAni and PEDOT. However, the main disadvantage of
these polymers is their biocompatibility, which limits their applicability only to spe-
cific tissue types, such as bone (in the case of PPy) [389], neural tissue (for PAni-based
hydrogels) [390] or epithelial cells (in PEDOT hydrogels) [391].

Skin is the largest organ of the human body, and it is our first defence line
against all type of pathogens and external aggressions. However, it has also a very
delicate nature which is easily damaged. In addition, skin transplantation is a very
complicated procedure that is usually avoided. Then, tissue reparation using
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regenerative wound dressings have gained importance in the last years [392]. The
most important factor to consider in skin-related applications is designing suitable
hydrogels because of the different growth factors involving their two main layers
(epidermis and dermis). A schematic representation of the skin layers is presented
in Figure 4.16, in which three different growth factors are presented. Epidermal
growth factor and keratinocyte growth factor control the epidermis regeneration
process, and finally platelet-derived growth factor activates the immune cells and
induces fibroblast differentiation in dermis layer [393].

In this field, hydrogels play a key role as healing wound dressings, because they
can maintain the environmental moisture around the wound site, can easily absorb
the wound exudates and also guarantee a good oxygen permeability to enhance
wound tissue regeneration. Most of these hydrogels are based on membranes or
films from smart polymers directly placed in the wound to regenerate the damaged
tissue (for example, hydrogel membranes based on PVA have been analysed in
wound repair or even skin substitutes [394]. Another research work presented, for
example, the development of an adhesive and conducting wound dressing based
on chitosan-g-polyaniline functionalized with PEG. Cross-linking could be easily
triggered thermally at 37 °C, also obtaining an injectable hydrogel. This material
has been tested comparatively against commercial products (Tegaderm®) in wound
dressing of mice, showing a drastic improvement of the healing properties. The au-
thors believe that the unique combination of electrical conductivity of the PAni and
free radical scavenging of the chitosan allowed to obtain a durable material (up to
15 days) with excellent wound healing ability [395]. The encapsulation ability of the
hydrogels can also be employed to release natural anti-inflammatory substances,
such as curcumin, which can be released in situ using thermo-responsive hydrogels
based on PEG, acting directly in the wound site [396]. The incorporation of drug nano-
particles into the hydrogel structure has also been analysed, incorporating polydop-
amine nanoparticles into a PNIPAAm, obtaining a hydrogel responsive to IR radiation,
good mechanical properties and great healing ability, tested in an in vivo skin-defect
model in mice, completely repaired after 15 days [397].

Figure 4.16: Schematic representation of the skin layers (epidermis in red and dermis in blue),
and the different skin growth factors involved. Reproduced with permission of Springer [393].
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One of the most important death causes is myocardial infarction, and for this
reason, the treatment of cardiac related injuries is a worldwide health problem.
Among many other solutions, injectable hydrogels have attracted a lot of interest to
restore the damaged myocardium membrane because they are practically non-
invasive techniques and provide a high regeneration capacity [398]. However, it is
important to remark that heart issues are located in a human body region in which
pulsatile movements cause stress that could damage the hydrogel itself or the deliv-
ered therapeutic materials. Some of the most recent research works include, for ex-
ample, the fabrication of injectable pH-responsive hydrogels based on PEG with
ureido-pyrimidinone moieties. The hydrogel is basically fluid at basic pH, facilitat-
ing the injection process, but it is reversibly cross-linked at neutral pH (reaching
the heart). The hydrogel was able to reduce the size of a myocardial wound in a pig
heart, then reducing drastically the risk of an infarction [399]. Other research work
investigates the obtention of a conductive hydrogel based on dibenzaldehyde-
terminated PEG copolymer with aniline tetramer incorporated. This material was
able to encapsulate C2C12 myoblasts and cardiac myocytes, delivering these cells
rapidly into the myocardial membrane, and showing a very fast degradation profile,
being completely reabsorbed over 45 days without any inflammatory or self-immune
reaction [400].

The last type of target tissue that we will briefly describe is related to the central
nervous system (CNS) (neural tissue). In this point, this tissue engineering ap-
proach is closer to the cell therapy procedures that we will describe in Section 4.4
of the book, but we will introduce some guidelines in this chapter. In CNS repara-
tion, the use of hydrogel-based scaffolds, instead of injectable hydrogels, is ideal
because they reduce drastically the risk of cell damage due to the injection process,
and also, they present a minimally invasive cell-engraftment for the patient (en-
graftment process occurs when the blood-forming cells received on transplant start
to grow and make healthy blood cells) [401]. Also, in this specific research field,
special self-healing hydrogels are used, because they enable in situ gelation without
the need of any environmental trigger [402]. However, these hydrogels present
weak mechanical properties (shear moduli lower than 50 Pa) compared to the me-
chanical strength of CNS tissue (up to 10 times larger). Then, recent developments
include the use of reinforcements, such as amyloid nanofibrils which enhance the
mechanical strength or hydrogels [403], or the use of biobased self-healing hydro-
gels, such polysaccharide-based materials or chitosan-based hydrogels, with stiffness
up to 1 KPa, close to the value observed in neural cells [404, 405]. To conclude, some
efforts are being carried out introducing graphene into the hydrogel matrix, to obtain
materials with electrical properties and self-healing capacity, able to, for example,
support the growth of neural like P12-cells [406].
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4.4 Precision medicine and cell therapy

4.4.1 Introduction

This last part of the chapter is dedicated to the role of smart polymers in new bio-
medical applications related to precision medicine (or nanomedicine) and cell ther-
apy, mostly devoted to cancer treatments and diagnosis of important diseases such
as Alzheimer or Parkinson. The most relevant advances found in the literature in
this sense will be discussed. Following this scheme, this chapter is divided in two
main parts:
– Precision medicine: Precision medicine, also called personalized medicine, relies

on personal clinical, genetic and environmental conditions. Smart biocompati-
ble and adjustable polymeric materials allow the development of precision med-
icine as smart polymeric materials can be designed to each own specific
individual. Polymeric nanomedicine, is referred to the use of nanosized nano-
particles or conjugates (1–1,000 nm diameter), used for biomedical applications
(diagnosis and treatment) of diseases, both in vitro and in vivo [407]. The main
concepts and latest applications of non-invasive surgery, the use of microfluidic
devices in biomedical applications and the recent developments in the use of 3D
bioprinting processes using smart polymeric materials will be described.

– Cell therapy and disease’s diagnosis: In the field of cancer treatment, cell ther-
apy has gained a lot of attention as a viable alternative to classical chemother-
apy, in which side effects, especially the damage of healthy cells or even the
emotional affectations, is still undesired [408]. In this sense, smart polymeric
nanoparticles have opened the possibility of using local chemotherapy, acting
directly in the damaged cells. Furthermore, another interesting approach is re-
lated to cancer immunotherapy, in which the main objective is to enhance the
immune response of our system to fight cancer spreading, avoiding the use of
cytotoxic drugs [409]. Lastly, we will describe the relevance of smart polymers
in the diagnosis and treatment of Alzheimer, one of the most important degener-
ative diseases, affecting up to 50 million people worldwide in 2016 [410].

4.4.2 Precision medicine

The role of smart polymers in different aspects of precision medicine will be ana-
lysed in three medical procedures. First, non-invasive surgery, focused on minimiz-
ing the damage in body tissues when surgical procedures are carried out. Second,
the innovative use of bio-inks in 3D bioprinting processes will be described. Finally,
their use in cancer research applications defines the key points of microfluidic bio-
medical devices based on smart polymers and their importance in recent biomedi-
cal applications.
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4.4.2.1 Non-invasive surgery
Non-invasive (or minimally invasive surgery, MIS) looks for the implantation of
medical devices in an easy way, or if possible, removing these devices after the sur-
gical procedure, minimizing the risks in the patient’s body, reducing trauma and
accelerating the recovery time. The main family of smart polymers which play a key
role in these applications are the shape-memory polymers (SMPs), in which the ex-
ternal stimuli induce a controlled shape change of the smart polymer. Normally,
the external stimulus is the temperature (heat-activated) or pH variation (pH or sol-
vent-responsive) materials.

SMPs return to their original shape after being highly deformed upon exposure
to a stimulus such as temperature, light and pH. This behaviour is usually triggered
by supramolecular interactions (un- and re-coupling of non-covalent interactions
including hydrogen bonds, host–guest and metal–ligand interactions) or dynamic
covalent bonds (dissociation and recombination including boronate ester bond,
imine and disulphide bonds). They are excellent candidates for stents, artificial
muscles and MIS. Shape memory effect allows the shrinking of surgical devices to a
smaller size, and they prevent tissue infection and in-growth, and thrombosis risk
associated to drug eluting stents is reduced.

Among the vast family of shape-responsive materials, polyurethane foams have
been employed since the early 2000s to design MIS devices [411], in specific appli-
cations such as the removal of clots in vascular thrombus, using photothermal acti-
vated SMP devices capable of trapping the clot through mechanical shrinking and
subsequent removal after expansion [412], or employing these smart polymers as
alternative aneurysm occluding materials [413]. Recent advances are focused on the
use of biodegradable SMPs, to avoid a secondary surgery to retrieve the device. The
most important point concerning the design requirements is the mechanical proper-
ties, such as stiffness or Young’s modulus. For example, using SMP as vascular
stents requires optimal rubbery Young’s modulus between 1 and 10 MPa (low values
can cause the stent to deform, and high values will difficult the stent recovery, or
damage the arterial wall) [414]. The mechanical properties of SMP materials can be
tuned through the cross-linking density, which is easily tailored during the curing
process of the material.

When heat-activated SMPs are used, the glass transition temperature has a pre-
dominant influence on the shape recovery speed, and glass transition temperatures
close to the body temperature are desirable. On the other hand, if the device is
based on pH or solvent-activated SMP are employed, diffusion of body fluid into
the inner surface of the material depends specifically on the thickness, and can
take from minutes to hours [415].

Biocompatibility is an essential characteristic in medical applications. In this
sense, smart polymers such as aliphatic polyesters, PLA, PCL or PEG can be used in
many implant biomaterials and therapeutic devices, and most of them have been
already approved by the FDA [416, 417]. Also, if the biomedical device is directly in
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contact with blood (e.g. vascular stents), hemocompatibility interaction tests is
compulsory [418]. On the contrary, for non-permanent biomedical devices, biode-
gradable polymers can carry out their functions for a given period of time and then
degrade into small molecules, which can be eliminated from human body without
any medical procedure [419]. In this line, PCL and PEG copolymers derivatives pres-
ent a good biodegradability behaviour with weight losses up to 50% after 8 weeks
at human body conditions [420, 421].

To conclude, among the many different polymer processing methods to pro-
duce SMP materials, traditional casting and moulding procedures has been em-
ployed classically, but the development of easy 3D printing technologies in the last
years (in which biocompatible materials can be easily integrated) has become the
predominant research line around biomedical devices, and for this reason we will
dedicate the next section to this novel topic [422].

Nowadays, there are different applications related to MIS in which smart poly-
mers have gained importance. In the last years, numerous researchers have demon-
strated several possibilities of using SMPs as biomedical devices [423]. For example,
poly(ethyleneglycol dimethacrylate) based SMP can be used as orthopaedic medical
device for labrum injuries in the shoulder, adjusting the mobility above or below
the glass transition temperature of the smart polymer [424]. Biodegradable thermo-
plastics SMPs fibres are also employed as sutures for wound closure, as showed in
the work of Lendlein and Langer [425]. However, the most representative SMP-
based implant biomedical applications in which MIS is the key factor are vascular
stents and occlusion devices, the former used mainly in heart attacks, and the latter
to avoid aneurysms, and so they are discussed more extensively.

Heart attack is one of the most important causes of death around the world,
and treating coronary artery diseases using stents has become of great importance.
Most of the stents employed in current clinics are made of non-degradable materi-
als, remaining in the coronary vessel, which could result in subsequent target-
lesion failure or the apparition of stent thrombus [426]. For this reason, the use of
biodegradable stents based on smart polymers could overcome these problems. In
this line, there are several recent works using thermo-activated SMPs, with a trig-
gering temperature close to the body temperature. Another important side advan-
tage is that using these SMPs-based stents, specific drugs can be delivered in a
controlled way through the mechanical response of the material, with drug libera-
tion rates which can slowly increase for periods up to 30 days [427]. Acrylate-based
amorphous SMPs with their onset glass transition temperature around body temper-
ature can be programmed and stored in a catheter. Then, by putting them in contact
with water at 37 °C, the SMP can recover the full size and shape in around 100 s
[414]. Another type of biodevices which can be used as permanent stents are based
in polymer blends of PU and PCL, which can recover their original shape (spring-
like stents) at around body temperature [428]. Concerning the use of biodegradable
smart polymers, Chen et al. fabricated chitosan-based stents, activated for shape
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recovery in aqueous media. These materials were completely biocompatible, biode-
gradable and non-toxic, thus showing great potential for non-permanent stent devices
[429]. On the other hand, there are still some limitations about using biodegradable
polymers, mainly focused on their low mechanical properties which could limit their
performance and effectiveness [430].

Occlusion devices are intended to avoid the appearance of aneurysms, a very
risky disease which eventually can lead to mental disabilities or death. The classical
treatment method uses endovascular emboli to induce thrombosis, avoiding the
rupture of the aneurysm [431]. SMP foams are currently investigated as a good can-
didate to fabricate occlusion devices, because of their excellent biocompatibility
and biodegradability. Also, the infiltration of cellular components in the polymeric
foam through the porous network can cause a larger fraction of volume occlusion, a
very difficult achievement when classical metallic devices are employed [432].

4.4.2.2 3D bioprinting processes in medical applications
The emerging new technologies related to 3D printing have also been applied into
the area of medical applications, opening a new research investigation field called
“3D bioprinting” medical devices, which has even nowadays given a step forward
to 4D bioprinting materials, focused specifically on SMPs [433]. In general, bioprint-
ing is a promising and innovative fabrication technique to obtain, in a simple way
using cells together with other stimuli-responsive materials such as hydrogels,
different medical functional tissues and organs with complex geometries based
on smart polymers that can be employed in situ, taking advantage of the triggered
properties of these materials, and more specifically, their shape-memory behav-
iour [434].

In this context, smart polymers together with different cells have become the
named “bio-inks”, or the starting material which is impressed using an appropriate
equipment. A simple example is shown in Figure 4.17, in which PEG-based hydro-
gels are employed as bio-inks. Using these materials, bi-layered constructs made
of photo-cross-linkable polyethylene glycol with different molecular weights is
presented (Figure 4.17a). In an aqueous environment, pre-designed folding of the
constructs was induced by the differential swelling of the bonded hydrogel layers
(Figure 4.17a), resulting in a well-predictable and controllable shapes: micropat-
terned spheres (Figure 4.17b), helices (Figure 4.17c) or cylinders (Figure 4.17d).

The polymers are initially in solution form, and then loaded with the desired
cell types before the fabrication of the biomedical device. Different strategies are
followed to fabricate these devices, taken from the classical polymer science tech-
nology: inkjet-based technologies, laser-assisted methods or extrusion technologies,
although new fabrication methods are being now implemented, such as acoustic
bioprinting or stereolithography bioprinting [435, 436]. Regarding the polymers used
in bio-inks, natural, synthetic or a combination of both polymers can be used.
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Table 4.14 presents some examples of polymers employed as bio-inks and differ-
ent references where more detailed information can be found.

The ability of bioprinting to simulate the human environment makes them suitable
for different biomedical applications, from the classical fabrication of biomedical
devices to more recent studies around cancer research treatments. In this sense,
fabrication of 3D cancer models via bioprinting allows to improve the understand-
ing of cancer behaviour and metastasis advancement, in order to develop advanced
cancer therapies [444]. Inkjet bioprinting technique has shown to be able to print
human ovarian cancer and normal fibroblasts cell lines, enabling the fabrication of
cancer co-culture models for a better investigation of the cancer evolution [445].
This novel research field is evolving quickly, in order to simulate the behaviour of
tumour cells using in vivo models to enhance and boost the diagnosis and treat-
ments of many cancer types [446].

Figure 4.17: Fabrication of different shape-memory materials based on PEG hydrogels:
(a) bi-layered constructs from photo-cross-linked PEG; (b) micropatterned spheres;
(c) helices; (d) cylinders. Reproduced with permission of Elsevier [434].

Table 4.14: Some examples of smart polymers employed in bio-inks (more detailed information can
be found in the book published by Matai et al. [437]).

Polymer type Polymer Reference

Natural Collagen, silk, agarose, hyaluronic acid (HA) [, ]

Synthetic PEG, methacrylated hyaluronic acid (HAMA)
Poly(N-vinyl--pyrrolidone (PVP), poly(μ-caprolactone) (PLC), poly
(lactic acid)

[, ]

Combination Agarose/chitosan, PEG/HA, PLA/PEG [, ]
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4.4.2.3 Microfluidic devices based on smart polymers
In recent years, microfluidic devices have found an interesting application field in
the area of biomedicine [447]. Under the term “microfluidics”, it is described the
control and manipulation of fluids at sub-millimetric scale, which enables them to
provide a biomimetic environment for cell and tissue culture [448]. Usually, different
substrates such as glass, polymers and specially hydrogels are employed to fabricate
the microfluidic device, which is composed of complex microchannels ranging from 1
to 500 μm [449].

Practical applications of microfluidic technology in biomedical applications
using smart hydrogels include diagnosis chips and drug delivery devices, taking ad-
vantage of the accurate control of the transport of biomolecules [450]. The control
and regulation of the biomolecule flow is carried out through microvalves and mi-
cropumps, and they are the main elements in which smart polymers can play a cru-
cial role due to their responsive characteristics [451].

Microvalves are essential components for microfluidic systems, and they are
employed as turn-on turn-off switches to regulate the flow of liquids at certain sig-
nals. Placing a stimuli-responsive hydrogel inside a microfluidic channel opens or
closes the fluid flow, without needing external power sources, using only the trig-
gering property of the smart hydrogel. Following this line, a SMP based on PLC and
poly(dimethyl siloxane) (PDMS) was successfully employed as a heat-sensitive mi-
crovalve, as presented schematically in Figure 4.18 [452]. The microfluidic device is
built on a glass substrate, and the microchannel is open or closed through the PCL
shrinking behaviour, which is thermally controlled through the microheater placed
in the bottom of the device. Other examples use photopolymerizable polymers as
responsive materials, to fabricate a simple check valve whose operation mimics
that of venous valves, based on a PDMS platform using 4-hydroxybutyl acrylate as
elastic and photopolymerizable material [453]. More recently, a very interesting ap-
plication of this technology was presented using thermo-responsive PNiPAAm mi-
crovalves (with diameters up to 600 μm), placed into PDMS-on-glass to obtain
microfluidic devices for the control of parallelized enzyme-catalysed cascade reac-
tions [454].

The other important component in microfluidic devices are micropumps, which
promote fluid flow. In this case, fluid flow is triggered through the volume expan-
sion of smart hydrogels. Different examples can be found in the literature. A classic
work of Agarwal et al. is based on the use of thermo-responsive poly(HEMA-co-
DMAEMA) hydrogels which started pumping fluids only above 40 °C [455]. A di-
rect biomedical application was presented by Hara and Yoshida, who synthetized
quaternary copolymers containing methacrylamidopropyltrimethylammonium
chloride which could control their volume shifts through a redox reaction (Belousov–
Zhabotinsky reaction) in the presence of malonic acid. The hydrogel could be induced
to a self-oscillating movement, mimicking the behaviour of an artificial muscle [456].
Recent studies have shown the potential use of these devices as advanced hand-held
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drug delivery devices, fabricating leaf-inspired micropumps based on agarose hydro-
gels, with the ability of providing a durable flow rate of 30 μL/h · cm2 for more
than 30 h at RT without external mechanical power source [457]. To conclude, there
also a few studies analysing the opposite behaviour, using smart hydrogels in micro-
fluidic suction pumps, which could be applied, for example, in cleaning and removal
processes of the suppuration fluids derived from chronic wounds [458].

4.4.3 Cell therapy

Cell therapy is aimed to treat specifically a cell or group of cells using smart poly-
meric nanoparticles able to deliver drugs in a controlled way into a targeted site,
without affecting the surrounding healthy cells. In this last part of the chapter, the
basis of the cell therapy using smart polymers will be stablished. As drug delivery
polymers have already been discussed in Section 4.2, this chapter will be focused
just in concrete medical applications: cancer treatment (Section 4.3.1), and the anal-
ysis of the recent advances in the therapeutic role of smart polymers in degenera-
tive diseases, such as Alzheimer or Parkinson.

4.4.3.1 Cancer treatment
Common cancer treatment is based on chemotherapy [459], which, however, presents
many drawbacks in the drug delivery procedure, such as non-specificity, low drug
concentration in tumour tissue and systemic toxicity, leading to damage the tumour-
bearing host and its immune system. Then, different biological alternatives, such as

Figure 4.18: Example of SMP-based microvalve: (a) scheme of a microfluidic device;
(b) micrographs of SMP open and closed states. Reproduced with permission of J-Stage [452].
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immunotherapy, have emerged in recent years as a promising technique to limit
these side effects [407].

The use of smart polymeric hydrogels in cancer therapy is carried out in three
main scenarios. First, due to the difference between the pH observed in healthy and
tumour cells, it is possible to use pH-responsive polymeric hydrogels for controlled
and targeted release of specific drugs due to the abnormally low pH of endosomes
and tumour cells compared to healthy ones [460]. Second, redox-responsive poly-
mers can also be employed for drug delivery systems, using essentially disulphide
linkers, which are reduction-sensitive and can be cleaved specifically at high con-
centrations of GSH, a tri-peptide consisting of glutamate, cysteine and glycine. It
has been observed that tumour tissues present higher GSH concentration that
healthy tissues, then opening the possibility of using the GSH concentration as a
redox trigger for controlled drug delivery [461]. Last, it is also possible to attack spe-
cific receptors that can be found exclusively in cancer cells, such as folate, and re-
lease their drug directly [462].

In all the cases, due to the exceptionally low sizes required for these applica-
tions, it is necessary to employ small smart nanoparticles (polymeric micelles).
These are able to encapsulate hydrophobic drugs in their core due to their amphi-
philic nature, assembling in similar patterns to the ones observed in viruses and lip-
oproteins [463]. The main advantage of smart polymeric micelles is that they can
lower the dosage frequency, then retaining the drug concentration in the targeted
site for longer periods. On the other hand, although many different studies have
been carried out to stablish these materials as drug carriers, only a few of them
have reached into clinical studies [464], mainly due to the need of combined high
biocompatibility and biodegradability.

a) pH-Responsive polymers in tumour treatment
Tumour micro-environment is ideal for triggering the drug release within tumour
cells. Extracellular regions in normal tissues and blood have a pH around 7.4, but
extracellular regions of tumour cells have a pH considerably lower, between 6.0
and 6.5 [23]. pH-sensitive polymeric micelles have been used for targeting drug de-
livery to tumours due to their stability at physiological pH, and they can be also
deformed physically to enhance the release the drug under mildly acidic conditions
outside the tumour cells, as it is shown in Figure 4.19. In this case, the anticancer
drug is encapsulated into the polymeric micelles via acid-labile bonds, such as hy-
drazone, cis-acotinyl or acetal.

In the process showed above, drug release is controlled through the cleavage or
rupture of the acid-labile bonds. In these polymeric micelles, the presence of acid-
sensitive spacers between the polymer and the drug facilitates the drug release
when pH is lowered in the tumour tissues region. Other strategy than can be fol-
lowed to tune the drug release is the use of smart polyelectrolytes, which can be
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ionized by changing the environmental conditions or the pH, releasing the drug at
the same time [196].

Different examples can be found in the literature using the procedure exposed
in Figure 4.20. Polymeric micelles based on PLA and PEG in which DOX was encap-
sulated show good biocompatibility and biodegradability, and the drug is released
in extracellular tumour environments showing acidic media (pH around 6.2) [466].
Also, polymeric micelles based on poly(N-vinyl-2-pyrrolidone) and dimethyl maleic
anhydride encapsulating DOX through an acid-sensitive linker, are able to release
the drug when pH was reduced in contact to tumour cells [467]. In most of the
cases, DOX has shown a good ability to be encapsulated in pH-sensitive polymeric
micelles, and for this reason, the number of research works in which DOX is em-
ployed has increased greatly. The main problem associated to the use of DOX as
drug is that, although this pH-sensitive micelles can reduce the systemic toxicity,
the issue of multidrug resistance of tumour cells to anticancer drugs is still un-
solved. Then, it is necessary an initial rapid release process of the drug from the
micelles into the tumour cells, and the fastening of the triggering process is still
under investigation. In this line, a recent work employed five types of micelles
made of poly(2-oxazoline) block copolymers in which dexamethasone was encapsu-
lated. Then, ultrasound was combined to pH stimulus as triggering unloading
mechanism to increase the initial amount of released dexamethasone up to ten

Figure 4.19: Schematic behaviour of pH-responsive polymeric micelles; (a) design and
encapsulation of drugs into the polymeric micelle; (b) drug release mechanism under the acidic
environment such as solid tumours, endosomes or lysosomes through the cleavage of the
acid-labile bond; (c) chemical structures of some chemical bonds. Reproduced with permission of
Frontiers Media SA [465].
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Figure 4.20: Using diselenide-bond based micelles for encapsulation and drug release in tumour
cells: (a), (b) and (c) chemical structures and TEM micrographs of the smart-polymeric micelles
synthetized; (d) scheme of the encapsulation and drug release into tumour sites process via
redox-responsive mechanisms (EPR indicates the “enhanced permeability and retention effect”
and ROS are “reactive oxygen species”, which have been found at elevated concentrations in
tumour cells, leading to the appearance of redox dual-responsive effect in drug release).
Reproduced with permission of Elsevier [471].
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times, depending on the type of copolymer [468]. Other anticancer drug that can be
used in pH-responsive micelles is paclitaxel, which is one of the most effective che-
motherapeutic drugs ever developed, active against a broad range of cancers (lung,
ovarian or breast). This anticancer drug can be easily encapsulated in biodegrad-
able and non-toxic micelles based on different polymers, such as PLA, PLG or chitosan.
In addition, paclitaxel albumin-bound nanoparticles (commercial brand Abraxane®)
were approved by the FDA in 2013 for the treatment of metastatic breast cancer and
non-small cell lung cancer [469].

b) Redox-responsive polymers
Redox-responsive polymers have been employed classically for disease therapy and
controlled drug release applications, although in recent years, great process has
been developed in this research field [220]. The reducing environment of tumours is
a unique internal signal to degrade selectively redox-responsive nanocarrier and re-
lease the specific drugs. These systems offer different advantages: stability in
healthy tissues (reducing the toxicity and side effects), fast response to the gluta-
thione GSH concentration in tumour cells to rapidly release the drugs (starting
from a few minutes) and finally the drug release in cytoplasm can have also thera-
peutic effects [470]. The most studied stimuli-responsive polymers employed as
redox-responsive drug releasers are the ones containing disulphide bonds (see
Section 4.2. for further information and examples of the type of polymers used).
At a minor extent, diselenide bonds are being employed, due to their similar reduc-
tion sensitivity and redox-responsive ability to the one observed in disulphide bonds.
Also, Se–Se and C–Se bonds present lower bond energies than that S–S bonds
(Se–Se 172 kJ/mol; C–Se 244 kJ/mol; S–S 268 kJ/mol), which allows the design of
more sensitive systems using these smart polymers [471]. The use of disulphide-
based smart polymers is focused on the fabrication of self-assembled amphiphilic
copolymers via disulphide-containing cross-linkers, oxidation of thiol groups and
disulphide–thiol exchange reaction. These disulphide bonds are included in the
backbone of the polymer or, in a different approximation, a GHS-sensitive cross-
linking agent is used either in the shell or in the core of the micelles.

The cleavage of the disulphide bond is the main mechanism to release the drug
into the tumoural cell. Different research works employ these types of encapsula-
tion micelles in cancer therapy. For example, redox-responsive tumour-targeted mi-
celles based on HA and PCL can be used through the disulphide bonding of the HA
shell and subsequent cleavage, releasing DOX with high loading efficiency [472]. A
scheme showing the redox-responsive smart polymer role in the tumour-targeted
drug delivery is presented in Figure 4.7 in Section 4.2.

An alternative is the use of diselenide-rich amphiphilic diblock copolymers
[471]. In this case, two different drugs, camptothecin and DOX, with synergistic
antitumour properties are encapsulated in cross-linked micelles based on PEG and
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polybutylene succinate (PBS). Cross-linked process was easily carried out using vis-
ible light, obtaining the micelles presented in Figure 4.20a, 4.20b and 4.20c, in
which the Se-Se bonds are placed at the backbone of the main chains for the three
micelles synthetized with distinct hydrophobic units. The schematic illustration
for the self-assembly and visible light-induced core cross-linking of diselenide-
rich nanoparticles fabricated from PEG–PBS diblock copolymers is presented in
Figure 4.20d.

c) Targeting folate using smart polymers
An interesting alternative to use the therapeutic potential of smart polymers in can-
cer therapy is the targeting of specific receptors that are found exclusively on can-
cer cells, such as folate.

Folate receptor is abundant in many cancer cell types, such as kidney, lung,
breast, bladder and pancreas [473]. Then, folic acid, which can recognize specific
receptors such as the overexpressed folate, can be used in pH-responsive polymeric
micelles to interact specifically with folate via ligand-receptor interactions, trigger-
ing the drug release. Using this mechanism, poly(styrene-alt-maleic anhydride) am-
phiphilic polymer can be modified and functionalized with the addition of folic
acid. The obtained cylindrical micelle not only maintains its pH responsiveness to
release controllably the therapeutic drug, but in addition, it can be bonded to the
folate receptors present on cancer cells [474]. The intact cylinder can travel through
the body, bind to the folate receptor and then release the therapeutic drug inside
the tumour cell due to the conformational change driven by the pH drop. Using
these polymeric micelles, curcumin has been successfully loaded and encapsulated,
employing this molecule in cancer therapy due to its anti-inflammatory properties
[475]. In another example, curcumin can be loaded onto folate targeted Au-poly(N-
vinyl-2-pyrrolidone) nanoparticles, showing up to 80% release at acidic environ-
ments, specifically to treat breast cancer, obtaining very promising results [476]. The
importance of these functionalized micelles with folic acid is that it can be used to
encapsulate both synthetic drugs, such 5-fluorouracil or paclitaxel, and also natural
drugs, such as the mentioned curcumin, to compare their therapeutic behaviour in
different cancer types [474]. Figure 4.21 presents the chemical structure of these
drugs, commonly used in cancer therapy.

Although there are many research works involved in these therapy strategies,
some difficulties must be still overcome to assure the efficacy of smart polymers in
human cancer treatment. In this sense, animal models (mouse or rats) are indeed
tools for understanding the mechanisms and molecular basis of pathology diseases,
but these approaches cannot accurately reproduce human diseases, then limiting
the clinical application. For this reason, different alternatives, such immunothera-
pies, are gaining importance in recent years, due to the absence of cytotoxic drugs
and, subsequently, all their side effects.
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There are different approaches for immunotherapies, such as cancer vaccina-
tion, immune checkpoint therapy or adoptive cell transfer. However, conventional
immunotherapies present immune-related side effects, such as liver dysfunction or
diabetes. For this reason, there are new and promising alternatives in which smart
polymeric nanoparticles could address these issues [407]. The most advanced re-
search field is related to “cancer vaccine”, based on the controlled release of anti-
gens into the human body to promote and enhance the immune response. In this
sense, polymeric micelles are employed in antigen delivery, targeting and activat-
ing the antigen-presenting cells to enhance innate and adaptive immunity [477].
For example, pH-sensitive smart polymers based on decalysine-modified antigen
peptides and poly(propylacrylic acid) can be used to enhance antigen presentation,
controlling the antigen release profile facilitating a persistent immune response
[478]. To assure successful vaccination, the administration route is a key factor,
that can be optimized using intradermal nanovaccines implemented using micro-
needles, a strategy which has emerged in the last years to optimize the efficiency of
the immunotherapy [479]. Different examples can be found in the literature describ-
ing the role of polymeric micelles in cancer vaccination. Dissolvable microneedles
arrays loaded with antigen encapsulated micelles based on poly(lactic-co-glycolic
acid) can be obtained to assure controlled and sustained release of antigen in the
skin. After dissolution of the microneedles in the skin within minutes, antigen-
loaded micelles are exposed to the skin layer, releasing the antigen in a controlled
way [480]. In a similar way, a smart DNA vaccine delivery system was developed
using microneedles assembled with layer-by-layer coating of pH-responsive smart

Figure 4.21: Chemical structure of therapeutic drugs employed in cancer therapy.
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polymers based on poly(β-amino ester urethane) and sulphamethazine, finding that
a controlled release of vaccines and adjuvants was achievable at the immune cell-
rich epidermis/dermis layers, using a skin implanted layer-by-layer coated micro-
needle strong enough to traverse the stratum corneum [481]. As it can be seen, the
number of research works and different alternatives about the use of smart poly-
mers in cancer therapy is large and it will continue to grow in the coming years,
pointing out the importance of these materials in this crucial investigation field.

4.4.3.2 Recent advancements in nanotherapeutics of degenerative diseases
Neurodegenerative diseases, such as Alzheimer or Parkinson, are caused by the
progressive dysfunction and death of neurones. These diseases are becoming strongly
prevalent, and their impact is increasing with advancement of age. These neurode-
generative disorders are due to complex formation process of different cytotoxic
protein aggregates, causing neurodegenerative stressing in the brain leading to
oxidative and inflammatory problems in the CNS [482]. The special environment
in which neurodegenerative diseases take place, the CNS, is responsible of some
specific limitations that bio-therapeutic drugs must overcome to achieve good ef-
fectiveness [483]. CNS is double protected by two biological barriers: blood–brain
barrier (BBB) and blood–cerebrospinal fluid barrier (BCSFB). Both barriers pre-
vent the penetration of almost 100% of large molecules (more than 500 Da) and
90% of smaller drug molecules [484]. There is also a third negative effect caused
by the activity of P-glycoprotein (also known and multidrug resistance protein,
which acts as drug efflux limiting the effectiveness of a wide spectrum of thera-
peutic drugs as well as chemotherapy). For all these reasons, the use of smart
nanomaterials, and specifically, smart polymeric micelles, has become very at-
tractive in the last years, also taking advantage of their large surface area to vol-
ume ratio. It has been demonstrated that smart polymeric lipophilic micelles with
sizes of 100 nm or lower can pass easily through the BBB barrier through diffusion
mechanisms, releasing the therapeutic drug into the CNS [485].

Due to the need of using these polymeric micelles inside the CNS, it is essential
to assure their biodegradability or at least they must be easy to remove completely
and quickly from the body. Also, they must be non-toxic and their decomposition
products must not present immunogenic side effects. There are recent studies show-
ing that DDS have successfully penetrated the BBB barrier to deliver the cargo drug.

Nowadays, there are different drugs approved by the EMA, the FDA or other
governmental agencies to treat these diseases which are administered orally: mem-
antine, donepezil, rivastigmine and galantamine. These drugs are not curative, and
they can only treat different symptoms of the diseases, increasing the quality life
reducing the cognitive loss and enhancing motor regulation.

Also, they present different problems. First, the release rate of these oral drugs is
not well controlled, leading to quick release rates which limit the therapeutic effect to
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a short period of time. Also, as commented before, the presence of the BBB and BCSFB
limit greatly the effectivity of these oral drugs. Then, smart polymeric micelles are de-
signed to overcome these limitations through three different key points [486]:
– Reduction of the scale of the carrier to nanometre size to penetrate into the CNS

through diffusion mechanisms in BBB and BCSFB barriers.
– Protection of hydrophobic drugs from degradation and deactivation, increasing

their availability.
– Use of stimuli-responsive polymers to trigger the drug release and optimize their

effectivity in longer time periods (up to 14 days).

Literature present very promising works in which smart polymeric micelles are
used are being employed to treat these neurodegenerative diseases. For example,
the synthesis of polymeric micelles based on n-butyl-2-cyanocrylate was investi-
gated to be used for Alzheimer treatment. In a second step, the drug clioquinol was
successfully encapsulated. These micelles were loaded into a mouse model and
were able to penetrate the BBB barrier, significantly increasing the brain retention
of the drug [487]. Natural smart polymers, such as chitosan, were used also in com-
bination with rivastigmine to treat Alzheimer disease. Polymeric micelles of 47 nm
were synthetized to encapsulate this drug by emulsification, observing a well-
controlled and triggered pH release rate (following a Fick’s diffusion profile) en-
hancing drastically its therapeutic effect [488]. Also, an alternative to oral drug
administration for Alzheimer’s disease was recently developed by synthetizing a
smart polymer based delivery system for controlled release of rivastigmine using a
simple subcutaneous injection. The polymeric micelle was fabricated from poly
(lactic-co-glycolic acid) (50:50) at 5% w/v in benzyl benzoate. The benzoic acid
demonstrated excellent rivastigmine drug release characteristics in vitro up to
98 days, with a sustainable drug profile over time, good biocompatibility and good
ability to penetrate BBB barrier after injection. The use of these injectable smart poly-
meric micelles opens a new research field focused on the development of more effi-
cient treatments of neurodegenerative diseases [489].
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5 Conclusions, challenges and perspectives

The concept of smart polymer is wide and somewhat vague, and it is difficult to
pack it in a single box or even set of boxes with a precise meaning, constitution or
even objective. Within this context and related with the broad concept of human or
artificial intelligence, smart polymers have been considered in this manuscript to
be able to process signals from the environment, both to perform an action (respon-
sive polymers) or to emit another signal that can be used as functional, analytical
information (sensory polymers). And for both, the triggering stimuli may be physi-
cal or chemical, the latter including biological. In any case, what is common to any
consideration, classification or analysis of these materials is its ultimate objective
within the framework of the development of smart devices, actuators and sensors
for advanced applications.

The detection and quantification of chemical species, in solid state, solution
and as gases and vapours, is a traditional and relevant topic of analytical chemistry
of obvious interest in the industry, chemical and safety control, in research labora-
tories, and in the environment, in pollution control in soils, water and air. In last
decades, analysing these species using supramolecular chemistry, exploiting host–
guest interaction that led to measurable macroscopic changes, has represented a
breakthrough in terms of the ability to perform simply, easily, quickly and cheaply
on-site analyses, giving rise to the chemosensors field. In a step forward, the devel-
opment of polymers with guest moieties in their structure has given rise to sensory
materials with the ability to respond to different stimuli, single or multiple, that can
be transformed easily into different shapes, such as coatings, films, fibres or wires.
At the same time, the hosts or sensory moieties chemically anchored to the macro-
molecular chains impair the migration of these moieties, increasing not only the se-
curity of the sensors for use in biomedical and food applications, but also allows for
their reusability. Also, the chemical structure of the polymer main chain can be eas-
ily tuned to achieve the hydrophilicity degree needed for broadening the applicabil-
ity of the sensory polymers for the detection of harmful substances (volatile organic
compounds and explosives, heavy metal cations, anions of analytical interest, or-
ganic and inorganic molecules of industrial, biological of environmental interest
and biomolecules in biological media). The challenge is the development of selec-
tive and sensitive polymers for preparing different sensory smart devices for the
naked eye detection of species, for pairing with mobile applications for the fine
quantification of chemicals, and for wearables related, for example, with smart fi-
bres for intelligent textiles. The biological recognition phenomena are successfully
exploited in biosensing with the immobilization of biomolecules, such as enzymes,
antibodies and antigens for the recognition of peptide substrates and other pro-
teins, including antigens and antibodies. The success of this strategy is based on
the immobilization of these biomolecules, of a part of them, in a polymeric support.
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This support is considered intelligent when it plays a significant role in the correct
performance of the biosensor, usually related with the immobilized biomolecules,
or rest, and specifically with their orientation that prevents denaturalization, access
to the target species and a correct space interaction of target and receptor. Thus, the
challenge, from the polymer viewpoint, is to provide protection to the bioreceptor,
correct orientation in the immobilization and access of the target to the bioreceptor.

The precise control of the polymeric chemical structure, along with a deep
knowledge in-between chemistry, biology and medicine, is a field of opportunities
to address new challenges in medicine, and specifically in precision medicine cen-
tred on the individual. The potential use of smart polymers in biomedical applica-
tions has lately emerged representing the technology behind different applied areas
related with drug delivery, and especially anti-cancer drug delivery, insulin deliv-
ery, gene delivery and so on, in oral, topical and parenteral delivering systems
based on hydrogels or nanostructures (nanoparticles and coated nanoparticles, and
nanofibers). Despite the huge progress regarding these smart materials, some chal-
lenges still must be addressed to be used in human clinical trials, such as biode-
gradability and biocompatibility. Most of the developed materials have only been
used in vitro as a proof of concept, and many extra efforts must be made regarding
the loading capacity, programmable release, in vivo stability, non-toxicity, biode-
gradability and so on, to be used in biomedical applications. A relevant application
in biomedicine is tissue engineering, related with the ability of synthetic biopoly-
mers to mimic natural materials for maintenance, or even restoration or reconstruc-
tion of a complete organ. The rolls of the polymers are to serve as scaffold materials
acting as architecture for adhesion, transplantation and cell function, bioreactors
as active media for cell proliferation, and signalling molecules to bind receptors.
The challenge is to go further providing not only mechanical support but also bio-
mimetic characteristics with enhanced interaction with human tissue, thus design-
ing biopolymers as hydrogels responding to stimuli, such as pH, temperatures and
magnetic field, for controlling cell attachment and growth, cell-cell communication
and proliferation and differentiation. Also, the challenge is related with exploiting
in 3D printing and direct injection of smart polymers capable of recovery or change
the shape (self-healing and shape-memory) or respond to temperature, pH and so
on, for cell, drug and protein carriers and proliferation. Related with this challenge,
precision medicine is emerging integrating several fields, such as smart biomaterials,
medical and sensory devices, large-scale databases and data mining and medical
specialties. Similarly, the customization of smart biopolymers, stem cells, bioprinting
and transplantation has emerged as a new field of opportunities for disease treatment
by cell therapy, where polymers may have a major role regulating the differentiation
of stem cells under external stimuli. However, in biomedicine, the polymeric struc-
ture, usually considered inert, is worth to be exploited as smart materials with biolog-
ical activity as antibiotics, antiviral, antitumour, antithrombotic and so on.
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