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Dana Cialla-May, Michael Schmitt and Jürgen Popp

1 Theoretical principles of Raman spectroscopy

Abstract: This contribution reports on the theoretical foundations of Raman spec-
troscopy. Since the discovery of the Raman effect in 1928, Raman spectroscopy with
its linear and nonlinear variants has established itself as a powerful analytical tool
in almost all scientific fields (chemistry, physics, material sciences, pharmacy, biol-
ogy, (bio)medicine, geology, mineralogy, environmental sciences, etc.). First, a
short introduction to linear Raman spectroscopy is given, followed by two ap-
proaches to increase the intrinsically weak Raman signal, namely resonance
Raman and surface enhanced Raman spectroscopy. The last part of this contribu-
tion briefly introduces nonlinear Raman processes observed using pulsed lasers as
excitation sources.

Keywords: Raman scattering, resonance Raman spectroscopy, surface enhanced
Raman spectroscopy, non-linear Raman spectroscopy

The Raman effect was discovered in 1928 by the Indian physicist C.V. Raman. This
method describes the inelastic scattering of photons on a quantized molecular sys-
tem [1, 2]. In most cases, the vibrational states of molecules are utilized as scattering
system and that is why Raman spectroscopy is often referred to as a vibrational
spectroscopic technique. Vibrational Raman spectroscopy1 is a complementary
method to IR absorption spectroscopy. The two approaches differ in their physical
origin: while IR absorption describes the direct absorption of an IR photon to excite
a vibrational quantum (i.e. one photon absorption process), in Raman spectroscopy
as mentioned above the vibrational excitation takes place via a two-photon scatter-
ing process. In IR absorption spectroscopy vibrational modes leading to a change in
the dipole moment during the vibration can be excited, while for Raman active vi-
brations the polarizability has to change. Since molecular vibrations are distinct for
every molecule, vibrational spectra can therefore be interpreted as a type of charac-
teristic “molecular fingerprint” of an examined inorganic, organic or biological mol-
ecule or more complex systems like e.g. biological cells and tissue. For the latter
vibrational spectral contributions are assigned to proteins, lipids, nucleic acids and

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: Cialla-May, D., Schmitt, M., Popp, J. Theoretical principles of Raman spectroscopy Physical
Sciences Reviews [Online] 2019, 4. DOI: 10.1515/psr-2017-0040.

1 From now on, Raman spectroscopy is used synonymously as vibrational Raman spectroscopy.
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carbohydrates. Thus, vibrational spectroscopy is applied for the qualitative and
quantitative analysis in chemistry, biology, material and life sciences and biomedi-
cine. However, since water exhibits a large dipole moment its vibrations show a
large IR absorption cross-section strongly limiting in vivo studies. This is in stark
contrast to Raman spectroscopy where the water vibrations show low scattering
cross-sections allowing to record Raman spectra in aqueous solution very easily,
thus making Raman spectroscopy a perfect candidate for labelfree in vivo investiga-
tions on a molecular level [3]. As pathologic anomalies are accompanied by changes
in the biochemical composition and structure of biomolecules, the Raman spectrum
provides a sensitive and specific fingerprint of the type and state of the specimen.
During the last years, Raman spectroscopy has therefore been recognized as an ex-
tremely powerful tool for bioanalytical and biomedical applications [4]. Advantages
of the technique for biomedical problems include the following: (i) it is label-free
and (ii) non-destructive. However, while the molecular selectivity of Raman spec-
troscopy is very high its sensitivity is very low, i.e. the Raman scattering process is
characterized by small Raman cross-sections. In general, only one photon out of
108 photons is scattered inelastically. Several Raman signal-enhancing techniques
increasing the intrinsically weak Raman scattering cross-sections by several orders
of magnitude are known. The two most prominent approaches are resonance
Raman spectroscopy and surface enhanced Raman spectroscopy (SERS). In addi-
tion to these two linear approaches, non-linear coherent Raman scattering meth-
ods, e.g. coherent anti-Stokes Raman scattering (CARS), are also known to
providing signal enhancement due to the coherent excitation of vibrational modes.
In this paper, a brief theoretical introduction into the most prominent linear and
nonlinear Raman techniques will be provided.

1.1 Inelastic light scattering – a brief introduction into linear
Raman spectroscopy

The underlying theory of inelastic Raman scattering is comprehensively discussed
within the literature [5] to which the interested reader is referred to. The aim of this
paper is to give a brief introduction into this topic [6].

1.1.1 Basic principles of Raman spectroscopy

Due to the interaction of light with matter, an electric dipole within molecules is
induced since the atoms become polarized, i.e. the center of negative charge is dis-
placed from the atomic nuclei upon the interaction with an electromagnetic field.
The induced electric dipole moment is directly proportional to the electric field
strength where the polarizability α acts as a proportionality constant. The induced

2 1 Theoretical principles of Raman spectroscopy
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dipole oscillates with the frequency of the external electromagnetic field and acts
as a radiation source for an electromagnetic field scattered in all directions. In the
case of elastic scattering, i.e. Rayleigh scattering the polarizability α can be seen
as static, which is not changing with time, and therefore the frequency of the scat-
tered electromagnetic wave is identical to the frequency of the external electro-
magnetic field. However, for vibrating molecular systems the polarizability α
changes in the course of the molecular vibrations, i.e. the electron density is rap-
idly adjusted according to the nuclear motions. Therefore, the time-dependent in-
duced dipole moment µ results in:

μ= α0E0 cosω0t +
1
2

∂α
∂q

� �����
q=0

· q0E0 cos ω0 −ωRð Þt + 1
2

∂α
∂q

� �����
q=0

· q0E0 cos ωR +ω0ð Þt

(1:1)

Here, the dependency of the polarizability α from the nuclear motion q has been
approximated by a Taylor expansion series around the nuclear equilibrium position
q = 0. As can be seen from eq. (1.1), the induced electric dipole moment μ oscillates
at three different frequencies. The first term oscillating at the excitation frequency,
ω0, acts as a radiation source for an electromagnetic source with frequency ω0,
which corresponds to Rayleigh scattering. The second and third terms of eq. (1.1)
illustrate oscillations at modulated frequencies, i.e. the difference or sum frequency
between the external electromagnetic field ω0 as well as the frequency of the vibra-
tional mode ωR, respectively. Here, the second term refers to the Stokes scattering
leading to photons with a smaller frequency than the incoming light, which are red-
shifted in frequency in comparison with the excitation source. The third term refers
to blue-shifted inelastic scattering, i.e. anti-Stokes Raman scattering. As a result, the
scattered radiation of a molecule is represented by a superposition of these three fre-
quencies, i.e. ω0 as well as frequencies associated with the excitation (ω0 −ωR) or
deexcitation (ω0 +ωR) of vibrational modes of the molecule. Thus, by dispersing the
scattered secondary radiation due to the induced dipole moment expressed in eq.
(1.1), Rayleigh scattering as well as sidebands, due to inelastic scattering represent-
ing the vibrational frequencies of a molecule, are found. In 1928, the appearance of
these sidebands was first discovered by C.V. Raman. These sidebands can only be
observed if the polarizability is changed along the normal coordinate q with a gradi-

ent unequal to zero at the equilibrium geometry, i.e. if
∂α
∂q

� ����
q=0

6¼ 0. The Stokes–

Raman scattering intensity can be estimated classically by expressing the total
power emitted by a Hertzian dipole:

IStokes = constant · I0 · ω0 −ωRð Þ4 · ∂α
∂q

� ������
q=0

2
4

3
5
2

(1:2)
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This classical description of the inelastic Raman scattering process does, however,
not explain the experimentally observed different intensities of Stokes vs. anti-
Stokes scattering. Furthermore, such a classical description does not allow under-
standing rotational or electronic Raman scattering. In order to properly describe
Stokes as well as anti-Stokes scattering, a quantum mechanical description is
needed. Here, Raman scattering is described as an inelastic scattering process of
photons from a quantized molecular system via an extremely short-lived virtual
state. This virtual level is considered as a collective quantum energy state of the
molecule and the photon as entity during an infinitesimally short time period.
Figure 1.1 shows schematic energy level diagrams of Rayleigh-, Stokes- and anti-
Stokes-scattering. These diagrams show that Rayleigh and inelastic Raman scatter-
ing is a two-photon scattering process via a virtual state.

Figure 1.1(a) depicts the Rayleigh scattering process where the initial and final scat-
tering states are identical. In the case of Stokes scattering (Figure 1.1(b)) energy is
transferred from the photon to the molecule, i.e. the final scattering state is an ex-
cited quantum state. In case the molecule originally resides in an excited quantum
state, the scattering process can end in the ground state. This process is called anti-
Stokes scattering and here energy is transferred from the molecular quantum system
to the photon. In the case of vibrational Raman spectroscopy, the depicted quantum
states in Figure 1.1 are vibrational levels. According to the Boltzmann distribution,
the vibrational ground state is significantly more populated than the energetically
excited vibrational states at room temperature. Consequently, the intensity of the
Stokes Raman scattering is larger than the intensity of the anti-Stokes Raman scatter-
ing. To conclude, the inelastic Raman scattering can be associated with a change in
vibrational, rotational or electronic energy, i.e. Raman scattering is performed on
quantized systems and the energy is exchanged between the molecules and the inci-
dent photons. The exchanged energy is related to the energy levels of vibrational,
rotational or electronic transitions. However, as mentioned above the majority of the
reported Raman spectroscopic studies are based on the vibrational Raman effect,

A

En
er

gy

Virtual
Level

Rayleigh Stokes Anti-StokesB C

hω0

hω0 hω0 hωR

hω0

hω0 hω0 hωR

hωR hωR

Figure 1.1: Schematic energy diagrams of Rayleigh, Stokes, and anti-Stokes Raman scattering.

4 1 Theoretical principles of Raman spectroscopy

 EBSCOhost - printed on 2/13/2023 12:55 AM via . All use subject to https://www.ebsco.com/terms-of-use



and thus Raman spectroscopy is often defined as vibrational spectroscopy, being
complementary to IR spectroscopy. When plotting Raman spectra, relative wave-
number values are displayed, i.e. the shift of the inelastic scattered light in relation
to the applied excitation wavelength (in contrast, IR spectra are plotted in absolute
wavenumber values). As already mentioned, the Stokes Raman vibrational modes
have a higher intensity than the anti-Stokes Raman lines, and thus the Stokes
Raman spectrum is usually recorded. To be able to investigate samples with a spatial
resolution in the sub-micrometer range, Raman spectroscopy can easily be combined
with conventional microscopy. By means of Raman microspectroscopy molecular
maps of heterogeneous samples, e.g. tissue, biological cells or other materials, are
generated. As a consequence, Raman imaging allows for recording spectral finger-
print information with a spatial resolution down to the subcellular level when bio-
logical material is to be investigated [3]. Raman spectroscopy is known as a
spectroscopic method with a very high amount of molecular information; however,
as mentioned above its sensitivity is rather poor. Roughly one photon out of 108 pho-
tons is scattered inelastically, and thus the integration times can become very long
as well as the observation of molecules and substances in low concentrations is lim-
ited. In order to discuss enhancement strategies of Raman spectroscopy eq. (1.2)
needs to be considered. This equation illustrates that the Stokes Raman intensity is

dependent on the electronic polarizability
∂α
∂q

� ����
q=0

on the light intensity I0 as well

as the excitation frequency ω0. The two commonly applied methods to enhance
Stokes–Raman scattering by several orders of magnitude utilizing the frequency de-
pendency of the polarizability α and increasing I0 via utilizing plasmonic nanostruc-
tures are resonance Raman scattering (RRS) and surface enhanced Raman
spectroscopy (SERS). In the case of RRS, the vibrational modes of resonantly excited
electronic chromophores are selectively enhanced, whereas SERS is based on the in-
teraction of analyte molecules with nanostructured plasmonic-active metal surfaces
and the high electric field intensities generated in their vicinities. In the following
section, these Raman signal-enhancing methods are briefly explained.

1.1.2 Resonance Raman scattering (RRS)

RRS is described semi-classically, i.e. the molecule is treated quantum mechani-
cally while the electromagnetic field is considered classically. Therefore, the term

∂α
∂q

� ������
q=0

2
4

3
5
2

from eq. (1.2) is replaced by αj j2, the square modulus of the transi-

tion polarizability:

IStokes = constant · I0 · ω0 −ωRð Þ4 · αj j2 (1:3)
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The transition polarizability can be derived by second-order perturbation theory.
Following this route, Kramers, Heisenberg and Dirac found an expression for the
transition polarizability tensor, which is explained in detail in the literature [6]. A
detailed description of the Kramers–Heisenberg–Dirac picture would go beyond the
scope of this brief introduction. Only briefly, in case the Raman excitation fre-
quency ω0 is in resonance with an electronic transition, the transition polarizability
can be expressed as follows:

αρσ
� �

fi =
X
r

f jμρjrrjμσji
�hωri − �hω0 − iΓr

� �
. (1:4)

where ρ and σ are the direction x,y,z of the incoming and scattered electromagnetic
field, respectively. Here the numerator contains transition dipole moments con-
necting the initial |i〉 or final |f〉 state with the manifold of electronic resonant ei-
genstates of the molecule |r〉 (see Figure 1.2). From eq. (1.4), it can be seen that the
energy denominator becomes small in case the excitation frequency ω0 matches a
molecular electronic transition ωri. The damping terms Γ avoid that the energy de-
nominator approaches infinity for electronic resonant excitation. This damping
term arises due to the finite lifetime of the resonant intermediate states.

Overall, in case the scattering process takes place via a real electronic eigenstate
(RRS) instead of a virtual state the transition polarizability tensor is increased dra-
matically leading to a Raman signal enhancement of up to six orders of magnitude
(see also eq. (1.4)). A detailed evaluation of the transition dipole matrix elements in
the numerator of eq. (1.4) taking into account the Born-Oppenheimer-, Herzberg-
Teller- and Condon-approximation reveals that resonance Raman spectra are domi-
nated by vibrational modes accompanying the resonant electronic transition, i.e.
those exhibiting the largest Franck–Condon factors. A detailed quantitative inten-
sity analysis of resonance Raman spectra via eq. (1.4) would allow for the character-
ization of the excited state geometry within the Franck–Condon region. However,

ω0

ω0

ωR

ωri
ωri

ωStokes

r

|f
|i

r rfμσ μpi

Figure 1.2: Schematic representation of RRS.
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the significance of RRS in biophotonics is rather due to the increased Raman scat-
tering intensity in comparison with non-resonant Raman spectroscopy. Resonance
Raman spectra are less complex than non-resonant spectra, which is attributed to
the fact that only Raman modes are resonantly enhanced within the RRS spectrum,
which are associated with the electronic transition, i.e. which are Franck–Condon
active. Thus, based on an excitation of selected electronic chromophores within a
biomolecule or an entire cell by using appropriate resonant excitation wavelengths,
a chromophore selective and therefore site-specific investigation becomes possible,
making RRS an excellent tool in biochemistry, biology and medicine to selectively
study electronic chromophores, which might play a pivotal role in large biomole-
cules. However, also drawbacks of the method need to be mentioned. Due to the
excitation with laser light in electronic resonance, photodegradation processes
occur within the sample, and thus the sample needs to be moved very fast under
the illuminating beam in order to avoid degradation effects. As a consequence, the
combination of RRS with microscopy to perform imaging of biological samples is
challenging. The largest drawback, however, associated with RRS is the simulta-
neous excitation of fluorescence. Due to the larger cross-section for fluorescence
the Raman scattered light is often overlapped by a broad and strong fluorescence
signal. Especially for small Stokes shifts, i.e. the energy difference between the ab-
sorption and emission maximum, this issue occurs. In the case of large Stokes shift,
the resonance Raman scattered light and the fluorescence signal are well separated.
As a strategy to spectrally separate the RRS fingerprint information from fluores-
cence, excitation wavelengths in the deep UV region (<250 nm) to excite high-lying
electronic states can be applied. Since fluorescence originates from the vibrational
ground state of the first electronic excited state and RRS occurs from the Franck–
Condon point of the resonant high-lying electronic state, the fluorescence signal
and the RRS signals are energetically well separated. Finally, the different time
scales of RRS and fluorescence could be employed for separation, which is within a
time window of 5–10 fs in the case of RRS as well as on the nanosecond scale for
fluorescence processes after the electronic excitation. Thus, ultrafast Kerr shutters
can be applied allowing for the observation of RRS spectra without the fluorescence
background.

1.1.3 Surface enhanced Raman spectroscopy (SERS)

As a further strategy to enhance the Raman scattered light, SERS became very attrac-
tive in bioanalytics due to its high sensitivity and specificity allowing for enhance-
ment factors up to 6–10 orders of magnitude for molecules located in close vicinity to
metallic nanostructures [7, 8]. The interested reader is referred to the literature to ob-
tain more detailed information than the here presented brief summary of the SERS
effect [6, 9]. As contributions to the overall SERS enhancement, two mechanisms are
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identified: the electromagnetic and chemical enhancement mechanism. The main
contribution to the SERS signal is associated with the electromagnetic enhancement
which will be discussed in the following section. Due to the interaction with light,
surface plasmon polariton modes are excited on the surface of metallic nanostruc-
tures being much smaller than the wavelength of the incoming light. As a result of
the plasmon polariton excitation, a strong electromagnetic field is induced on the
surface of the nanostructure, showing an evanescent character. Thus, the intensity of
Raman modes close to the metallic surface is enhanced by several orders of magni-
tude since the Stokes–Raman intensity is proportional to I0 (see eq. (1.2)), which is
equal to the square of the incident electromagnetic field. The Raman scattered light
of the Raman modes in close vicinity to the metallic surface is emitted according to
the characteristics of a Hertzian dipole. Additionally, the Raman scattered light expe-
riences a further enhancement due to the overlap of the inelastically scattered photon
and the plasmon resonance, which is described as emission enhancement or second
part of the electromagnetic mechanism. The overall electromagnetic enhancement
factor G is defined as follows:

G=MLoc ω0ð Þ ·MLoc ωRð Þ= ELoc ω0ð Þj j2
E0 ω0ð Þj j2 · ELoc ωRð Þj j2

E0 ωRð Þj j2 ≈
ELoc ω0ð Þj j2 · ELoc ωRð Þj j2

E0j j4 (1:5)

where MLoc is the local field enhancement at the frequency of the laser excitation
ω0 as well as at the frequency of the Raman mode ωR, ELoc is the locally enhanced
electromagnetic field and E0 is the electromagnetic field of the incoming laser light.
In case ω0 ≈ωR, a fourth power dependency of the SERS enhancement occurs.
Enhancement factors reported for the electromagnetic mechanism are mostly in the
range between 4 and 8 orders of magnitude. As a second contribution to the overall
SERS signal, the chemical mechanism is described as the sum of various phenom-
ena: ground-state enhancement due to the interaction of a molecule and the metal-
lic nanoparticle, signal enhancement due to the excitation of a charge transfer
processes between a molecule and the metallic surface, and the resonance Raman
enhancement. The enhancement factor of the chemical enhancement is within the
range of 101 to 103. It is observed that the SERS spectrum can differ from the Raman
spectrum of the same substance. Thus, not all Raman modes are enhanced by the
same factor. This is attributed to the surface selection rules, which shows that the
modes perpendicular to the metallic surface are enhanced whereas the modes par-
allel to the surface are not enhanced or of very weak intensity. Moreover, the eva-
nescent character of the electromagnetic field on the surface of the metallic
nanostructures is responsible for the breakdown of the conventional spectroscopic
selection rules, and thus forbidden Raman modes might be observable under SERS
conditions (field gradient Raman effect).

All the aforementioned Raman approaches can be considered as linear, where
the Raman scattering intensity scales linear with the excitation intensity. However,
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various non-linear Raman scattering processes exist, which will be briefly ex-
plained in the following section.

1.2 Nonlinear Raman-based processes

In this section, nonlinear Raman processes are highlighted and briefly discussed.
A detailed description of nonlinear Raman techniques can be found in the litera-
ture [6, 10].

1.2.1 Hyper-Raman spectroscopy

Due to the application of intense light sources, a nonlinear polarization occurs. As
a consequence, the dipole moment μ is no longer proportional to the electric field E
applied to the system. The nonlinearity can be illustrated as follows:

μ= α ·E + 1
2
β ·E2 + 1

6
γ ·E3 + . . . (1:6)

where β is understood as the first hyperpolarizability for which β � α is valid and
γ with γ � β being the second hyperpolarizability. As mentioned earlier, the polar-
izability α depends on the nuclear geometry, i.e. on motions of the nuclei, within
the molecule. This is also true for the first, second and higher hyperpolarizability
terms. It is found that the second-order nonlinear-induced dipole moment

μ 2ð Þ = 1
2
β ·E2 can oscillate at four different frequencies: 2ω0 which is described as

the hyper-Rayleigh scattering; 2ω0 +ωRð Þ and 2ω0 −ωRð Þ as so-called anti-Stokes
hyper-Raman and Stokes hyper-Raman scattering, respectively; and at ωR as a
vibrational mode within the IR spectral range. In other words, within the hyper-
Raman process a two-photon transition into the virtual states takes place and for
those molecules relaxing back into the initial molecular state, hyper-Rayleigh scat-
tering is observed. In the case of a relaxation back into an energetically excited
level, Stokes hyper-Raman scattering occurs. The anti-Stokes hyper-Raman scatter-
ing is achieved when the two-photon transition into the virtual level starts from an
energetically excited state and the molecule relaxes back to the vibrational ground
level. According to the Boltzmann distribution, the anti-Stokes hyper-Raman
scattering is less intense than its Stokes counterpart. It is important to mention
that these hyper Raman scattering frequency components can only be observed
when applying intense laser sources e.g. ultrashort laser pulses. Thus, hyper-
Raman scattering plays only a minor role in Biophotonics or also other scientific
disciplines. The combination of hyper-Raman spectroscopy with the high electro-
magnetic field intensity in close vicinity to nanostructured metallic surfaces
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(creating surface enhanced hyper-Raman spectroscopy, SEHRS) is resulting in
complementary spectroscopic information due to different selection rules and a
very strong enhancement based on plasmonic and nonlinearity effects [11].

1.2.2 Coherent anti-stokes Raman spectroscopy (CARS) and CARS microscopy

All Raman-based scattering processes introduced so far are considered as spontane-
ous processes, i.e. the vibrations of all molecules within the laser focus are excited
independently (i.e. oscillate with random phase relationships) for employing a single
frequency of the incoming light ω0. Thus, a spontaneous Raman spectrum is a super-
position of all excited vibrations of the molecules based on the application of a single
incoming frequency. In this section, coherent anti-Stokes Raman scattering (CARS) as
the most prominent example of a coherent Raman process is introduced. Here, the
molecules are excited by two laser fields having different frequencies, i.e. the laser
frequency ωL and the Stokes frequency ωS. In case the frequency difference between
ωL and ωS matches a molecular vibrational frequency ωR, all molecules within the
common focus of the two laser fields oscillate coherently. To be more precise, in
CARS three laser pulses are involved to generate a coherent and spatially directed
CARS signal, whereas two laser pulses with the laser frequency ωL and the Stokes
frequency ωS are interacting with the sample of interest. In case the frequency differ-
ence between ωL and ωS corresponds to a Raman transition ωR (i.e. ωL −ωS =ωR) the
molecules are excited to coherent in-phase oscillations. Subsequently, another pho-
ton with the frequency ωL is scattered inelastically off the ensemble of coherently ex-
cited modes by emitting an anti-Stokes signal with the frequency ωaS:

2�hωL − �hωS = �hωaS (1:7)

In other words, whenever the difference frequency equals that of a Raman transition,
a CARS signal can be recorded. In total, CARS can be considered as four-photon pro-
cess (see Figure 1.3(a)).

The frequency of the anti-Stokes Raman signal results from the energy conser-
vation (see eq. (1.7)), while the direction of the coherent CARS signal is determined
by the wave vector conservation. The sum of the wave vectors of the four photons
involved in the process must be zero for the CARS signal to become maximum:

Δk = kaS − 2kL − ksð Þ=0 (1:8)

Thus, this phase matching condition is achieved by special arrangements, which is
for the investigations of gases a collinear beam arrangement. In condensed phases,
a collinear arrangement between four waves is not possible and therefore specially
designed non-collinear beam geometries like e.g. a BOXCARS or folded BOXCARS ar-
rangement is applied. Due to its coherent nature, the CARS signal is orders of magni-
tude more sensitive than the weak spontaneous Raman scattering. By comparing
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spontaneous linear Raman spectroscopy with the nonlinear CARS process the follow-
ing observations can be made: (1) The Raman scattering process is non-directional
and incoherent, whereas CARS is associated with a directed and coherent signal.
Thus, the Raman scattering intensity is significantly enhanced. (2) The Stokes–
Raman information is red-shifted related to the excitation wavelength and as a con-
sequence, an overlap with a disturbing fluorescence signal often occurs. In CARS,
the signal is blue-shifted and thus no fluorescence background is disturbing the
measurements. (3) The Raman scattering intensity scales linearly with the number of
molecules N, while for CARS a quadratic dependency N2 is obtained. (4) In linear
Raman spectroscopy, an energy exchange between the scattered photon and the
molecule occurs. The CARS process can be interpreted as a series of Stokes and anti-
Stokes processes where the molecule ends up in the initial molecular state (see
Figure 1.3(a)). (5) The line shape of Raman modes is easy to interpret, i.e. mostly
Voigt profiles are present. In contrast, the situation under CARS conditions is very
complex. When recording CARS spectra by tuning ωS for fixed ωL and recording the
CARS intensity often complex CARS spectral lineshapes are observed, not corre-
sponding to the observed linear Raman spectra. Beside the Raman resonant CARS
contribution, which is based on Raman transitions i.e. molecular vibrations (see
Figure 1.3(a)), one must also consider a non-resonant CARS part, which is usually
caused by off-resonant transitions due to the electronic structure of the medium (see

A B Excited
electronic
state

Electronic
ground
state

ωL

ωL

ωL

ωL
ωS

ωS

ωaS

ωaS

Figure 1.3: Energy level diagram of (A) Raman resonant CARS and (B) non-resonant CARS
background.
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Figure 1.3(b)). This non-resonant CARS background is real and does not show a
strong frequency dependence (i.e. can be regarded as constant in the proximity of
the vibrational resonance ωR). The interference between these two contributions, i.e.
Raman resonant and non-resonant part, often leads to asymmetric CARS line shapes,
which are difficult to interpret. The situation becomes even more complicated when
Raman transitions are very close or spectrally overlapping. Only for isolated Raman
transitions with large scattering cross-sections, the observed CARS lineshape is simi-
lar to that observed in linear Raman spectroscopy. Nonetheless, since CARS com-
bines a Raman signal-enhancing process due to the coherent excitation of molecular
vibrations with directed emission, and no disturbing fluorescence background, this
nonlinear variant of Raman spectroscopy became very attractive in Biophotonics as
microscopic contrast phenomenon. When implementing a CARS microscope, two
collinear laser beams (L and S) are focused on a point in the sample via a microscope
objective with the largest possible aperture angle. When using a microscope objec-
tive, i.e. strongly focused laser pulses, phase matching is uncritical, since the focus
for each wave vector component of the laser beam L contains the Stokes beam S re-
quired for phase matching and the CARS signal is only generated over a very short
interaction length. CARS microscopy allows for real-time imaging of characteristic
Raman peaks with large Raman scattering cross-sections, i.e. polar molecular groups
(e.g. CH2 stretch vibrations) over large areas up to cm2 at diffraction limited spatial
resolution. Finally, the excitation source for CARS microscopy needs to be chosen
with care. Large field strengths are required due to the nonlinearity of the process.
Thus, ultrashort laser pulses are required. The employed pulse length should be as
short as possible for an efficient CARS signal; however, long enough that the spectral
width of the laser pulse approximately matches the line width of a Raman transi-
tions. It was shown that for CARS microscopy, picosecond pulses are the best com-
promise [12]. As mentioned above, CARS is not background-free and that is why
CARS images recorded for Raman resonances with low scattering cross-sections will
contain a non-resonant background significantly reducing the molecular contrast.
Furthermore, since the CARS intensity scales quadratically with the number of mole-
cules a quantitative analysis of CARS images becomes often challenging. These
drawbacks can be circumvented by using another coherent Raman method, namely
stimulated Raman scattering (SRS) microscopy, which is however experimentally
more complex compared to CARS. SRS is background-free and exhibits a linear de-
pendency on the concentration. In the following section, the basic concept of SRS
will be briefly summarized.

1.2.3 Stimulated Raman scattering (SRS)

As a second coherent Raman process, SRS is considered which is based on an opti-
cal amplification of the longer wavelength beam ωS when two laser beams with a
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frequency of ωL and ωS are guided through a Raman-active sample and their fre-
quency difference matches a Raman transition, i.e. ωL −ωS =ωR. To be specific, the
incident laser beam loses an energy quantum with the energy of �hωL whereas the
Stokes beam gains an energy quantum �hωS. As a consequence, two Stokes photons
with the frequency ωS are generated (see Figure 1.4).

In SRS, the investigated molecules interact simultaneously with two light waves with
the frequencies ωL −ωS =ωR. Thus, the waves are coupled by the molecule vibrating
at the frequency ωR =ωL −ωS and an energy exchange between the laser wave and
the Stokes wave occurs resulting in a stimulated Raman loss ΔIL in the laser beam
intensity IL and a stimulated Raman gain ΔIS in the Stokes beam intensity IS:

ΔIS ∝N · ∂α
∂q

� �
0
· IL · IS (1:9)

ΔIL ∝ −N · ∂α
∂q

� �
0
· IL · IS (1:10)

The intensity of the SRS signal (i.e. ΔIL or ΔIS) scale linear with concentration (N)
and are background free since a loss or a gain in the Laser or Stokes beam intensity
is only generated if ωL −ωS matched a Raman resonance ωR. However, SRS is exper-
imentally more challenging since the real time detection of a small signal (i.e. laser
loss or Stokes gain) on top of a large laser background requires sensitive lock-in
detection schemes and fast tunable laser sources.
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Philippe de Bettignies

2 Optics/instrumentation

Micro-Raman spectroscopy: theory and application

Abstract: Raman spectroscopy has undercome a major development during the last
decades, making it more and more popular. One of the reason is that the instrumen-
tation has become more accessible, by making the Raman microscopes much more
affordable, reliable and user-friendly. Although the fundamental design has not re-
ally changed since the origins, it is important to know what the different compo-
nents are made of and what is their purpose. Is that sense this chapter about the
Optics of the Raman microscope will help to understand how the instrument works
and what are the specifications and the useful characteristics.

Keywords: Raman microscopy, Raman spectroscopy, Raman imaging, Laser,
Confocal microscope, Spectrometer, Spectral resolution, Spatial resolution

2.1 Introduction

First introduced in the mid-1970s, the Raman micro-spectrometer or micro-Raman sys-
tem or Raman microscope (see Figure 2.1) opened up a whole new dimension of spec-
troscopic analysis. Since that time the Raman micro-spectrometers have significantly
evolved. They are now far easier to operate, and laser adjustment and alignment are
virtually eradicated. It becomes a simple operation to use the micro Raman instrument
with computer-controlled operations like laser switching and grating selection.

Although their design has not fundamentally changed since the beginning, there
is a number of details that must be known, in order to understand how they work.
The goal of this chapter is to make clear all main technical aspects of the components
of a Raman Micro-Spectrometer, to be able to understand a technical specification, a
commercial brochure, a quote or an experiment using such instrument.

2.2 Overall scheme

The Micro Raman system follows the usual rule of any scientific instrumentation:
there is an excitation source, a sampling unit, and a detection part. In our case the

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: de Bettignies, P. Optics/instrumentation Physical Sciences Reviews [Online] 2019, 4. DOI:
10.1515/psr-2018-0027
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excitation source is the monochromatic light, provided by a laser. The sampling
unit is a microscope, very close to a conventional light microscope. And the detec-
tion part is a spectrometer.

A Raman microscope combines a Raman spectrometer with a standard optical
microscope. The excitation laser beam is focused through the microscope to create
a tiny spot with a diameter in the order of a micrometer. The Raman signal from the
sample is collected from a similar area, passes back through the microscope into
the spectrometer and is there analyzed for spectral information.

All Micro Raman systems today have roughly the same arrangement, and
can easily be described by following the path of the light in the instrument in
Figure 2.2:
1. One or several laser and coupling optics with accessories to control their

properties.
2. A microscope, with video capabilities, one or several objectives and a sample

holding/scanning unit.
3. A filtering unit, to isolate the Raman scattered light from the laser scattered

light (remember that the Raman effect is really weak, at least 1 million times
weaker than the incoming laser light).

4. A spectrometer, to disperse the light using a diffraction grating and to reveal
the Raman spectrum.

Figure 2.1: “Mole” first micro-Raman system in the late 70’s.
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5. A detector integrated into the spectrometer, to digitize the spectrum. It’s usually
a CCD camera.

6. And don’t forget a computer, to control the instrument and display the spectra,
images and other analysis results.

2.3 Laser

Lasers are a very important part of the Raman system. Their performance will directly
influence the quality of your result, especially in terms of spectrum quality and spa-
tial resolution. That’s why the Raman manufacturers carefully select them and usu-
ally provide them.

2.3.1 Wavelength choice (and why)

The correct selection of the laser wavelength is an important consideration for
Raman spectroscopy. Often several laser wavelengths may be employed to achieve
the best detection of the Raman signal versus background noise.

2.3.1.1 Fluorescence
First, it can happen that the sample, especially of an ‘organic’ or ‘biological’ nature,
will be quite fluorescent species. Exciting these samples with a laser in the green
(532 nm) may promote this fluorescence and may swamp any underlying Raman
spectrum to such an extent that it is no longer detectable.

Laser (s)

Coupling optics

Microscope
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Spectrometer

Detector
(CCD)
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1
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Figure 2.2: Micro-Raman system overview.
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In this instance, the use of a laser in the red (633 nm) or NIR (785 nm) may
provide a solution, as shown in Figure 2.3. With lower photon energy, a red or NIR
laser may not excite the electronic transition (and hence the fluorescence), so the
Raman scatter may be far easier to detect. Or, if the emission is in the green-yel-
low-red region, using a much shorter wavelength like blue (473 nm), violet (405
nm) or even down to UV (325 nm or 266 nm) will allow to detect Raman spectrum
before (wavelength-wise) the fluorescence spectrum.

2.3.1.2 Thermal radiation
Another spectral phenomenon can be seen, when dealing with high temperature
sample. This is the black-body radiation, or thermal emission: when temperature
rises, the thermal emission increases and its peak shift towards lower wave-
lengths, which can completely mask the Raman spectrum, like in the previous
case of fluorescence. The theoretical black-body spectral emission is shown in
Figure 2.4.

2.3.1.3 Raman scattering efficiency
Increasing the wavelength, from green to red to NIR, will decrease the scattered
signal level, because Raman scattering efficiency is proportional to 1=λ4. An ex-
ample of such effect is given at Figure 2.5. As a consequence longer integration
times or higher power lasers are usually required when working in NIR region.
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Figure 2.3: The results of the excitation of the same fluorescent sample with Green, Red and NIR
laser lines.
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2.3.1.4 Light penetration depth
For some materials like silicon (or other semiconductors, see Table 2.1), the penetra-
tion depth will depend on the laser wavelength, allowing to probe below the surface
by choosing the appropriate wavelength. This is also true for biological materials like
skin or other tissues.

2.3.1.5 Spatial resolution/spot size
As it will be described later in this chapter (see Section 2.4.5), the laser spot size
that will directly affect spatial resolution is proportional to the laser wavelength.
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Figure 2.4: Black body radiation spectrum as a function of temperature.
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Roughly speaking a 785 nm lase will have a focused spot twice larger than a
405 nm laser!

Thus, it is often most practical to have a number of laser wavelengths avail-
able to match the various sample properties one may encounter, be it resonance
enhancements, penetration depth or fluorescence.

2.3.2 Laser types

The most popular laser wavelengths are 532 nm (green) and 633 nm (red), for excita-
tion in the visible range, and 785 nm of excitation in the near infrared.

These laser are actually of different types, each of them with different proper-
ties and available wavelength (see Table 2.2 and Table 2.3):
– Gas laser: an electric discharge through a gas medium, inside a sealed cavity.

They tend to become obsolete due to the arrival of the other advantageous
technologies

– Laser Diode: a semiconductor emitter, which facets have been coated to create
a laser cavity.

– Diode Laser: adding to a laser diode some external components to have better
quality (spectral linewidth and stability, beam profile)

– DPSS: “diode pumped solid-state”. A laser diode is used to pump the emitter
crystal (most popular is Nd:YAG), located inside the laser cavity. Inside (or
sometimes outside) the cavity are placed other components to double (or mod-
ify) the light frequency in order to generate the appropriate wavelength. They
have intrinsically narrow linewidth, but need to be stabilized

– Fiber laser: the amplification medium is a fiber. Can generate higher power,
with a very long lifetime

Speaking of the lifetime, it’s usually for a laser diode, a diode Laser or a DPSS
around 10,000 h. For a gas laser it’s much less, around 2000 h, and for a fiber

Table 2.1: Penetration depth vs. laser wavelength.

Laser wavelength
(nm)

Penetration depth
in Si (nm)

Penetration depth
in Ge (nm)

 , 

  

  .
  

  .
 ~ ~
 ~ ~
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laser it can reach 100,000 h. Note that if you never turn it off, 10,000 h is only one
year of continuous operation!

With respect to the size and price, the gas lasers are more bulky and more ex-
pensive (except the HeNe at 633 nm). Then the DPSS are more affordable with a
more reasonable footprint, typically less than 20 × 10 × 10 cm. And the diode lasers
are the most compact and cheapest, reaching down to 5 × 2 × 2 cm.

The laser technology is evolving pretty fast, and the laser manufacturers are al-
ways improving their design and reliability. Especially in this respect the next years

Table 2.2: Popular laser for visible and NIR range and today’s main technologies.

Wavelength Gas laser Solid state laser Diode laser Fiber laser

 nm (violet) It’s the blue-ray
diode

 nm (blue) Helium-Cadmium
 nm (blue) Argon X
 nm (blue) X
 nm (blue) Argon X
 nm (green) Argon X
 nm (green) frequency

doubled Nd:YAG
 nm (orange) X
 nm (red) Helium Neon X
– nm (red) X
 nm (red) X
 nm (red) X
 nm (red) X
 nm (near IR) It’s the DVD diode X
 nm (near IR) X
 nm (IR) X
nm (IR) Nd-YAG

Table 2.3: Popular laser for UV range.

Wavelength Gas laser Solid state laser

 nm Argon
 nm tripled Nd:YAG
 nm Helium–Cadmium
 nm quadruple dNd:YAG
 nm doubled Argon
 nm doubled Argon
 nm doubled Argon
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will probably show the arrival of fiber-based laser (to differentiate from fibered
laser), which show a lifetime of 100,000h. For the moment their drawback is their
high price and their high power (more than 1W).

2.3.3 Spectral quality

Although there is a huge number of available lasers in the world, not all of them
are suitable for Raman spectroscopy and even more specifically Raman microscopy.

The important features for a laser to be qualified for Raman are:
– wavelength stability over time → reproducibility of the spectrum
– Linewidth, and its stability over short time (jitter) → spectral resolution.

This is often a quality of “single-mode” laser or SLM (for Single Longitudinal
Mode)

– Spectral purity → access to low frequencies and long integration time.
In this respect you may look for ASE suppression ratio (Amplified Spontaneous
Emission, a background generated by the laser medium), or Side Mode
Suppression ratio (a side mode is another laser wavelength that is emitted si-
multaneously, very close to the main laser line, in the laser diodes).
Gas laser will exhibit “plasma lines” (light emitted by the plasma), DPSS can
show the “pump diode line” (808nm). They need to have a narrow bandpass
filter (also called laser line filter – see Figure 2.13).

2.3.4 Spatial quality: beam size, divergence, ellipticity

2.3.4.1 Beam parameters
Laser beam are characterized by 2 parameters that are linked: size and divergence.
The beam size is usually measured at the laser exit, but will increase with the dis-
tance because of the natural divergence of the beam. The special fact about a laser
beam, being (in theory) a Gaussian beam, is that if it has a small size, it will highly
diverge, and consequently, it must be expanded in order to be collimated (lower
divergence). Table 2.4, Figure 2.6 and Figure 2.7 explicits the beam parameters,
their name and the relations between them.

The key point is that the laser beam must be adapted to the instrument.
For a typical laser used in Raman microscopes like 633 nm, with a beam waist

w0 = 0.5mm, the previous equation would give theta = 0.4mrad.
It is then quite usual to have a “beam expander” on the laser path to expand

w0 value and therefore reduce the divergence of the beam, in order to perfectly
match the microscope optics.
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2.3.4.2 Beam quality
All the previous relationships are only true for a perfect Gaussian beam.It’s often
the case for microscopy to be able to reach “diffraction limited” performances. But
because of the emitting source or some aberrations it can be elliptical or rectangu-
lar. In detail, ellipticity will cause:
– Different divergences in X and Y
– An elliptical laser spot when focused
– Different focus spot (astigmatism)

So this should be avoided as much as possible.

Table 2.4: Gaussian beam parameters and fundamental equation.

Beam radius at /e (.%) w

At the laser aperture Initial beam radius at /e w Beam waist
Initial beam diameter D = w Different from the FWHM

(Full Width at Half Maximum)

In the far field Beam size/diameter D(z) = w(z) D zð Þ= 2θz
Divergence (half beam) θ θ= λ

π w0

1

0
- w0 w00

Beam diameter

FWHM
50 %

1/e2

Figure 2.6: Gaussian beam profile of a laser beam.
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More generally speaking, the M2 factor measures how close to a perfect
Gaussian beam the laser is. It should be close to 1 (1.2 is good, 1.5 is acceptable, 2
and above is bad) for microscopy.

Transverse mode describes the shape of the beam. It must be TEM00 for mi-
croscopy, it’s easy to understand why by looking at the different modes profiles
(Figure 2.8).

2.3.5 Power and power control

Usually the laser is specified with their power at the source. But does really matter
is the power at the sample. This depends on the coupling efficiency, and on the
ability to adjust the power of the laser.

The laser power at sample often needs to be adjusted to protect the sample:
– Not to damage the sample (thermal effects: burn, boil, cook . . .)
– Not to modify the properties of the sample (heat will cause changes in stress,

crystallinity, conformation . . . that can be seen in the spectra as peak shift,
broadening . . .)

It’s also useful when you want to see the sample and the laser simultaneously, as
the laser would saturate the camera.

As most laser have fixed power, a device to reduce and adjust the laser power is
present in most of the commercial instruments. The most common and easy to use

z propagation
direction

ω(z)

ω0
θ

θ

Figure 2.7: Gaussian beam parameters.
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is a neutral density (ND) filter wheel (or slider), with fixed values of the ND filters
(or continuously variable). If the laser is linearly polarized, one can also mention
the use of a rotating polarizer (based on Malus law); it must be associated with a
half-wave plate in order to keep the polarization state constant.

The attenuation is often expressed in “optical density” following the formula:

OD=− logT (2:1)

With T the transmission of the ND filter.
Examples: OD 0.3 = 50%, OD 1 = 10%, OD 4 = 0.01%
Note: in some case the laser power can be adjusted directly within the laser.

The drawback of this is generally a lower range of adjustment, and a chance to
modify the properties of the laser (emission wavelength, monomode operation,
beam position, overall stability).

2.3.6 Laser safety

First safety rule: never try to look directly in the laser beam! Wear protective glasses
and avoid direct eye and skin exposure. The optician usually takes his business
card (or any white paper) to check that the laser is present or not. You should never
get any laser beam in your eye, as this can cause irremediate damage.

TEM 00

TEM 01* TEM 01 TEM 02

TEM 22TEM 12TEM 11

TEM 10 TEM 20

Figure 2.8: Transverse modes profiles.
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In this effect any system using a laser is classified in several safety classes
(IEC 60,825 standard) described in Table 2.5:

In any case, the manufacturer must provide a system which is not dangerous by
design, which means that all beams are protected when it’s not necessary to have
access to it. Usually the only access is on the sample.

Read carefully the user manual of the instrument, as it is mandatory to have in
there a section dedicated to laser safety, identifying the laser apertures and giving
instructions for a safe use.

Class 1 usually means that the system is fully enclosed, and when the sample
access door is opened, a safety switch blocks the laser or switch it off. An indirect
benefit of the laser safety enclosure is that it prevents ambient light to perturb the
measure.

2.4 Microscope

2.4.1 Types of microscopes

Microscopes are usually classified in three types:
– Regular microscope, with a full frame. The objectives have a fixed position and

the focus is made by moving the sample up and down.
– Open microscope, with a detachable or no bottom part. This allows to use

larger or heavier sample holders or accessories, like cryostats, heating cooling
stages, pressure cells. Usually in this case the focus is made by moving the ob-
jectives up and down.

– Inverted microscope, in which the objectives are below the sample. They are
mainly used for life science because they give more access for live cell accessories

Table 2.5: Laser class for safety.

Class Risk How to use

 no danger, no dangerous beam can be
accessible

no special installation, no glasses

 no danger unless when deliberate stare
into the beam

no special installation, no glasses

 danger, a dangerous beam is or can be
accessible

recommended glasses and special
room installation

 high danger (even for diffused light): high
power (>mW) and/or invisible (UV or IR)

need glasses + controlled access
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2.4.2 Illumination techniques and video camera

Whether your sample is transparent or opaque, you will choose different ways of
lighting it:
– Reflection illumination or “episcopy” (the light goes through the objective for

illumination and is collected via the same path after reflection on the sample).
It is used in most cases but is especially meant for diffusing, reflecting or opa-
que samples.

– Transmission illumination or “diascopy” (the light goes through the condenser
for illumination then through the sample and is collected via the objectives) is
adapted for transparent samples.

Depending on the optical microscope and the way it is integrated to the Raman in-
strument, it is possible to add other modalities to the regular “brightfield” (epis-
copic or diascopic) imaging.

Examples includes, but are not limited to, darkfield, polarized light, DIC, epi-
fluorescence, phase contrast . . . Each of this technique being adapted for a specific
type of samples by adding other types of contrast.

A video camera (CMOS or CCD) is mandatory in order to perform a measure at
the microscopic level, to visualize the sample, see where you are measuring exactly
and if you’re in focus.

Actually these tasks can also be done by a binocular head, but a camera allows
image acquisition with following analysis to show in the instrument software a lot
of additional information, like the image scale, the mapping area, distances, pro-
files . . . and of course to record these images and related informations.

The video image can also be used for various options based on image analysis,
like autofocus (see Section 2.8 and 2.10.2.1).

There is a tremendous range of video cameras available. The chip size and pixel
density influence the frame rate of the video acquisition, which can be observed by
moving the sample. In some cases there can be several cameras in the system.

2.4.3 Objectives

The objectives should be chosen based on their use. Raman microscopes are often
equipped with a wide field objective (like 5x or 10x) for sample navigation, and an
objective to perform the Raman measurement itself, like 50x or 100x objectives.

Some key words that you must know (Figure 2.9):
– Magnification: defined by the ratio between the size of the image vs the size of

the object, which is also the ratio of the camera lens focal length vs the objective
focal length. Note that the objective magnification may differ from the actual
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instrument magnification because of the use of a different camera lens. The
base-side color ring is an indication of the magnification.

– Working distance (WD): the distance between the front lens apex and the focal
plane.

– Parfocal distance: the distance between the base of the objective and the focal
plane. For a given microscope brand this value is constant.

– Numerical aperture(NA): the angle from which light is collected by the objective
(n: refractive index, θ half angle of the beam): NA= n sin θð Þ

The objective can be chosen to accommodate a specific wavelength range, or a
working distance, or higher NA (with immersion capabilities).

NA is very important because it defines the spatial resolution of the microscope
(it’s not the magnification) and in the end the Raman signal collection efficiency
because of the ability to collect (or not) all emitted light. In that sense signal inten-
sity for opaque samples is proportional to NA2 (solid angle for collection). Quite
often high magnification objectives have also high NA, and low magnification ones
have low NA, so you will choose if you want a small or a large sampling volume
depending on your experiment: for transparent bulk samples, low N.A. lens gives
better sensitivity (because of the large sampling volume), whereas it’s the opposite
for opaque samples (because of the collection efficiency).

The spatial resolution in the case of a regular (nonconfocal) microscope is de-
fined by Abbe formula for the diffraction limit, where the observed spot size diame-
ter is 2 times the resolution:

Dnon confocal = 1.22 λ
NA

(2:2)

NA

Focal plane

10x  0,2

∞ / 0

Magnification

Coupling to lens tube Glass correction thickness

Working distance
Parfocal distance

θ

Figure 2.9: Objective keywords.
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This is the resolution achievable on the video image, and differs from the resolution
of the Raman confocal microscope.

2.4.4 Confocal microscope

Simply adding a microscope to a spectrometer assists in giving lateral (XY) spatial
resolution, but does not give depth (Z) spatial discrimination because of the depth
of focus. For this, confocal optics are required. There are several methods in use
today, some truly confocal, others pseudo confocal, which work with varying suc-
cess. For a true confocal design (which incorporates a real confocal pinhole aper-
ture) micron depth resolution is possible, allowing individual layers of a sample to
be discretely analyzed. The lateral resolution will also be increased.

As sometimes the substrate (or other layers) is fluorescent or gives Raman sig-
nal, the confocality will also help to reduce the background signals (Raman or fluo-
rescence) coming from other parts of the sample and therefore will increase the
Raman signal quality of the point of interest.

The principle is simple (see Figure 2.10): only light which is emitted from the
focal plane will go through the confocal hole. Light emitted above or below will
not, because the corresponding beam would be much larger than the confocal aper-
ture. With the same principle, light emitted on the side of the focus point will be
blocked on the side of the confocal aperture. That’s why closing the confocal hole
will also increase the lateral spatial resolution.

In summary, the confocal optics allows to define a “confocal volume” from
where the light is collected, light coming from outside this volume being filtered
out by the pinhole.

In the following example (Figure 2.11), a water inclusion (5 µm) in a quartz ma-
trix with a gas bubble (1 µm), the semi-confocal then the confocal modes enable to
get less interference from the matrix signal (quartz) and improve the signal for each
fluid: water in semi-confocal mode, CO2 gas in confocal mode.

2.4.5 Spatial resolution of Raman confocal microscopes

The ultimate spatial resolution achievable with an optical microscope is limited by
the diffraction. In the specific case of a Raman confocal microscope, the main parts
to consider while we deal with spatial resolution are the laser source, the micro-
scope objective and the confocal hole aperture.

Concerning the laser source, the wavelength (λ) and the beam quality are the
two parameters that can influence the spatial resolution.

Generally speaking the lower the wavelength, the better the spatial resolution.
The beam quality of a laser can be defined by the M2 factor, which represents how
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Figure 2.10: Principle of confocal microscope.
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Figure 2.11: Effect of confocality to discriminate inclusions inside a matrix. All spectra were
recorded at the same point, only the confocal hole size was changed.
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tightly a laser beam can be focused. The best possible beam quality achievable is a
M2 equal to 1, which corresponds to a perfect Gaussian beam.

In the case of a confocal microscope, the microscope objective is one of the
most important elements in determining the spatial resolution of the system. The
numerical aperture (NA) of the objective is of great importance in confocal micros-
copy. The spatial resolution of the confocal microscope is directly dependent upon
this value; the higher the numerical aperture, the better the lateral resolution.

It must be noted that the NA is the “effective NA”, i.e., the effective light cone
coming out of the microscope objective. It means that the laser beam size must
match the entrance pupil size of the objective (this is called “pupil matching”). If
the pupil is underfilled, the effective NA will be smaller and the calculations will be
wrong.

Finally the confocal hole aperture, and its size in the object space defines how
confocal the system is (see Figure 2.20 for magnification calculation):
– If the confocal hole aperture in the object space is higher than the spot size,

then the spatial resolution is given by the formulas:

FWHMX,Y =
0.59λM2

NA
(2:3)

FWHMZ =
0.88λM2

n−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 −NA2

p (2:4)

– If the confocal hole aperture in the object space is much smaller than the
spot size (typically PH < 0.25FWHMgauss) then the lateral resolution is given
by the formulas:

FWHMX,Y =
0.37λM2

NA
(2:5)

FWHMZ =
0.64λM2

n−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2 −NA2

p (2:6)

λ = Laser wavelength, NA = Numerical aperture, M2 = Quality factor of the laser, n =
the refraction index of the medium (n = 1 for dry objective)

In reality, if one select a confocal hole much smaller than the spot size, the
Raman signal will be too weak and the noise will ruin the resolution, so usually
(eqs. 2.3 and 2.4) are used.

From these equations it can be seen that lower wavelength lasers offer high spa-
tial resolution (e. g. a blue laser at 488nm will have a smaller spot size than an infra-
red laser at 785nm if the same objective is used), as do high NA objectives (e. g.
a 0.90/100x objective will give a smaller spot than a 0.55/50x objective).
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Roughly speaking, because NA is usually close to 1, it can be considered that
the spatial resolution is around two thirds of the laser wavelength.

The previous equations are slightly different from the usual equation for the
Limit of Diffraction used in light microscopy (see eq. 2.2), because of the Gaussian
profile of the excitation beam and because of the confocal hole.

The way to measure such spatial resolution and some results are shown at the
Section 2.9.2.

Note: Be careful of the effect of depth penetration when using high NA objective to
measure inside transparent samples: because of spherical aberration, it is necessary to
use objective with a “glass thickness correction” (adjustable or not). This is very well-
known when measuring a sample under a glass coverslip, but should not be forgotten
when measuring below the surface of the sample. As shown on Figure 2.12, the rays
with high incident angle will not focus at the same point inside the sample than small
angle rays, because of light refraction at the sample’s surface. If the sample is moved
by dz, the central rays (with low angle) will focus at dz inside the sample, but the
outer rays (large angle) will focus deeper at dz’, degrading the total axial resolution

2.5 Filtering

2.5.1 Rayleigh filter (edge or notch)

The Rayleigh optical filter(s) are placed in the Raman beam path, and are used to se-
lectively reflect the laser line and block the Rayleigh scattering (i.e., the laser wave-
length), whilst allowing the Raman scattered light through to the spectrometer and to
the detector. Remember that the Raman effect is approximately 1 million times lower
than standard Rayleigh scattering, which means high efficiency filters must be used.

dz

dz dz’

Focus at the surface Focus inside a transparent sample

Figure 2.12: Effect of angle when focusing inside a transparent sample.
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Usually the blocking performance is 106 and the transmission >90%. Each laser wave-
length requires an individual filter. There are two main types of filter used (see Figure
2.13), both of which can be used without user intervention or optimization:

– Edge

An edge filter is a long pass optical filter which reflects all wavelengths up to a cer-
tain point, and then transmits with high efficiency all wavelengths above this
point. As an example, a 532 nm edge filter will reflect all light up to 534 nm or above
(e. g. 70 cm–1 or above) including the laser emission. Above 534 nm it will transmit
light, allowing detection of the Raman spectrum (stretching from 70 cm–1 up to
3500 cm–1 or above). The edge filters have an ultra steep edge between the reflect-
ing and transmitting spectral region, and offer excellent blocking of the laser line.
Because the edge filter is made by dielectric coating technology, it is environmen-
tally stable with a near infinite lifetime.

– Notch

A notch filter has a sharp, single rejection band which corresponds to a specific
laser wavelength. Typically the rejection band will be a few nanometers wide (cor-
responding to a few hundred cm–1). As an example, for a 532 nm laser a notch filter
will be chosen with a central band at 532 nm. The laser line will be reflected, but
the Raman spectrum above will be transmitted. The advantage of the notch is that
it allows measurements to be made for both the Stokes and anti-Stokes Raman scat-
tering, which is useful for certain specialised measurements. Notch filters are also
manufactured these days using dielectric coating technology.

– Holographic notch

This type of Notch filter was used until the development of dielectric Edge and
Notch filters. Unlike the dielectric filter, the holographic notch does have a finite
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Figure 2.13: Principle of Bandpass (laser line filter), Edge and Notch filters, for a 532 nm excitation.
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lifetime, and will degrade with time (after a few years), that’s why this technology
has been abandoned.

– Cutoff: the wavenumber value from which it is possible to measure a Raman
spectrum. Usually it is specified to be the 50% transmission value, but actually
one can measure from 10 or 20%.

Remark: Tilting the filters: If you tilt a dielectric filter, you will change slightly
its properties. The basic rule to remember is “a blue shift”, which means that the
transmission curves will shift to the lower wavelengths. This can be used to lower
the cutoff of the filter, but at the same time, the blocking efficiency of the filter
will decrease.

2.5.2 Triple monochromator: a tunable filtering spectrometer

With a triple monochromator instrument, it is possible to work in a “double sub-
tractive, single spectrograph” mode. The first two monochromators are used as an
integral pair, which firstly disperse both the Rayleigh (laser) and Raman scattered
light, then physically block the Rayleigh, and then recombine the light. The third
spectrometer then acts in the normal way to disperse the Raman scattered light
with subsequent detection.

The advantage of using a triple monochromator in this way is that the laser fil-
ter is infinitely variable, and the one instrument can be used to work with any num-
ber of laser sources. In addition, the filtering performance is excellent, and allows
Raman analysis down to 4–5 cm–1.

However, such an instrument does require rather more expertise to operate in
comparison with the more standard filter based single monochromator systems, and
because of the number of optical elements involved it is much less efficient, requiring
much longer integration times – as such it would rarely be considered for routine
analysis.

2.5.3 VBG filters for ultra low frequency (ULF) measures

Recently have appeared a new kind of filters called VBG “Volume Bragg Gratings”.
These filters can work either in reflection or in transmission, and can be optimized
as bandpass filters or notch filters. They have the advantage of being extremely nar-
row, their bandwidth being usually around 10 cm–1. When cautiously integrated
and adjusted into a Raman spectrometer, it is possible to reach ±5 cm–1 or slightly
better (depending on the wavelength), on a regular “single” monochromator: the
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Ultra Low Frequency region (<20 cm–1) is not anymore limited to the use of the
more complex triple monochromators (see an example in Figure 2.14). The transmis-
sion of the VBG filters is a bit lower than the dielectric edge or notch filter, but still
much higher than the transmission of triple monochromator. Their main drawback
is that due to the photoinscription process, they cannot be used at all in UV and are
less efficient in the violet region. Please note that the overall performance in the
low frequency region also depends on the laser spectral quality (especially spectral
purity).

Table 2.6 summerizes the properties of the different filters.
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Figure 2.14: Ultra Low Frequency spectrum of SiGe superlattice, recorded with VBG filters (532 nm
excitation, 3000 g/mm grating, 800mm focal length) and showing bands down to ±3.5 cm–1.

Table 2.6: Summary of filters efficiency.

Dielectric
Edge

Dielectric Notch Triple monochromator in
substractive mode

VBG

Antistokes N/A − cm– − cm– − cm–

Stokes cm– + cm– + cm– + cm–

Transmission % % % to % %
Blocking
wavelength

Fixed Fixed Tunable Fixed
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2.6 Spectrometer

2.6.1 Spectrometer principle

The spectrometer is the part of the Raman instrument that will analyze the scattered
light and construct the spectrum. Here we will only talk about the dispersive spec-
trometers, that are the most commonly used.

Note that strictly speaking a monochromator is a device that will select only
one wavelength. It shares the same design as the spectrometer.

To measure a spectrum, on can use a monochromator with a monochannel de-
tector and adjust its wavelength by turning the grating, or use a CCD array to mea-
sure a portion of the spectrum in one time. One can also scan the grating of the
spectrometer to increase the range of the detected spectrum.

Here is the principle of a dispersive spectrometer (from Figure 2.15):

The light (A) enters the spectrometer through the entrance slit B, is collimated by a
first mirror C (or lens).

The grating D disperse the light (formula see)
Then a 2nd mirror/lens E focuses the light on the CCD (F).
In a few words, we can see the functions of each element as:

– The grating converts the wavelength into an angle
– The mirror/lens converts the angle into position on the focal plane

The spectrometer configuration shown just above is called “Czerney-Turner”, and
has the advantage to be tunable (by rotating the grating) and easily adjusted or
modified (by changing the grating). The use of mirrors instead of lenses prevent
chromatic aberrations.

A

B

D

C

E

F

Figure 2.15: Czerney-Turner spectrometer.
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Some other system work with concave gratings but they have fixed design. The
concave surface images the entrance slit to the CCD, while the grooves on the sur-
face of the mirror disperse the light.

2.6.2 Gratings

The grating is the core element of the spectrometer. It is a diffractive element com-
posed by a series of parallel “lines” that will reflect the light, each line (or groove)
generating a different optical path length for the light beam. The combination of
these differential light travel distances generates interference patterns where the
constructive interferences are called “orders of diffraction”.

This results in the following equation, known as the grating formula:

sin α+ sin β= k.n.λ (2:7)

where:
α: incoming angle
β: output angle
k: order of diffraction
n: line (groove) density, in groove/mm (g/mm)
The gratings will be most efficient in the first order of diffraction (k = 1). The

zero order corresponds to regular reflection of light (see Figure 2.16). One can see
from the equation that at the maximum sin a + sin b = 2, so not all wavelength are
accessible to a grating: the theoretical limit wavelength for a grating of groove den-
sity n is lambda = 2/n.

For instance, a 1800 g/mm can be used until 2/1800 = 1100nm (in reality the limit is
more like 900nm in a real spectrometer geometry).

Polychromatic
light

Grating

0 order

1st order

2nd order

β

Σλ

α α

Figure 2.16: Grating operation.
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By changing the profile of the lines, it is possible to boost the efficiency of the
grating at a specific wavelength range. This operation is usually done by tilting the
angle of the line, which is called the blaze angle (Figure 2.17). Such a grating is
named “blazed at wavelength [. . .]” or just written “@[. . .]”

As a reminder, there is no mystery: the broader the spectral range, the lower the
efficiency.

So when you select a grating, take care also of the blaze wavelength, which can
yields to significant differences in efficiency, as shown in Figure 2.18.

Groove spacing Blaze angle

Figure 2.17: Grating grooves profile.
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Figure 2.18: Different grating efficiency curves, depending on groove density and blaze wavelength.
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2.6.3 Grating drive, linearity, calibration

Spectrometer can be fixed or scanning ones. In the first category, the grating is
fixed, which means that the wavelength range that is selected and focused on the
detector is always the same. On the contrary in a scanning spectrometer, the grating
can rotate and so the wavelength range can be shifted.

As a small rule, the range is constant in nm for a given grating (but not in
wavenumber).

To rotate the grating, the most straightforward way is to place the grating on a
rotary drive.

On older design instruments, a linear movement (from a screw with a nut) is
converted into the rotation by a mechanical sine function (so that the wavelength is
proportional to the displacement). It was invented when the computers didn’t know
the sine function, but is still used because of its proven accuracy and reliability
over the years.

To ensure the correct performance of a spectrometer, some corrections are
necessary:
– Linearity (or drive error) consists of having the correct wavelength at the center

of the detector for each angular position of the grating (because the rotating
wheel is not perfect for instance).

– Calibration is the accurate calculation of the wavelength on every pixel of the
CCD (based on exact grating grooves density, angle, focal length . . .), over the
whole wavelength range.

2.6.4 Slit

A monochromator builds the image of its entrance aperture to its exit. As the disper-
sion occurs in a plane perpendicular to grating groves, the image height at the
monochromator exit carry no spectral information and contributes only in detected
spectrum intensity. That’s why the entrance aperture is a slit, which width defines
the spectral resolution.

Usually, 3 types of entrance slit can be found: fixed slit (only one width), slit
with several different sizes and slit with continuously variable size.

Why change the slit size or more precisely, width? The slit is located at the
image plane of the confocal hole and therefore of the sample. Figure 2.19 shows the
image of the laser spot at the sample on the slit plane. The choice of the slit width
is a compromise between spectral resolution and quantity of detected light:
– If the slit width is reduced it will increase the spectral resolution but reduce the

light transmission.
– On the opposite, opening the slit will increase the light throughput at the cost

of a worse spectral resolution.
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Sometimes, in some instruments, the confocal hole and the spectrometer en-
trance slit are the same thing. In this case spectral resolution (defined by the slit
width) and spatial resolution (defined by the hole diameter) cannot be separated.
In order for the system to remain truly confocal, it should be a hole. If it’s a slit,
then it’s called “pseudo confocal” because in 1 direction there is no spatial filtering,
and the z resolution will actually be poor.

2.6.5 Optics and spectrometer coupling

In order to be the most efficient, the spectrometer must be optically adapted to the
whole device setup, if not, the beam cross-section will be larger than the spectrome-
ter optics, or the entrance slit/hole will strongly limit the light entering the spec-
trometer. This is called “aperture matching” of the spectrometer.

For this, the f-number of spectrometer, defined by the size of its optics and its
focal length (see eq. below), must match the f-number of the beam focused on the
slit. The f-number can be adapted by using lenses, but because of energy conserva-
tion principle, this will affect (usually in the wrong way) the size of the image, and
therefore the spectral resolution or the light throughput.

This aperture matching is done by every Raman spectrometer manufacturer
and is optimized for different conditions and hypothesis.

The relationship between f-number (f#) and NA is:

NA = n. sin α (2:8)

We call “f-number” N:

N = f
D
≈

1
2NA

(2:9)

The resulting f-number (N) = 10 is written as f/10
For instance, in the case of a direct coupling between the microscope and the

spectrometer, a low NA spectrometer (f/10 or above) is usually enough because the
magnification between the slit and the objective is big.

Wide slit
100μm

s’=50μm s’=50μm s’=50μm s’=50μm

Large slit
50μm

Medium slit
30μm

Narrow slit
10μm

Figure 2.19: Slit size vs spot size image (s’).

40 2 Optics/instrumentation

 EBSCOhost - printed on 2/13/2023 12:55 AM via . All use subject to https://www.ebsco.com/terms-of-use



On the contrary in the case of a fiber coupled spectrometer a high NA is better
(f/2), because the NA of an optical fiber is usually around 0.22, which is f/2.3. But
it’s possible to add an adaptor before the entrance slit.

In the example of Figure 2.20 the magnification between the sample and the slit

is f ′
f

h i
= 50, the NA of the objective is 0.9 which is f/0.55, so the spectrometer aper-

ture is f/28 or NAs = 0.018:

N = f
D
≈

1
2NA

= 1
2×0.9 =0.55 andNs =

fs
Ds

= f ′

D
= f ′

f

� �
N = 28

2.6.6 Spectral resolution/dispersion

Spectral resolution in a dispersive Raman spectrometer is determined by five fac-
tors. In the discussions below, the effect of each factor is considered under the as-
sumption that all other factors remain unchanged. In real life all of these factors
can exist in many varied permutations, which makes direct comparison of a sys-
tem’s performance and capabilities difficult.

Dispersion or resolution?
Spectral dispersion is calculated in nm/pixel or cm–1/pixel. It is a geometric as-

sumption of the size of a pixel in nm (or cm–1). It will tell how many pixels there are
in a given spectral range. It depends on the grating and the spectrometer focal
length. In short this is the “wavelength scale” of the spectrum.

Spectral resolution is measured in nm or cm–1. It is a property of the full spec-
trometer that qualifies how well the peaks are separated from each other. In short it
is the “optical sharpness” of the spectrum. It depends on the spectral dispersion,
the slit size and the optics quality.

High dispersion does not always mean high resolution, because of the slit size
and the optical aberrations of the spectrometer.
– Spectrometer focal length – the longer the focal length (e. g. the distance

between the dispersing grating and detector) of the spectrometer the higher
the spectral dispersion (and usually spectral resolution) – see Figure 2.21.

Objective

f f’ fs
DsD

s=1μm

f=2mm f’=100mm
f’=50μm

Sample α α’ α’

Focussing lens
Slit

Spectrometer optics

Figure 2.20: Coupling optics.
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Typical Raman spectrometers have focal lengths ranging from 200mm (for
low/medium resolution) through to 800mm and higher (for high resolution).
It is sometimes forgotten that a long focal length spectrometer is not limited
to high resolution work only – with suitable choice of grating (see below), a
high resolution spectrometer can be run in a low resolution mode, while the
opposite is not true.

– Diffraction grating – the higher the groove density of the grating (typically mea-
sured as number of grooves per millimeter or gr/mm), the higher the spectral dis-
persion – see Figure 2.22. Typical gratings used for Raman vary from 150gr/mm
(low dispersion) through to 2400gr/mm (high dispersion) or even higher. The
use of higher groove density gratings cannot be applied ad infinitum to increase
spectral dispersion, since they will have fixed practical and physical limits linked
with the spectrometer itself (see grating equation). Thus gratings provide an ini-
tial way to improve dispersion, but once their limit is reached it is necessary to
move to a longer focal spectrometer.

Ex: the dispersion of a 200mm focal length spectrometer equipped with
2400 g/mm is equivalent to 400mm focal with 1200 g/mm or 800mm with
600 g/mm.

– Laser wavelength – the dispersing power of a grating/spectrometer pair can
usually be considered constant in terms of wavelength. However, Raman spec-
tra use an energy related unit (Raman shift, or wavenumber, cm−1) which
means that the spectral resolution decreases as the laser excitation is changed
from infra-red to visible to ultra-violet wavelengths (as deducted from equation
2.10 and Table 2.7). As an example, if a 600 gr/mm grating is used with an
infra-red laser, a 1200 gr/mm or 1800 gr/mm will be required with a green laser
to achieve a similar resolution.

Short focal length

Long focal length

∝
1

Linear dispersion:

N : groove density of the grating

dλ

dx N.F

F: focal length of the spectrometer

Diffraction
grating

Incident light

Dispersed light

x

Diffraction
grating

Incident light

Dispersed light

x

Figure 2.21: Influence of focal length on spectral dispersion.
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The conversion formula between nanometer and wavenumber is :

νraman cm− 1� �
= 1

λlaser nmð Þ −
1

λraman nmð Þ
� �

× 107 (2:10)

– Detector – most systems have a single detector, so practically the user does
not have control of this factor. However, it should be noted that different detec-
tors can be configured with different pixel sizes. Basically, the smaller the
pixel, the higher the achievable spectral resolution. But do not mix peak defini-
tion (the number of pixels in one peak) and spectral resolution. You will get a
better resolution with small pixels only if the slit is also smaller (which can
lead to smaller signal).
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Figure 2.22: Influence of the grating on the spectral resolution of a tablet’s spectrum (532 nm
excitation). See especially the differences at 430, 1050 and 1300 cm–1.

Table 2.7: Equivalence between
wavenumbers and nanometers.

Wavelength  nm represents

 nm  cm–

 nm  cm–

 nm  cm–
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Note that, in the opposite way, it is also possible to bin the detector (com-
bining adjacent pixels together) which artificially increases the pixel size to
have higher signal and lower resolution.

– Slit size – The slit size plays a crucial role in the spectral resolution, as ex-
plained at Section 2.6.4. But it will have no effect on the “spectral dispersion”.

If the slit is totally illuminated, a slit of 100µm width used with a 1800gr/mm
grating will give the same spectral resolution than a 50µm slit used with a 900
gr/mm grating. But the spectral “window” observed with the 1800gr/mm grating
will be half of the one with 900gr/mm.

2.7 Detector

2.7.1 What is a CCD detector?

A CCD (Charge Coupled Device) is a silicon based multichannel array detector of
UV, visible and near-infra light. They are used for Raman spectroscopy because
they are extremely sensitive to light (and thus suitable for analysis of the inherently
weak Raman signal), and allow multichannel operation (which means that the en-
tire Raman spectrum can be detected in a single acquisition). CCDs are widely used
in today’s technologies, not least as the sensors in digital cameras, but versions for
scientific spectroscopy are of a considerably higher grade to give the best possible
sensitivity, uniformity and noise characteristics.

CCD detectors are typically one dimensional (linear) or two dimensional (area)
arrays of thousands or millions of individual detector elements (also known as pix-
els). Each element interacts with light to build up a charge – the brighter the light,
and/or the longer the interaction, the more charge is registered. At the end of the
measurement, read out electronics pull the charge from the elements, at which
point each individual charge reading is measured in the ADC (Analog to Digital
Converter) - see the read-out details in Figure 2.23.

To ADC

Figure 2.23: CCD readout principle: After exposure, the charges at each pixel are transferred line to
line down to the readout register where they are then horizontally transferred towards the digital
converter.
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In a typical Raman spectrometer, the Raman scattered light is dispersed using
the diffraction grating, and this dispersed light is then projected onto the long axis
of the CCD array. The first element will detect light from the low cm–1 edge of the
spectrum, the second element will detect light from the next spectral position, and
so on . . . the last element will detect light from the high cm–1 edge of the spectrum.

CCDs require some degree of cooling to make them suitable for high grade
spectroscopy. Typically this is done using either Peltier cooling (suitable for tem-
peratures down to −50 °C, −70 °C or even −90 °C with additional water cooling) or
liquid nitrogen cryogenic cooling (this is more rare and limited to the most de-
manding applications).

2.7.2 Quantum efficiency

Quantum Efficiency (QE) is a characteristic of a CCD detector, defined as the ratio of
conversion from photons into electrons. The different types of CCD have different
QE curves over wavelength, as shown in Figure 2.24. The CCD being Silicon-based
sensors usually covers the UV and the visible range, up to the Near Infrared.

2.7.3 Noise

There are three sources of noise to consider on the detector:
– Readout noise (e): induced by the electronics and the analog to digital conver-

sion. It depends on the read-out speed (the faster, the more noise).
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Figure 2.24: Comparison of different CCD quantum efficiencies.
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– Thermal/dark noise (e/s): from the sensor itself, and linked to integration time.
When doing fast imaging (<100ms), this can be neglectable.

– Shot noise (photon/s): proportional to light intensity, present when there’s
high signal, which is usually not the case in Raman spectroscopy, but can
occur if you have fluorescent background.

When you compare CCD, don’t forget to look at the noise levels, because even if QE
curves may look more interesting, depending on your application (and integration
time) the noise level can ruin totally the benefit of higher QE (see for instance the
comparison between CCD and IGA detector in Section 2.7.7).

2.7.4 Etaloning effect

In the case of Back-Illuminated (BI) CCD, there is an interference effect that occurs in
the Silicon chip itself, cause by the reflections between the top surface and the focal
plane: its is called “etaloning effect”. This effect is seen in Red or NIR range of detec-
tion, especially for the “BI-VIS” or “BI-UV” chip, and can be seen as a much higher
noise in these spectral domains. The Figure 2.25 shows this effect on the spectrum.

Over the last years manufacturers have developed “reduced etaloning” chip with a
special coating or treatment made on the first surface, to reduce the reflectivity and
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Figure 2.25: White light response of three different CCD: Open electrode (red) without etaloning,
BI-UV (blue) with a strong etaloning from 650 nm, BI-DD (green) with “reduced etaloning”
treatment (etaloning is present from 850 nm).
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thus limit the interferences. The efficiency is variable depending on the detector,
but usually it will always remain visible, from 1% to 10% relative intensity.
Without the “reduced etaloning” feature, the level would be around 20% to 40%!

2.7.5 Types of CCD – comparison table

The difference between the different types of CCD detectors is summarized in the
following table (Table 2.8):

2.7.6 EMCCD

An Electron Multiplying CCD (EMCCD) is a special type of CCD detector, which en-
hance the spectrum quality when extremely low signal levels are present. After the
photons have been converted into electrons in the chip, the electrons are analogi-
cally multiplied with an adjustable gain factor (from 1 to ~1000).

The key benefit of an EMCCD is that the amplification occurs before readout
of the signal, which means that the signal is not readout noise limited. In other
words, through amplification the signal is raised well above the noise floor
which is largely determined by the noise of the readout electronics (pre-amplifier
and A/D convertor).

Table 2.8: Comparison of different CCD detectors.

CCD chip type Use QE Noise Spectral
range

Comment

OE – Open
Electrode

Generic
purpose

medium excellent
(very low
noise)

Broadband
UV-NIR

FI-VIS, FI-UV:
Front Illuminated

No interest
for Raman

Medium excellent Broadband
UV-NIR

Smaller pixels
available

BI-UV: Back
Illuminated UV

UV high medium UV or blue Strong etaloning in
visible and NIR range

BI-VIS: Back
Illuminated
visible

No interest
for Raman

high medium VIS-NIR Strong etaloning in
visible and NIR range

BI-DD: Back
Illuminated Deep
Depletion

Short
integration
time, no
background

high medium VIS-NIR Etaloning in NIR

EMCCD Fast imaging Depends
on type

medium
(depends on
type)

Depends on
type

See next section
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2.7.6.1 When to use EMCCD?
The benefits of EM gain are clearly obvious in fast Raman spectral imaging, where
the necessary short integration times can often result in signals which are barely
visible above the noise when measured with a conventional CCD.

Be careful, as a limitation, that there should be no background, because it
would be amplified too and the Raman signal will still be mixed with the
background.

Similarly to the different CCD, there are different types of EMCCD (with almost
the same names): BIUV, BIDD, FI, FIUV, but there is no equivalent of the multipur-
pose OE CCD.

2.7.7 Infrared detectors

2.7.7.1 IGA
InGaAs detectors (or IGA) have sensitivity in the infrared (800 nm–1600nm for the
usual version).

But they have much higher dark noise level (typically 1000 times higher),
which requires deeper cooling (usually cryogenic Liquid Nitrogen “LN” or “LN2”).

Even if the QE looks good compared to a CCD in the NIR region, always use a
CCD when it is still sensitive, because the signal–to-noise ratio will always be
higher with a CCD (see Figure 2.26 below).
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Figure 2.26: Relative efficiency of different detector types for 1s acquisition time (logarithmic
scale).
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2.7.7.2 X-IGA
Extended InGaAs (XIGA) detectors are named this way because their spectral range
is extended towards infrared. Their sensitivity can reach 2.2 µm, but the drawback
is a significant increase of the noise, compared to the regular IGA.

2.7.8 Monochannels detectors

Consider these as obsolete, for VIS or NIR range, and even if they are perhaps
cheaper than a multichannel IGA for NIR, they show less performance, much more
complex use and less robust.

2.8 Software, automation, electronics

All manufacturers have developed their own software to drive their Raman spec-
trometer and perform data acquisition and treatment, with lots of parameters, but
more and more automation and ease of use.

Basically everything can be automated in the instrument, the most common
features being: grating angle (to select appropriate range), grating selection, excita-
tion wavelength selection (laser and associated filters), adjustment of laser power,
size of confocal hole, entrance slit, activation of video, moving the sample . . .

Most softwares have now integrated more and more data treatment functions,
from the spectra correction (noise removal, background removal . . .) to the analysis
(peak fitting, normalization, modelling, multivariate analysis, database searching . . .).

2.9 Quality assessment

There is currently no normalized way to measure all performances of a Raman mi-
croscope. There are some usual tests often provided.

2.9.1 S/N ratio

Several manufacturers use signal to noise evaluation by measuring a Polystyrene
spectrum. Signal is the integral of the 1000 cm–1 peak and noise is measured in the
spectrum zone with no peak - see Figure 2.27. Be careful that this value depends on
a lot of parameters: laser, objective, dispersion, confocality . . . and of course acqui-
sition time.

A more historical way is to measure the 3rd order or the 4th order of the Si spec-
trum, but there is the same difficulty to quantify or to compare between instruments
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because of the number of instrumental parameters involved. On the contrary to the
polystyrene spectrum, it is more difficult to measure due to the very low relative
intensity compared to the main Silicon peak (see Figure 2.28).
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Figure 2.27: Signal to noise ratio measured using polystyrene spectrum.
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Figure 2.28: Silicon spectrum 1st, 2nd, 3rd and 4th order. Upper left with 0.5s acquisition. Upper
right with 30s acquisition. Bottom left with 60s acquisition. Bottom right same after baseline
substraction.
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2.9.2 Spatial resolution

Spatial resolution (x-y) can be measured using patterned samples (like metal stripes
on Silicon), a sharp transition (like metal deposed on silicon) or an ultrathin sample
(like a carbon nano tube). Z resolution needs a nonpenetrating sample (Silicon for
blue or green laser, Germanium for red or IR), or an ultrathin one (like suspended
graphene monolayer).

The general principle is shown on the Figure 2.29: it consists in performing a 1D
scan over an edge (step function) and calculating the first derivative. The FWHM of
the resulting curve gives you the point spread function (PSF) which FWHM repre-
sents the spatial resolution. The alternative is to perform the scan over an “infi-
nitely thin” sample, equivalent to a Dirac function, and the PSF is directly equal to
the measured profile. In the case of an intermediate thickness, it must be taken into
account to deconvolute the result.

Obviously, it is important to record such a profile with a sampling rate that respects
the Shannon-Nyquist criteria (The sampling rate of a signal must be at least two
times higher than the maximum frequency contained in the signal). In practice, the
lower the step size, the better the definition of the profile.

In the following example (Figure 2.30) the lateral resolution has been measured
on a 0.1–5 Si-Cu pattern (0.1 μm Si, periodicity 5 μm) sample. The measured lateral

‹‹ Step ›› sample ‹‹ Thin ›› sample ‹‹ Infinitely thin ›› sample
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Figure 2.29: Spatial profiling of a sample used to measured either the axial or the lateral PSF of the
confocal microscope.
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profiles show lateral profiles having a FWHM as low as 0.4 μm for the 532 nm laser
and 100X objective (NA 0.9). The resulting lateral resolution after deconvolution is
as good as 0.3 μm which again is very close to the diffraction limit theoretical value
for a perfect Gaussian beam (301 nm). Note the significant loss in resolution by
using a NIR laser, because of the wavelength value and the M2.

To measure depth resolution, we can use a Ge(111) sample having a very low
depth penetration (20 nm at 488 nm, 85 nm at 633 nm). The following Z profile was
done at 457 nm with a 100X objective on a Ge sample. Again, the diffraction limit
theoretical value was nearly achieved in this example (Figure 2.31).

Remember that the achievable depth resolution will depend strongly on the
laser wavelength, microscope objective, and sample structure.

2.10 Advanced

2.10.1 Raman imaging

Raman spectral imaging (or mapping) is a method for generating detailed chemical
images based on a sample’s Raman spectrum. A complete spectrum is acquired at
every pixel of the image, and then interrogated to generate false colour images
based on material composition and structure:
– Raman peak intensity yields images of material concentration and distribution
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Figure 2.30: Lateral profile measured on a 0.1 µm patterned Si sample, with 532 nm and 785nm
excitation, 100x/0.9 objective.
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– Raman peak position yields images of molecular structure and phase, and ma-
terial stress/strain

– Raman peak width yields images of crystallinity and phase
Raman spectrum as a whole allows material identification (as in Figure 2.32)

A typical experiment uses sequential sample movement and spectrum acquisition,
repeated hundreds, thousands or even millions of times, to collect data from the
user defined image area.

Raman spectral images can be collected in two and three dimensions, to yield
XY images, XZ and YZ slices, and XYZ datacubes.
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Figure 2.31: Depth resolution (derivative of the depth profile) measured on a Ge sample, with 457
nm excitation and a 100x/0.95 objective.
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Figure 2.32: Raman spectral image of a whole sectioned pharmaceutical tablet. (red: aspirin,
green: paracetamol, blue: caffeine, purple: coating).
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Raman spectral imaging is an invaluable technique for scientists in many var-
ied fields, since it allows chemical distribution to be viewed which is invisible by
standard optical microscopy.

2.10.1.1 Sample scan
The first way to generate an image is to move the sample under the objective, using
the microscope stage (X, Y and Z). Two types are used:
– motorized stages (xy), using stepper motors, sometimes with an encoding sys-

tem for better accuracy. The Z motor is controlling the movement along the Z
axis of the microscope.Their scanning range is several cm to hundreds of cm,
with an accuracy around 1 µm and a step size of 100 nm or below.

– piezo stages, using piezoelectric actuators (xy or xyz). They are faster but with
a scanning range usually much more limited (100 µm). They have higher accu-
racy and step size (in the range of the nm). They are also more expensive.

2.10.1.2 Laser Scan
Another option is to keep the sample steady, and to scan the measuring spot on the
sample surface. This is typically done by a scanning mirror (or several) which is
placed on the laser/Raman common path.

2.10.1.3 Line scan
Instead of scanning a point on the sample, a line can be used to measure simulta-
neously several points, by taking advantage of the slit height of the spectrometer.

Every point of the line is imaged on a point of the slit, and on the detector you
measure all corresponding spectra “vertically”.

The drawback of this principle is to remove the confocal aspect.

2.10.1.4 Effect of spatial resolution
The confocal properties of the Raman microscope will directly affect the spatial res-
olution of the Raman images when dealing with small objects. The Figure 2.33
shows the effect on spatial resolution of the same sample by going from “not confo-
cal” to “confocal” acquisition mode on the same instrument.

2.10.1.5 Fast imaging
Fast Raman spectral imaging is a technique for allowing Raman spectral images to
be acquired with acquisition times down to less than a few ms/point, resulting in
total measurement times of seconds or minutes, even for images comprising tens or
hundreds of thousands of spectra.
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Traditional Raman spectral imaging has always been limited by long acquisi-
tion times, but such methods do offer the ultimate sensitivity for materials with ex-
tremely low Raman scattering properties, and additionally allows high resolution,
large spectral range measurements. Typical acquisition times for such maps can be
in the order of 1s–10s per point (or longer), resulting in total measurement times in
the order of hours or days.

Methods for Fast Raman spectral imaging vary, but typically they coordinate
sample stage movement (or laser spot deflection) and detector readout to minimize
“dead time” between pixels which occurs in standard point-by-point imaging experi-
ments. They allow Raman spectral images to be acquired with acquisition times
down to 1ms/point or less, so that large area survey scans and detailed Raman spec-
tral images can be completed in seconds or minutes, like for instance Figure 2.34.

Ultra-fast Raman spectral imaging is not suitable for every type of sample, and
its efficacy will depend on the sample’s inherent Raman intensity, and the required
spectral quality necessary to create the image.

2.10.2 Autofocus/3D imaging

When adding a z-motor to the microscope, it’s possible to reach different focus
points during an experiment. This can be used to perform autofocus and 3D map-
ping (surfacic or volumetric).

2.10.2.1 Autofocus
Usually the sample is not flat. And even if it is flat is can be tilted versus the focal
plane.

Not confocal Confocal

Figure 2.33: Not confocal and confocal Raman images of 1 µm polymer beads (3D rendering of 2D
images with height as intensity).
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Depending on the sample scale and the size of your image, you may want to
ensure that you stay in focus for every point, that’s why autofocus solutions have
been developed by the manufacturers, using different principles.

Autofocus before the Raman image acquisition:
To calculate or measure the topography of the whole sample and then follow it

during the measurement, by:
– Optical means
– Image treatment (like looking at video sharpness)
– If it’s a plane (or a known surface), focus on three points (manually or using

the autofocus) will determine the inclination plane of the sample

Autofocus during the Raman image acquisition:
To adjust the focus at every point, before each individual acquisition, but this

can be much longer for large images, by:
– Data treatment, by optimizing the signal (no hardware required except z-stage)
– Optical means

Note that the z information obtained by the autofocus can be used to generate a
surfacic 3D image of the sample, which means a 2D Raman image plotted on a to-
pography map.

Figure 2.34: Various graphene layers – 28,080 spectra recorded in 71s (step 0.5 µm).
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2.10.2.2 3D mapping
If the sample is reasonably transparent, combining z mapping to x-y mapping will
generate a volumetric 3D image, by stacking images acquired at different altitudes
(Figure 2.35).

2.11 Other popular options

2.11.1 Polarization

For some applications it is important to analyze the response of the sample to differ-
ent incident polarization states, for instance for crystal orientations etc. The Raman
spectral bands can also be polarized and their analysis can reveal other properties.

To do so, there are two optical paths to consider:
– Laser path: usually the laser are polarized, let’s say horizontally (H). To have a

vertical polarization (V) it is necessary to insert on the laser path a component
to convert H polarization into V, usually it is a halfwave plate (lambda/2 plate).
If a circular polarization is desired, this is a quarter-waveplate to use.

– Raman (signal) path: to measure if a Raman band is polarized, a component
called “analyzer” will be used on the Raman path, before the spectrometer. It’s
actually a regular polarizer, with its axis placed vertically or horizontally, de-
pending which orientation has to be observed. But because the spectrometer
has also a different response to H or V polarization, it is preferable to add a
polarization scrambler (or depolarizer) between the polarizer and the spectrom-
eter, in order to have equal responses to H or V polarized light.

Z (22.1 μm)

Y (34.6 μm)
X (48.2 μm)

Quartz
CO2 (gas)
Water + CO2 (aqueous)

Figure 2.35: 3D volume map through fluid inclusion in a quartz matrix (step size 0.5 µm for X and Y,
1 µm for Z).
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2.11.2 UV Raman

For some applications where fluorescence is a big issue, UV Raman can be a solu-
tion. However, it requires specific hardware. NUV (325 nm and above) is reasonably
accessible, whereas DUV (266 nm, 244 nm and below) is more difficult.

Special optics are required for UV coupling, because lenses designed for visible
light will either not transmit UV light, or have strong focus shift, or both. Mirrors
are achromatic by nature so in a multiwavelength system it’s better to have only
mirror optics, if you don’t want to end up with a set of optics for each laser line
(both on the Raman and the laser path). But even with mirrors, one must pay atten-
tion to its coating, which will generally be less efficient in DUV (unless you choose
DUV dedicated mirrors).

The CCD detector has also to be chosen with care because usually the quantum
efficiency drops down below 400nm

The choice of microscope objectives is more limited, and lens-based objective
will usually show strong longitudinal chromatic aberration (or focus shift), that will
cause poor video image of the sample when the laser is in focus (and vice-versa).
Thus, mirror based objectives are a good choice, but they must be carefully selected
and aligned to provide good image.

Last, the lasers are more expensive, especially gas laser, which remains the
main source of UV light (see Section 2.3).

In total, mirror efficiency, objectives efficiency, detector efficiency leads to signif-
icantly lower signal, therefore it is recommended to have enough laser power (usu-
ally above 50mW at the laser output for DUV and 30mW for NUV is recommended).

2.11.3 Coupling to SPM, TERS

Since several years it has become more and more easy to couple a SPM (Scanning
Probe Microscope) to a Raman microscope and some manufacturers even propose
combined systems.

The advantage of the SPM is its spatial resolution, which is typically the range
of the nanometer, and can reach down to the atomic scale.

The first and easiest thing these combined systems can do is called “co-localized”:
it consists of doing a SPM image and overlaying it with a Raman image.

But the main interest is to achieve nanometric resolution Raman images, by
using Tip Enhanced Raman Scattering (TERS). For this a more specific coupling sys-
tem between both instruments is required, as well a specific SPM tips engineered
for plasmonic effects which will enhance the Raman scattering only at the vicinity
of the tip’s apex, thus generating a very high spatial resolution Raman signal.
Figure 2.36 is an example of such ultimate spatial resolution.
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2.11.4 Others

To close this chapter, you need to remember that the different Raman manufacturer
are always improving their instruments and developing new options to increase the
ease of use or the performance. Don’t forget to visit their website or to ask for ad-
vice, as some options may not be shown, or could potentially be developed for your
specific needs.

Some examples that have been recently seen:
– Reference sample
– Coupling to TCSPC or FLIM
– Optical tweezer
– Transmission Raman
– Photocurrent mapping
– External coupling to cryostats, magnetostats
– Coupling to SEM
– Electrochemistry
– Particle analysis
– Coherent Raman Scattering, like CARS or SRS

8 nm

1 px

20 nm

Figure 2.36: TERS image of a carbon nanotube showing local defects (white). The optical resolution
is 8 nm, but the chemical sensitivity goes down to 1 pixel i.e., 1.3 nm.
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3 Sample preparation for Raman
microspectroscopy

Abstract: Raman spectroscopy and its variants allow for the investigation of a wide
range of biological and biomedical samples, i. e. tissue sections, single cells and small
molecules. The obtained information is on a molecular level. By making use of data-
bases and chemometrical approaches, the chemical composition of complex samples
can also be defined. The measurement procedure is straight forward, however most
often sample preparation protocols must be implemented. While pure samples, such
as high purity powders or highly concentrated chemicals in aqueous solutions, can be
directly measured without any prior sample purification step, samples of biological or-
igin, such as tissue sections, pathogens in suspension or biofluids, food and beverages
often require pre-processing steps prior to Raman measurements. In this book chapter,
different strategies for handling and processing various sample matrices for a subse-
quent Raman microspectroscopic analysis were introduced illustrating the high poten-
tial of this promising technique for life science and medical applications. The
presented methods range from standalone techniques, such as filtration, centrifuga-
tion or immunocapture to innovative platform approaches which will be exemplary
addressed. Therefore, the reader will be introduced to methods that will simplify the
complexity of the matrix in which the targeted molecular species are present allowing
direct Raman measurements with bench top or portable setups.

Keywords: Raman spectroscopy, sample clean-up, pathogen, tissue, microfluidics,
optical tweezers

3.1 Introduction

The Raman microspectroscopy enables the investigation of the entire range from
tissue samples down to single cells to low molecular weight substances. It offers
information on a molecular level and allows, based on the recorded spectrum, the
identification of the chemical composition of the investigated samples. Pure sam-
ples, such as high purity powders or highly concentrated chemicals in aqueous
solutions, can be directly measured without any prior sample purification step.
Furthermore, in contrast to infrared spectroscopy, the presence of water does not

This article has previously been published in the journal Physical Sciences Reviews. Please cite
as: Jahn, I. J., Lehniger, L., Weber, K., Cialla-May, D., Popp, J. Sample preparation for Raman
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overshadow the Raman signal of the molecular species of interest. Thus, Raman
spectroscopy can be easily performed on biological samples with high water con-
tent. This technique is also well known to be easily applicable for the identification
of the composition of pharmaceuticals, geological and forensic samples.

Generally, the number of in-elastically scattered photons is approximately 1 out
of 1 million incident photons and most of the samples need to be pre-concentrated in
order to record high quality and reproducible Raman spectra of the targeted mole-
cules. The acquired vibrational spectra present, depending on the spectral resolution,
sharp and well separated Raman bands which can be unambiguously assigned to
characteristic molecular vibrations. With increasing sample complexity, the recorded
Raman spectrum will contain the spectral features of all Raman active molecules lo-
cated in the focus volume. Therefore, the interpretation of the results becomes cum-
bersome and multivariate statistical analysis are required. The main alternative for
this is sample clean-up in order to purify, isolate or enrich the targeted molecular
species. Most of the gold standard methods i. e. high performance liquid chromatog-
raphy or mass spectrometry applies extensive sample pre-processing steps, such as
liquid–liquid extraction (LLE), protein precipitation or solid-phase extraction (SPE).
Although, many of these procedures were also combined with Raman spectroscopy,
the scientific community strives towards simplifying the clean-up procedures by tak-
ing advantage of the particular characteristics of this technique. Namely, no water
interference, molecules containing chromophores will provide an enhanced Raman
signal when the proper laser excitation wavelength is used or signals from single
cells i. e. bacteria can be easily recorded.

Mostly samples of biological origin, such as tissue sections, pathogens in sus-
pension or biofluids, food and beverages require sample preparation procedures
prior to Raman measurements. Nonetheless, regardless of the sample origin, very
often a substrate is used as sample holder. The material of these holders needs to
be compatible with Raman measurements and has to be carefully selected by taking
into consideration the measurement parameters [1]. For example, the wavelength of
the employed laser excitation source will define the penetration depth of the pho-
tons and will restrict the use of conventional materials. Namely, the shorter the
laser wavelength is the fewer signals will be collected from the supporting material.
Therefore, for lasers emitting bellow ~ 550 nm conventional borosilicate glass slides
can be used when the sample thickness is more than 5 µm. However, in most biolog-
ical tissues auto fluorescence will be induced under these conditions, and a near
infrared laser is most often opted for. In this case, monocrystalline CaF2 glass or
quartz is preferred as sample holder. Beside these, nickel foils, aluminum-covered
silicon wafers or silicon were employed for Raman measurements to avoid back-
ground signals coming from the substrate.

In the present book chapter the most encountered sample preparation proce-
dures that were combined with Raman microspectroscopy as detection method will
be summarized. First, standalone techniques, such as filtration, centrifugation or
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immunocapture will be presented, whereas in the second part innovative platform
approaches will be exemplary addressed. Therefore, the reader will be introduced
to methods that will simplify the complexity of the matrix in which the targeted mo-
lecular species are present allowing direct Raman measurements with bench top or
portable setups.

3.2 Sample clean-up and enrichment strategies

3.2.1 Filtration and centrifugation

One of the simplest methods for the separation of solid particles from a surrounding
liquid is filtration. Depending on the object of investigation, a wide range of filters
with different pore sizes can be applied. For instance, filtration is used for the sepa-
ration of bacteria from eukaryotic cells due to their smaller size of 0.6–1.0 µm (for
common bacteria). Moreover, it is also possible to perform several filtration steps
one after another to achieve major purity. Stöckel et al. utilized two consecutive fil-
tration steps to separate bacteria, more precisely Burkholderia mallei and
Burkholderia pseudomallei, from animal fodder. First, suspensions were roughly fil-
trated through 20 threads gauze and finally with a 0.45 µm filter to remove remain-
ing residues of the matrix. For subsequent Raman measurements, 1 µL of the
suspension was dropped and air dried on nickel foil [2]. Filtration is a very common
method for sample preparation, either as a sole sample preparation technique or as
an important intermediate step for the further sample processing.

Another simple and effective technique for the separation of particles relies on
centrifugation. There are two different types of centrifugation: differential centrifu-
gation and density gradient centrifugation. The first mentioned method simply ex-
ploits the fact, that objects of different size or density will sediment at a diverse rate
in a centrifuge.

The second technique, density gradient separation, is based on the sedimen-
tation of particles in a density gradient and requires a special solvent. For in-
stance, CsCl solution forms a stable density gradient after 24–48 h in a centrifuge
at high speed. Dissolved macromolecules accumulate in one sheet, the so-called
isopycnic zone, which corresponds to their buoyant density. This parameter can
be measured after centrifugation in g/cm3. CsCl solution covers a range from 1.3
to 1.8 g/cm3, including most biomolecules like DNA (buoyant density: 1.7 g/cm3),
RNA (1.6 g/cm3) or proteins (1.35–1.4 g/cm3). Cell organelles which have a lower
density can be separated by sucrose density gradients. Ficoll density gradient
centrifugation is applied for the isolation of leukocytes from peripheral blood.
Mononuclear cells can be collected from the resulting interphase between
plasma and separation medium using a Pasteur pipet. Afterwards the cells are
chemically fixed, suspended and their Raman spectrum can be recorded [3–7].
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Density gradient centrifugation can also be utilized for the isolation of bacteria
from complex matrices. Afterwards bacteria can be identified by single cell
Raman measurements [8–10]. Another possible application is the separation of
endospores from powder samples [11, 12]. Kloß et al. used centrifugation and sub-
sequent Raman measurements to detect pathogens in a range of 103 cells/mL in
patient urine samples [13].

Centrifugation and filtration steps can also be combined for an efficient sam-
ple preparation [14–16]. Collard et al. utilized an isolation method combining both
techniques for the Raman spectroscopic detection of anthropogenic particles in
fish stomach. Dissected stomach content was put into formaldehyde solution and
filtered with a 5 µm cellulose acetate membrane filter. Afterwards the stomach
content was digested overnight using NaClO solution. Another filter membrane
was applied to collect the NaClO solution. Following another filtration step, the
membrane was finally incubated in a methanol solution and exposed to ultra-
sounds. Particles were removed from the membrane and the solution could be
centrifuged. Subsequently, the pellet was deposited on a stainless-steel plate and
analyzed via Raman spectroscopy [16].

3.2.2 Immunocapture-like assays

Liquid samples of clinical or environmental relevance contain pathogens in suspen-
sion at a wide range of concentrations. When Raman spectroscopy is applied as
measurement technique, due to its low sensitivity and low detection volume, the
direct detection in the raw sample of these pathogens will be challenging. One way
to improve the sensitivity and speed of Raman-based platforms is to capture these
organelles on surfaces functionalized with antibodies. For instance, antigen–anti-
body like interactions are known to be high affinity key-lock type bindings and
their combination with Raman and surface enhanced Raman spectroscopy (SERS)
proved to offer great advantages over the spectroscopy methods alone [17–19].

In a classical immunosensor, a given antibody is selected to specifically capture
one antigen. Nevertheless, this can turn into a disadvantage if multiple targets are
needed to be detected from the same sample. The development of specific antibod-
ies for each target is time consuming and cost intensive. Furthermore, cross reactiv-
ity is also a very well-known disadvantage of immunosensors. By employing
Raman for the reliable identification of the captured antigens, antibodies against
common cell wall structures in Gram-positive and Gram-negative bacteria can be
used instead of very specific antibodies [17]. In this way, a wide variety of patho-
gens can be isolated at once. In order to achieve this, a chip with aluminum fields
was functionalized with an organosilane in order to provide reactive epoxy groups
for the covalent attachment of antibodies through their amine, thiol or hydroxyl
moieties. Aluminum is the support material of choice as it will not interfere with
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the Raman signal of the bacteria, while a covalent bond was selected in order to
endure multiple washing steps to remove molecules un-specifically bound to the
surface. The Raman measurements could be performed after 10min incubation of
the chip in the sample containing different strains and types of bacteria, at concen-
trations between 5 × 108 and 5 × 103 cells/mL. An alternative assay design allows for
fast, simple and label-free Raman detection of bacteria from only a sample droplet
of a few microliters by employing planar microelectrode arrays (Figure 3.1(A)) [18].
The alternating current electric field generated by the array causes an accelerated
bacterial transport from the droplet to the surface modified with antibodies. After
15min at 10 kHz the bacteria were collected and the chips were rinsed with a buffer
and water and then subjected to Raman measurements. Here, silica was used as
support material for the platform; this being another material giving rise to only a
few well-defined Raman bands, and thus it will not interfere with the Raman signal
of the isolated bacteria.

Bacteria when successfully isolated can be easily identified based on their
Raman signature. Nevertheless, when it comes to biomarkers present in low con-
centrations in the samples, the number of inelastically scattered photons is too
low to deliver a reliable signal. One way to enhance the weak Raman signal is by
applying plasmonic nanoparticles. The number of SERS-based immunoassays sig-
nificantly increased during the last decade. Generally, biomarkers are isolated
from samples by conventional immunocapture strategies while their presence is
confirmed by the Raman spectra of the so-called SERS-tags or SERS-immunoprobes
[19]. The available designs range from homogenous to heterogeneous, from non-
competitive to competitive ones and labeled and label free ones. Among the tar-
geted molecules proteins, nucleic acids, viruses, cells and toxins were in the focus.
For example, a competitive SERS-based immunoassay allows the simultaneous de-
tection of cTNI and CK-MB, two cardiac biomarkers in human blood, within 15min
and with a 95 % limit of agreement with a commercial assay [20]. For this, the two
monoclonal antibodies were conjugates with magnetic beads, while the target
antigens were immobilized on the surface of the SERS tags (Figure 3.1(B)). In this
way, the antigen conjugated SERS tags will compete with the free biomarkers from
the sample for binding sites on the magnetic surface. After only 7min interaction
time a magnetic bar was used to separate the magnetic particles from the solution
and the remaining supernatant was measured with SERS. The limit of detection
was 42.5 and 33.7 pg/mL for CK-MB and cTnI, respectively.

Overall, antibody–antigen based reactions offer high specificity and Raman
spectroscopy can easily confirm the presence of the captured targets. Because of
the strong existing bonds, the non-specifically bound molecules can be success-
fully washed off and they will not interfere with the Raman signal of the targets.
Nevertheless, bacteria are constantly mutating and adapting to their environment,
hence, as a consequence it may happen that after mutation they cannot be any-
more captured by the already available antibodies. A solution for this challenge is
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to use recognition elements less susceptible to mutation, such as glycanes and
siderophores. These surface structures are directly related to the pathogens’ viru-
lence and are referred to as “immutable ligands”. Therefore, the same chip pre-
sented above with aluminum fields was in a subsequent study also functionalized
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(B)
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(b)
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Capture Bead Reporter NP
AnticTnl20 nm200 nm cTnl MGITC

Droplet
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0°

0°
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Spectrum

Figure 3.1: (A) Bacteria capturing and identification: (a) Bacteria suspended in a droplet are driven
to accumulate at the tips of an energized quadrupole microelectrode array. (b) Following droplet
removal and rinsing with water, micro-Raman spectroscopy is used to probe each of the four inter-
electrode gaps along the line of minimum separation. Reproduced from Ref [18]. (B) Schematic
illustration of the SERS-based competitive immunoassay for quantification of cardiac biomarkers:
(a) Preparation of antibody-conjugated capture magnetic beads and SERS tags. Interactions
between SERS tags and capture magnetic beads under (b) low and (c) high concentrations of free
cTnI antigen in solution [Reproduced Ref [20] with permission of The Royal Society of Chemistry].
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with pyoverdine, an iron rich substance excreted by fluorescent pseudomonas [21].
Pseudomonas aeruginosa and Pseudomonas fluorescence were successfully cap-
tured by this platform from tap water samples and identified based on their Raman
signature.

3.2.3 Liquid–Liquid Extraction (LLE)

LLE is a conventional sample separation method, which exploits the different solu-
bility of substances in two immiscible solvents. The principle is based on transfer-
ring the solvate (or solvates) present in the primary liquid solution to another
immiscible liquid (solvent). The solvate-enriched solvent is referred to as extract,
the diluted starting solution as raffinate. Often water is used as hydrophilic solvent
as well as a second hydrophobic, organic solvent.

The solution containing the component of interest is mixed with the solvent in a
separating funnel by vigorous shaking. This leads to an increase in the phase bound-
ary between the two solvents. According to the Nernst’s distribution law, a distribu-
tion between the two phases occurs, which remains constant when in equilibrium.
Depending on the equilibrium constant, a certain amount of substance will pass into
the extractant. At rest, two layers are formed again according to the different densi-
ties of the solvents. After separation, the product can be recovered by evaporation of
the solvent. By repeated addition of the extractant and re-separation, the desired
product can be almost completely isolated and subsequently easily measured via
Raman. For instance, Thien et al. developed a measurement setup combining the ad-
vantages of microfluidics and Raman microspectroscopy for a time and material effi-
cient determination of LLE data [22].

3.2.4 Solid-phase extraction (SPE)

SPE represents another well-known sample preparation technique, which enables
the enrichment, concentration and isolation of analytes through specific interac-
tion on a solid phase (sorbent). Usually the functionalized sorbent is fixed in a col-
umn or cartridge. The sample and a suitable solvent pass the column with the help
of pressure or a vacuum. SPE encompasses the following steps: conditioning of the
sorbent, sample application, washing to remove interfering components, drying
and elution of the analyte. SPE can rely upon many different ways of molecule in-
teractions: polar/nonpolar, ionic, covalent binding, etc. Choosing the optimal
sorbent depends crucially on the sample solution. In case of aqueous sample solu-
tions, only nonpolar sorbents can be used, otherwise the water molecules would
occupy the available adsorption positions on the surface of the sorbent. To extract
analytes from nonpolar solutions, polar sorbents like silica gel are preferable.
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After removing the adsorbed analyte from the solvent phase, quantification is real-
ized by gas chromatography, mass spectrometry, high-performance liquid chroma-
tography or Raman spectroscopy.

Raman spectroscopy often demands the pre-concentration of small volumes
prior to detection and quantification. One major drawback of SPE is having to re-
solve or wash the analyte into another solution volume for the detection. Kitt et al.
avoided this step by using a single chromatographic particle as an extractor [23].
Confocal Raman microscopy was applied for in situ detection within the single par-
ticle collection phase. Specifically, micromolar concentrations of pyrene in metha-
nol/water solution were equilibrated with an individual C18-functionalized silica
particle, and Raman spectra were acquired from a small confocal sampling volume
(⁓1 fL) within the particle interior [23].

Nwaneshiudu et al. combined solid-phase micro-extraction (SPME) with Raman
spectroscopy (SPME-RS) to detect small target analytes. Polydimethylsiloxane (PDMS)-
based solid-phase micro-extraction was used along with Raman spectroscopy to sepa-
rate and enhance the detection of five anesthetic compounds (halothane, propofol,
isoflurane, enflurane and etomidate) from aqueous and serum phases [24].

Owing to its low cost, ease of use, and nonpolluting means of preparing sam-
ples for analysis, SPE is fast replacing traditional liquid-liquid methods in clinical,
pharmaceutical, agricultural and industrial applications.

3.2.5 Tissue processing

Raman spectroscopy can extract high quality chemical information from biological
samples and can be used for imaging of a large variety of tissue sections for medical
diagnosis purposes. Most of the published approaches handle ex-vivo tissues and
only a few are directed towards in-vivo applications. Vibrational spectroscopy is
very sensitive to structural changes of the tissue constituting molecules; hence, it is
very important to maintain tissue integrity during sample preparation. This is also
vital for the development of spectral histopathology because a spectral database ob-
tained on tissues needs to be first established before disease determination can be
reliably done on fresh tissue.

Generally, two preservation methods are applied for surgically excised tissue: (1)
paraffin embedding or (2) snap-freezing [25]. The first one, formalin fixation and paraf-
fin preservation, is more prevalent compared to the latter one, although, the as-
prepared tissues are not always compatible with Raman microspectroscopy. Namely,
the tissue is initially immersed in an aqueous formalin solution. Formalin cross-links
the primary and secondary amine groups of proteins [26], whereas by reacting with the
double bonds of unsaturated hydrocarbon chains it preserves some of the lipids [27].
Afterwards, by immersing the tissue in solutions with increasing ethanol concentra-
tions the sample is dehydrated. This can denaturate the tertiary structure of proteins
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and can lead to the coagulation of globular proteins and lipids that were not preserved
via formalin can precipitate. After dehydration, the sample is immersed in xylene and
subsequently transferred to molten paraffin wax. The wax penetrates through the tis-
sue due to the existing pores created in the dehydration process. The as-prepared sam-
ples can be stored for a long time in biobanks and can be sectioned (2–10µm) with a
microtone prior measurement. Because paraffin penetrates through the tissue, the
Raman spectra recorded on these samples will present bands that can be assigned to
the vibrational modes of the molecules constituting the wax. This can overshadow the
tissue characteristic Raman bands and will reduce the diagnosis value of the method.
Additionally, by taking into account the structural changes of proteins and lipids men-
tioned above, it can be concluded, that the obtained spectral information will differ
from the one of the native tissue. While dewaxing procedures could reduce the inter-
fering signal of the wax matrix [28–30], the latter effect cannot be avoided.

Snap-freezing is the second most commonly used method for preserving tissues.
When no embedding matrix, such as an optimal cutting temperature compound is
used, the Raman bands observed in the measured spectra can be unambiguously as-
signed to tissue components. This is a great advantage over the previously described
preservation method. Nevertheless, there are multiple studies trying to assess
whether snap-freezing and multiple freeze-thaw cycles can affect the tissue in such a
manner that this could lead to significant spectral differences [31–33]. Namely, it is
known that the water contained in the tissue acts as supporting medium. When
water is slowly frozen it can exist in two different crystalline forms. However, when
the cooling process is instantaneous, a vitreous matrix can be also obtained [25]. The
latter is preferred, as during this process the water does not have enough time to ex-
pand, and thus, cell damage is minimized. However, care should be taken, as for
large tissue blocks the vitreous phase will form only at the surface, while the inner
regions of the sample will be subjected to lower freezing rate, hence, to crystal forma-
tion. Because vitreous ice is an unstable phase, tissue sectioning should be carried
out as soon as possible after snap-freezing. Generally, before cryosectioning is per-
formed, the samples have to be warmed up above the snap-freezing temperature in
order to avoid the tissue to shatter. Therefore, water expansion cannot be fully
avoided. In a published study, where neuroblastoma and other pediatric neural crest
tumors were analyzed with Raman spectroscopy, the authors show that cryopre-
served tissue can be accurately classified [31]. According to their results, the Raman
spectra recorded on fresh and on frozen tissue show high correlation. Therefore,
spectral databases build on snap-frozen tissues from biobanks could be used for med-
ical diagnosis of fresh neuroblastoma. In another study, where different fixation
methods for parenchymal tissue from placenta were investigated [34], the authors no-
ticed several spectral differences in the Raman modes ascribed to proteins. This
might be caused by the depolymerization of the cellular skeleton, and consequently
by the protein structural changes. Overall, care must be taken when spectral data-
bases on frozen tissues are established and further used for medical diagnosis.
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3.3 Innovative platform approaches

3.3.1 Microfluidics

As discussed in the introduction of this chapter, pure liquid samples rarely require
clean-up in order to identify their chemical composition based on the measured
Raman spectrum. Nevertheless, when it comes to bodyfluids such as blood or
urine, collected from patients, most often the detection of a biomarker is aimed for
and the presence of the other constituents of the sample might inhibit this process.
Therefore, extensive sample preparation steps are undertaken; most of them were
described in the previous section. In clinical laboratories, reduced sample volume
requirement and automation are, among others, two of the most common require-
ments for analytical platforms. Ideally, in order to increase patient comfort, a drop
of blood should be enough in order to diagnose or monitor diseases. In the last dec-
ades, the transition from large sample volumes to just micro- or nanoliter amounts
was facilitated by the development and implementation of micro/nanofluidic sys-
tems into the entire analysis chain. By employing these platforms both sample vol-
ume and waste amounts are considerably reduced and at the same time the
automation is significantly increased. Up to date, microfluidic platforms come in
various sizes and forms and incorporate multiple active or passive functional units.
They mainly serve as sample handling units and are connected with various optical
and electrical read-out techniques.

In clinical microbiology, depending on the pathogen, the turnaround time of
the assays range between 24 h to weeks due to the required culturing steps.
Additionally, in the case of non-cultivable pathogens new challenges appear.
Within Raman microspectroscopic techniques bacteria can be identified at single
cell level, thus it can be carried out on the raw sample. Nevertheless, the low con-
centration of the bacteria in suspension makes the direct Raman detection challeng-
ing. Multiple ways to capture and enrich bacteria directly from bodyfluids using
microfluidic platforms have been reported and some of the most promising ap-
proaches that were combined with Raman detection will be presented in the
following.

Microfluidic platforms are often combined with dielectrophoresis in order to
capture bacteria from liquid samples. This approach is also suitable for Raman de-
tection and it allows an automated control of pathogens with increased need for
biosafety. For instance, by using a quadruple electrode design with negative dielec-
trophoretic trapping, uropathogens were successfully trapped and concentrated
from urine samples for further Raman spectroscopic analysis [35]. The method relies
on the polarization effects of neutral matter in non-uniform electric fields. For the
successful capturing, the applied voltage on the implemented electrodes has to be
carefully adjusted by taking into account the conductivity of the urine samples. In
this way, after the urine sample is collected from patients and an off chip filtration
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step is carried out to remove cellular debris a low volume of sample, ~ 200 µL, can
be injected into the microfluidic platform for bacteria trapping and Raman analysis.
An alternative approach for pathogen trapping from urine samples can be achieved
with the “Lab-on-a-Disc” platform depicted in Figure 3.2(A) [36]. A glass-polymer
hybrid chip mounted on a rotor facilitates the concentration of bacteria from sus-
pension in V-shaped structures due to the induced centrifugal forces. In this way,
after stopping the rotation, Raman spectra can be acquired in a couple of seconds
from the now stationary bacteria. The limit of detection was above 2 × 107 cells/mL
within a 4 µL sample volume. This platform allows the processing of four individual
samples, while still being able to trace the position of each sample. The holder was
designed in such a way that the loading, adjustment and unloading of the V-shaped
chips can be achieved in a couple of seconds. Compared with pressure driven
pumps, centrifugal microfluidic platforms are more robust as the separation scales
only with the sample density and the angular frequency of the rotation, while com-
pared with the previous approach the electrical conductivity of the sample does not
play a role anymore. However, off-chip processing steps such as filtration in order
to get rid of large particles present in the urine samples, volume reduction and
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Figure 3.2: (A) “Lab-on-a-Disk” for uropathogen identification from suspension [Reprinted from Ref
[36] with the permission of AIP Publishing. Copyright © 2015 AIP Publishing LLC.]; (B) Microfluidic
array for continuous characterization of Pseudomonas aeruginosa biofilms [Reproduced from Ref
[37] with permission of The Royal Society of Chemistry]; (C) Self-filling microfluidic device for red
blood cell investigations Reprinted from Ref [38], with the permission of AIP Publishing].
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medium exchange to avoid fluorescence interference with the Raman signal had to
be applied prior to the analysis for both approaches. The later step could have been
omitted when e. g. a 785 nm excitation laser instead of the 532 nm would be used in
order not to excite fluorescence emission.

In the previous examples cells were captured from suspension and analyzed in
bulk. However, it is of high interest to be able to sort the cells and collect them sep-
arately, while keeping their integrity for further analysis. Raman-activated cell sort-
ing is a newly emerging technique as it allows, in contrast to fluorescence, a label
free identification and sorting of particles. This can be achieved by either applying
dielectrophoresis for capturing [39] or pressure dividers for continuous flow sorting
[40]. In the first case, positive dielectrophoresis geometry was combined with sole-
noid-valve-suction-based switch for single cell trapping, releasing and automatic
separation at sub-second level at high flowrates. By applying a periodical field gra-
dient at the electrodes, yeast cells were trapped, ordered and delivered edge-to-
edge to the laser detection point. The trapping duration could be adjusted between
90ms to minutes in order to allow the acquisition of high quality Raman spectra
and to sort yeast cells from a mixture. In the second approach, pressure dividers
and hydrodynamic flow focusing were used for delivering the cells to the site of
Raman detection. Overall, single cell manipulation is very attractive, nevertheless
the robustness of these techniques still has to be tested for different pathogen mix-
tures and their limit has to be pushed toward clinical samples, where a high diver-
sity of particles will be present and might inhibit the Raman detection of the
targeted pathogens.

Besides single cell analysis, microfluidic platforms offer the possibility to monitor
the formation and metabolism of biofilms by Raman detection in a controlled and
non-destructive manner [37, 41]. This combination offers the possibility to continu-
ously provide nutrient broth and to investigate the chemical composition of biofilms
over time automatically (Figure 3.2(B)). Furthermore, by employing a microfluidic
array with parallel culture chambers, the response of cells to a large number of differ-
ent stimuli can be monitored on one platform for different replicates. In this way i. e.
the quantitative investigation of lipid droplet morphology in live cells in-situ under 10
different chemical environments and with 8 replicates for each culture condition
could be achieved [41] by applying stimulated Raman spectroscopy as detection
technique.

Lastly, single red blood cell experiments, where Raman spectroscopy is used to
interrogate the chemical information, can be also performed employing unprocessed
whole blood obtained by finger pricking by using a microfluidic assay (Figure 3.2(C))
[38]. A self-filling chip with specialized microfluidic geometry allows exploiting the
unique mechanical properties of red blood cells in order to autonomously separate
and isolate them from the bulk into diffusion controlled micro-chambers. Due to the
low height of these micro-chambers, the cells are confined and they can not move
out of the focus plane of the Raman spectrometer. After the self-filling process is
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finished, a washing step with buffers regulated by advection can be performed.
Therefore, the system can be used to study the behavior of red blood cells to external
stimuli without compromising their integrity by trapping with electrical or optical
fields.

Overall, pathogen trapping and sorting, monitoring of biofilm formation and
cell metabolism or the study of the chemical changes induced by external stimuli
on red blood cells can be automatically performed with minimal sample volume re-
quirement by applying microfluidic platforms for sample clean-up and handling.
Extensive work still needs to be done in order to push the limits of these techniques
toward high-throughput measurements on clinical samples; nevertheless, the re-
cent publications demonstrate their high potential.

3.3.2 Optical tweezers as tool in Raman microspectroscopy

In order to trap dielectric particles, gradient forces are applied i. e. the particle will
move to the maximum field intensity in the case that it possesses a higher dielectric
constant than the medium [42]. The optical tweezer technique is based on this con-
cept and is nowadays utilized in biology, biophysics and medicine in order to ma-
nipulate microparticles by using light. The physical background is summarized in
the literature to which the interested reader is referred to [42, 43]. By the combina-
tion with Raman spectroscopy, molecular specific fingerprint information is re-
corded of the trapped specimens and thus, the optical tweezer act as a sample
preparation step in order to enrich or to manipulate and capture the analyte of in-
terest within the laser focus.

The estimation of the polymer concentration in polymer-rich domains is illus-
trated by using the example of phase-separated poly-(N-isopropylacrylamide) aque-
ous solutions [44]. Here, the optical tweezer traps the polymer-rich-domain within
the focus of the laser light and the Raman spectra are recorded. In the case of het-
erogeneous catalysis and atmospheric chemistry, the observation of the interaction
of gas molecules with solid microparticles over a long timescale is of high impor-
tance. To achieve experiment periods up to 24 h, the optical trap is optimized by
using a counter propagating dual beam for the levitation of solid particles in air
[45]. In this study, the adsorption of water molecules onto silica particles is investi-
gated by increasing the humidity within the trapping chamber. Thus, the optical
tweezer is well suited for trapping the specimens of interest in order to perform
Raman investigations on single microparticle level.

The beneficial combination of the optical tweezer’s concept with Raman micro-
spectroscopy is summarized for the investigation of biological microparticles, such as
cells, spores and aerosols, in [43]. As concluded by the authors of the review article,
the Raman spectroscopic investigation of trapped microparticles allows for the detec-
tion on single particle level and the identification of the influence of environmental
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changes onto the individual trapped biological specimen. To administer pharmaceu-
tical drugs for treating lung diseases, particle inhalation is an effective tool [46].
Since the humidity is changed from the inhaler to the lung, hygroscopic phase transi-
tions or particle growth might occur. Thus, the uptake of the bronchodilation drugs
could be negatively affected resulting in an inefficient therapy. In order to character-
ize the hygroscopic properties of pharmaceutical drugs, the aerosol particles were
generated by commercial available inhalers and captured in an optical tweezer allow-
ing for online Raman measurements. In the case of salmeterol xinafoate only small
and for fluticasone propionate as well as ciclesonide no structural changes were ob-
served with increasing humidity. The arterial blood pH value is monitored by trap-
ping single live erythrocytes and recording their Raman spectra [47]. The obtained in
vitro results show, that the Raman intensity ratio of the C=C in plane bending mode
and the C=C stretching mode decreases within the pH value range from 6.5 to 9. This
study shows the potential of laser tweezer Raman spectroscopy in medical diagnosis
since the Raman signal of an individual erythrocyte cell is a biomarker of the extra-
cellular pH value. Moreover, the Raman fingerprint information of red blood cells is
applied for ABO blood typing [48]. The Raman spectra of the trapped cells are ana-
lyzed by using principal component analysis in combination with linear discriminant
analysis to identify the blood type. Furthermore, Raman optical tweezers are applied
for the investigation of cells in different phases of their cell cycle [49]. Since the dens-
est part of the cell will be in the laser focal point, the application of this technique
results in the domination of the Raman features of the cell nucleus without prior ex-
traction or isolation. Finally, the huge potential of the laser trapping Raman spectro-
scopic approach is illustrated by the investigation of extracellular vesicles such as
exosomes, nanoscale particles excreted by cells and with important properties in cell
signaling [50]. They differ in a large extent in composition, size and most likely also
in biological function, which illustrates the need for a molecular specific detection
scheme on single particle level. Here, a multispectral optical tweezer is utilized allow-
ing for both Raman as well as fluorescence spectroscopic detection. The authors ob-
served that nucleic acids, proteins, lipids and cholesterol dominate the Raman
spectra of exosomes. By functionalizing the CD9+ subpopulation with a fluorescent
dye, these vesicles were selectively trapped and their Raman spectrum is recorded. In
comparison to the bulk vesicle population as isolated by classical ultracentrifugation,
the Raman fingerprint signals provide information that the CD9+ exosome subset ex-
hibited less chemical heterogeneity and also reduced component concentration.

In order to improve the trapping properties for nanoscale specimens such as sin-
gle protein molecules, nanoaperture optical tweezers were developed, which allow
for a 1000 times more efficient trapping than conventional optical tweezers [51]. The
theoretical background is well summarized within this review article illustrating the
various geometries of nanoaperture traps such as circular, rectangular, double nano-
hole and bowtie arrangements. The same group published a communication on the
Raman spectroscopic characterization of single titania and polystyrene nanoparticles
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employing a double-nanohole optical tweezer approach [52]. The identification of the
trapping event is achieved by recording the fingerprint Raman spectra of individual
nanoparticles showing the specific vibrational modes of the components when com-
paring with bulk measurements. Finally, the trapping properties of optical tweezers
are improved by standing-wave Raman tweezers for the sensitive and specific charac-
terization of isolated nanostructures applying less laser intensity compared to con-
ventional trapping experiments [53]. The authors demonstrated the potential of their
proposed technique by analyzing individual single-wall carbon nanotubes, graphene
flakes, biological particles or SERS-active metal nanoparticles.

To conclude, the combination of optical tweezers with Raman spectroscopy of-
fers a powerful tool to capture dense structures within the focal point and thus al-
lowing for the analysis without prior isolation of the specimen of interest. By
employing emerging techniques such as nanoaperture optical tweezers, the detec-
tion and characterization of individual nanostructures such as protein molecules
are achieved.

3.4 Future perspectives and conclusion

In this chapter, different strategies for handling and processing various sample ma-
trices for a subsequent Raman microspectroscopic analysis were introduced illus-
trating the high potential of this promising technique for life science and medical
applications.

Raman spectroscopy and its variants allow for the investigation of the entire
range of biological and biomedical samples, i. e. from tissue samples to single cells
and small molecules. Statistical models and databases are often used for the identi-
fication of the sample, e. g. bacterial cells, tumor margins or low-molecular weight
substances. The most time-consuming step in the entire analysis chain is often sam-
ple preparation. For example, in order to perform Raman measurements on cells,
the cells usually first have to be isolated from their surrounding matrix. Depending
on the sample composition, this task can be very demanding. Moreover, the direct
investigation of trace level concentrations of the target molecule via Raman is chal-
lenging and needs specific pre-processing steps.

Nevertheless, numerous approaches have been developed in recent years that
allow the investigation of target analytes in different matrices using Raman micro-
spectroscopy. In addition to mechanical strategies such as filtration and centrifuga-
tion, microfluidic devices, chip-based systems or optical tweezers have proven to be
Raman-compatible. In order to promote the application of Raman-based detection
systems in life science, the implementation of standard methods would be a useful
step to map the entire process chain from sampling and isolation to Raman mea-
surement parameters and chemometric identification. However, the variety of dif-
ferent isolation and identification strategies presented in the chapter shows, that at
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this stage of knowledge, an individual solution has to be found for each specific
bioanalytical question. Extensive work still needs to be done in order to push the
limits of these techniques toward high-throughput measurements for instance on
clinical samples; nevertheless, the recent publications demonstrate their high po-
tential and the broad applicability in life sciences.
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Oleg Ryabchykov, Shuxia Guo and Thomas Bocklitz

4 Analyzing Raman spectroscopic data

Abstract: This chapter is a short introduction into the data analysis pipeline,
which is typically utilized to analyze Raman spectra. We empathized in the chapter
that this data analysis pipeline must be tailored to the specific application of inter-
est. Nevertheless, the tailored data analysis pipeline consists always of the same
general procedures applied sequentially. The utilized procedures correct for arte-
facts, standardize the measured spectral data and translate the spectroscopic sig-
nals into higher level information. These computational procedures can be
arranged into separate groups namely data pre-treatment, pre-processing and
modeling. Thereby the pre-treatment aims to correct for non-sample-dependent ar-
tefacts, like cosmic spikes and contributions of the measurement device. The block
of procedures, which needs to be applied next, is called pre-processing. This group
consists of smoothing, baseline correction, normalization and dimension reduc-
tion. Thereafter, the analysis model is constructed and the performance of the
models is evaluated. Every data analysis pipeline should be composed of proce-
dures of these three groups and we describe every group in this chapter. After the
description of data pre-treatment, pre-processing and modeling, we summarized
trends in the analysis of Raman spectra namely model transfer approaches and
data fusion. At the end of the chapter we tried to condense the whole chapter into
guidelines for the analysis of Raman spectra.

Keywords: Raman spectroscopic data analysis, spectral preprocessing, spectral
standardization, machine learning for spectral data, data analysis workflow

4.1 General analysis pipeline

Since the early 70s the potential of Raman spectroscopy for the characterization of
biological samples like DNA, proteins and lipids was recognized. Nevertheless, it
was until the 2000s that the technique could be utilized. One reason was the devel-
opment of components needed for the application of Raman spectroscopy for biolog-
ical samples (see chapter 2). The other reason is that powerful statistical and
computational methods are needed in order to translate the Raman spectral signals
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into meaningful bio-medical information. To do so powerful computers are needed,
which can deal with large data sets. Additionally, tailored data analysis pipelines for
the analysis of Raman spectra must be developed [1], which allow the application of
Raman spectroscopy for real-world tasks. Possible applications include crystals and
minerals (chapter 5), pharmacy (chapter 6), fine particles (chapter 7), medicine
(chapter 8) archeological investigations (chapter 9) and forensics (chapter 10).

The data analysis pipeline must be tailored to the specific application of interest
and is composed of computational procedures to correct for artefacts, standardize the
measured spectral data and to translate the spectroscopic signals into higher level
information. The procedures can be arranged in separate groups namely data pre-
treatment, pre-processing and modeling. The pre-treatment aims to correct for non-
sample-dependent artefacts, like spikes and contributions of the measurement de-
vice. This will be described in Section 4.2. The next block of procedures to be applied
is called pre-processing and includes smoothing, baseline correction, normalization
and dimension reduction. These methods are described in Section 4.3. Thereafter,
the analysis model is constructed and evaluated, which will be described in Section
4.4. Every data analysis pipeline is composed of procedures of these three groups
and the whole data pipeline to analyze Raman spectra is sketched in Figure 4.1. In
Section 4.5 we will shortly describe new trends in the analysis of Raman spectra and
in Section 4.6 a summary will be given, which focuses on dos and don’ts.

4.2 Data pretreatment

Like described earlier, the analysis of Raman spectra starts with a pre-treatment of
the measured Raman spectra, which is necessary because the measured Raman spec-
tra contain disturbing contributions and artefacts. These contributions corrupt the
spectral information of the sample and prevent a reliable analysis. Thus, correction
procedures need to be carried out. The most disturbing contributions within Raman
spectra, which are not sample dependent, are cosmic spikes and contributions
caused by experimental parameters and/or the measurement device itself. In order to
deal with these contributions a spike correction, a wavenumber and intensity calibra-
tion are needed. These methods are described in the following subsections. The
description starts with the spike correction, which should be carried out at the begin-
ning of the data pipeline for Raman spectra. Thereafter a wavenumber calibration
needs to be done and an optional intensity calibration might be performed.

4.2.1 Spike correction

In contrast to other corrupting effects in Raman spectroscopy, a presence of cosmic
ray spikes in the spectroscopic data does not depend on the sample, laser, or
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spectrometer. Spikes appear at random positions in the data as values with large
intensities (Figure 4.2). They occur when high-energetic cosmic particles hit the de-
tector. In the CCD these particles generate electrons, which are read out along with
the charges induced by the energy of Raman scattered photons. Therefore, cosmic
particles introduce narrow features of high intensity, called spikes. Their positions
are random and do not correspond to the wavenumbers directly. Typically, a spike
appears within just one pixel or a few pixels.

The cosmic ray noise may affect the subsequent analysis, especially the normali-
zation step. Therefore, many commercial devices perform multiple measurements in
order to calculate an average spectrum. This approach applies when a small data set
is acquired because it decreases all types of noise, including spikes. Unfortunately, it
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Figure 4.1: Data analysis pipeline for Raman spectra. A data pipeline used to analyze Raman
spectroscopic data is shown. It is composed of pre-treatment, pre-processing and analysis
procedures. The pretreatment steps remove corrupting effects which are not related to the sample
and the preprocessing steps standardize the data by removing sample related contributions from
the data. At the end of the pipeline, statistical models or machine learning approaches are
constructed. These models are evaluated and there may be a parameter optimization based on the
model outcome. All these steps aim a robust prediction of the constructed model.
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leads to the measurement time increase that is unsuitable for the acquisition of large
spectral maps. Another method which works for small data sets is a manual removal
of spikes found by visual inspection of the spectra. A drawback of manual spikes re-
moval is that massive data sets cannot be processed by an operator within a reason-
able time. To overcome this issue and automate the spike removal in massive data
sets, specialized computational approaches were developed.

The simplest spike correction procedure is a median smoothing of the spectra.
Unfortunately, besides spikes, this method filters and changes sharp spectral
bands. Another option is a wavelet or Gabor transform with a suppressing of the
coefficients corresponding to the spikes. Because spectral bands and spikes share
the same frequencies, this approach can also corrupt the spectral information [2].

Besides being applied as filtering methods, wavelet or Gabor transform can be
used to obtain a quantitative marker, related to the sharpness of features in the
spectra. Then, spikes can be detected based on that marker and eliminated.
Similarly, the marker can be obtained from nearest neighbors comparisons within
the spectrum, or by applying a discrete Laplace operator [3]. If time series or scans
are analyzed, the changes from spectrum to spectrum are typically small and the
spikes detection methods can utilize the extra dimensions. Hence, 2-dimensional
wavelets, comparison with the nearest neighbors within the spectral matrix or
2-dimensional Laplacian operator can be applied to enhance the reliability of the
cosmic ray noise markers.

After extracting the quantitative marker, the spikes need to be located by set-
ting a threshold. To estimate the threshold, the marker values can be compared to
their standard deviation. For more robust comparison, the lowest and largest values
may be excluded from the calculation of the standard deviation. Typically, a spike
is considered to be present, if the response is higher than a preset threshold like
three times the standard deviation. However, for some noise characteristics and
sharpness of the Raman bands, this threshold may not be optimal. To optimize cos-
mic ray noise removal, the threshold should be selected depending on the distribu-
tion of the marker values [4].
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Figure 4.2: Cosmic ray noise. On the left side unprocessed Raman spectra containing spikes are
shown. On the right side these spectra are shown in red and the corrected spectra are plotted over
them in black. Therefore, only the spikes are visible in red color.
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4.2.2 Spectrometer calibration

The next step in the pre-treatment of Raman spectra is the spectrometer calibration.
Ideally, the Raman spectroscopic signals should have high reproducibility and consis-
tency. That means the measurement should be independent of the device and its in-
strumental configurations. In reality, however, a recorded Raman spectrum is affected
by measurement conditions and does not solely reflect the sample. Variations in in-
struments, temperature, physical and chemical states of samples (e. g. solid or liquid)
can lead to substantial spectral changes like wavenumber shifts and intensity varia-
tions [5, 6]. Furthermore, the instrumental response function changes over time.
Raman spectra measured with a time delay can be different, even if they are measured
on identical samples and under the same conditions. A calibration procedure is often
required to reduce the introduced spectral changes, which includes wavenumber cali-
bration and intensity calibration, as described in the following [5–7].

4.2.2.1 Wavenumber calibration
A CCD detector is typically used in a Raman spectrometer to collect Raman scat-
tered photons at different frequencies (i. e. wavenumbers) with a different pixel
(Figure 4.3a). Each spectrometer has a defined relation between wavenumber and
pixel position [8]. However, the relation is sensitive to environmental and instru-
mental changes, like variations of temperature, the replacement of an instrumen-
tal component, or drifts of the instrument over-time. As a consequence, a CCD
pixel can correspond to a different wavenumber. Hence the Raman spectrum is
not recorded with the correct wavenumber axis, which manifests itself as wave-
number shifts compared to the theoretical values. This is shown by the two spec-
tra in Figure 4.3a. The wavenumber shifts make it problematic to compare Raman
spectra measured under different conditions or analyze them together.

A wavenumber calibration is conducted to find the correct wavenumber axis
and thus remove the wavenumber shifts. To do so, a standard material with well-
defined Raman bands is measured before measuring real samples. As shown in
Figure 4.3b, the positions of these known Raman bands are located on the mea-
sured Raman spectrum. Thereafter the wavenumber differences between the ob-
served and theoretical Raman bands are calculated. Based on these differences a
parametric function is fitted and interpolated to all recorded wavenumber positions
forming the wavenumber axis. Provided the Raman spectra of the standard material
and the sample spectra share the same wavenumber axis, the wavenumber axis of
the Raman spectra can be corrected by the obtained correction function, which re-
moves the undesired wavenumber shifts.

The precision of wavenumber calibration is dependent on several factors [7].
Among those a careful selection of the standard material is highly important. The
known Raman bands of the standard material need to be densely distributed and
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cover the whole spectral range of interest. For biological applications the bands of
the standard material should cover the fingerprint region and the CH-stretching re-
gion. Additionally, the number of Raman bands needs to be sufficient to stably in-
terpolate the correction function to the whole spectral range. Materials that can be
used for wavenumber calibration and their tabulated Raman bands are available in
[9, 10]. One widely applied example in biological studies is 4-acetamedophenol
(Figure 4.3b).

Other influential factors for a precise wavenumber calibration are the quality of
the peak searching and the subsequent fitting of the correction function. For the
first aspect, the wavenumber positions of tabled Raman bands are located by inter-
rogating a neighborhood of a given Raman band. The result can be the peak point
of the neighborhood or the peak point of a Gaussian or Lorenz curve fitted to this
neighborhood. For the second aspect, the correction function is typically fitted as a
polynomial with a degree of three to five. Polynomials with higher degrees are not
recommended.
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Figure 4.3: Workflow of wavenumber (a–b) and intensity calibration (c–d). (a) The relation between
wavenumber and pixel positions can change, leading to wavenumber misalignment between
measured and theoretical Raman spectra. (b) The wavenumber misalignment is corrected based on
Raman spectra of a known standard material. (c) The intensity response function of the device is
calculated as the ratio between measured and theoretical emission of a known standard material.
(d) Intensity axis of measured Raman spectra is corrected by the calculated intensity response
function.
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4.2.2.2 Intensity calibration
The intensity of a recorded Raman spectrum is the product of the true Raman
scattered intensity (including baseline intensities) and the intensity response
function of an instrument (Figure 4.3c) [7, 11]. In principle, quantitative and qual-
itative studies can be performed without considering this fact as long as the in-
tensity response function remains unchanged over the measurements. However,
the intensity response function does change with instrumental and environmen-
tal factors like excitation wavelength changes, detector replacement, changes of
the sampling geometry, temperature, and so forth. The intensity response func-
tion of the same instrument can also change over time. Consequently, the intensi-
ties of recorded Raman spectra vary from instrument to instrument, condition to
condition, and time to time. Such intensity variations can be ignored in most
qualitative studies. For quantitative analyses and the comparison with a spectral
library, the influence of the intensity variations becomes a critical issue and has
to be corrected.

Therefore, intensity calibration is required in order to correct the recorded
Raman spectrum with the intensity response function. Similar to wavenumber cali-
bration, the intensity calibration also needs a standard material with known emission
at different frequencies. The intensity response function is considered unchanged
during the measurements of the standard material and actual samples, given they
are measured under the same condition. As illustrated in Figure 4.3c and d, the pro-
cedure includes three steps. (1) The emission of a standard material is measured
under the same condition as for the samples of interest. (2) The intensity response
function is calculated as the ratio between the measured and theoretical emission of
this standard material. (3) The Raman intensities of actual samples are corrected by
dividing with the calculated intensity response function [5].

The efficiency of intensity calibration largely relies on the standard material.
An ideal standard material should be homogeneous and give reproducible emission
over broad wavenumber range. Existent standard materials (SRM) can be either a
black-body radiator or a luminescence standard; both are available at NIST
(National Institute of Standards & Technology, Gaithersburg, MD, USA) [12]. Black-
body radiators are less often employed due to stability issues and difficulties to du-
plicate the sampling condition. The luminescence standards are more widely uti-
lized in Raman spectroscopy. More details are beyond the scope of this chapter and
interested readers are referred to [7, 11].

Above all, spectrometer calibration is proven to improve the results of the sta-
tistical analysis for datasets measured under different conditions, thanks to the im-
proved spectral consistency over different measurements [13]. However, calibration
cannot completely remove all undesired conditional relevant spectral variations
[6, 14], which originates from multiple reasons including inaccessibility of a perfect
standard material and unavoidable changes for measuring the standard material
and the samples. The remaining spectral variations can still be disturbing for
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subsequent analysis and have to be handled. This leads to the topic of model trans-
fer, which will be described in Section 4.5.1.

4.3 Data preprocessing

After the pre-treatment is carried out and artefacts of the measurement are corrected
for, the pre-processing needs to be performed [15]. In this part sample related artifacts
and sample dependent spectral contributions are corrected, leading to a standardiza-
tion of the spectra. The most important correction procedure is a baseline correction,
because the fluorescence background might be orders of magnitude stronger than
the Raman signal. Before (or after) the baseline correction a smoothing can be carried
out to correct noise contributions, but this is rather an optional step. Nevertheless, a
few baseline correction procedures need a smoothed spectrum to construct a reliable
baseline estimate. After these corrections are carried out, a normalization is per-
formed to statistically standardize the spectra and a dimension reduction is done.
The last step can also be done directly within the statistical model, e. g. some meth-
ods do this implicitly. Nevertheless, in principle, it is advisable to work with a lower
dimensional representation of the spectra. In the following, we describe all parts of
the pre-processing starting with smoothing procedures.

4.3.1 Smoothing

There are various types of noise that corrupt Raman spectra. They can be catego-
rized into groups according to the source of the noise or according to the appear-
ance in the data. However, as the cosmic ray noise standing out from the other
types was already described in Section 4.2.1, we will not discuss it here.

In contrast to cosmic spike noise, the random noise in a Raman spectrum can
be additive or intensity dependent. The additive noise has a Gaussian distribution
and does not depend on the signal intensity. It corresponds mostly to the detec-
tor’s dark current and readout noise. On the other side, the intensity dependent
noise increases with increasing signal intensity and follows the Poisson distribu-
tion. To suppress this intensity dependent noise, it is important to plan the experi-
ment in a way to keep the intensity of a fluorescence background low.

Although adjusted measurement conditions can minimize the noise, a
completely noise-free spectrum cannot be measured. The noise in measured spec-
tra can affect the baseline correction, normalization and detection of peak posi-
tions. To reduce the noise and make the interpretation of spectra easier, spectral
smoothing can be applied.

Prominent smoothing procedures are Savitzky-Golay, mean, Gaussian, and me-
dian filtering. Each method has its own specifics. The Savitzky-Golay smoothing
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[16], which is based on the least square fitting, is the most effective in preserving
the peaks from corruption. On the other side, mean and Gaussian filters allow an
efficient de-noising, and the median filter allows removing outliers from the spec-
trum. Although any filtering may remove parts of useful spectral information along
with the noise, the corruption of the spectra can be avoided completely, if the size
of the data set is large enough. In large data sets, a smooth appearance of spectra
can be obtained by averaging over a large number of spectra. The influence of noise
on the further analysis can also be reduced by a dimension reduction. To preserve
the data from corruption, filtering should be avoided if there is no specific reason
for filtering and large data sets are analyzed.

4.3.2 Background correction

There are two different types of baseline correction procedures in Raman spec-
troscopy: (1) subtracting the signal with the shutter closed from the spectrum and
(2) subtracting the mathematically estimated baseline. For further discussion and
differentiation between these both methods, the second method is referred to as a
baseline correction. The baseline correction is of high importance for standardiza-
tion of the spectral data when the samples feature a fluorescent background.

Estimating of the fluorescent background mathematically is based on the fact
that fluorescence signal is broader than Raman spectral bands. Based on this prop-
erty, a variety of algorithms for baseline correction were developed. Among the
most typical ones (Figure 4.4a) we can highlight the modified polynomial fit [17],
the asymmetric least squares baseline estimation [18], and the statistics-sensitive
non-linear iterative peak-clipping (SNIP) algorithm [19]. The last one, in contrast to
the others, does not lead to distortions of the baseline at the edges of the spectral

a b

Figure 4.4: (a) Examples of background estimation. An example spectrum is shown in black color
and the measured background signal is shown in red color. The other lines depict estimation of the
fluorescence background by means of various baseline correction methods. (b) Model-based
preprocessing. The spectrum after the data pretreatment is shown in green. For standardizing the
spectra, an extended multiplicative scatter correction (EMSC) can be applied. The reference, which
is typically an average spectrum over the data set, is depicted in red color, and the corrected
spectrum is shown in green color.
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interval. For a better performance of the SNIP baseline algorithm, the estimation
should be carried out based on a smoothed spectrum. However, this estimated
baseline can be subtracted from the non-smoothed spectrum, preserving the fea-
tures that could be filtered out by smoothing.

If the variations of the Raman signals within the data set are expected to be
small, a model-based preprocessing approach can be used. For example, an ex-
tended multiplicative scatter correction (EMSC) [20] is a powerful preprocessing
tool that standardizes spectra according to chosen reference spectrum (Figure 4.4b).
An additional advantage of this method is that further normalization is not required
and the replicate variations within the data can be taken into account.

Both approaches, namely model-based preprocessing and baseline correction
methods, should eliminate the background contribution of the spectra. Therefore, it
is highly important to optimize their parameters based on the complexity of the
background. Commonly the corrected spectra are investigated visually to estimate
the goodness of the correction. A more robust approach is the introduction of a
quantitative marker for the quality of baseline correction [21]. This marker should
be based on expert knowledge about the spectroscopic data, such as regions where
no background is expected and where the Raman spectroscopic signals should be
located. If these regions influence the parameter differently, the correction ap-
proach, which features the extremum (maximum or minimum value) of the marker,
would correspond to the optimal preprocessing.

4.3.3 Normalization

After the baseline correction, the Raman spectra become more standardized and in
some cases can be analyzed directly. Unfortunately, the intensity variations of
Raman spectra between investigated samples and even within spectral maps can be
dramatic due to the changes in focusing and other experimental factors. An elimi-
nation of this effect is possible by applying a normalization step. Out of a huge
range of normalization techniques, a few methods are commonly applied: vector
normalization, normalization to the integrated spectral intensity, standard normal
variate (SNV) and min-max scaling [22].

The vector normalization is performed by dividing the spectrum by the square
root of the sum of the squared spectral intensities. It is conceptually similar to the
root mean square normalization. This normalization can be also performed sepa-
rately for different spectral regions, which could be needed in specific cases. Thus,
in the analysis of biological samples, such as bacteria or fungi, better performance
may be achieved by normalizing the fingerprint region and the CH-stretching region
separately. As well as vector normalization, the normalization to the integrated
spectral intensity, or area normalization, can be performed separately for different
wavenumber regions. Besides that, the entire spectrum can be normalized to the
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intensity of a specific band, which is stable within the dataset. Furthermore, the
l1-normalization [23] is similar to the area normalization but operates with absolute
values. So, in the case of l1-norm, normalization to the integrated absolute spectral
intensity is performed.

The next typical normalization approach is SNV scaling. It is performed by sub-
tracting the mean intensity from the spectra and then dividing the result by the
standard deviation of the spectrum. This method removes the constant background
from the data. Thus, SNV is suitable to be applied without preliminary baseline cor-
rection in cases of a simple constant background.

Another scaling which eliminates the constant background is min-max normal-
ization. It is performed by subtracting the minimum value of the spectrum and then
dividing it by the maximum value of the resulting spectrum. This scaling approach
is easy to use, but it is more sensitive to noise than other normalization methods.

Alternatively to normalization and scaling approaches, a model-based prepro-
cessing, such as EMSC can be used, which was already mentioned in the Section
4.3.2 (Figure 4.4b). This approach does not require additional normalization be-
cause it combines both baseline correction and normalization.

4.3.4 Dimension reduction

Raman spectral datasets are mostly composed of a large number of variables, which
poses challenges for a statistical analysis in terms of generalization performance as
well as computational effort. A dimension reduction is needed to seek for a lower-di-
mensional representation of the original dataset without significantly losing key in-
formation [24]. The most straightforward way is to choose only the peak positions of
Raman bands (probably together with their neighboring data points). This can be
combined with a peak fitting procedure. However, this approach is not applicable if
the Raman bands are unknown a priori, which is often the case. Hereby we briefly
introduce more advanced approaches that have been widely applied.

Existent dimension reduction approaches can be categorized based on two
properties. On the one hand, a lower-dimensional representation can be found with
or without the presence of response variables such as group information or concen-
tration of certain chemical components. The respective approaches are termed su-
pervised and unsupervised dimension reduction approaches. On the other hand,
the lower-dimensional representation can be based on the same variable space as
the original data or based on a transformed space of the original data. Accordingly,
the approaches are termed feature selection and feature extraction, respectively. A
dimension reduction technique features both aspects, for instance, a supervised
feature selection method.

Principal component analysis (PCA) is the most commonly applied unsuper-
vised feature extraction method and the PCA model can be written as X=TVT + e.
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The original dataset X 2 R
m,q is mapped onto rðr = min ðm, qÞÞ uncorrelated vectors

Vj, namely the principal components (PC) or loadings. Each PC represents a differ-
ent source of variances in X, with the largest variance in the first PC, the second
largest in the second PC, and so forth. The calculation is achieved by a singular
value decomposition on X or an Eigen value decomposition on the covariance ma-
trix (XTX). The loadings Vj n< j≤ rð Þ are usually removed, because they mainly cor-
respond to noise and are irrelevant to further analysis. In this way, the dataset X is
represented by a lower dimensional score matrix (Tm, n) and the corresponding
error is denoted as e. Besides PCA, other unsupervised feature extraction ap-
proaches include independent component analysis and non-negative matrix fac-
torization [25]. In particular, multivariate curve resolution alternating least
squares (MCR-ALS) has shown its power in spectral analysis due to its capability of
decomposing spectroscopic mixtures into multiple pure components and their con-
centrations. The concentration maxtrix can be used as scores for subsequent
qualitative and quantitative analysis. By applying different constraints like non-
negativity, unimodality and local rank, MCR-ALS can provide physically and
chemically meaningful decomposition [26, 27]. Another commonly applied
dimension reduction method is partial least squares (PLS) modeling. It is a super-
vised feature extraction method and bears some relation to PCA. Hereby the matri-
ces of predictors (X 2 R

m, q) and responses (Y 2 R
m,p) are decomposed as

X=TPT + e1,Y=UQT + e2. The decomposition is performed so that the covariance
between T and U is maximized. The dataset X is transferred into a lower-dimen-
sional score matrix Tm, n n< min m, qð Þð Þ by using the first n latent variables. All
these described methods share the similarity that they decompose the observed da-
taset as a linear combination of N vectors and are called factor methods [28]. Other
feature extraction methods like wavelet transform are also used in some investiga-
tions [29].

Unlike feature extraction, feature selection works by choosing variables that
perform the best according to a predefined metric [24]. It has been well proven
that a variable that is completely useless by itself can be significantly useful in
combination with other variables. Hence a subset of variables is often selected
simultaneously in practice. Approaches of subset selection include three catego-
ries: wrapper, filtering, and embedded methods. With wrapper methods, the op-
timal feature subset is selected to obtain the best prediction on data independent
of the training data. Wrapper methods are computationally expensive due to the
requirement of model training. Filter methods select a feature subset according
to a certain metric that is independent of subsequently applied statistical mod-
els, for example, mutual information, Pearson’s correlation coefficient, Fisher’s
discriminant ratio, or results from statistical tests. Filter methods are advanta-
geous in terms of computational cost but they are less powerful to build a good
predictive model. Nonetheless, filter methods can be used as a pre-selection
prior wrapper methods. Embedded methods conduct feature selection as a part
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of model construction. This can be achieved by enforcing most coefficients of the
model to be zero, like in the cases of LASSO [30] and sparse PLS [31]. In addition,
feature selection can also be performed based on the variable weights/impor-
tance given by statistical models like support vector machine and random forest
(RF). In all cases of feature selection approaches, a search procedure for feature
subsets has to be utilized, be it genetic algorithms, simulated annealing or
greedy search (i. e. forward/backward feature selection). For wrapper and em-
bedded approaches, a way of assessing the prediction performance has to be
known as well, which overlaps with the issue of model selection and is outlined
in the following section.

Besides typical factor methods and feature selection, it is worth to note that
nonlinear dimension reduction approaches have also been reported, for example,
Isomap [32], locally linear embedding (LLE) [33, 34], feature learning with auto-en-
coder and other neural network framework [35, 36].

A common question in terms of dimension reduction is to find the best dimen-
sion, which typically refers to the optimal number of components in feature extrac-
tion or the best feature subset in feature selection. This task leads to the topic of
model selection/optimization. In practice, it is achieved by searching for a trade-off
between error and variance [37]. That is to say, to find a compromise between the
error on the training data as well as a good generalization performance on test
data. A routine procedure is to split the available dataset into training and valida-
tion data and optimize the model by minimizing the prediction error of the valida-
tion data. Figure 4.5 illustrates an example of dimension reduction conducted with
a factor method, where the original dataset (Rk ×m) is reduced to R

k × d. The training
and validation data is represented by blue and green blocks, respectively.
Dimension reduction and statistical modeling are conducted with the training data
only. The validation data is predicted afterward. The performance of the prediction
is benchmarked by a pre-determined metric. To get a more stable optimization, a
cross-validation is often applied [38], where the dataset is re-split into training and
validation datasets for several times. The metric of the prediction is averaged over
the splits to determine the optimal dimension (d).

A crucial issue to find the best dimension is that the optimal result of dimen-
sion reduction is dependent on the model applied subsequently. Therefore, the
optimization has to be conducted for dimension reduction and the subsequent
model altogether, like in Figure 4.5. Another critical issue is that after the optimi-
zation, an additional validation is necessary to evaluate the performance of the
optimized model, namely, the external validation. The normal way is to predict
data that is not used as training or validation data (red block in Figure 4.5). In
this case, the unknown data must be excluded during the model construction
and optimization, especially if supervised dimension reduction methods are em-
ployed [39]. More details on this topic can be found in Section 4.4.3 of this
chapter.
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4.4 Models

After the Raman spectra are pretreated and preprocessed, statistical models are ap-
plied in order to extract high-level information, such as concentrations of substan-
ces, distribution of substances, disease markers or sample types. The so-called
statistical methods aim to translate the standardized Raman spectra into high-level
information of interest, which can be further used by chemists, biologists and
physicians. As most of these methods have a statistical origin we call them statisti-
cal methods even though a few are developed within the framework of machine
learning [40].

The statistical methods applied for the analysis of Raman spectra are standard
techniques and we group them according to their application scenario. We will first
introduce clustering algorithms and unmixing procedures utilized for image gener-
ation. It should be noted here that the methods for dimension reduction can be uti-
lized for the image generation as well. Thereafter we describe supervised methods
including classification models for diagnostics and regression procedures for ana-
lytics [1].
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Figure 4.5: Workflow of dimension reduction and statistical modeling. The dimension reduction can
be done with factor methods like PCA. The three data blocks shown in blue, green, and red
represent training, validation, and testing dataset, respectively. The training dataset is used to
build the model. Parameters of the model (such as the number of principal components of the PCA,
d) are optimized based on the prediction on the validation dataset (green). Afterwards, the model
is evaluated according to the prediction on the testing dataset (red).
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4.4.1 Clustering and unmixing for imaging

There are two major clustering algorithm types: hard clustering and fuzzy cluster-
ing. In the former a spectrum belongs to one certain cluster and no any other clus-
ters. The latter methods are related to unmixing. A spectrum belongs to multiple
clusters to a certain extent, which is called cluster membership. Both types of
clustering methods are widely used in Raman spectroscopy, especially for imag-
ing purposes to produce an overview. The most often applied clustering algo-
rithms are k-means clustering and hierarchical clustering [41]. The k-means
clustering starts with a random cluster distribution of k clusters. Then the dis-
tance of all spectra to the cluster mean spectra are evaluated and the spectra are
resorted corresponding to the minimal distance. The procedure should be per-
formed for multiple times because the algorithm is greedy. The most common ver-
sion of hierarchical clustering is the agglomerative clustering, where Raman
spectra are merged to clusters until only one cluster exists [40]. As described
above there are also fuzzy clustering versions like fuzzy c-means clustering [42],
which is the extension of the hard k-means clustering. If the task is to determine
mixture compositions, unmixing methods are the ideal tools. To extract pure com-
ponents from the data without a training dataset the so-called end-member ex-
traction methods were developed. They extract the most “extreme” spectra in a
specific sense from the data. Methods that are commonly applied for end-member
extraction are N-FINDR [41] and Vertex Component Analysis (VCA) [41]. Besides
these techniques the multivariate curve resolution-alternating least squares (MCR-
ALS) method gains more and more attention due to the incorporation of different
constraints and additional knowledge about the data [27].

4.4.2 Classification for diagnostics and regression models for analytics

If no training data with reference values are available, clustering or unmixing are
the only techniques which can be applied. If training data with reference values are
available, supervised machine learning algorithms, like regression or classification
models, can be applied to extract high-level information [43]. Linear classification
and regression methods are frequently applied due to their simplicity and robust-
ness. Even though linear models often perform well, in many cases more powerful
techniques are needed. Among those the most often utilized ones are kernel sup-
port vector machines (SVMs) and artificial neural networks [43]. Especially deep ar-
tificial neural network are powerful emerging techniques for classification and
regression [44]. Another powerful classification and regression algorithm is the ran-
dom forest (RF) model, which is an ensemble based method [45]. RF constructs a
pre-defined number of random decision trees and every tree is able to predict. The
output of the whole RF is generated by a voting procedure at the end. While certain
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models like SVMs or ANNs can be used intrinsically as classification and regression
model, pure regression models can be converted to classification models using
pseudo-concentrations. Among the most often applied regression models are princi-
pal component regression and PLS regression [46].

4.4.3 Evaluation procedures

A statistical model with perfect predictive performance is only possible if the training
data is a complete representation of the population under investigation. However,
this is usually not the case in real-world tasks and the data at hand is always a lim-
ited sampling of the population. The property of the population has to be estimated
from the (limited) sampled data. In terms of chemometrics, the estimation refers to
constructing a statistical model for a given classification or regression task. Due to
the incomplete sampling, errors almost always occur when predicting new data with
a trained model. In extreme cases, the model may fit the training data perfectly but
cannot be generalized to unknown data. This is termed overfitting. To avoid overfit-
ting, a procedure is required to evaluate the generalization performance of the model
before it can be used in practice. To do so, the model is used to predict data that has
not been used during model construction [37, 47]. The performance of the prediction
can be benchmarked by different metrics, as is described in the following.

For the evaluation of regression models the prediction performance is mea-
sured as differences between the true and predicted values, for instance, the root-

mean-squared-error of prediction (RMSEP; RMSEP=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=N

PN
i= 1

ŷi − yið Þ2
r

) or the

mean-squared-error of prediction (MSEP; MSEP=RMSEP2). To quantify the perfor-
mance of classification/clustering models, the metrics can be used are accuracy,
sensitivity, specificity and Cohen’s kappa. These values are derived from a confu-
sion matrix, which is the combination of the predicted and true group assignments
(see Table 4.1). A model can be evaluated with a combination of multiple metrics
according to certain fusion regimes like the sum of ranking difference (SRD) [48].
This combination can provide more stable and reliable model evaluations than
using a single metric alone.

As shown in Figure 4.5, the model evaluation requires a prediction of new data
that is independent of the training data. This requires additional samples to be mea-
sured, which can be expensive, time-consuming, or even impossible. A more practi-
cal solution is resampling, where the datasets for model training and prediction are
independently sampled from the accessible data. The most widely applied resam-
pling regime is cross-validation [49]. Thereby the accessible dataset is split into
training and testing data, used for model training and evaluation, respectively. The
splitting procedure is repeated for several times to get a stable validation. The
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results of the prediction over all splits are averaged to benchmark the generaliza-
tion performance of the statistical model. According to the data splitting scheme,
cross-validation can be conducted in different ways, including leave-p-out cross-
validation, k-fold cross-validation, and Monte Carlo cross-validation [50]. A special
case of cross-validation is holdout validation, where the data split is done only
once without repetition. Another important resampling method is bootstrapping,
which is a resampling procedure with replacement. No matter how data split is per-
formed, the proportional composition of classes (or concentrations) in every split
should be consistent to the composition of the population, because the constructed
model can be influenced by the relative compositions of different classes in the
training data. One way to achieve this is the Latin-partition method [51].
Specifically, bootstrapping with Latin partition was reported, which constructs mul-
tiple Latin partitions with a bootstrap. This allows getting the relation between the
prediction and the composition of the training data as well as the optimization of
the statistical model [52, 53].

There are two issues extremely crucial to model evaluation [38, 39, 54]. The first
issue is the independence requirement between training and testing data. In prac-
tice, this is ensured by resampling the data on the highest level of sampling hierar-
chy, which might be the biological replicate, cultivation, or patient. With k-fold
cross-validation, for example, the folds should be arranged according to the highest
level of sampling hierarchy. Otherwise, the information of testing data is implicitly
used during model construction and the prediction on the testing data does not re-
veal the true generalization performance. As a result, the statistical model is over-
estimated. In addition, the evaluation should be conducted involving both the di-
mension reduction and the statistical model. This is especially important if a super-
vised dimension reduction is applied. In special cases, if parameters of a pre-
processing procedure are optimized according to the output of the statistical mod-
els, the evaluation loop should include the pre-processing steps as well.

Table 4.1: Confusion table. The table compares the prediction against the
correct group assignment. From this table a number of classification
characteristics, like accuracy, sensitivity and specificity, can be calculated.

Predicted

P ~P
True P a b

~P c d

Accuracy= 100%× a+ d
a+b+ c +d, percentage of correctly classified samples.

Sensitivity= 100%× a
a+ b, percentage of true positive.

Specificity= 100%× d
c+ d, percentage of true negative.

κ = Accuracy− pe
1− pe

, agreement between truth and prediction.
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Noteworthy, it requires special attention when both the model selection and
model evaluation are conducted with cross-validation. In this case, a two-layer
cross-validation is needed [39]. As shown in Figure 4.5, the dataset is split into
training (blue and green blocks) and testing data (red block) within the outer-layer
cross-validation. The testing data is taken aside and the training data is fed into the
inner-layer cross-validation for model optimization as described in Section 4.3.4.
Thereafter the testing data is predicted with the optimized model, of which the re-
sults are used to evaluate the performance of the model. The inner-layer and outer-
layer cross-validation are termed internal and external validation, respectively.

4.5 New trends

As almost all applications of Raman spectroscopy are only possible, if an adequate
data analysis pipeline is utilized, the research area developing new analysis meth-
ods and tools is active. A full summary of trends is beyond the scope of this chapter,
but two topics, which emerged recently, should be summarized here. These both
topics are model transfer and data fusion. Model transfer is dealing with the use of
models, which were constructed based on training data different from the test data.
Such a model transfer issue arises, if a chemometric model should be utilized for
diagnostic purposes and the device on which the test data are measured in clinics
is different compared to the device utilized for measuring the training data. This
issue is important because it is linked to real-world applications of Raman spectros-
copy. The next active research area is related to data fusion, where Raman spectra
are computationally combined with other data types in order to extract more infor-
mation as it would be possible from the Raman spectra alone. In that manner, com-
plementary information to the information extracted from Raman spectra can be
analyzed together with the Raman based information.

4.5.1 Model transfer

A well-known challenge in chemometrics is the substantially inferior prediction
quality of a pre-trained chemometric model if it is applied to newly measured data
[55]. This issue gets more important if the new data is significantly different to
training data. In Raman spectroscopy, such differences manifest itself as wave-
number shifts and intensity variations (Figure 4.6a). One of the major reasons for
such spectral deviations is the instrumental change over-time or after replacement
of a component. The wavenumber/intensity calibration (see Section 4.2) helps to
reduce such instrument induced spectral variations but cannot completely remove
them. The remaining spectral variations can still mask the spectral differences of
interest and thus corrupt the prediction, which is very common in biological
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studies. Besides the instrument variations, other experimental changes can also
disturb the reproducibility, for example, cultivation conditions cannot be exactly
identical for all replicates and differences over measurement of different replicates
are resulting. These spectral variations cannot be tackled with calibration at all.
That is why an existent model cannot successfully predict the newly measured
data. A simple but labor-extensive solution is to train another model for this new
data. However, this is not possible if new training samples are inaccessible, which
might be the case in disease diagnosis. Therefore, a method is needed to enable
the prediction of the new data based on the existent model. This is achieved with
model transfer approaches, as described in the following [14, 56, 57].

In the terminology of model transfer, the (old) training and the new data are
termed primary and secondary data, respectively. There are two types of model trans-
fer approaches: data based (Figure 4.6b) and model based methods (Figure 4.6c) [58].
In the former case, the primary and secondary data are transformed to make them
more similar. In the latter case, an existent model is updated to improve the predic-
tion on the secondary data. Model transfer can be applied in a supervised or an unsu-
pervised manner. Unsupervised model transfer is conducted without the knowledge
of response variables (class information or concentration) of the secondary data. For
supervised model transfer, a few secondary samples with known responses are
needed; but the required sample size is much smaller compared to the construction
of a new model. Unsupervised methods do not need the response information of the
secondary data, making them superior to supervised model transfer in the cases
where the response information is not accessible. A typical example of this case is
bio-medical diagnostics, where the disease level of a new patient should be predicted
and is unknown.

transform
matrix

data based methods

model based methods

augment/update

b

c
model
(new)

model
primary data

model
primary data

a

Figure 4.6: Overview of model transfer. (a) Training (primary) and testing (secondary) datasets can
be significantly different if they are measured from different replicates or on different devices.
Hence the chemometric model constructed with the primary dataset can fail to predict the
secondary dataset. This can be tackled with model transfer approaches according to two
mechanisms: data based methods (b) and model based methods (c).
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Data based model transfer aims to remove the spectral variations between second-
ary and primary data. Typically applied methods are Procrustes analysis and piecewise
direct standardization (PDS) [59], where a transformation matrix is calculated to map
the secondary to the primary data. Other approaches include warping methods, which
adjust the peak misalignment between primary and secondary data [60]. These meth-
ods are typically conducted based on spectra of standard samples measured under pri-
mary and secondary conditions. Then the resulting correction function is applied to
the spectra of the secondary samples. The bottleneck of these methods is that the stan-
dard have to be measured under both conditions. In addition, the correction function
only corrects the instrumental deviations and cannot tackle disturbing effects like the
variation of cultivation conditions. Hence the secondary and primary data of real sam-
ples cannot be perfectly matched. Another option is to calculate the transformation
matrix based on the primary and secondary data of real samples itself. However, this
works only if the samples for primary and secondary measurements share the same
chemical components. In classification and regression tasks, the samples belong to
multiple classes or feature different concentrations of their components. It is almost
impossible to ensure that both the primary and the secondary samples feature the
same classes or identical concentrations. In this case, the transformation matrix does
not only model the undesired changes but also the spectral differences of interest. It is
advisable to calculate transformation matrix separately for each class or concentration,
i. e. in a supervised manner.

Model based model transfer seeks for a compromise between the primary and
secondary data. The first scheme is to build a global statistical model involving exper-
imental variables responsible for undesired spectral changes [58]. This procedure re-
quires to know and to include all potential influential experimental variables, which
makes it less feasible for model transfer. An alternative regime is to build a model on
the primary data with features robust to the experimental changes. In ref [61] the au-
thors proposed a sample‐wise spectral multivariate calibration approach by penaliz-
ing and desensitizing features that strongly differ between the primary and
secondary data. This method is less powerful if the secondary conditions differ
strongly from the primary conditions. The third scheme is local modeling, where the
model is built only with the primary samples that are the nearest neighbors to the
secondary data [62]. It is crucial in local modeling to determine the number of nearest
neighbors and the similarity metric to select the nearest neighbors. Another model
transfer approach is model augmentation. Thereby, the training dataset is enlarged
with several additional secondary samples, the so-called transfer samples [63].

So far model transfer has been mostly investigated for near-infrared spectros-
copy and regression problems. Model transfer of Raman spectroscopy and classifi-
cation tasks is rather new and only a few studies exist. Recently, a model transfer
approach was developed for Raman spectroscopy using Tikhonov regularization
based partial least squares regression (TR-PLSR) [14]. However, the method does
not work if the response variables of the secondary data are unavailable. To deal
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with this issue, unsupervised model transfer approaches for Raman spectroscopy
were also developed recently [57].

4.5.2 Data fusion

In cases when the Raman data does not yield sufficient information, it can be com-
plemented by additional measured data. For example, if correlated imaging is per-
formed, several types of spectroscopic or spectrometric data are measured and can
be combined. Another example is that beside the Raman spectra of the sample
other additional information can be used, like the patient’s laboratory values, gen-
der, age, physical parameters, and known medical conditions. These values can be
used along with Raman spectra to improve the performance of a chemometric
model. Often the different data types feature different dynamic range, dimensional-
ity, and the number of observations per sample. Therefore, the question arises how
different data types can be combined [64]. This process of combining different
types of data is called data fusion.

The data fusion can be performed on different levels [65] of the analysis pipeline
(Figure 4.7). The combination can be done on a low-level directly after the preprocess-
ing, possibly even before the dimension reduction. This data fusion scheme is called
centralized data fusion. It is performed by merging the data from different sources into
a single data matrix with subsequent simultaneous analysis. However, dealing with
different data types within a low-level data fusion approach requires accounting for
different scaling, dynamic range and dimensionality of the data in order to balance
the contributions of different data types against each other. To account for these differ-
ences, it may be important to rescale the data before combining them [66].

Another possible data fusion scheme is a high-level data fusion, also called a dis-
tributed data fusion. In this scheme, each data type is analyzed separately and the

Raman
spectra

Additional
data

Preprocessing

Preprocessing

Analysis

Analysis

Analysis

Analysis
Centralized
analysis
prediction

Distributed
analysis
prediction

Figure 4.7: Schematic representation of data combination with a fusion center at different levels of
the data analysis pipeline. The low-level (centralized) data fusion is highlighted in blue color, and
the high-level (distributed) data fusion is highlighted in green color.
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scores are combined at the final step of the analysis [67]. The advantage of the
high-level data fusion is that it is computationally less costly and allows dealing
with the different data types in an easier manner.

Besides the low-level and high-level data fusion, a decentralized data fusion ap-
proach [68] or hierarchical data fusion can be used. For example, in correlated imag-
ing, the hierarchical data fusion allows using one imaging technique for finding areas
of the interest. The other imaging technique is then utilized to study these regions [69,
70]. In that manner, deeper insights into the investigated areas can be gathered.

4.6 Summary: dos and don’ts in analyzing Raman spectra

In this section we would like to summarize the sections above. We would like to give
the summary in terms of a Dos and Don’ts list. In that manner, we tried to condense
the content of the whole chapter into guidelines and rules. In order to allow a further
reading, the recommended practices discussed in the sections about data pretreatment

Do’s Dont’s

Avoid fluorescence if possible ()
Check instrumental drift every day before
measurement ()

Measure standard material for calibration every
time before measuring real samples ()

Measure a spectrum of standard material for
calibration at different conditions (days)
compared to real samples ()

Wavenumber calibration and/or intensity
calibration ()

Direct application of a model to data of another
device ()

Model transfer between different devices/
replicates ()

Model transfer between datasets measured from
different classes ()

Apply baseline correction methods prior
modeling ()

Smoothing before SNIP baseline correction ()

Normalization (after baseline correction) () Normalization before baseline correction ()

Involve procedures to be optimized like
dimension reduction (pre-processing, if
necessary) inside the CV loop ()

Perform dimension reduction outside of CV loop,
especially for supervised dimension reduction
approaches ()

Evaluate the model with independent dataset
(e. g. external CV) ()

Evaluate the model with data already used
during model construction/optimization ()

Use data from the same sample (replicate)
exclusively as training or testing data ()

Split the data into training and testing data
regardless of the replicate information ()

Leave-one-sample (replicate)-out CV () Leave-one-spectrum-out CV ()
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(Section 4.2), data preprocessing (Section 4.3) and models (Section 4.4) are marked in
the table with a respective chapter number in the parentheses.
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5 Raman spectroscopy in pharmaceutical research
and industry

Abstract: In the fast-developing fields of pharmaceutical research and industry, the
implementation of Raman spectroscopy and related technologies has been very
well received due to the combination of chemical selectivity and the option for non-
invasive analysis of samples. This chapter explores established and potential appli-
cations of Raman spectroscopy, confocal Raman microscopy and related techniques
from the early stages of drug development research up to the implementation of
these techniques in process analytical technology (PAT) concepts for large-scale
production in the pharmaceutical industry. Within this chapter, the implementation
of Raman spectroscopy in the process of selection and optimisation of active phar-
maceutical ingredients (APIs) and investigation of the interaction with excipients is
described. Going beyond the scope of early drug development, the reader is intro-
duced to the use of Raman techniques for the characterization of complex drug de-
livery systems, highlighting the technical requirements and describing the analysis
of qualitative and quantitative composition as well as spatial component distribu-
tion within these pharmaceutical systems. Further, the reader is introduced to the
application of Raman techniques for performance testing of drug delivery systems
addressing drug release kinetics and interactions with biological systems ranging
from single cells up to complex tissues. In the last part of this chapter, the advan-
tages and recent developments of integrating Raman technologies into PAT pro-
cesses for solid drug delivery systems and biologically derived pharmaceutics are
discussed, demonstrating the impact of the technique on current quality control
standards in industrial production and providing good prospects for future develop-
ments in the field of quality control at the terminal part of the supply chain and
various other fields like individualized medicine.

On the way from the active drug molecule (API) in the research laboratory to the
marketed medicine in the pharmacy, therapeutic efficacy of the active molecule and
safety of the final medicine for the patient are of utmost importance. For each step,
strict regulatory requirements apply which demand for suitable analytical techniques
to acquire robust data to understand and control design, manufacturing and industrial
large-scale production of medicines. In this context, Raman spectroscopy has come to
the fore due to the combination of chemical selectivity and the option for non-invasive
analysis of samples. Following the technical advancements in Raman equipment and
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analysis software, Raman spectroscopy and microscopy proofed to be valuable meth-
ods with versatile applications in pharmaceutical research and industry, starting from
the analysis of single drug molecules as well as complex multi-component formula-
tions up to automatized quality control during industrial production.

Keywords: Pharmaceutical research, Pharmaceutical idustry, Process analytical
technology (PAT), Drug delivery

5.1 Raman spectroscopy in early drug development
and preformulation

5.1.1 Identification of active pharmaceutical ingredients (APIs)

Despite continuous progress in pharmaceutical sciences and industry, global health
care is confronted with serious challenges. The growing world population in combi-
nation with the increasing prevalence of severe diseases like cancer as well as the
appearance of epidemics with resistant pathogens require the development of novel
therapeutics. The process of identifying effective novel drugs and their molecular
optimization is elaborate and is typically achieved through a combination of
computational approaches and high throughput methodologies [1]. Newly discov-
ered molecules that hold potential for therapeutic applications need to be thor-
oughly characterized with respect to their pharmacological effect as well as
potential instabilities of the molecule before they can be incorporated into applica-
ble formulations (like tablets or liquids for injection) to ensure their stability during
fabrication and storage, and thus efficacy and safety for the patients´ therapy. In
order to obtain a complete understanding of the molecular structure of novel active
molecules and their potential modifications (induced by external factors like hu-
midity, temperature etc.), the substance is commonly analysed using established
spectroscopic methods like mass spectrometry (MS) and nuclear magnetic reso-
nance spectroscopy (NMR). In this context, vibrational spectroscopic methods like
Fourier-transformed infrared spectroscopy (FT-IR) and Raman spectroscopy can be
valuable complementary tools. However, the interpretation of the resulting spectra
is complex and requires expert knowledge. Therefore, Raman spectroscopy is
mostly employed after the basic molecular structure has been assessed via MS and
NMR to elucidate the absolute configuration of the molecule. So far, single-crystal
X-ray diffraction (SCXRD) is known to be the gold standard for structural investiga-
tions, providing detailed information which are unparalleled. However, sample
preparation involves crystallisation of the molecule, which is often not feasible. In
this context, Raman spectroscopy serves as a beneficial complementary technique,
which is able to identify different chiral centres of the molecule by using Raman
optical activity (ROA) [2, 3]. Here, the molecule is irradiated with left and right
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polarised lasers and a difference spectrum is generated which can be compared to
calculated spectra for each possible molecule conformation. Furthermore, the
unique ROA band of a molecule can be used to identify its preferred enantiomeric
form within a mixture of different forms [4], even in a biological relevant environ-
ment, since Raman spectroscopy is a non-invasive technique and does not require
further sample preparation.

Due to the fact that Raman spectroscopy (in contrast to IR spectroscopy) is
barely influenced by the presence of water, analysis in aqueous environment is
possible, allowing for solubility experiments as well as interaction studies with
biological systems like cells. Raman spectroscopy has already proven its suitabil-
ity for studying proteins in solution as well as in crystalline solid state [5, 6]. As
more and more biological macromolecules arise from the pipeline during the
search for new APIs, comprehensive analysis of such molecules is of major impor-
tance. Using Raman spectroscopy, a multitude of conformational states and trans-
formations on the protein level can be observed like denaturation [7–9], protein
aggregation and secondary protein structures [10], as well as characterization of
cysteine side chains [11]. Applying ROA, the stereochemistry of the amino acids
constituting the protein can be monitored providing crucial information on the
structure of the molecule. Hence, Raman spectroscopy has come to the fore for
identification of active molecules produced in the biotechnology industry and
during bioprocessing. Raman spectroscopy can be employed in a multitude of dif-
ferent processes starting with simple in-line concentration measurements of glu-
cose and ethanol during the conversion through yeast as a fast alternative to the
general time-consuming chromatography approach [12] up to the identification of
biological pharmaceuticals like antibiotics [13] and quantification of posttransla-
tional modification processes [14].

5.1.2 Selection and optimisation of APIs

The APIs that are selected and characterised in the discovery process are further
studied during drug development determining the optimal form of the molecule
to guarantee pharmacological efficiency as well as physical stability of the mole-
cule in the final formulation. This process includes the assessment of all possible
polymorphic forms (different crystal forms of the same molecule) of the API since
the form has direct implications for the physicochemical properties of the mole-
cule, resulting in differences in stability and solubility that could jeopardise the
efficacy and safety of the final drug product. Drug polymorphism is often as-
sessed via well established methods like differential scanning calorimetry (DSC),
X-ray powder diffraction (XRPD) or NMR which provide valuable information,
but require extensive sample preparation and time-consuming experimental pro-
cedures. In this context, Raman spectroscopy combines advantages in speed and
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ease of sample preparation with conclusive insight into the chemical structure of
the different forms [15]. Raman spectroscopy even allows for real-time analysis of
polymorph formation in microcrystals [16]. Since the formation of polymorphs
and hydrates is very much dependent on physical and thermal conditions, it is of
interest to monitor the relationship between the different forms of a drug and its
behaviour during the manufacturing process and under storage conditions.
Standard production procedures like tabletting and micronisation (involving
physical stress) as well as contact with liquids during wet granulation for exam-
ple might lead to the formation of unwanted API forms that may obstruct the
pharmacological effect and stability of the final drug product. Besides NIR spec-
troscopy, Raman spectroscopy in combination with a heating stage can be used
to monitor thermally induced conformational changes of the compound in real-
time [17]. However, employing this setup the user needs to take into consider-
ation that Raman spectra are sensitive to temperature changes and that peak po-
sition and shape can be influenced by the experimental conditions [18]. By
expanding the instrumental setup with a humidity control chamber, the influ-
ence of relative humidity may also be taken into account during the experiment
[19, 20]. Further, the influence of compression on polymorphic transitions of an
API during a grinding process and hydrodynamic pressuring was assessed by the
respective Raman spectra and a correlation of pressure and the corresponding
changes in the Raman spectra could successfully be established as Figure 5.1 dis-
plays [19, 20].
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Figure 5.1: The correlation of pressure and changes in Raman spectra acquired from two different
forms of anhydrous caffeine at room temperature.
Reprinted with permission from Elsevier [20].
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Rather than modifying a microscope setup, a Raman probe can also be incorpo-
rated into a DSC or a dynamic vapour sorption (DVS) instrument to monitor conforma-
tional changes via the Raman signal of macrosamples [21, 22] even in real-time [23].

Structural changes of an API like the formation of salts are investigated during
preformulation, since these alterations also influence the solubility and thereby fi-
nally also the bioavailability of the drug in the human body. Salification and co-
crystallising of the drug are used to modify the solubility and stability of the mole-
cule, but since the optimal counter ion cannot be determined via computational
methods, elaborate salt screens are used, where a variety of different solvents is
used to modify the final drug form to display desired properties [24]. The drug crys-
tals are analysed via optical (polarized light microscopy) or thermal methods like
DSC and thermogravimetric analysis (TGA) but the gold standard remains single
crystal XRD which provides the most detailed structural information [25, 26].
However, this technique requires single drug crystals for the analysis, which often
poses a problem for sample preparation. Raman spectroscopy on the other hand ex-
cels in the analysis of salt screens due to its sensitivity to molecular geometry and
lack of sample preparation as well as very fast experimental procedures [27, 28].
With regard to the evolving technical advancements of Raman spectroscopy, an au-
tomated analysis provides valuable prerequisites for high-throughput analysis of
API forms in microfluidic polymorph and co-crystal screenings [29, 30].

5.1.3 Interaction of APIs with excipients

As most drugs cannot be administered in their native (powder) form, drug delivery
systems like tablets are developed to incorporate the required dose of the API, poten-
tially also involving protection of the molecule against external influences (e. g. pH
changes). A crucial factor during the development of novel therapeutics is the inter-
action of drugs with additives that form or are additionally incorporated into the final
formulation. It must be taken into consideration that stabilising and solubilising
agents, binder and penetration enhancer could possibly interact and change the
structure of the drug molecule or even degrade it, thereby interfering with the effi-
cacy of the drug product. During the extensive interaction studies, high performance
liquid chromatography (HPLC) and liquid-chromatography mass spectrometry (LC-
MS) are currently the methods of choice to elucidate the full extent of drug degrada-
tion. As part of ongoing progress in drug characterisation methodologies, spectro-
scopic methods were assessed for the characterisation of degradation processes,
where Raman spectroscopy was found to be the most sensitive technique to detect
molecular differences occurring during interactions [31]. Further, due to its non-inva-
sive nature, Raman spectroscopy proves to be useful to realise the conduct of interac-
tion and degradation studies in real-time, like the influence of pH changes to the
kinetics of redox reactions of a drug compound via online Raman spectroscopy [32].
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5.2 Characterization and evaluation of advanced drug delivery
systems

5.2.1 Technical requirements for imaging pharmaceutical samples

For the in-depth analysis of advanced drug delivery systems incorporating the API,
the acquisition of simple Raman spectra might not be sufficient as in many cases
spatially resolved data are required. To characterize these systems thoroughly in-
cluding composition and component distribution, physical stability and drug re-
lease from the carrier system up to interactions with biological systems derived
from the human body like cells and tissues, advanced technical setups are required.
The combination of Raman spectroscopy with a confocal microscope setup opened
up a new horizon and paved the way for various pharmaceutical applications.
However, many pharmaceutical samples exhibit a structured outer surface and im-
aging with a confocal microscope is limited to the respective focal plane. Thus,
complementary techniques for determining the surface structure prior or simulta-
neously to the acquisition of Raman spectra were required. For this purpose, optical
topography analysis based on white light reflection (Figure 5.2) and atomic force
microscopy (AFM) were identified as suitable analytical approaches and technical
advancements meanwhile allowed for combination of these techniques and Raman

Figure 5.2: The combination of optical topography and Raman analysis of a drug-loaded extrudate.
(a) Electron micrograph of the extrudate, (b) topography profile of the outer surface, (c) Raman
spectra of API and excipient, (d) overlay of topography profile and Raman analysis displayed in
false colours (red - API, blue – excipient).
Reprinted by permission from Springer Nature [35].
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microscopy in one analytical platform [33–35]. Consequently, software capable of
processing and combining such data is also required.

5.2.2 Composition and physicochemical stability of drug delivery systems

The determination of the chemical composition of a final drug product is a critical
attribute for the quality of marketed therapeutics. During the fabrication process of
pharmaceutical products, mechanical and thermal forces potentially lead to physico-
chemical changes of the active ingredient or excipients. Differences in drug content
and polymorphic state of drugs might lead to ineffective treatment or might even be
harmful to the patient. Therefore, a comprehensive examination of pharmaceuticals
after manufacturing constitutes an inevitable step to ensure product safety.

The chemical identity and the distribution of a drug in low dosage pharmaceu-
tical tablets were assessed in a study by Henson and Zhang [36]. They successfully
detected two undesired polymorphic forms of the API in concentrations as low as
0.05% (w/w) within tablets, highlighting Raman micro-spectroscopy mapping as a
valuable technique for the detection of polymorphic impurities. A similar study was
conducted within lipid based inhalable powder formulations where content unifor-
mity and the polymorphic form of a drug substance were determined [37]. In a
study on two different solid dispersions, Raman spectroscopy was used to evaluate
drug stability over time and it was successfully shown that recrystallization oc-
curred in one of the formulations, while for the comparator formulation such events
could not be detected [38].

Further, Raman spectroscopy was combined with SEM and TEM to evaluate if a
poorly water-soluble drug is present as an amorphous nanodispersion or if it exists
as a molecularly dispersed compound within a polymeric matrix [39]. Raman map-
ping was able to elucidate the size and spatial distribution of areas where the drug
existed in its molecularly dispersed form or in nano crystals, respectively. Sievens-
Figueroa et al. characterized edible polymer films containing drug nanoparticles
and used Raman microscopy complementary to XRPD, showing that the film proc-
essing methodology had no negative effect on the drug crystallinity [40]. The as-
sessment of the chemical identity as well as particle size and particle size
distribution were subject of the investigations performed in another study on aque-
ous nasal spray suspension formulations by Doub et al. [41]. In a study on two ve-
rapamil formulations, Raman microscopy was used to investigate composition and
distribution of drug and excipients, and it was found that the composition of the
formulations was identical and differences in release kinetics were solely due to the
modifications in the manufacturing process [42].

Due to its chemical selectivity, Raman spectroscopy proves to be an invaluable
tool for the assessment of compositional identity and, therefore, is experiencing an
incline in popularity in the identification and analysis of counterfeit products.
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Rebiere et al. developed a method for Raman chemical imaging of counterfeit for-
mulations, which enabled differentiation of three polymorphs of clopidogrel as well
as direct quantification of API content [43]. Along the same lines, another study de-
scribed the development of a method for the detection of sildenafil in tablets. The
authors used a handheld Raman spectrometer to measure sample solutions after
dissolution directly though glass vials without the need for further sample prepara-
tion [44]. The detection of counterfeits is not limited to delivery systems incorporat-
ing small molecules, but is also emerging as a valuable tool for the identification of
falsified protein-based medicines. Raman spectroscopy and microscopy were used
in conjunction with optimized analytical methods to evaluate 12 substances in liq-
uid or lyophilized form directly through glass packaging and compared them to
their counterfeits in a qualitative and quantitative manner [45].

5.2.3 Spatial component distribution within drug delivery systems

While the chemical composition of pharmaceuticals can also be determined via de-
structive methods like HPLC, the non-invasive Raman approach stands out when it
comes to analysis of the spatial distribution of drug and excipients within a drug
product. Advancements in instrumentation, computer technology and data analysis
allowed for the development of other Raman spectroscopy based techniques like co-
herent anti-Stokes Raman spectroscopy (CARS), stimulated Raman spectroscopy
(SRS) and surface enhanced Raman spectroscopy (SERS) and strengthened the in-
terest in Raman microscopy as an analytical tool for pharmaceutical content analy-
sis [46]. Unlike simpler content analyses with Raman spectroscopy, the chemically-
selective determination of the spatial compound distribution requires suitable tech-
nical prerequisites for high resolution confocal Raman imaging.

Breitenbach et al. already investigated the spatial distribution of components in
the 1990s, analysing a solid dispersion of ibuprofen in polyvinylpyrrolidone and
showed that Raman microscopy is suited to verify homogeneous drug distribution in
the system [47]. Raman microscopy was further applied to biodegradable double-
walled microspheres, for which the investigators analysed cross sections of the sam-
ples and determined chemical composition and spatial distribution of the different
compounds [48]. A similar approach was used to characterize hormone loaded su-
crose spheres [49]. Raman mapping was used to show the integrity of the enteric
coating and assess the distribution of a hormone drug beneath the coating within the
particles. Šašić et al. applied Raman spectroscopy on a larger scale by examining
pharmaceutical tablets that varied in the manufacturing process and analysed the
distribution of all ingredients throughout the tablet, showing the superiority of
Raman microscopy over NIR imaging [50]. Along the same lines, another study used
optical topography to map the surface of 3D printed tablets and further analyse the
sample which was loaded with nanocapsules using confocal Raman microscopy [51].
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The technique was able to analyse the spatial distribution of mannitol and microcrys-
talline cellulose in the tablet during crucial manufacturing steps. Surface topography
measurements with AFM were also combined with confocal Raman microscopy to
study the distributions of plasticizer and drug within topical polymeric film-forming
systems [52]. In another correlative approach, confocal Raman microscopy was used
in conjunction with AFM to connect surface topography with chemical imaging in
the characterization of a drug-eluting stent. The study showed for the first time a cor-
relation between coating morphology and drug concentration in the medical device
[53]. Raman imaging was further applied to characterize the distribution of single
components in semi-solid self-emulsifying systems for oral drug delivery and to eval-
uate the homogeneity of the dosage form [54].

5.2.4 Drug release from delivery systems

Drug release from dosage forms and their kinetics are crucial characteristics which
are of major importance during the development of novel therapeutics, as the time-
dependant availability of the drug in the human body is a prerequisite for effective
therapy. Based on the monographs in the Pharmacopeia, drug release is assessed
by quantitative methods like HPLC or UV/VIS spectroscopy to gain quantitative
drug release profiles over time. As Raman spectroscopy is a linear technique, the
acquisition of Raman spectra over time results in similar profiles. However, even
more important, Raman spectroscopy/microscopy is capable of monitoring changes
of the drug upon contact with the release medium over time (e. g. hydration) as
well as changes in component distribution within the drug delivery system and spa-
tially resolved drug depletion. In a recent study, the release mechanism of a poorly
water-soluble drug from different solid dispersions was investigated using confocal
Raman microscopy [55]. The technique helped to elucidate the influence of the uti-
lized polymer on the release kinetics of the drug. In a similar study, the distribution
of ibuprofen and its release were imaged in different types of microparticles [56].
The examination of the samples using Raman microscopy enabled the investigators
to improve their formulation to obtain desired release properties. As shown in a
study by Vukosavljević et al., confocal Raman microscopy proves to be a useful tool
for the monitoring of dissolution processes of coated pellets [57]. Figure 5.3 depicts
virtual cross sections of the pellets before and after release testing and visualises
the mechanism of pore formation that enables the liberation of the drug molecule
from the dosage form.

In another study, CARS was also found to be very useful for real-time monitor-
ing the transformation of theophylline anhydrate to monohydrate on the surface of
tablets during dissolution testing [58]. Further, drug release from a complex geo-
metrical three-layered tablet was investigated in real-time using Raman microscopy
to elucidate how the drug is being released in a sustained manner [59]. Drug release
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and morphological changes of a stent coating upon elution was also investigated
using confocal Raman microscopy in conjunction with other methods like in-liquid
AFM [53, 60]. The release of drug could be correlated with morphological changes
of the polymer matrix and the formation of pore networks.

5.2.5 Interaction with biological systems

In addition to thorough analysis of all physicochemical characteristics and the drug
release mechanism as well as the corresponding release kinetics, interactions of the
therapeutic with biological systems have to be investigated simulating the applica-
tion route as well as the pharmacological target in the human body (if possible).
For this purpose, artificial systems as well as cell- and tissue-based assays are ap-
plied. In contrast to fluorescence microscopy which requires the implementation of
bulky fluorescent labels potentially altering the physiological reaction of the drug
with cells or tissues, Raman microscopy offers the remarkable advantage of chemi-
cally-selective imaging without disturbance of natural processes or alteration of the
biological system [61]. In this context, the uptake of liposomal drug carrier systems
into cells was studies in two case studies where Raman microscopy was able to fol-
low the internalization of liposomes into cells via the usage of a deuterium tag [62]
and even visualize specified mitochondrial targeting by chemically modifying the
liposomes [63]. With respect to rising interest in the relevance of nanoparticles in
health issues and their utilization as pharmaceutical drug carrier systems, the up-
take of titanium dioxide in oral buccal epithelia cells as well as in lung cells was
investigated by two different groups, showing that the technique enables the locali-
zation of nanoparticles within human cells [64, 65]. As shown in Figure 5.4, tita-
nium dioxide particles could be visualized in virtual cross sections of the cells in
the cytosol, as well as within the cell nucleus.

Further studies on nanoparticle uptake by cells were performed using silver
nanoparticles and following their interaction with human fibroblasts [66]. Raman

A

B

300 µm
300 µm

Figure 5.3: Raman mapping of cross sections of coated pellets before (A) and after (B) in vitro release
testing. Film coating is depicted in yellow, matrix excipients in blue and drug in red, respectively.
Reprinted with permission from John Wiley and Sons [57].
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microscopy was used to follow penetration of the particles into skin cells and local-
izing them within the cytosol. The visualization of nanoparticles within biological
tissues poses another problem due to the complex composition and optical proper-
ties of tissues in contrast to single cells. This issue was overcome in a study using
deuterated chitosan nanoparticles and CARS microscopy to detect the uptake into
brain and liver tissue of mice [67]. The incorporation of Raman active compounds
into liposomes and nanoparticles resembles an elegant mechanism for tracking and
visualization of these drug carriers. However, when it comes to the detection of pro-
tein compounds, other solutions for the distinction from the biological system are
required. In a study by Ye et al. C13 was used to modify phenylalanine in the protein
penetratin to study its uptake and distribution in melanoma cells [68].

A
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B

A Top view
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B
C

B
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Figure 5.4: Schematic sketch of an oral buccal epithelia cell and virtual cross sections through the
cell acquired by confocal Raman imaging. Cell bodies are depicted in red, nuclei in blue and
titandioxide particles in yellow. (A) Cross section of cell without particles. (B) Titanium dioxide
particle within nucleus. (C) Multiple titanium dioxide particles outside and within the cell.
Reprinted from [65] with permission of The Royal Society of Chemistry.
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Recently confocal Raman microscopy was implemented in the analysis of semi-
solid topical formulations and their penetration into skin tissue. Franzen et al. pub-
lished a series of comprehensive studies, analysing the Raman spectral variability
of human stratum corneum and explaining the methodology of quantification of a
model drug in excised human skin as well as evaluating skin derived Raman peaks
as internal standards for peak correlations [69, 70]. The penetration abilities of caf-
feine nanocrystals and propylene glycol as well as a possible synergetic effect was
assessed using confocal Raman microscopy on excised porcine skin by measuring
penetration depths of both substances [71]. Zhang et al. further refined the analysis
of penetration and studied the interaction of the drug 5-fluorouracil with excised
skin tissue and observed the interaction of the substance with the biological tissue
[72]. Further, as shown in Figure 5.5, confocal Raman microscopy was able to detect

0
22°C 34°C

ca

b Drug/pheDrug/phe

Prodrug/pheProdrug/phe

d

10

20

30

40

50

60

70

0

10

20

30

40

50

60

70

80
0 20

Microns

M
ic

ro
ns

M
ic

ro
ns

40 20 40

0.01

0.02

0.03

0.04

0.05
0.06

0.07
0.08

0.09

0.1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
0.4

0.45

0

Figure 5.5: Virtual cross sections of pig skin showing the distribution of prodrug and active drug
after incubation of the samples at 22 °C (a and c) and 34 °C (b and d).
Reprinted in part with permission from Elsevier [72].
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the conversion of the prodrug into the active form and visualize the distribution of
both compounds in virtual cross sections.

Further studies on the penetration enhancing effect of different substances on
flufenamic acid were accomplished in excised human skin and delivered valuable
insights into drug penetration kinetics into and through the human skin barrier
[73]. Similar studies were also undertaken in vivo, investigating the effect of pene-
tration enhancer on retinol delivery through human stratum corneum, highlighting
once again the advantage of non-invasive and label-free imaging capabilities of
Raman microscopy [74].

5.3 Process analytical technology (PAT) and quality control
during pharmaceutical manufacturing

The term “Process Analytical Technology” was introduced in the context of a general
concept to design, analyse and finally control the manufacturing of pharmaceuticals.
For this approach, critical quality attributes for a distinct pharmaceutical are defined
and have to be controlled by the monitoring of critical process parameters affecting
the critical quality attributes of the respective pharmaceutical product during
manufacturing. To realize this concept, suitable analytical techniques are required,
preferentially allowing for continuous on-line or in-line measurements. However, the
in-line analysis of fabrication processes in real time poses a challenge for traditional
analytical methods as HPLC and similar techniques that require time- and work-in-
tensive sample preparation. Based on its characteristics like chemical selectivity as
well as the non-invasive nature of data acquisition, Raman spectroscopy is well
suited for PAT applications, as recent studies report [75]. With its diversified applica-
tion area for the analysis of solids, semi-solids and even biologically derived pharma-
ceuticals and its fast data acquisition, Raman spectroscopy has gained the interest of
the industry to improve the efficiency of manufacturing processes.

5.3.1 PAT for the manufacturing of solid drug delivery systems

The crystallization of an active compound is a crucial step in the manufacturing of
pharmaceuticals. Monitoring of crystallization processes of drug molecules and
identification of different polymorphic forms which might eventually occur during
these processes is essential to ensure the generation of the pharmacologically effec-
tive polymorphic form and thereby assure therapeutic efficiency. Raman spectros-
copy with its high chemical selectivity holds great potential for the determination
of different polymorphic forms and is, therefore, successfully being applied during
crystallization processes in pharmaceutical sciences and industry. By applying a
good calibration practice procedure, described in a study by Simone et al., the
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quantitative assessment of polymorphic transformation processes within solutions
can be achieved by using Raman spectroscopy [76]. The implementation of in-line
Raman spectroscopy was described in a study, where cooling crystallization of a
drug was performed [77]. Raman enabled the real-time monitoring of the crystalliza-
tion process and gave continuous feedback on the polymorphic forms present in
the sample, ensuring maintenance of drug quality during the process.

The manufacturing of tablets as well as of capsules involves several steps hold-
ing the potential to alter and modify the starting material in undesired ways. In-line
monitoring and evaluation of each intermediate (e. g. during homogenization and
blending processes) leading to the final product presents a necessary step towards
conscientious manufacturing of pharmaceuticals. In this context, the implementation
of a Raman fibre probe for in-line monitoring of the homogeneity of an aqueous phar-
maceutical suspension was described by De Beer et al. [78]. The technique was not
only able to monitor the homogenization, but also helped to understand and control
the process and further allowed for the real-time quantification of the drug during
mixing of the suspension. The successful implementation of Raman spectroscopy in
solid dosage form manufacturing was shown in studies by De Beer et al., who studied
a powder blending process with a fibre optical immersion Raman probe, taking into
account process and formulation variables [79]. Raman spectroscopy helped to un-
derstand the blending process and was successfully implemented for the end point
monitoring as confirmed by NIR spectroscopy as a second independent analytical
method. Further, in-line Raman spectroscopy was used to monitor the blending pro-
cess of a pharmaceutical three-component model system with respect to drug content
and blend homogeneity [80]. Uniformity of the blend was successfully monitored and
the Raman spectroscopy-based feedback control of the system allowed for automated
dosing of the drug to reach the desired concentration of the formulation. Regarding
these applications of Raman spectroscopy, the method presents an interesting alter-
native to the traditional HPLC analysis for assessing product homogeneity. A study
by Riolo et al. showed that data acquired with Raman spectroscopy were superior to
HPLC data in terms of data robustness [81].

Further, granulation processes hold potential for the application of Raman spec-
troscopy as well. In-situ real-time Raman spectroscopy was employed in one study to
monitor a fluidised bed granulation process and to characterize the composition of the
sample in three spatial dimensions as a function of time [82]. Another study describes
the implementation of Raman spectroscopy during high-shear wet granulation to
monitor the conversion of anhydrous theophylline to theophylline monohydrate and
shows that the technique is a powerful tool to observe solid-state transformation kinet-
ics during the manufacturing process as shown in Figure 5.6 [83].

The monitoring of potential solid state changes is further necessary after and
during drying processes. Raman spectroscopy was assessed together with NIR spec-
troscopy as an alternative to the traditional measurement of product temperature or
the humidity of the outlet drying air during fluid bed drying [84]. The combination
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of both methods was found to be able to determine moisture content as well as
chemically characterize the sample in-line and thereby represents a valuable alter-
native to the traditional methods. Kogermann et al. further refined this approach by
carrying out a quantitative solid phase analysis of two drug compounds within
their sample using Raman spectroscopy and partial least squares (PLS) regression
[85]. TGA and XRPD were used to confirm the quantification approach via Raman
spectroscopy and the results were found to be in reasonable agreement with each
other, showing that Raman might also be implemented for quantitative in-line
measurements during drying processes in industrial setups.

The successful application of in-line Raman spectroscopy for monitoring freeze
drying was presented in a study by De Beer et al., where Raman and NIR probes
were implemented in a freeze drying chamber [86]. The combination of both meth-
ods allowed for a very comprehensive evaluation of the freeze drying process by
analysing the solid state of a mannitol solution as well as the onset of ice nucle-
ation and drug crystallization as well as the endpoint of ice sublimation.

The coating process of a solid oral dosage form requires the assessment of coat-
ing thickness and integrity to ensure a flawless final drug product. In order to stream-
line and improve the workflow and quality assessment in industrial manufacturing,
as alternative methods to the traditional visual inspection and weight measurements,
Raman spectroscopy and other spectroscopic methods were evaluated to investigate
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Figure 5.6: Raman spectra displaying the transformation of anhydrous theophylline (characteristic
peaks at 1664 and 1707 cm−1) to theophylline monohydrate (1686 cm−1) during a wet granulation
process.
Reprinted from [83] with permission from Elsevier.
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the coating procedure of tablets and pellets [87]. Especially the process of active coat-
ing requires strict monitoring in order to ensure an efficient incorporation of the ac-
tive ingredient in the coating layer and a consistent covering of the core of the tablet.
The in-line monitoring of an active coating process via Raman spectroscopy was de-
scribed in a study where the spectral data were successfully correlated to the average
weight gain and the amount of coated diprophylline at different measuring time
points [88].

Due to rising popularity of hot melt extrusion for the fabrication of solid disper-
sions, the interest in implementing PAT technologies and thereby Raman spectros-
copy into the manufacturing process has been investigated in multiple case studies.
Saerens et al. investigated the incorporation of a Raman probe into a die head of a
development-scaled twin-screw extruder for in-line solid state prediction, monitor-
ing the influence of drug concentration, screw configurations, barrel temperature
and pressure [89]. Raman spectroscopy was able to differentiate between glassy
solid solutions and crystalline dispersions with a higher sensitivity than off-line
XRPD and DSC analysis. The approach was developed further into a quantification
measurement where a PLS model, regressing the drug concentration versus the in-
line acquired Raman spectra, was validated [90]. Additionally, the transformation
of the drug component and its interactions with the polymer were assessed during
the hot melt extrusion process.

5.3.2 PAT for biologically-derived pharmaceuticals

Biologically-derived macromolecular drugs are often produced in fermentation
processes or bioprocesses based on mammalian cells. The monitoring of drug pro-
duction that yield rather low concentrations, such as the synthesis of antibiotics,
require advanced analytics to improve the in-line analysis on an industrial scale
manufacturing process. The detection of small molecules in aqueous environments
requires an increase in sensitivity for a common Raman spectroscope. A sensitive
in-situ detection of polar antibiotics was achieved by using surface-enhanced
Raman spectroscopy (SERS) in combination with electrophoretic preconcentration,
which allowed for the detection of different polar antibiotics in sub-nM concentra-
tions [91]. Another study describes the quantification of five different penicillins
within a fermentation broth using Raman spectroscopy [13]. While standard
Raman spectroscopy allowed for the distinction between the different forms of the
antibiotic and their quantification only within higher concentrations (>50mM),
SERS in combination with silver colloids presented an improved signal quality
from considerably lower concentrations of penicillin and thereby highlights the
method for the quantification of secondary metabolites in microbial processes.
Figure 5.7 shows the difference between Raman spectroscopy and SERS during the
analysis of penicillins.
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Since the use of biological material for the production of pharmaceuticals poses a
special issue concerning contamination of growth media, the evaluation of the aque-
ous production environment needs to be closely monitored. Further, PAT technolo-
gies find application in the monitoring of cell culture media that present a crucial
prerequisite for cell function and production of bio-macromolecules. The state and
possible degradation of culture medium is a quality factor that needs proper monitor-
ing in order to ensure a smooth manufacturing process and requires highly sensitive,
in-line applicable technologies. In an attempt to meet these demands, SERS was eval-
uated as a method to monitor stability of cell culture media [92]. The generated che-
mometric data enabled the detection of compositional changes contingent on photo-
degradation in the media, once stringent reproducibility controls were implemented.
Implementation of Raman spectroscopy to monitor multiple parameters of mamma-
lian cell culture bioreactor processes were described in a study by Abu-Absi et al. [93].
A Raman probe was used to monitor compositional parameters like content of gluta-
mine, glutamate, glucose, lactate, and ammonium, as well as cell densities. In-line
measurement and analysis of different culture media parameters has further been
used in a fed-batch fermentation procedure to predict the final product yield during
all stages in an industrial setup [94]. Several small-scaled batches were analysed re-
garding glycoprotein yield to manage the selection of suitable batches for large-scale
manufacture in order to improve the process efficiency. A similar approach was used
in a different study to quantitatively analyse the production of active substances from
biological manufacturing processes [95]. The in-line and real-time prediction of a re-
combinant antibody titer using a Raman immersion probe allowed for a robust mea-
surement of the active substance while at the same time reducing the risk of
contamination drastically compared to traditional sampling methods.
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Figure 5.7: Difference between Raman (A) and SERS (B) spectra of the five different penicillin forms
(62.5mM). Spectra were accumulated with 10 sec integration time and 1 accumulation each.
Adapted from [13] with permission of The Royal Society of Chemistry.
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Biologically-derived pharmaceuticals constitute a particularly difficult chal-
lenge when it comes to proper storage of the produced macromolecules. Freeze
drying has been found to be a suitable approach for long-term storage, whilst
maintaining the structure and functionality of the molecules. The option of imple-
menting Raman spectroscopy for the in-line and real-time quality assessment of
biologically-derived macromolecules was considered in a study by Pieters et al.,
who used the technique to investigate the freeze drying process of lactate dehydro-
genase in a lab-scale experiment [96]. They reported that Raman spectroscopy was
able to detect changes in secondary protein structure and distinguish between na-
tive and non-native freeze-dried protein with 95% accuracy, opening possibilities
for the employment of Raman spectroscopy for automated analyses of this quality
attribute for industrial processes.

5.4 Future perspectives of Raman spectroscopy in
pharmaceutical research and industry

Due to technical advancements in spectroscopy setups as well as progress in multi-
variate-data analysis software, Raman techniques have experienced a drastic in-
crease in interest for a wide variety of pharmaceutical applications. After initial
implementation in research and development facilities, Raman based methods
have paved their way into large scale pharmaceutical manufacturing, following the
demands of regulatory frameworks and the PAT initiative. Before, incorporation of
Raman spectrometers into manufacturing processes resembled an expensive and
work-intensive approach, requiring specialists to analyse the acquired data sets.
But with Raman probes becoming increasingly smaller and more advanced, their
incorporation in single process vessels might fast become a standard in a variety of
PAT related equipment, making Raman spectroscopy a widespread analysis tech-
nique in pharmaceutical manufacturing. The incorporation of the technique in
high-end equipment and the integration of Raman derivatives like SRS, CARS and
TERS will contribute to the advancement of industrial pharmaceutical development
and production sites. Offering the possibility of in-line and real-time measurements,
while simultaneously decreasing the risk of contamination and increasing the gain
of production, the technique becomes more attractive to manufacturers with respect
to return of their investment. Following the increasing demand for inbuilt Raman
probes in various process steps, analysis software is evolving to accomplish auto-
mated measurements, paving the way to continuous pharmaceutical production
within the quality by design concept. Establishment and access to Raman spectral
libraries and advanced algorithms that will enable a conclusive automated interpre-
tation of large Raman data sets may especially be important for the field of
manufacturing of personalized and individualized drug delivery systems, where the
need for an intelligent PAT tool may be most prevalent.
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The implementation of Raman spectroscopic methods will further expand be-
yond the manufacturing process and will be integrated more efficiently for mate-
rial qualification and quality control of pharmaceutical products at different
stations of the supply chain. Incidents where falsified or modified drug products
have been distributed by pharmacies, drew attention to the need for quality con-
trol at the end of the supply chain. Portable, low-resolution Raman instruments
offer the possibility of monitoring the quality of tablets, semisolids as well as
aqueous solutions and determining drug content as well as assessing degradation
of products non-invasively through their packaging. The development of simpli-
fied analysis algorithms allows for the implementation of these systems even by
untrained personnel and non-experts. Such devices present valuable assets, espe-
cially in regions with lower quality standards and the tendency towards distribu-
tion of counterfeit products.

The technical development will further progress into the high-end imaging
equipment and evolve the current approaches of combining Raman microscopy
with advanced imaging techniques like AFM and scanning near field microscopy as
well as scanning electron microscopy [97]. The integration of Raman spectroscopy
with these high-resolution approaches will enable a more detailed investigation of
drug delivery systems and drug delivery processes in biological systems like tissue
or even on the single cell level.
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Markus Lankers

6 Applications in: Environmental Analytics (fine
particles)

Abstract: Micro Raman spectroscopy has been applied very early in environmental
analytics. However, until now the field of application is quite limited. The main rea-
sons for the low acceptance are high cost of the method and the low throughput.
New developments in technology lead to cheaper instrumentation. Automation of
Raman microscopy of particles might be a solution for a higher throughput and a
broader application in environmental analytics. A more detailed analysis of aero-
sols and microplastic is good examples that could benefit from this development.

Keywords: micro particles, aerosol, automation, micro plastic, image analysis

6.1 Introduction

The use of a microscope is familiar to most scientific researchers. Raman micros-
copy (RM) is often seen as an extension of the microscope with the possibility to
make more profound statements on the molecular composition of the sample. In
environmental analysis, the applications usually go beyond looking at individual
small samples and require further quantification. This is also possible with RM, but
needs appropriate sample preparation and automation.

In comparison to IR microscopy, RM could be easily incorporated in a conven-
tional optical microscope. The advantages of RM are its high spatial resolution of
1 µm and its insensitivity to water. Since water shows only small Raman bands,
water-containing samples can also be analyzed. RM enables the chemical identifica-
tion of particles and fibers with a spatial resolution of up to 1 µm over a large size
range from 1 µm to 5mm.

One of the biggest disadvantages of RM is the interference with fluorescence from
(micro)biological, organic and inorganic impurities, which can make it difficult to
identify the particulate matter. The irradiated laser light can cause not only Raman
scattering but also fluorescence. Since the latter has significantly higher efficiencies in
comparison, the Raman signals can be superimposed by broad fluorescence back-
ground. Since most environmental samples possess fluorophores, the avoidance or re-
duction of fluorescence is of great for all samples used in environmental analytics.
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The measurement parameters can also be optimized to avoid fluorescence (e.g.
photobleaching, laser wavelength, laser power, measurement time, objective mag-
nification and confocal mode. In addition, Raman spectroscopy is a comparatively
expensive analytical technique compared to IR technology, despite the stormy de-
velopments in laser technology, notch filters and detection technology in recent
decades.

This might explain the small number of fields of application in the field of envi-
ronmental analysis. Essentially, two major applications can be identified in envi-
ronmental analysis:

the study of aerosols and in particular more recently the investigation of
microplastic.

Both applications are described in detail below. Particular attention will be
paid to the potential for automation of these measurements.

6.2 Applications

6.2.1 Aerosol

Due to the experimental advantages already described, RM was developed for the
qualitative analysis of atmospheric aerosols [1, 2]. Here particles with black carbon
are of particular importance [3, 4] and/or organic carbon and inorganic materials
[5, 6]. Furthermore, Raman spectra were also used for the characterization of atmo-
spheric fungal spores [7], pollen [8, 9] and bacteria [10–12]. RS was also able to
study the composition of desert dust [13], marine spray [14] and oceanic aerosols
[6]. In particular, the understanding of the chemical reactions in individual aerosol
droplets could be promoted with methods of elastic and inelastic light scattering.
Raman spectra obtained in these studies were used to classify particles into catego-
ries such as bacteria, black carbon, etc. (e.g. [15]). The majority of aerosol studies
have been performed on particle collectives, but there are numerous single-particle
studies to investigate the properties of carbonaceous aerosols in Europe [16] and of
volcanic ash particles [17] and used to identify chemical agent simulants [18].
Numerous methods for automatic measurement and classification of Raman spectra
to certain materials have been developed [10].

RS is approximately 1012 times weaker than elastic scattering from micrometer-
sized particles of the same volume and decreases with the fourth power of the wave-
length. The weak intensity of single-particle Raman scattering means that Raman
spectral measurements of rapidly moving µm-sized particles are currently not feasi-
ble. Extensive measurements of atmospheric aerosol using single-particle RS are not
done routinely, because of the time and effort required to collect or trap particles,
transfer them if necessary to an RS system, and then measure their Raman spectra
(e.g. [5, 16]).
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The weakness of Raman scattering means that some method is required to col-
lect (or trap) particles from air, either onto a surface or into a trap that holds the
particle in air [19, 20], and then, if necessary, move it to the focal region of the exci-
tation-collection optics [16, 21].

A unique strength of RS is the ability to get structural information out of carbon
modifications and is established as a standard characterization technique for any
carbon system. Raman spectra of amorphous, nanostructured, diamond–like car-
bon and nanodiamond could be used to determine structure and composition of
carbon films. The carbon microstructure is highly Raman active, making Raman
uniquely suited for analysis of carbon materials in different crystal structures.
Graphite contains hexagonal planes of carbon atoms, with four carbon atoms in
one unit cell [22]. One of the vibrational modes E2g is associated with a Raman peak
at 1582 cm−1 (G-band) [23]. As a result, graphite with highly single crystallinity only
displays a Raman peak at 1582 cm−1. For carbon black material with amorphous mi-
crocrystalline structures, another peak around 1350 cm−1 (D-band) will also appear.
It has been concluded that the peak at 1350 cm−1 is attributed to the structure disor-
der near the edge of the microcrystalline that destructs the structure of the symme-
try [23]. Therefore, the Raman peak intensity ratio of ID/IG can be used to
characterize the degree of disorder of the graphite materials. It is also discussed
that the ID/IG is inversely proportional to the grain size of the carbon black materi-
als for grain sizes larger than 2 nm [24].

The importance for environmental research is the ability to investigate very
small carbon particles transported in the atmosphere. The differentiation of carbon
particles by their D/G band as well as the possibility to track mineral dust might
give the potential to make fingerprints of different sources of atmospheric pollution.

6.2.2 Microplastic

Microplastic (MP) in the oceans or in food is increasingly becoming the focus of
public interest. Microplastic particles are either produced directly for use e.g. in cos-
metics (primary MP) or may be produced by the decomposition of larger plastic
wastes (secondary MP). Reliable studies on the occurrence, uptake and toxicologi-
cal effects for all higher organisms are currently lacking. Due to their durability,
plastics can accumulate in sea water [25–27] as well as in rivers and lakes [28, 29].
Small plastic fragments can be produced from the plastic waste by UV radiation,
mechanical and (micro)biological stress. Usually, an upper limit of 5mm particle
size is used, but in various studies 10mm [30], 2mm [31], and 1mm [32] were also
used. A generally accepted definition is still pending.

At a certain size, MP particles may even penetrate tissues and cell walls and
accumulate in blood vessels with so-far unpredicted consequences. An environmen-
tal and human health risk assessment is urgently needed.
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A basic requirement for such a risk assessment is reliable data of MPs in the
environment. However, these data are not available, particularly for MPs ≤ 500 μm.
The quantification of MPs in the smaller size range is connected to many analytical
challenges.

The analytical approach to count and identify MP is still in development. Larger
MP particles (>500µm) are usually sorted out manually, while smaller particles are
collected on a filter and examined. To ensure identification, the organic matrix must
be removed. For purification, the samples can be oxidatively pretreated with
Hydrogen Peroxide (H2O2) solutions [29, 33–35] The frequently suggested application
of ultrasound should be avoided as smaller fragments are easily produced. This can
be avoided under laboratory conditions with the help of a method qualification, but
is too cumbersome on the multitude of different plastics for microplastic analysis.
The enzymatic purification consists of the successive treatment with a combination
of different enzymes, each with specific reaction conditions, which allows this step to
continue for a few days. Since each enzyme requires precisely defined reaction condi-
tions, enzymatic processing is generally very time-consuming [36, 37].

The frequently used method of visual classification of MP particles is highly
error-prone and leads to the necessity to use additional characterization methods
[38]. In a study by Nielsen [39, 40], particles were both visually classified and char-
acterized by Raman-spectroscopy. Only 68% of all particles could be confirmed
spectroscopically as microplastics. The analysis of fibers showed a similar trend
with a total of 75% correctly allocated samples, underlining the need for an identi-
fication method especially for small particles.

RM and FTIR are the most commonly used identification techniques to MP par-
ticles down to the lower-micrometer range are Raman and Fourier transform infra-
red (FTIR) spectroscopy. These two techniques have different advantages and
disadvantages.

RM has a size resolution (detects particles down to a size of 1 μm), which is
superior compared to FTIR but fluorescence often compromises the quality of
Raman spectra of environmental MPs. In contrast, FTIR has a less precise size reso-
lution (detects particles down to a size of 10 20 μm), and its spectral quality is not
influenced by fluorescence but by the presence of water.

RM has been used in a number of studies on the occurrence of MP in water [27,
35, 39, 41]. In most cases, however, only large particles or a small sample of all par-
ticles were examined using RM. Large MP particles (>500 µm) can be spectroscopi-
cally examined directly under the Raman microscope. Smaller particles must be
transferred to a filter or other suitable sample carrier and analyzed. The filtration
and also the selection of the particles to be measured and finally the measurement
and evaluation is generally done manually [39, 40]. If one estimates 1min for the
selection and focusing, as well as for the measurement and evaluation of the re-
sults, one could expect a total measuring time per particle of approx. 4–5min. In
one working day, the analysis of approx. 100 particles is possible which is a small
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number compared to several thousand particles to be analyzed in one sediment
sample. A visual assessment of the particles is not reliable and like all methods of
visual classification depends on the operator. However, a corresponding classifica-
tion can be carried out in the range of a few seconds. The specificity of RM as well
as the spatial resolution is superior compared with visual classification but slows
down the analysis by an order of magnitude.

An approach to reduce this gap is automation and will be discussed in more
detail in the next chapter.

6.3 Automation

The majority of Raman instrument manufacturer produces instruments for the sci-
entific market. These instruments are mainly multipurpose instruments based on a
microscope. However, over the last ten years a number of companies introduced in-
struments specially equipped for particle identification. These instruments are able
to detect and classify particles and finally identify these detected particles by
means of Raman spectroscopy. Eventually these Raman spectra can be identified
automatically by data base search. This approach reduces the time for an analysis
of 100 hundred particles from 500min to 120min. Considering a 24 h working day
for an automated machine using sample changer an identification rate of 1000 par-
ticles/ day can be reached. The first instrument which hit the market was the Single
Particle Explorer by rap.ID (now Unchainedlabs). This instrument is an automated
Raman microscope combined with the unique feature of LIPS microscopy gathering
elemental information. Malvern Instruments offers the morphology G4 using the
same general idea of particle identification. Finally, Horiba introduced a software
which is able to retrofit Particle ID capabilities to existing Horiba Raman micro-
scopes. Nowadays, all major vendors of RM offer particle identification features to
some extent.

6.3.1 Substrate and sampling

The first step in automated RM is the proper preparation of the sample. Particles are
placed by filtration or impaction on an appropriate sample surface.

When selecting a Raman substrate, it is important to consider both the physical
and optical properties of the material, as these influence sample preparation, spec-
tral acquisition and subsequent data processing [9]. Especially for measurements
with a large amount of data, such as automated measurements, the subsequent
data processing plays a decisive role. The background signal of the substrate de-
pends on the material and should be minimized to the superposition of Raman sig-
nals by background signals [42].
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Raman substrates are often used to improve signals (surface enhanced Raman
scattering SERS) by many orders of magnitude [43, 44]. The most commonly used
surfaces for SERS are silver and gold, which exhibit plasmon resonances in the visi-
ble to near infrared range, depending on the structure of the nanoscale material [43].

The currently most widely used substrate in the study of cells is CaF2, as the
material is largely transparent, has low absorption and shows only a Raman line at
321 cm−1 combined with a remarkable low background signal. Unfortunately, the
use of CaF2 is limited for cost sensitive applications due to its high price of $10. The
material also allows FTIR examinations and Raman on the same sample.

Quartz and standard glasses, which are commonly used in microscopy, have a
more intensive and, above all, wider background. In the past, metallic and metal-
lized sample carriers were often used for examinations. Gold and aluminum coated
filters or even silver filters have often been proposed in forensic analysis as Raman
substrates for particle separation and subsequent investigation. The metal substrate
and metallized surfaces have no vibrational background. Electrolytically deposited
nickel was used as a substrate for cell investigations. Due to the high purity, no in-
terfering signals were found.

Especially in the field of environmental analysis, the break-proof and inexpen-
sive metal substrates represent an interesting approach [45]. An ideal background
should provide a good signal-to-noise ratio and spatial resolution. Metal should give
no background signal in Raman spectroscopy. But due to the production process
background signals could be quite different. Figure 6.1 shows the background signal
for different materials. A number of studies have investigated the Raman properties
of metallic and metal-coated Raman substrates in biological analyses [43]. Previous
work has shown that polished stainless steel has the spectral intensity and reproduc-
ibility as the laser photons are reflected by the polished metal surface [15, 46]

6.3.2 Automation workflow

RM is very well suited for automation, as essential elements from the automation of
microscopes can be transferred: Over the last few years, some Raman instrument
manufacturers have added special modes to their instruments to automatically
measure particles. Even if this software has very different manufacturers, the actual
workflow is the same for you. It is shown in Figure 6.2.

After sampling a surface, the surface is captured with a number of microscopic
images. The images are segmented in a second step and the resulting size and mor-
phological properties of the particles are recorded. Particles or particle groups can
finally be selected for measurement on the basis of the morphological data. The
measurement is done by point or mapping measurements at the coordinates of the
selected particles. Finally, the spectra are analyzed in an evaluation step. Different
strategies can be applied
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Figure 6.1: Metal should give no background signal in Raman spectroscopy. But due to the
production process background signals could be quite different. Signal A is a polycarbonate
membrane with a 40 nm gold coating. Using thicker coatings background signal decreases. Signal
B is derived from a electropolished steel surface. Surface C shows background signal from a 99,99
aluminum surface. The background is very low.
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Figure 6.2: The general workflow for automated particle identification: sampling by filtration of
powder deposition, microscopic imaging of the sample surface, particle recognition by
segmentation, Raman spectroscopy of the single particles and finally data processing and
evaluation of the spectroscopic result.
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– Multivariate analysis
– Spectrum analysis with database search
– Classifications by spectral characteristics

All methods have their advantages and disadvantages and must be selected on a
case-by-case basis.

Even though this workflow is common to all methods, there are considerable
differences in system integration. The selection of different lighting methods is fun-
damental. In particular, the use of darkfield illumination extends the application in
the area of the analysis of transparent and very small particles. The use of different
optics for particle detection and spectroscopy can lead to significantly shorter mea-
surement times or to a significantly improved signal-to-noise ratio. A punctual auto-
focus system pays off especially with large particles.

6.3.3 Parameterization / validation

In the classical application of RM, the user performs a single analysis and, de-
pending on the result, changes the measurement time or the laser power of the
measurement in order to achieve a better result in a repeat measurement. This is
only possible to a limited extent during a long measurement of thousands of par-
ticles. For this reason, method development and/or validation is very important
for automated measurements. In addition to the illumination, which influences
the segmentation of the particles and thus their detection performance, a careful
selection of the laser power and exposure time is necessary. A number of different
measurement steps are performed in automated Raman spectroscopic identifica-
tion. An example of the influence of a single parameter is shown in Figure 6.3.
2 µm polystyrene spheres are illuminated with different light intensities. Due to
the stronger light scattering particles appear larger in the images. The recognized
sizes by the image analysis increases from 2 to 8 µm and might lead to a wrong
particle selection for the spectroscopic investigation.

6.3.4 Advantages over other techniques / future trends

There are only a few publications describing the applications of automatic Raman
spectroscopy in environmental science. The main applications of this technique are
mainly in the field of industrial forensics for contamination control and the investi-
gating the ratio of different formulation components in the field of pharmaceutical
quality control [47–50]. The identification of bacteria with automated Raman sys-
tems is also described.
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Recently, a couple of publications [49, 50] have been published discussing the
use of automated RM for the identification of MP. Gerdts et al. [51] compare the use
of automated Raman spectroscopy with FTIR imaging for the analysis of microplas-
tics. While micro Raman spectroscopy is expected to be characterized by a higher
dynamic range of particle sizes (identification from 1 µm possible, as well as a better
yield of identifications in the range of 10–20 µm), FTIR imaging can be advanta-
geous due to its ability to characterize plastic particle agglomerates. Due to the
strong tendency of microplastic particles to fluoresce, Raman analysis can only be
performed with a relatively long measurement time.

Schymanski et al. [52] investigated the distribution of microplastics with the
help of automatic RA in different mineral and drinking water samples filled into
different containers. The automated technique made it possible to quantify a large
number of samples quantitatively with regard to microparticles in the x–y µm
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Figure 6.3: A number of different measurements performed in automated Raman spectroscopy.
Not only the wavelength calibration is important but also the parametrization of segmentation,
illumination and Light intensity. 2-µm polystyrene spheres are illuminated with different light
intensity in darkfield illumination. The size recognized by the image analysis increases from
2 to 8 µm.
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range. Interestingly, glass bottles were found to be more contaminated with mi-
croparticles than plastic bottles or tetrapacks. The confusing interference of
Raman spectroscopic analysis of plastic samples by pigments was discussed as a
weak point of the analysis. The Raman spectra of dyes are often strongly amplified
by the resonance Raman effect and often mask the spectrum of the actual plastic.
This is also a problem that frequently occurs in the forensics of fibers. Since this
effect naturally depends on the excitation wavelength, the use of dye databases
for the corresponding wavelength can help and the use of long-wave excitation
lasers minimize the problem. At this point automated RM might be the only tech-
nique investigated which is able to count and characterize MP in the small size
range 1–10 µm reliably. However, more research is needed to overcome the dis-
turbing interference of fluorescence.

An alternative approach of particle identification can be found in Raman
Imaging which is also widely used in cell characterization. Alternatively, increas-
ingly stimulated Raman spectroscopy [53]and CARS [54] are used as labelfree imag-
ing methods. Due to the large sample sizes that arise in the described applications,
these methods are currently still too time and cost intensive to be used for similar
investigations.

Hill et al. [55] published a study of airborne particles using the REBS “Resource
Effective Bioidentification System” (REBS) developed by the Batelle Institute. This
REBS-based RM can be used as a line scan Raman imaging spectrometer device de-
tecting particles on a metallized tape. The particles are deposited on the tape in the
same device vy means of a vacuum pump. The spectra show for different materials,
e.g. polystyrene, black carbon and several other materials easily distinguishable
fingerprints.

Raman spectra from a predetermined time interval e.g.15-min environmental
sample (approximately 35–50 particles, 158 spectra) were analyzed using a hierar-
chical clustering technique. The cluster spectra were found to be consistent with
soot, inorganic aerosol, and other organic compounds.

During a 7-h period sample campaign, it was possible to measure 32,718 spec-
tra. 5892 could be analyzed by clustering. A total of 95% of these spectra could be
attributed to soot. The number of soot particles exhibiting the amorphous carbon D-
G bands recorded over time increases during morning and then decreases. The
other detected categories do not exhibited this temporal change. These data gives
an idea about the potential of the automated RM to measure thousands of time-re-
solved aerosol Raman spectra. More extensive RS-based studies of atmospheric
aerosols should be expected in the future. However, there is still some basic re-
search needed to evaluate the interaction of organic material with slightly absorb-
ing organic material which can be easily charred by the laser beam, Furthermore
the cross-section of carbon particles for visible light is huge. A small carbon particle
sitting on a larger particle could mask the particle as soot leading to higher soot
populations. The use of a longer wavelength could correct the problem.
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7 Micro-Raman spectroscopy in medicine

Abstract: A potential role of optical technologies in medicine including micro-
Raman spectroscopy is diagnosis of bacteria, cells and tissues which is covered in
this chapter. The main advantage of Raman-based methods to complement and aug-
ment diagnostic tools is that unsurpassed molecular specificity is achieved without
labels and in a nondestructive way. Principles and applications of micro-Raman
spectroscopy in the context of medicine will be described. First, Raman spectra of
biomolecules representing proteins, nucleic acids, lipids and carbohydrates are in-
troduced. Second, microbial applications are summarized with the focus on typing
on species and strain level, detection of infections, antibiotic resistance and biofilms.
Third, cytological applications are presented to classify single cells and study cell
metabolism and drug–cell interaction. Fourth, applications to tissue characterization
start with discussion of lateral resolution for Raman imaging followed by Raman-
based detection of pathologies and combination with other modalities. Finally, an
outlook is given to translate micro-Raman spectroscopy as a clinical tool to solve
unmet needs in point-of-care applications and personalized treatment of diseases.

Keywords: Biomedical spectroscopy, biophotonics, microbiology, cytology,
histopathology

7.1 Introduction

7.1.1 Motivation for micro-Raman spectroscopy in medicine

In a general sense, medicine is the science and practice of the diagnosis, treatment
and prevention of disease. Pathology which is a major field in modern medicine and
diagnosis deals with the causal study of disease, in other words “the study of paths”
(meaning of the Greek roots of the term pathology) by which disease comes. A poten-
tial role of optical technologies in medicine including micro-Raman spectroscopy is
diagnosis of bacteria, cells and tissues which is covered in this chapter. The perspec-
tives, potentials and trends of ex vivo and in vivo optical molecular pathology have
recently been described [1]. A number of optical techniques have been suggested in
molecular pathology such as fluorescence of autofluorophores or fluorescent
markers, narrow band imaging, hyperspectral imaging, photoacoustic tomography
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and optical coherence tomography (OCT) that all depend on absorption, emission or
scattering of light. The main advantage of Raman-based methods to complement
and augment diagnostic tools in pathology is that unsurpassed molecular specificity
is achieved without labels and in a nondestructive way. Principles and applications
of micro-Raman spectroscopy in the context of medicine will be described here.

7.1.2 Raman spectra of biomolecules

The Raman spectra of bacteria, cells and tissues constitute a superposition of spec-
tral contributions from the underlying biomolecules. The main classes of biomole-
cules in bacteria, cells and soft tissues are proteins, nucleic acids, lipids and
carbohydrates. They are composed by a limited number of defined subunits such as
amino acids, nucleobases, fatty acids and saccharides. It goes beyond the scope of
this chapter to introduce the Raman spectra of all subunits. They can be found in
the literature [2]. Figure 7.1 shows representative Raman spectra of proteins, nucleic
acids, lipids and carbohydrates to demonstrate the concepts and the challenges of
micro-Raman spectroscopy in medicine. The most prominent challenge is that each
subunit and, consequently, also each biomolecule have relatively weak Raman
cross-sections, and successful detection in experiments using spontaneous Raman
spectroscopy (without signal enhancement) requires sensitive instrumentation and
significant concentrations of each component. Exceptions are biomolecules with
chromophores whose cross-sections are enhanced at excitation wavelengths near
electronic absorption due to a resonance effect. Examples are the prosthetic heme
group in hemoglobin and cytochrome proteins at visible excitation, and aromatic
amino acids and nucleobases at ultraviolet excitation. Hard tissues contain in addi-
tion calcified components such as hydroxyapatite or calcium oxalate which also
give relatively intense Raman signals.

Raman spectra of proteins concanavalin A (A) and bovine serum albumin (B)
are shown in Figure 7.1. Main Raman bands of proteins are assigned to aromatic
amino acids phenylalanine (621, 1,003, 1,031 and 1,208 cm−1), tyrosine (643, 829
and 853 cm−1), tryptophan (759 and 1,555 cm−1), C–C groups (1,126 cm−1), S–S groups
of disulfide bonds (508 and 550 cm−1), CH2/CH3 groups of aliphatic amino acids
(1,340 and 1,449 cm−1), the amide vibrations (1,235–1,320 and 1,630–1,690 cm−1)
and C–Cα vibrations (939 cm

−1) of the peptide backbone. In general, bands depend
on the primary (amino acid sequence), secondary (alpha helix, beta sheets etc.)
and tertiary (three-dimensional) structure, the hydrophilic or hydrophobic envi-
ronment and interaction with other biomolecules. Therefore, the Raman spectrum
of each protein constitutes a specific fingerprint. As thousands of different proteins
might be present in a biological sample, the Raman spectral contributions of all
proteins overlap and the signatures of individual proteins cannot be resolved
anymore.
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A Raman spectrum of deoxyribonucleic, DNA, (C) is included in Figure 7.1.
Main Raman bands of nucleic acids are assigned to the phosphate backbone (810–
840 and 1,090–1,100 cm−1) and nucleobases adenine, A, (730, 1,304 and 1,338 cm−1),
thymine, T, (499, 751, 1,377 and 1,671 cm−1), guanine, G, (682, 1,489 and 1,579 cm−1),
cytosine, C, (789 and 1,260 cm−1). Careful inspection reveals more bands, whose as-
signments can be found in the literature [2]. Raman bands depend on the nucleotide
sequence and backbone geometry that can be A-form in RNA, B-form in DNA and
for some oligonucleotides at high salt concentration DNA adopts a Z-form configu-
ration. Upon dehydration, the regular B-DNA conformation in cell nuclei transforms
first to an A-like conformation and then to a less ordered, denatured conformation.
In the condensed state, DNA is highly packed in the nucleoli of the cell nucleus.
During cell division and proliferation, the DNA is in a more uncondensed state and

500 700 900 1100 1300

Raman Shift (cm-1)

Ra
m

an
 In

te
ns

ity

48
1

71
8

87
5

10
63

11
28 12

96

14
38

16
72

16
7115

7914
89

14
2113

77
13

38
13

04
12

60

10
93

78
9

83
6

68
2

75
1

73
0

49
9

50
8

55
0

62
1

64
3 82

9 85
3 93

9

10
31

11
26 12

08 12
76 13

17
13

40 14
49

16
56

16
72

15
55

14
49

13
40

13
1712

38
12

08
11

2610
31

85
3

82
9

75
9

64
3

62
1

10
03

85
5 94

0

10
44 10

84 11
27 13

37
13

83

14
59

1500 1700

(E)

(D)

(C)

(B)

(A)

Figure 7.1: Reference Raman spectra of proteins concanavalin A (A), bovine serum albumin (B),
deoxyribonucleic acid (C), the lipid sphingomyelin (D) and glycogen (E).
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DNA Raman bands are more intense although the DNA content is identical. As the
human genome consists of more than 3 billion bases pairs, changes in few bases in
gene sequences that are associated with cancer or other diseases are unlikely to be
detected by Raman spectroscopy. Such spectral variations are simply too small.
However, the genome determines the phenotype of bacteria, cells and tissues, the
proliferation rate, expression of proteins or accumulation of lipids and metabolites,
and such phenotypic markers can be detected as Raman spectroscopic signatures
for classification and disease recognition.

In biology, lipids are substances of biological origin that are soluble in nonpo-
lar solvents. They comprise a group of naturally occurring molecules that include
fats, waxes, sterols, fat-soluble vitamins, mono-, di- and triglycerides, phospholi-
pids and other. Triglycerides are stored in adipose tissue as long-term energy re-
serve. Main Raman bands of the lipid sphingomyelin (Figure 7.1D) are assigned to
the hydrophobic head group choline (716 and 875 cm−1), the phosphate group
(1,080 cm−1), the hydrophobic saturated fatty acids chains (1,063, 1,128, 1,296 and
1,438 cm−1) and the ceramide backbone (1,672 cm−1). Other typical lipids bands, that
are not evident in Figure 7.1, are due to unsaturated fatty acids chains near 1,270
and 1,660 cm−1 and due to ester groups at the linkage between the glycerol back-
bone and fatty acid chains near 1,740 cm−1.

The Raman spectra of carbohydrates show a large degree of variability because
different monosaccharides as subunits are known such as glucose, fructose and ga-
lactose. Glycogen is a multi-branched polysaccharide of glucose that serves as a form
of energy storage in organisms. The Raman spectrum of glycogen in Figure 7.1E
shows a number of broad bands with maxima near 481, 855, 940, 1,044, 1,084, 1,127,
1,337, 1,383 and 1,459 cm−1.

7.2 Micro-Raman spectroscopy of bacteria

7.2.1 Experimental considerations

The fundamentals of vibrational spectroscopies (Raman and infrared spectroscopy)
in medical microbiology were already reviewed some time ago [3]. Micro-Raman
spectroscopy enables to focus the excitation laser down to about 1 µm in diameter,
which is on the order of magnitude of the size of bacteria. Therefore, micro-Raman-
spectroscopy can probe single bacteria which makes the time-consuming cultivation
unnecessary and reduces the amount of potentially hazardous biomaterial during
preparation. Bacteria in complex matrices or body fluids need to be extracted before.
Several approaches for Raman-compatible isolation of bacterial cells were summa-
rized [4]. Raman spectra can directly be collected from microbial colonies on culture
plates. The preparation procedure that was developed for infrared spectroscopy can
also be applied for Raman spectroscopy: bacteria are harvested from colonies on
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culture plates, transferred to centrifuge tubes, washed with buffer, the supernatant
is discarded, the pellet is resuspended with buffer and the pellet is pipetted on a
Raman-compatible substrate. Whereas glass substrates are appropriate with green
excitation lasers, more expensive substrates made of quartz or calciumfluoride are
required for Raman spectroscopy using near-infrared excitation lasers between 700
and 850nm. Different substrates were characterized for Raman spectroscopy of eu-
karyotic cells [5] that are also appropriate for prokaryotic cells.

7.2.2 Microbial applications of micro-Raman spectroscopy

While some bacteria can cause serious infectious diseases, others are vital parts of
the gut flora or live on the skin; other bacteria can spoil food, while other strains are
utilized in food, pharmaceutical and chemical industry to produce cheese, vinegar,
yoghurt, antibiotics, hormones, lactic acids and many other products. Fast and reli-
able identification methods are needed to distinguish the useful and harmless bacte-
ria from the unwanted and toxic ones and to provide an efficient and appropriate
treatment of infections. In times of growing antibiotic resistances, it is furthermore
desirable to identify new target structures for innovative and effective drugs.

7.2.2.1 Typing on species and strain level
In medicine, the exact identification of bacteria is necessary in order to provide the
appropriate therapy and to prevent antibiotic resistance which may further delay ad-
ministration of the most appropriate narrow-spectrum antibiotic. Traditional microbi-
ological identification and infection diagnoses are time-consuming and labor-
intensive processes: at least 12h up to 24h incubation is required to obtain an accu-
rate colony count. Slowly growing bacteria require even longer incubation. An addi-
tional 24 ± 12h is needed for organism identification and susceptibility testing. As a
first differentiation criteria, relatively unspecific morphological parameters, such as
size, shape and color of the bacteria as well as of the colonies, are used which need
to be complemented with expensive and tedious metabolic tests, such as the ability
to grow in various media under different conditions, degradation of certain substrates
and enzyme activity.

Microbial cells from different species or strains vary in their chemical composi-
tion, e. g. in the concentration, structure and type of proteins, carbohydrates, lipids
and DNA/RNA sequences. These variations can be monitored by Raman spectros-
copy and Raman spectra provide complex and detailed “fingerprint-like” informa-
tion of the overall molecular composition of living bacterial cells in an extremely
brief time span. Figure 7.2 shows a workflow as example. Raman spectra were col-
lected from pure colonies that were grown under controlled conditions, here
Escherichia coli, Staphylococcus epidermidis and Bacillus subtilis [6]. Compared to
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Raman spectra of pure components in Figure 7.1, main bands are assigned to pro-
teins and DNA. The scissoring and deformation vibrations of C–H bonds are found
around 1,450 and 1,337 cm−1, respectively. Vibrations of the peptide linkage of pro-
teins are located around 1,660 cm−1 (amide I) and with less intensity around 1,242
cm−1 (amide III). The most prominent spectral contributions of aromatic amino
acids are found at 850 and 1,003 cm−1. Bands near 730, 750, 780 and 1,575 cm−1 are
assigned to nucleotides and the band near 1,100 cm−1 to phosphate backbone of
DNA. The band at 1,128 cm−1 is due to C–N and C–C stretching vibrations. Then, a
database is compiled with Raman spectra representing biological variability – such
as batch-to-batch variation or different incubation time – or mimicking the un-
known history of individual bacterial cells obtained from patients or found in hos-
pitals, clean room environments or food production lines. These data train a
classification model. Details of chemometric data analysis are described in Chapter
4 of this book (Evaluation). Finally, Raman spectra of independent samples are
used to validate the classification. In Figure 7.2, the accuracy of the model is com-
pared with the morphological parameters such as the elongated shape of B. subtilis,
the small size of S. epidermidis and single, double or triple spheres of E. coli.

An early report described the classification of 42 candida strains comprising 5 spe-
cies by micro-Raman spectroscopy to demonstrate the feasibility of the technique for
the rapid identification [7]. Raman spectroscopy was compared to 16s RNA sequenc-
ing for the identification of Mycobacterium tuberculosis complex strains and the
most frequently found strains of nontuberculous mycobacteria (NTM) [8]. A total of
63 strains belonging to 8 distinct species were analyzed. The sensitivity of Raman
spectroscopy for the identification for the identification of Mycobacterium species
was 95.2%. All M. tuberculosis strains were correctly identified (7 of 7; 100%), as
were 54 of 57 NTM strains (94%). The differentiation between M. tuberculosis and
NTM was invariably correct for all strains. A recent report showed almost 100%
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Figure 7.2: Workflow for micro-Raman spectroscopy of bacteria identification. Raman spectra from
pure colonies (left) train a classification model (center) that is validated to assign independent
samples of mixed bacteria (right). Adapted from Ref. [6].
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successful identification of staphylococci by Raman spectroscopy. Characteristic
Raman spectra of 277 strains belonging to 16 species from a 24-h culture of each
strain on a Mueller–Hinton agar plate were obtained [9]. Raman spectroscopy was
used in the epidemiology of 525 isolates of methicillin-resistant Staphylococcus au-
reus (MRSA) of human- and animal-related clonal lineages [10]. When epidemiologi-
cally linked isolates from the 16 well-documented outbreaks were analyzed with
pulsed-field gel electrophoresis (PFGE) as the reference standard, Raman spectros-
copy correctly identified 97% of cases that were indistinguishable from the index
case. The authors concluded that Raman spectroscopy is a quick and reliable
method of MRSA typing, which can be used in outbreak settings and it is comparable
to PFGE, with the added advantage that PFGE non-typeable isolates can also be
readily typed using the same sample preparation protocol. The Raman system
SpectraCellRA (RiverD, The Netherland) was introduced as a fast easy-to-use and
highly reproducible platform for bacterial typing and MRSA outbreak analysis [11].

7.2.2.2 Detection of infections
Urinary tract infections (UTI) belong to the most common infections. Micro-Raman
spectroscopy in combination with chemometric classification was used as a culture-in-
dependent identification procedure to identify UTI causing microorganisms [12]. First,
a Raman database of 11 relevant UTI bacterial species that were grown in sterile fil-
tered urine was built. A classification model was trained and applied in a second step
to identify infected urine samples of 10 patients and determine the predominant bacte-
rial species. Another Raman setup was combined with dielectrophoresis to recover
pathogens from the urinary tract [13]. The dielectrophoretic enrichment of bacteria al-
lowed to obtain high-quality Raman spectra in dilute suspensions with an integration
time of only 1 s. The setup demonstrated the Raman-based distinction of E. coli and
Enterococcus faecalis – two bacterial strains that are commonly encountered in UTI.

Micro-Raman spectroscopy directly analyzed clinical relevant single bacterial
cells from cerebrospinal fluid (CSF) during bacterial meningitis [14]. As proof of
principle, a CSF sample obtained from a patient with meningococcal meningitis
was investigated. As the CSF matrix did not mask the Raman spectrum of a bacterial
cell, chemometric analysis of Raman spectra successfully identified Neisseria men-
ingitidis cells from patients with bacterial meningitis.

Hospital acquired infections increase morbidity and mortality and constitute a
high financial burden on health-care systems. Therefore, effective monitoring is im-
portant to detect potential outbreaks and sources of contamination. A microbial
typing method was presented based on Raman spectroscopy which can be per-
formed within minutes and is generally applicable as already written above [15]. 118
S. aureus isolates illustrated that the discriminatory power matches that of estab-
lished genotyping techniques and that the concordance with the gold standard
PFGE is high (95%).

7.2 Micro-Raman spectroscopy of bacteria 153

 EBSCOhost - printed on 2/13/2023 12:55 AM via . All use subject to https://www.ebsco.com/terms-of-use



Enterococci have emerged as one of the leading causes of nosocomial infections
worldwide. A comparative study uses phenotyping, genotyping and vibrational
spectroscopy techniques for typing a collection of 18 Enterococcus strains compris-
ing 6 different species [16]. Different laboratories using confocal micro-Raman spec-
troscopy, attenuated total reflection (ATR) infrared spectroscopy and Fourier-
transform infrared (FTIR) microspectroscopy demonstrated the discriminative ca-
pacity and reproducibility of each technique.

An advanced Raman-based imaging approach provided false color images to
specifically identify intracellular S. aureus and to localize them exactly in three di-
mensions within endothelial cells [17]. S. aureus is one of the most frequent human
pathogens that can also act as a facultative intracellular pathogen causing infec-
tions that are extremely difficult to treat. The spectral information reveals that the
intracellular bacteria are in the exponential growth phase with a reduced replica-
tion rate and biochemically different from extracellular bacteria proving their adap-
tation to the host’s conditions.

7.2.2.3 Antibiotic resistance
After bacterial identification, the infectious ones require treatment with efficient
antibiotics. A suitable target structure of many antibiotics e. g. of the group of the
beta-lactams, penicillins and glycopeptides is the bacterial cell wall. Infections
with multidrug-resistant microorganisms are an increasing threat to hospitalized
patients. Raman spectroscopy was used to assess whether extended spectrum
beta-lactamase (ESBL) producing Klebsiella species are transmitted between pa-
tients [18]. Isolates from 132 patients were analyzed and 17 clusters were identified
with 17 primary and 56 secondary patients. Secondary patients were those identi-
fied with an isolate clonally related to the isolate of the primary patient. The au-
thors concluded that Raman spectroscopy detected clonal outbreaks of ESBL-
producing Klebsiella species in a hospital setting.

Vancomycin is an important glycopeptide antibiotic. During the last years, van-
comycin resistances, especially among Enterococci, have risen. Raman spectros-
copy was applied to characterize vancomycin–enterococci interactions over a time
span of 90min using a sensitive E. faecalis strain and two vancomycin concentra-
tions above the minimal inhibitory concentration (MIC) [19]. Successful action of
the drug on the pathogen could be observed already after 30min interaction time.

Raman spectroscopy was able to detect the antimicrobial susceptibility of bac-
terial species isolated from a positive blood culture bottle within 5 h [20]. Full con-
cordance with the reference methods VITEK®2 data and broth dilution was
obtained for the antibiotic-susceptible strains, 68% and 98%, respectively, for the
resistant strains.

Raman spectroscopy was used to profile the phenotypic response of E. coli to
applied antibiotics [21]. E. coli cultures were subjected to three times the MICs of
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15 different antibiotics with known mechanisms of action for 30min before being
analyzed by Raman spectroscopy. Chemometric analysis showed the ability of
Raman spectroscopy to predict the functional class of an unknown antibiotic and
to identify individual antibiotics that elicit similar phenotypic responses.

An integrated microfluidic device was presented in which bacteria from diluted
suspensions were captured in well-defined regions using on-chip dielectrophoresis.
Raman spectroscopy was used for further analysis to determine antibiotic suscepti-
bilities of bacterial pathogens [22]. Ciprofloxacin-resistant E. coli was differentiated
from sensitive E. coli with high accuracy within roughly 3 h total analysis time pav-
ing the way for future point‐of‐care devices.

7.2.2.4 Biofilms
Biofilms are communal living way of microorganisms in which bacterial cells are sur-
rounded by extracellular polymeric substances. Most of the microorganisms live in
biofilm form in the world. Since microorganisms are everywhere, understanding bio-
film structure and composition is extremely crucial to make the world a better place
for living not only for humans but also for other living beings. Raman spectroscopy
was applied as a nondestructive technique in numerous papers to study biofilms.

Dehydrated biofilms of Streptococcus mutans and Streptococcus sanguinis were
studied as model of dental plaque by confocal micro-Raman spectroscopy [23]. A
prediction model based on principal component analysis and logistic regression
was calibrated using pure biofilms of each species. When biofilms of the two spe-
cies are partially mixed together, Raman-based identification was achieved within
2 µm of the boundaries between species with 97% accuracy.

An interesting metabolic fingerprinting approach combined Raman spectros-
copy with stable isotope probing to demonstrate the quantitative labeling and dif-
ferentiation of E. coli cells [24]. E. coli cells were grown in minimal medium with
fixed final concentrations of carbon and nitrogen supply, but with different ratios
and combinations of 13C/12C glucose and 15N/14N ammonium chloride, as the sole
carbon and nitrogen sources, respectively. The multivariate analysis investigation
of Raman data illustrated unique clustering patterns resulting from specific spectral
shifts upon the incorporation of different isotopes, which were directly correlated
with the ratio of the isotopically labeled content of the medium.

7.3 Micro-Raman spectroscopy of cells

7.3.1 Experimental considerations

Single cells are very suitable objects for micro-Raman spectroscopy because of the
high concentrations of biomolecules in their condensed volume. Protein concentration
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as high as 250µg/µl and DNA and RNA concentrations in the range of 100µg/µl have
been reported [25]. These values depend on the cell type, the phase of the cell cycle
and the location within the cell. Single eukaryotic cells are generally larger than pro-
karyotic bacteria that have been presented in the previous section. Therefore, a single
Raman spectrum with a diffraction limited laser focus is not able to assess a single cell
with its subcellular heterogeneity. One solution is to acquire micro-Raman images.
However, collecting a Raman image from a 20 × 20µm2 area with 0.5 µm step size with
1 s exposure time per spectrum takes ca. 30min. This is not appropriate for high-
throughput applications. Other solutions aim to acquire an average Raman spectrum
per cell using an expanded laser focus or scanning a small laser over the cell during
signal collection. The latter approach has been called integrated Raman acquisition in
a recent paper [26]. It is well known that green laser excitation irreversibly damages
single living cells. Cytochrome proteins that are involved in metabolic pathways
within the cell organelles' mitochondria partly absorb this wavelength and their
Raman spectra are resonantly enhanced for ca. 1min. After this time, signals decrease
due to cytochrome degradation. Near-infrared excitation does not harm single living
cells even at high intensities and prolonged exposure times [27, 28]. Chemically fixed
cells can be studied by all excitation wavelengths with the advantage of higher scatter-
ing intensities at shorter wavelengths. According to the scattering law, the intensities
increase by 24 = 16 if 400nm instead of 800nm is used for excitation.

Micro-Raman imaging was combined with independent but simultaneous opti-
cal microscopy such as phase measurements of cells [29, 30]. The resulting data
provided information on how the light is retarded and/or scattered by molecules in
the cell. The authors showed how the chemistry of a cell highlighted in the Raman
information is related to the cell quantitative phase information, and they pre-
sented a technical overview of a multimodal system combining micro-Raman spec-
troscopy and quantitative phase microscopy. The dynamic measurements obtained
from phase microscopy also enabled to monitor the cell morphology during the
laser scanning of the Raman acquisition, making it possible to identify movements
which may occur during the experiment.

Cells can be prepared in culture media under controlled conditions from well-de-
fined cell lines. As the composition of the media might affect the Raman spectra of
single cells, same media should be used if Raman spectroscopy is used for comparison
of cell lines. Cells can also be prepared by extraction from body fluids such as blood,
urine, saliva or CSF. These cells are called primary cells. Protocols were published to
prepare biological materials for Raman spectroscopy that also include fixed cells [31].

7.3.2 Cytological applications of micro-Raman spectroscopy

Micro-Raman spectroscopy studies in the context of single cells have been reported
for label-free classification, drug–cell interaction and cell metabolism. Raman spectra
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of single cells provide a specific fingerprint that can be used to determine cell types
(e. g. normal vs. tumor), cell stages (e. g. normal vs. apoptotic) or proliferation states.
Promising applications in cytology are the identification of tumor cells that circulate
(CTCs) in blood of cancer patients, screening of abnormal cells in cervix uteri and
bladder cancer cells in urine. Examples are given next.

7.3.2.1 Classification of single cells
Because CTCs are extremely rare (ca. 1 in 1 million leukocytes), model systems
were studied that use leukocytes from control patients, leukemia cells (OCI-
AML3) and breast tumor cells (MCF-7 and BT-20). Raman-based classification
rates of these cells were reported between 99.7% and 92% for images of cells
after drying [32], for single spectra after optical tweezing in aqueous buffer [33],
for spectra after optical trapping in microfluidic chips made of glass [34] and
quartz [35]. A typical workflow which was applied in Ref. [32] is shown in Figure
7.3 to identify CTCs by micro-Raman spectroscopy. Raman images of single cells
were collected at small step size. The mean spectra were used to train a classifica-
tion model. A cell mixture was prepared, a Raman image at larger step size was
collected from a region of interest and the data were subjected to the classifica-
tion model. The color-coded classification results were validated by immunofluo-
rescent staining. The comparison reveals that tumor cells were correctly
identified. Even the breast tumor cells MCF7 and BT20 were distinguished by
Raman spectroscopy which was not the case for immunofluorescence because the
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Figure 7.3: Workflow of micro-Raman spectroscopy of cell identification. High-resolution Raman
images of single cells are collected and mean spectra are calculated that train a classification
model. The model assigns each spectrum of a low resolution Raman image of a mixed cell
population to a cell type and the color-coded classification results were validated by
immunofluorescent staining. Adapted from Ref. [32].
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EpCAM antigen was present in both tumor cells. Furthermore, leukocytes were
identified by Raman spectroscopy whereas they could not be detected by immu-
nofluorescence due to the absence of the antigen. Although this workflow was ac-
curate, the throughput was too low for clinical translation. A high-throughput
screening Raman approach was recently introduced [36] which combines a cus-
tom-built microscope and an automated workflow with an image-based cell local-
ization. Instead of collecting a Raman image of the whole slide which also
contains areas without cells as evident in Figure 7.3, the positions of cells were
determined and only a single spectrum of each cell was collected. The high-
throughput screening approach was applied to obtain Raman spectroscopic blood
cell counts. More than 100,000 Raman spectra were collected from 3 leukocyte
subtypes, namely neutrophils, monocytes and lymphocytes to train a classifica-
tion model. Then, this model was applied to mixed leukocyte populations of two
healthy volunteers and three patients. It was found that the Raman-based results
agreed well with machine counting as reference.

High-grade squamous intraepithelial cells (HSIL) were detected by investigat-
ing diseases associated changes in morphologically normal appearing intermediate
and superficial cells using Raman spectroscopy [37]. Raman spectra were measured
from intermediate and superficial cells from negative and HSIL cytology ThinPrep
specimens. Partial least squares discriminant analysis (PLS-DA) provided sensitivi-
ties of 95.5%, 95.2% and 96.1% and specificities of 92.7%, 94.7% and 93.5% for
HSIL diagnosis based on the dataset obtained from intermediate, superficial and
mixed intermediate/superficial cells, respectively. Similarly, high-grade urothelial
carcinoma in urine was noninvasively diagnosed by Raman spectral imaging [38].
Coherent anti-Stokes Raman scattering (CARS) imaging of urine sediments was
used in the first step for fast preselection of urothelial cells where high-grade uro-
thelial cancer cells were characterized by a large nucleus to cytoplasm ratio. In the
second step, Raman spectral imaging of urothelial cells was performed. A super-
vised classifier was implemented to automatically differentiate normal and cancer-
ous urothelial cells with 100% accuracy. Raman marker bands showed a decrease
in the level of glycogen and an increase in the levels of fatty acids in cancer cells as
compared to controls.

Two liver cancer cell lines Hep-G2 and SK-Hep1 were distinguished by Raman
imaging [39]. Support vector machine-based classification predicted independent
cells and cell cycle phases. The datasets were segmented by cluster analysis. The
classifier was more accurate if spectra of the cytoplasm were used as input instead
of average spectra or spectra of cell nuclei. The spectral variations were assigned to
altered unsaturated fatty acids content. The same variations were found for the dis-
crimination of isogenic cancer cells by Raman imaging [40]. Here, classification
was achieved by PLS-DA. Raman spectroscopy distinguished myeloblasts, promye-
locytes, abnormal promyelocytes and erythroblasts which have to be counted for a
correct diagnosis and morphological classification of acute myeloid leukemia and
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myelodysplastic syndrome [41]. Cells from bone marrow samples of patients were
analyzed by Raman imaging. Leave-one-out cross-validation of a classification
model based on linear discriminant analysis (LDA) of average Raman spectra gave
accuracies between 95% and 100% to identify each cell type. Raman spectroscopy
characterized and differentiated two breast cancer and one normal breast cell line
[42]. Principal component analysis identified variations for accurate and reliable
separation of the three cell lines. A LDA model classified the cell lines with 100%
sensitivity and 91% specificity.

A multimodal microscopy platform combined micro-Raman spectroscopy and
multispectral imaging to distinguish lymphocytes from 24 leukemic patients and 11
healthy individuals [43]. Blood smears were prepared on microscopy slides, 90 cells
per blood sample were identified by optical microscopy and Raman spectra were
acquired on cell nuclei. Raman data were classified using a support vector machine
algorithm that distinguished lymphocytes from other nucleated blood components
with 99.6% sensibility and 98.8% specificity.

7.3.2.2 Cell metabolism
In an early study, Raman images from normal and oxidative stressed lung fibroblast
cells were collected at 1 µm step size [44]. Oxidative stress was induced by treatment
with glyoxal for 24 h. Cells were fixed with formalin and transferred to phosphate
buffered saline before micro-Raman spectroscopy with a 60× water immersion ob-
jective lens. The datasets were segmented by cluster analysis which visualized the
cell morphology in cluster membership maps and the spectral signatures of the rel-
evant organelles in cluster mean spectra. Among the most evident changes were
that the stressed cells have smaller cell nuclei and lower DNA content which is con-
sistent with inhibition of DNA replication, higher DNA condensation and shrinkage
of a pyknotic cell nucleus.

Raman spectroscopy was used as a label-free method to investigate the bio-
chemical changes occurring in macrophages during the first few hours of hemozoin
uptake [45]. The so-called malaria pigment hemozoin is engulfed by phagocytic
cells, such as macrophages, during malaria infection. The spatial distribution of he-
mozoin in Raman images was found to be inhomogeneous, and its presence largely
excluded that of proteins and lipids, demonstrating that the cells were not able to
break down the biocrystals on the studied time scale.

The cell cycle phase was determined in human embryonic stem cells by
Raman imaging [46]. The nucleic acid band at 783 cm−1 was integrated across in-
dividual cell nuclei and corrected for RNA contributions. The measured intensi-
ties reflected DNA content and exhibited a profile analogous to that obtained
during flow cytometry using nuclear stains. Raman imaging at 633 nm excitation
investigated living cells during cytokinesis, the climax of the cell cycle [47]. Ten
Raman images of dividing and nondividing human colon cancer cells were
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analyzed by multivariate curve resolution. Intrinsic Raman spectra and intracel-
lular distributions of major biomolecular components were derived and an un-
usual autofluorescent lipid component was discovered that appeared
predominantly in the vicinity of the cleavage furrow during cytokinesis.

If the small molecules of interest do not contain groups that would allow for a
discrimination against cellular background signals, “labeling” of the molecule by
isotope substitution, or by other small groups, e. g. alkynes, provides a stable
Raman signal. This approach to exploit such small reporters that possess Raman
signals without overlap with naturally existing biomolecules in cells is also called
bioorthogonal Raman imaging. The uptake of lipids by macrophages was studied
by Raman imaging [48]. Here, the polyunsaturated arachidonic acid was deuter-
ated to distinguish this fatty acid from other, non-deuterated lipids. Arachidonic
acid was found to be stored in droplets, but foam cell formation is less pro-
nounced than with palmitic acid and oleic acid studied earlier [49]. Stable isotope
labeling by amino acids in cell culture was combined with Raman spectroscopy to
selectively monitor the incorporation of deuterium-labeled phenylalanine (L-Phe
(D8)) from the epithelial cell line ARPE-19 into proteins of tachyzoites of the para-
site Toxoplasma gondii [50]. L-Phe(D8) from the host cell completely replaces the
L-Phe within tachyzoites 7–9 h after infection. A quantitative model based on
Raman spectra allowed an estimation of the exchange rate of Phe as 0.5–1.6 × 104

molecules/s.

7.3.2.3 Drug–cell interaction
The cellular responses to a drug were studied without marker by micro-Raman im-
aging. This was demonstrated by measuring the effect of the epidermal growth
factor receptor (EGFR) inhibitor panitumumab on cells lines [51]. The Raman
study detected large panitumumab-induced differences in cells expressing wild-
type K-ras, but not in cells with oncogenic K-ras mutations. Other works moni-
tored the effects of the anticancer drug docetaxel on the morphology and bio-
chemistry of living colon cancer cells [52], the anticancer drug paclitaxel in MCF-7
breast cancer cells [53, 54], the chemotherapeutic drug doxorubicin on lympho-
cytes [55] and the antitumor drugs gemcitabine on living non-small lung cancer
cells Calu-1 [56] and cisplatin on nasopharyngeal carcinoma cells [57] by micro-
Raman imaging.

Micro-Raman spectroscopy was applied to show the spatial distributions of the
drug erlotinib within the cell [58]. Erlotinib was identified by its alkyne group as
bioorthogonal label introduced in Section 3.2.2. The Raman images showed that the
drug is clustered at the EGFR protein at the membrane and induces receptor inter-
nalization. The changes within the Raman spectrum of erlotinib measured in cells
as compared to the free-erlotinib spectrum indicated that erlotinib is metabolized
within cells to its demethylated derivative.
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7.4 Micro-Raman spectroscopy of tissues

7.4.1 Experimental considerations

Advantages of micro-Raman spectroscopy of tissue include that no or minimal sam-
ple preparation is required and data acquisition is nondestructive which enables
also in vivo studies. Samples can be prepared as thin cryosections or formalin-fixed
and paraffin-embedded tissue sections that can be compared with histopathology
findings after staining. Investigations of fresh biopsies, organs and living organisms
enable a plethora of Raman-based applications. Early reports in the literature re-
garding the utility of micro-Raman spectroscopy to tissues were based on acquisi-
tion of spectral data only at single points which required an a priori knowledge of
the location or a preselection of the probed position. Since the inhomogeneous na-
ture of tissue on the microscopic level was not considered in these early studies, an
accurate correlation between the histopathology of the sampled area and the corre-
sponding spectra was only possible for homogenous tissue on the macroscopic
level. Considerable progress was made when high-throughput and more sensitive
instruments became available for micro-Raman imaging. They enable to microscop-
ically collect larger number of spectra from larger sample populations in less time,
improving statistical significance and spatial specificity. Micro-Raman images with
cellular resolution require a diffraction-limited laser focus diameter and step size
near 2 µm. Then, cell nuclei can be resolved. However, this has only been demon-
strated in small regions of interest below 200 × 200 µm2. For regions of interest
above 2 × 2mm2, more than 1 million Raman need to be collected which would be
extremely time consuming in sequential raster scan acquisition mode. One option
is to expand the laser focus diameter and increase the step size which harbors the
risk to miss details in such an undersampled, coarse overview. Another option is
parallel data acquisition by line scanning or global imaging. Finally, combination
with other modalities e. g. autofluorescence or OCT enables rapid prescreening and
selecting smaller regions-of-interest for micro-Raman imaging. An experimentally
complex alternative is coherent Raman scattering (CRS) using high-energy short-
pulse lasers such as CARS and stimulated Raman scattering. CRS can increase the
intensities of defined vibrational bands by six orders of magnitude which enables
rapid acquisition in the range of microseconds per pixel and video-rate image regis-
tration at cellular resolution with laser scanning microscopes. A detailed descrip-
tion is not within the scope of this chapter and can found elsewhere [59]. Examples
are presented for the other options mentioned above.

A challenge for Raman spectroscopy of most tissue samples is an autofluores-
cence background that is generated by the excitation laser and overlaps with the
weaker Raman bands. To minimize this background, near infrared lasers are usu-
ally used as excitation source. The frequently used wavelength of 785 nm represents
a compromise between low fluorescence, reasonable Raman scattering intensities
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and quantum efficiency of charge coupled device (CCD) detectors. However, even
with 785 nm excitation the fluorescence background from some samples still dis-
turbs. Data processing tools have been developed to correct fluorescence back-
ground variations e. g. subtracting a polynomial function. Data collection
approaches to suppress fluorescence in Raman spectroscopy were reviewed [60]
and include time gating to separate the rapid Raman scattering from the slower
fluorescence, shifted subtracted Raman spectroscopy, shifted excitation Raman dif-
ference spectroscopy and multi-excitation Raman spectroscopy. The principle of
these approaches is that the fluorescence emission does not significantly vary upon
small wavelength shifts, whereas the Raman bands shift as a function of the excita-
tion wavelength and Raman signatures can be obtained by calculating differences.

7.4.2 Applications of micro-Raman imaging

Micro-Raman spectroscopy to detect, diagnose and delineate cancer tissues is a
promising complementary tool in histopathology [61]. Whereas tissue types can be
identified from single Raman spectra, Raman imaging is important for three rea-
sons. First, Raman images of unstained tissue section and subsequent comparison
with the golden standard, usually a hematoxylin and eosin (H&E) stained tissue
section, are the method of choice to develop and validate Raman-based classifica-
tion models. After validation, the model can be applied to single spectra. Second,
Raman images allow accurate determination of margins between normal and non-
normal tissue, e. g. inflammation, dysplasia, tumor or necrosis. Third, Raman im-
ages resolve morphological details without staining which give complementary in-
formation to the molecular information of the spectra.

7.4.2.1 Lateral resolution in micro-Raman images
Figure 7.4 shows Raman images from an unstained colon tissue cryosection that
were collected at step size of 62µm (b), 10µm (c) and 2.5 µm (d). The image sizes
range from 4.4 × 4.4mm2 (72 × 72pixel, b), 520 × 510 µm2 (53 × 52pixel, c) to 147 × 147
µm2 (59 × 59pixel, d). The box in (a) indicates the region-of-interest in (c), and the
box in (c) the region-of-interest in (d). Cluster membership map (b) correlates with
the main tissue types serosa (red), longitudinal (olive) and circular (yellow) muscle
layers, submucosa (brown), mucosa (blue) and mucus (magenta). Ganglia are evident
between longitudinal and circular muscle layers that are not resolved in Raman
image (b), but in (c) at smaller step size and higher lateral resolution (gray cluster).
The scattered appearance is due to noise in Raman spectra. More details even at sub-
cellular level are resolved for a single ganglion in (d). In Figure 7.4, the photomicro-
graph (a) gave sufficient morphological details to select regions-of-interest.
Furthermore, the tissue section was prepared on an UV-grade calciumfluoride slide
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which gave a low Raman background and enabled FTIR imaging for rapid prescreen-
ing. FTIR images, IR and Raman spectra and more details were published [62].

7.4.2.2 Raman-based detection of pathologies
Micro-Raman images of six dried brain tumor tissue sections of different malig-
nancy were collected and processed by vertex component analysis (VCA) instead of
cluster analysis [63]. VCA decomposes Raman images into spectral signatures and
their abundance of the most dissimilar components. Cell density and cell nuclei ob-
tained from VCA abundance plots correlated well with malignancy obtained from
H&E stained tissue sections. Furthermore, Raman spectra of high-grade tumor cell
nuclei were found to contain more intense spectral contributions of nucleic acids
than those of low-grade tumor cell nuclei. This approach was transferred to non-

(a)

(c) (d)

1 mm 1 mm

100 µm 25 µm

(b)

Figure 7.4: Raman images from an unstained colon tissue cryosection (a) that were collected at
step size of 62 µm (b), 10 µm (c) and 2.5 µm (d). The image sizes range from 4.4 × 4.4mm2 (72 × 72
pixel, b), 520 × 510 µm2 (53 × 52pixel, c) to 147 × 147 µm2 (59 × 59 pixel, d). The box in (a) indicates
the region-of-interest in (c), and the box in (c) the region-of-interest in (d). The color codes
represent the segmentation by cluster analysis. Adapted from Ref. [62].
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dried tissue sections in aqueous medium from which Raman images were collected
with a water immersion objective lens. Here, dehydration-induced denaturation of
proteins, nucleic acids and lipids did not occur which gave rise to more intense sig-
nals from cell nuclei and avoid formation of lipid/cholesterol microcrystals [64].
The hyperspectral unmixing algorithms VCA and N-FINDR calculated seven compo-
nents that were assigned to cholesterol, cholesterol ester, DNA, carotene, proteins,
lipids and buffer and correlated well with the Raman spectra of reference materials.
Another paper defined the most abundant and most dissimilar components by hy-
perspectral unmixing and used these components as input for nonlinear least
square fitting to determine protein, nucleic acid and lipid content and the lipid to
protein ratio [65]. Image analysis revealed the average nuclei size, the number of
nuclei and the fraction of nuclei area. Except for the protein content which was
found to be almost constant, all chemical and morphological parameters correlated
with the malignancy of glioma brain tumors. The primary tumor of brain metastases
could be identified by Raman imaging and hierarchical support vector machines
[66]. The first level discrimination distinguished normal brain, necrosis and tumor
tissue. The second level of discrimination used tumor tissue Raman spectra as
input and determined the primary tumor of bladder carcinoma, mamma carcinoma,
colon carcinoma, prostate carcinoma and renal cell carcinoma in 22 cyrosectioned
specimens with accuracy better than 99%. In contrast to the work presented before,
Gajjar et al. [67] prepared tissue sections from formalin-fixed paraffin-embedded tis-
sue blocks of normal brain and different brain tumors. Before ATR-FTIR spectros-
copy and Raman spectroscopy, samples were dewaxed, mounted on low-E slides
and desiccated. This preparation removes virtually all hydrophobic molecules in-
cluding lipids. Nevertheless, normal and different tumor subtypes were segregated.

Raman imaging was applied to analyze normal, benign and cancerous breast tis-
sue of 146 patients [68]. The results provided evidence that carotenoid, lipid and fatty
acid composition of breast cancer differed significantly from that of surrounding non-
cancerous breast tissue. Using Raman imaging with 532nm excitation, spectral histo-
pathology of colon cancer tissue sections was shown to achieve 10 times higher
spatial resolution as compared to FTIR imaging. In addition to visualization of eryth-
rocytes and lymphocytes in Raman images, autofluorescence was found to spatially
overlap with the fluorescence of antibodies against p53 [69]. Sentinel lymph node bi-
opsy has become the standard surgical procedure for the sampling of axillary lymph
nodes in breast cancer. Fifty-nine axillary lymph nodes, 43 negative and 16 positive
from 58 patients undergoing breast surgery, were mapped using micro-Raman spec-
troscopy [70]. These maps were then used to model the effect to use a Raman spectro-
scopic probe by selecting 5 and 10 probe points across the mapped images and
evaluating the impact on disease detection. Results demonstrated sensitivities of up
to 81% and specificities of up to 97% when differentiating between positive and neg-
ative lymph nodes, dependent on the number of probe points included. Micro-Raman
imaging characterized inflammatory bowel diseases in colon tissue sections [71].
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First, support vector machine classification was applied to highlight the tissue mor-
phology. In a second step, the biochemical tissue composition was studied by analyz-
ing the epithelium Raman spectra in sections of healthy control subjects, subjects
with Crohn’s disease (CD), and subjects with ulcerative colitis (UC). A support vector
machine classifier distinguished healthy control patients (n = 11), patients with CD
(n = 14), and patients with UC (n = 13) with an accuracy of 98.90%. Raman spectros-
copy enabled label-free detection of peripheral nerve tissue against adjacent tissue
[72]. Raman spectra of myelinated nerve, unmyelinated nerve, fibrous connective tis-
sue, skeletal muscle, tunica media of blood vessel and adipose tissue of Wistar rats
were analyzed, and Raman images of the tissue distribution were constructed using
the map of the ordinary least squares regression estimates. Nerve tissue was found to
exhibit a specific Raman spectrum arising from axon or myelin sheath. This method
was also applied to unfixed tissue sections of human periprostatic samples excised
from prostatic cancer patients. The potential of Raman spectroscopy for oral cancer
detection in surgical margins was investigated [73]. One hundred and twenty-seven
Raman images were collected from tissue sections of 10 patients. Spectra annotated
as oral cavity squamous cell carcinoma (OCSCC) or surrounding healthy tissue struc-
tures were used as input for LDA. The LDA model distinguished OCSCC spectra from
spectra of adipose tissue, nerve, muscle, gland connective tissue and squamous epi-
thelium. Structures that were most often confused with OCSCC were tissues close to
OCSCC. This result demonstrated how well Raman spectroscopy enabled discrimina-
tion between OCSCC and surrounding healthy tissue structures. Renal oncocytoma
and chromophobe renal cell carcinoma are two kidney tumors which are sometimes
confused using conventional histopathological methods. In an investigation based on
88 patients, a partial least squares discriminant analysis model generated from
Raman images distinguished between both carcinomas with a performance of 86%
sensitivity and 81% specificity [74].

7.4.2.3 Combination with other modalities
Multiple modalities are combined in efforts to improve the performance of optical
methods for disease detection. Current interests in that direction are developments
of dual-modal instruments or applications of complementary methods combining
the biochemical specificity of Raman spectroscopy with the sensitivity and rapid
screening capabilities of other label-free high-resolution optical imaging like OCT,
FTIR imaging, fluorescence and phase contrast microscopy.

Biochemical markers of atherosclerotic plaque from mice were determined by
Raman, infrared and AFM imaging [75]. Label-free imaging of cholesterol, choles-
teryl esters, remodeled media, heme, internal elastic lamina, fibrous cap and calci-
fication provided additional knowledge of plaque features. FTIR and Raman images
were compared in tissue sections of rabbit atherosclerotic plaque depositions [76].
Raman imaging was found to differentiate more biochemical components, namely
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proteins, cholesterol ester, cholesterol and triglycerides and also resolved more
structural details. FTIR imaging using 64 × 64 MCT focal plane array detector en-
abled faster data acquisition which is particularly important for full arterial cross
sections. Using a non-destructive approach involving Raman and atomic force mi-
croscopy imaging, the presence of clustered lipid rafts in endothelium of the aorta
of the db/db mice that represent a reliable murine model of type 2 diabetes has
been demonstrated [77]. The raft clusters in the aorta of diabetic mice were shown
to occupy a considerably larger (about 10-fold) area of endothelial cell surface as
compared to the control.

An integrated optical technique was demonstrated for basal cell carcinoma of
skin based on autofluorescence imaging and Raman scattering [78]. Automated seg-
mentation of autofluorescence images was used to select and prioritize sparse sam-
pling points for Raman spectroscopy. This automated sampling strategy yielded
classification models with 100% sensitivity and 92% specificity and allowed objec-
tive diagnosis faster than frozen section histopathology and faster than FTIR or
Raman imaging alone. The approach was transferred to the diagnosis of mammary
ductal carcinoma [79] and basal cell carcinoma in skin tissue samples [79]. Raster
scanning micro-Raman spectroscopy of tissue sections is slow with typically 10,000
spectra/mm2 which is equivalent to 5 h/mm2. Selective sampling based on integrated
autofluorescence and Raman spectroscopy reduced the number of Raman spectra to
20 spectra/mm2 which is equivalent to an acquisition time of 15min for 5 × 5mm2.

A clinical instrument was developed to combine Raman spectroscopy and OCT
for morphological and biochemical characterization of skin cancer [80]. The instru-
ment utilized independent 785 nm Raman spectroscopy and 1,310nm OCT system
backbones and enabled sequential acquisition of co-registered OCT and Raman da-
tasets. Ashok et al. reported a multimodal optical approach using Raman spectros-
copy and OCT in tandem to discriminate between colonic adenocarcinoma and
normal colon [81]. The chemical information derived from Raman spectroscopy was
combined with texture parameters extracted from OCT images which increased
both sensitivity and specificity to 94%.

A workflow was presented to combine Raman spectroscopic and MALDI mass
spectrometric imaging for tissue studies [82]. The authors demonstrated for a larynx
carcinoma sample that tissue types and different metabolic states could be ex-
tracted from Raman spectra. MALDI spectra yielded a better characterization of epi-
thelial differentiation and understanding of ongoing dysplastic alterations.

7.5 Outlook

An overview has been given on micro-Raman spectroscopy in medicine. Examples
were described in the context of bacteria, cells and tissues. Further developments
are required to clinical translation. Instead of research grade microscopic systems,
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dedicated Raman systems should offer a high degree of automation. The workflow
should follow standard operating procedures for sample preparation, and then the
user is guided through the acquisition routine. This routine should also include in-
strument calibration to compensate for possible day-to-day fluctuations. As varia-
tions in Raman spectra of biomedical samples are often small, such fluctuations
have a negative effect on the robustness and accuracy of classification models.
Larger patient cohorts involving different clinical users, laboratories and instru-
ments should validate the results and demonstrate the value of micro-Raman spec-
troscopy in future medicine. Prospects to solve unmet needs exist in point-of-care
applications and personalized treatment of diseases.
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Anastasia Rousaki, Luc Moens and Peter Vandenabeele

8 Archaeological investigations (archaeometry)

Abstract: Archaeometry is the research area on the edge between humanities and
natural sciences: it uses and optimises methods from chemistry, spectroscopy,
physics, biology, etc. to help answering research questions from humanities. In
general, these objects are investigated for several reasons. Besides the fundamental
interest to know about the materials that were used in the past, the study of arte-
facts can support their preservation, either by helping to select optimal storage or
display conditions, either by investigating decay pathways and suggesting solu-
tions. Other reasons for art analysis include provenance studies, dating the artefact
or identifying forgeries. Since several years, Raman spectroscopy is increasingly ap-
plied for the investigation of objects of art or archaeology. The technique is well-
appreciated for the limited (or even absent) sample preparation, the relative
straightforward interpretation of the spectra (by fingerprinting – comparing them
against a database of reference pigments) and its speed of analysis. Moreover, the
small spectral footprint – allowing to record a molecular spectrum of particles
down to 1 µm, the typical size of pigment grains – is certainly a positive property of
the technique. Raman spectroscopy can be considered as rather versatile, as inor-
ganic as well as organic materials can be studied, and as the technique can gather
information on crystalline as well as on non-crystalline phases. As a consequence,
Raman spectroscopy can be used to study antique objects and twentieth-century
synthetic (organic) materials – illustrating the wide range of applications. Finally,
the technique is as non-destructive, provided the laser power is kept sufficiently
low not to damage the artwork. In literature, the terms “non-invasive” and “non-
destructive” are used, where the first term means that no sampling is involved, and
the latter term indicates that no sample is taken or that during analysis the sample
is not consumed (destroyed) and remains available for further analysis.

Keywords: archaeometry, Raman spectroscopy, art analysis, cultural heritage
research

8.1 Introduction

Archaeometry is the research area on the edge between humanities and natural sci-
ences: it uses and optimises methods from chemistry, spectroscopy, physics, biology,
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etc. to help answering research questions from humanities. In general, these objects
are investigated for several reasons. Besides the fundamental interest to know about
the materials that were used in the past, the study of artefacts can support their pres-
ervation, either by helping to select optimal storage or display conditions, either by
investigating decay pathways and suggesting solutions. Other reasons for art analysis
include provenance studies, dating the artefact or identifying forgeries.

Since several years, Raman spectroscopy is increasingly applied for the investiga-
tion of objects of art or archaeology [1–3]. The technique is well-appreciated for the
limited (or even absent) sample preparation, the relative straightforward interpreta-
tion of the spectra (by fingerprinting – comparing them against a database of refer-
ence pigments) and its speed of analysis. Moreover, the small spectral footprint –
allowing to record a molecular spectrum of particles down to 1 µm, the typical size of
pigment grains – is certainly a positive property of the technique. Raman spectros-
copy can be considered as rather versatile, as inorganic as well as organic materials
can be studied, and as the technique can gather information on crystalline as well as
on non-crystalline phases. As a consequence, Raman spectroscopy can be used to
study antique objects and twentieth-century synthetic (organic) materials – illustrat-
ing the wide range of applications [1]. Finally, the technique is as non-destructive,
provided the laser power is kept sufficiently low not to damage the artwork. In litera-
ture, the terms “non-invasive” and “non-destructive” are used, where the first term
means that no sampling is involved, and the latter term indicates that no sample is
taken or that during analysis the sample is not consumed (destroyed) and remains
available for further analysis.

In the next paragraphs, we will discuss some recent applications of Raman
spectroscopy in archaeometry. First, an overview will be given of some novel trends
involving in vitro (laboratory) research of samples or small objects. Secondly,
non-invasive applications, involving mobile Raman instrumentation, will be dis-
cussed, followed by a discussion on how to combine Raman spectroscopy with
other techniques.

8.2 Benchtop Raman instrumentation and possibilities

New applications in Raman spectroscopy were often driven by instrumental changes.
Thus, the introduction of confocal Raman microscopy and the application of Charge-
Coupled Device (CCD) detectors have triggered the application of Raman spectros-
copy in art and archaeology [4]. In general, benchtop Raman instruments share some
favourable characteristics such as the ability of coupling multiple monochromatic
light sources (single, dual or multiple laser systems), optimal wavenumber stability,
high spectral resolution (depending on the laser excitation within the same configu-
ration), focusing through high magnification objectives and incorporation of cali-
brated motorised stages.
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Amongst the first applications of Raman spectroscopy, pigment identification
in mediaeval manuscripts [5–7] was an important application, showing the different
possibilities of the technique. Soon, people realised that this approach could be ex-
tended towards other applications, including other paintings [8], corrosion prod-
ucts [9], gems [10], glass [11] and ceramics [12]. The artefacts, that can be studied
via Raman spectroscopy date from prehistory till contemporary art. A credible ex-
ample is the chemical characterization of rock art paintings, which are considered
as one the most ancient forms of human expression. In general, rock art is consid-
ered as the painted or engraved or carved natural rock surfaces made by indigenous
people. The pictographs or petroglyphs found on stone surfaces can stylistically
vary from abstract to geometric or more naturalistic and can be can be found in
Europe, Africa, America, Latin-America, Asia, and Oceania. Their preservation and
documentation is considered highly important, in order to understand the techno-
logical level of the societies that created them. Several studies can be found in the
literature highlighting the use of Raman spectroscopy on the characterization of the
mainly red, yellow green, white and black pigmented layers [13, 14]. Considering
their preservation state, Raman spectroscopy is employed to study (bio)degradation
products associated with weathering and human activity. For modern art studies,
Raman spectroscopy was used for the investigation of azo pigments [15] and copper
phthalocyanine (PB15). The latter is often identified as an important pigment in
twentieth-century artworks. However, PB15 is used in different polymorphic forms
(α-CuPc, β-CuPc and ε-CuPc). Raman spectroscopy is a very valuable technique for
the detection of this pigment in paint systems and it is able to distinguish poly-
morphs [16]. The discrimination of PB15 polymorphs can be used to date and au-
thenticate artworks [16] as they appeared at different times on the paint market [17,
18]. The Raman spectra of α-CuPc and β-CuPc differ only in relative intensities of
some bands. Furthermore, using linear discriminant analysis (LDA), the α-, β- and
ε-CuPc pigments could be discriminated using the Raman intensity ratios as varia-
bles [16].

The approach was also increasingly applied for the study of natural organic
products, although, due to fluorescence suppression, this was often related to
Fourier-transform (FT-) applications. One can think that by shifting to near-IR exci-
tation lasers (typically 1064 nm), the contribution of fluorescence is partially
avoided. However, simultaneously the scattering capability is as well decreasing,
and as a consequence, higher radiance together with larger measuring times should
be applied, with the risk of overheating the sample [19, 20]. Moreover, the use of
FT-Raman technology implies the use of solid state detectors (usually low-bandgap
semiconductors), as silica based CCDs detectors are less sensitive in the near IR re-
gion (for wavelengths larger than 1.1 μm) [20]. Despite possible drawbacks, FT-
Raman spectroscopy is a very powerful tool with many application in cultural heri-
tage, such as (among others) the study of native American Indian rock art [21], char-
acterization of Egyptian pigments [22] investigation of thioindigo–palygorskite
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mixtures resembling Maya blue [23] etc. Furthermore, elaborated FT-Raman spectral
databases can be found in the literature [24, 25].

Today, Raman spectroscopy has proven to be versatile approach in archaeome-
try, and it is often considered as a first choice technique when it comes to art analy-
sis. Unfortunately, compared to other spectroscopic methods, the Raman effect is
relatively weak. On the other hand, it has an excellent spatial resolution, and by
focussing the laser beam on, for instance, a pigment grain, it is possible to obtain
good quality spectra. Unfortunately, not all molecules yield intense Raman spectra.
However, when the laser wavelength can be selected, one can choose a laser that
has a frequency close to the electronic absorption region, thus enhancing the signal
with several orders of magnitude. This resonance enhancement produced, for in-
stance, interesting results when studying lazurite, ultramarine blue, chrome based
pigments [26, 27] and carotenoids (including corals) [28–30]. Although, lasers that
are situated at the blue and green region of the electromagnetic spectrum are con-
sidered optimal for Raman signal enhancement of carotenoids [31], red and near IR
lasers can also be used for the identification of these molecules [revealing at least
the two strongest Raman bands (in-phase ν(C = C) and ν(C—C) stretching vibrations)
and one medium intensity feature (in-plane ρ(C—CH3) rocking mode) [31]] even
sometimes with portable Raman instrumentation [32]. However, when selecting a
laser, it is important to consider that the intrinsic Raman intensity is proportional
to the fourth power of the laser frequency. For resonance Raman spectroscopy, the
laser wavelength should be in agreement with the vibrations of the target molecule
under study. On the other hand, the spectroscopist should be aware that theoreti-
cally when selecting shorter, higher energetic wavelengths, fluorescence is increas-
ing even though the Raman signal is enhancing.

Moreover, some materials, such as dyes, are not present in high local concen-
trations, but are rather present in a dispersed way, which makes it difficult to focus
the laser on the sample. Surface enhanced Raman spectroscopy (SERS) [33, 34] can
be of help for identifying the dye molecules on hand. Indeed, by adsorbing analyte
molecules to noble metal nanostructures, the observed Raman signal can be seri-
ously enhanced, while the fluorescence is reduced. This is achieved by combined
electromagnetic [35] and charge-transfer [36] mechanisms. Silver nanoparticles can
be produced in different ways. In cultural heritage research, often silver nanopar-
ticles are obtained by reduction of silver nitrate by using citrate [37]. Another ap-
proach starts from silver sulphate that is reduced by glucose, under microwave
irradiation [38]. In that case, very reproducible results could be obtained, while so-
dium citrate is used as capping agent. Also photoreduction [39] and laser-ablation
[40] were proposed as promising alternatives for the production of silver nanopar-
ticles. Silver island films (AgIFs) or thin films of silver over nanospheres were also
proposed as SERS substrates. In that case, these substrates were either directly de-
posited [41] on the coloured surface, or firstly adsorbed to a silver-alumina support
[42], on which the analyte afterwards was adsorbed.
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The technique was discovered in 1974 [33], but its application in artworks
started only in 1987 [43] by the identification of madder in historical textile [44].
SERS proved to be very successful for the identification of pure, commercial dyes,
detection of natural organic colorants [38, 44] such as anthraquinones, flavonoids,
naftoquinones, and rhodamines, as they are the main components in dyes found on
works of art. However, some challenges should be taken into account. For lake pig-
ments or mordant dyes, hydrolysis treatment is the first step towards the extraction
of the dye from the inorganic substrate or the textile fibre, respectively [20].

Raman spectroscopy is known to be a surface sensitive technique as the molec-
ular information that is retrieved during Raman experiments typically originates
from the top layer, since the (visual) laser light does not penetrate deep into the
sample. When using a confocal set-up it is possible to focus through a transparent
layer and thus to obtain information from deeper areas. If the surface layer is not
transparent one typically has to rely on embedding a sample and cutting and pol-
ishing it, to achieve an overview of the different layers. However, as in many cases
sampling is considered undesirable (damage, time consuming sample preparation,
contamination, etc.), in 2005, spatially offset Raman spectroscopy (SORS) was pro-
posed by Matousek et al. [45, 46]. By collecting the Raman signal from an area that
is spatially offset from the laser spot, it is possible to retrieve molecular information
from the subsurface underneath a highly turbid top layer [47]. The larger a spatial
offset is selected, the deeper the information is retrieved, but consequently the
weaker the collected signal is. Typically high power infrared lasers are used with a
spatial offset of few millimetres and penetration depths up to several cm. SORS has,
amongst others, proven to be successful for analysing pharmaceuticals through the
packaging [48], cancer research [49] and other medical applications [50].

In works of art, the painted layers are typically few micrometres thick. In order
to achieve non-invasive stratigraphic analysis, an alternative to the SORS technique
was proposed namely, microscale-spatially offset Raman spectroscopy (micro-
SORS). This approach is favourable for research of cultural heritage objects [51]. In
micro-SORS, laser power, spot size and collection area are reduced, as well as the
(small) spatial offset, which allows to combine the advantageous lateral resolution
of Raman microscopy with the retrieval of molecular information on the stratigra-
phy. Although the transition from SORS to micro-SORS might seem a simple case of
miniaturisation, spatial constraints apply. Moreover, the experimental set-up for
full micro-SORS requires the laser to be focused on the sample through a different
lens as the collection of the Raman signal, which is not directly compatible with
commercial Raman instrumentation [51]. Therefore, alternative approaches were
proposed, such as defocusing micro-SORS, which uses a commercially available
Raman microscope. During this approach, the spatial offset is obtained by defocus-
ing the (collection) optics, and thus probing an area which contains a large fraction
of the spatially offset signal [52, 53]. The more defocused the spectra are, the more
information is obtained from deeper layers; spectral post-processing involves scaled
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subtraction of the in-focus spectrum from the out-of-focus one to diminish the con-
tribution of the surface [20]. It should be remarked that, despite being straightfor-
ward in use, defocusing micro-SORS does not yield optimal separation between
layers, as can be achieved with full micro-SORS. To overcome some of the practical
constraints of full micro-SORS, fibre-optics micro-SORS was recently proposed [54].
The technique utilizes two parallel glass fibres that are in contact with the sample.
The excitation fibre is mounted on a non-moving part, whereas the collection fibre
is mounted on a translation stage, allowing to set the spatial offset. Fibre-optics
micro-SORS was successfully demonstrated on compounds with thicknesses of the
top layer ranging from 50 to 500 μm [54]. Despite this successful proof-of-concept,
this approach should still be further optimised (e. g. tackling fibre brittleness, opti-
mal fibre thickness, applying filters).

The applicability of the micro-SORS technique, in respect to cultural heritage
studies, is demonstrated on thin layered mock up samples [53] and real artefacts
such as, stucco and terracotta sculptures and painted plaster in combination with
cross-section analysis [55]. Moreover, micro-SORS chemical interrogations on mock
up (among others) samples consist of examining the sequence of which the layers
are made [56] and if two components are situated within the same or different
layers [57].

Laboratory Raman spectrometers are coupled with calibrated automated posi-
tioning stages, allowing the movement on the XY or XYZ axis. This characteristic
makes the micro-Raman spectrometers suitable for retrieving molecular mappings
and thus connecting chemical information with its spatial distribution. By focusing
the objective in one point on the sample, the automated stage can be moved inside
a preset, well-defined area collecting sequences of Raman spectra, stored as se-
quential point measurements (movement in XY axis). An advantage of acquiring
full spectra is that the construction of the Raman mapping image can be decided
upon the need of analysis. For surfaces that are not completely flat, an autofocus-
sing option (movement in Z axis) can be applied for each analysed point.
Autofocusing is a very crucial characteristic when mapping cultural heritage objects
and/or cross sections that are not completely flat. It increases the obtained spectral
quality and thus the obtained image. Lofrumento et al. [58] used Raman mapping in
a study dedicated to Ethiopian prehistoric rock painting, for the investigation of the
possible origin of calcium oxalate. Conti et al. [59] applied micro-Raman mapping
for the study of calcium oxalate films from samples taken from the north façade of
the Cathedral of Trento. For subsurface Raman mapping, recently, two studies ex-
plored the possibilities of full micro-SORS mapping on samples mimicking real sit-
uations found in artworks with hidden layers [60] and defocusing micro-SORS
mapping on a nineteenth-century porcelain card [61].

Point-to-point mapping can consume several working hours (even more in-
creased when autofocussing is involved). Linear lasers can drastically decrease the
overall measuring time by simultaneously recording series of points in a row.
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Opposite to mapping, Raman imaging uses larger illumination areas and filters to ob-
tain the desired image usually acquired by the selection of one component, e. g. a
specific Raman band [62]. Raman imaging seems abandoned in cultural heritage
studies, as Raman mapping can produce more detailed information of the area under
investigation or even the entire dataset can be used for chemometrical analysis.

8.3 Direct Raman analysis

Raman spectroscopy is considered traditionally as a non-destructive technique as
the laser power can be kept low in order to avoid alteration and permanent thermal
damage on the object/sample. Technological evolutions and development of fibre
optics brought Raman spectrometers out of the laboratory, into the field or inside
museums. The latter helped towards the improvement of direct, non-invasive analy-
sis as large scale monuments or art works started to be investigated in their natural
environment or in dedicated museum collections without sampling and thus jeop-
ardising the artefact. Compared with benchtop Raman spectrometers, instruments
dedicated to the in situ analysis have in general, a decreased wavenumber stability
(due to vibrations, thermal fluctuations etc.), thus they need frequent calibration.
They usually have a larger spectral footprint and worse spectral resolution and fo-
cusing is achieved through the evaluation of signal-to-noise ratio, the number of
Raman bands, their shapes and intensities in the spectra of the unknown in a given
position or through fixed focal distances (when using light blockers).

Before discussing the use of mobile Raman spectrometers in archaeometrical
research, one should be aware of definitions found in literature about not only the
kind of analysis performed but also the kind of the instrument used. On site or in
the field or in situ analysis is proposed when the study is performed in the environ-
ment where the work of art is found or displayed, whereas non-invasive is referring
to the fact that no sampling is necessary [20, 63–65]. A wide range of definitions
exist for characterizing the mobility of a Raman instrument. Previous works [63–65]
distinguished the instruments in: (i) Transportable: instruments, usually not de-
signed for mobility. Benchtop Raman instruments can also be referred as transport-
able; (ii) Mobile: a general term for stable spectrometers designed for mobility; (iii)
Portable: compact, usually battery-operated Raman spectrometers that can be car-
ried by a single person; (iv) Handheld: low weight spectrometers, held while per-
forming measurement on one hand of a person; (v) Palm: ultra-light, ultra-mobile
Raman spectrometers.

The first attempts in analysing works of art with fibre optics probe heads was
done in the case of easel paintings by probing through the top varnish layers [66].
Fibre optics where attached to a FT-Raman instrument allowing direct analysis on
the artefact. Following this, in 2004 [67], a new more compact portable Raman instru-
ment was introduced, coupled with a 785nm diode laser, camera and adjustable
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power. This instrument allowed for the direct, in situ Raman analysis as demon-
strated successfully by investigating the tomb of Menna, Theban Necropolis, Egypt
[68], folios from the breviary of Arnold of Egmond [69], vault paintings in the
Antwerp cathedral [70] etc. In 2007 [71], a short comparative review on commercially
available Raman instruments was published.

In cultural heritage studies, portable Raman spectrometers are more favour-
able due to their coupling with long fibre optics cables which allows the remote
investigation of art objects or the easy access to larger/bigger artefacts. Moreover,
such Raman instruments allow the freedom to the operator to choose the spectral
and measuring parameters. For the handheld and ultra-mobile instruments the
probe head is directly attached to the small spectrometer. These types of instru-
ments are usually discussed in mineralogy [72] but also in the gems and gem-
stones [73] literature.

Portable Raman spectrometers are equipped with one or two lasers, while
handheld instruments have one laser and a fixed spectral range. In 2015, Bruker in-
troduced a new handheld instrument on the market, using different lasers and a
shifted wavelength algorithm to correct for fluorescence background, with low laser
power and a wide spectral range [74, 75]. The instrument was evaluated on labora-
tory specimens and painted sculptures [74], on pigments, organic materials and
binders in modern art [76] but also on mineral and carbons relevant to exobiology
and geobiology [75].

Mobile Raman spectroscopy has grown to be a first choice technique in many
cultural heritage studies. Besides wall painting analysis [63], mobile Raman spec-
troscopy found a remarkable application in the study of prehistoric rock art paint-
ings. Raman researchers investigated many rock sites situated around the world, e.
g. South Africa [77], France [78], India [79], Spain [80–82], Patagonia, Argentina
[32]. For the former two studies, a rather transportable instrument was used [32].
Other applications include the direct analysis of glyptics [83], paintings and mortars
from the Marcus Lucretius Pompeian house [84], stone building materials under en-
vironmental influence [85], one site analysis of enamel porcelains and stoneware
[86, 87] and so on.

Opposite to benchtop instruments, focusing the probe heads of portable spec-
trometers is rather challenging. Without visual inspection through coupled objective
lenses, one should rely on the evaluation of the Raman spectra. Positioning systems
need to assure stability and thus optimal focusing. They are usually tripods, articulat-
ing arms etc. For works of art that are situated on higher positions above the ground,
the probe heads can be positioned on scaffoldings or long fibre optics cables can be
mounted on extended tripods. If, bringing positioning accessories in the field is
rather time consuming and sometimes limits the mobility, cups with fixed focal dis-
tances can be used [32, 63]. These cups (tip covered with protective foams) are slided
over the probe heads and measuring of the surface is achieved by placing them in
contact with the surface under investigation. Moreover, the cups serve also as light
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blockers (blocking the signal of ambient light) when working in open air environ-
ments during daylight.

As the Raman signal, suffers environmental interference it is advised to perform
in situ measurements in complete darkness or during night. When studying various
artistic objects with multiple techniques, e. g. in a museum, or when the measure-
ments are situated during restoration campaigns or when the analysis is carried out
on public hours, double cloth tents can be used and the object together with the
Raman spectrometer can be placed inside them.

Although benchtop Raman spectrometers are often performing better compared to
their mobile counterparts, mobile/portable/handheld Raman instruments are used ex-
tensively on the field of cultural heritage, because of their non-invasive characteristics.
Recently, an in situ Raman mapping configuration is published in the literature, for
the analysis of porcelain cards [88]. Even though the results were very promising sev-
eral milestones still should be reached in order for the technique to be widely applica-
ble. Furthermore, the firsts steps, for subsurface mobile Raman mapping, are taken by
the development of defocusing micro-SORS in a mobile set-up [89] or the development
of a prototype of a full micro-SORS probe head [90], both suggesting the possibilities
for in situ experiments in several fields of application, including archaeometry.

8.4 Raman spectroscopy in combination with other techniques

Elaborated physicochemical protocols for cultural heritage analysis often use a wide
range of techniques. Artistic artefacts are complex compositions that require both ele-
mental, molecular and separation techniques in order for the different components to
be identified. The analytical approaches can yield qualitative or quantitative results.
Ideally, the documentation should be as less invasive as possible. The evaluation of
the artefacts can carried out with several macro-imaging techniques, such as X-ray ra-
diography, infrared reflectography, 2D and 3D digital microscopy etc. If the ethics and
the state of the object allow the sampling then invasive, laboratory techniques can be
employed. For laboratory measurements, the analysis should be non-destructive and
thus, the same sample needs to be investigated with a variation of techniques and fi-
nally kept for future studies. If destructive techniques (with sample consumption) are
employed these should be scheduled towards the end of the analytical protocol.

Since combined methodological approaches are usually preferable, Raman
spectroscopy can be used in combination with other molecular or elemental analyt-
ical techniques. One popular approach is the combination with Fourier-transform
infrared spectroscopy (FTIR) [91]. This technique gives rise to vibrations due to a
change in polarization, while Raman spectroscopy requires changes in polarisabil-
ity [62]. In general, intense infrared active modes are weak in Raman spectroscopy
except if, in some cases, structural changes occur inside the matrices e. g. lowering
of crystallinity, distortion of structures etc. FTIR spectroscopy is suitable for both
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organic binders/varnishes and inorganic pigments [92]. Moreover, it can be applied
non-invasively with reflectance infrared portable instruments [93]. FTIR analysis is
sometimes combined with thermal analysis methods for discrimination of historic
plasters and mortars [94].

X-ray diffraction (XRD) is another technique that is highly suitable for the analy-
sis of crystalline phases and that can complement Raman spectroscopy for the analy-
sis of inorganic molecules. For example, the identification of feldspars can be
sometimes challenging with Raman spectroscopy, as high spectral resolution and
exact wavenumber calibration are necessary to identify the correct end member.
Portable XRD (p-XRD) instruments can also be used for the analysis of cultural heri-
tage objects [95] but in some cases positioning and alignment can be quite time con-
suming procedures [96].

Scanning electron microscopy coupled with energy dispersive X-ray spectros-
copy (SEM-EDS) allows for the characterization of the morphology and the elemen-
tal distribution of cross sections or untreated samples, or even small objects.
Depending on the electrical conductivity of the sample, it should be coated or mea-
sured as it is. From the coupling between SEM and a Raman spectrometer a hybrid
system immerged, namely the structural and chemical analyser (SCA) [97]. In cul-
tural heritage research such system was used for the identification of degradation
products of archaeological guilded irons [97].

One of the most discussed combinations is the coupling of X-ray fluorescence
research with Raman spectroscopy in cultural heritage studies. Thus molecular and
elemental information is combined. Although the complementation is considered
successful, one should be aware of the different sampling volumes and depths of
both techniques when interpreting the results. Visual light is not penetrating
deeper than the surface while X-rays can sometimes penetrate through the sample
and/object. For the latter, the information received is a sum of the same or different
elements found in the entire stratigraphy. In archaeometry, micro-Raman and
micro-XRF can be combined [98] but also their mobile counterparts [99]. Analysis of
powdered samples or scrapings of art allow the use of another XRF technique [100],
namely total reflection X-ray fluorescence (TXRF) for fast and sensitive (down to
trace elements) analysis. Combined XRF-XRD [101] and XRF-Raman [102] mobile
configurations are also reported in the archaeometrical research field. The evolu-
tion of macro-XRF (MA-XRF) imaging and its applications on art analysis are well
established and demonstrated in numerous published studies [103].

8.5 Conclusions

Raman spectroscopy has grown to be one of the most appreciated techniques in the
study of art and archaeology. Technical advantages shaped the technique and
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moreover, initiated the expected development of more novel Raman techniques the
following years. For cultural heritage studies, advanced approaches involve the de-
velopment of new methods such as micro-SORS, new instrumentation such as dis-
persive instruments with IR laser, enhancement of Raman signals for optimal
identification, upgraded benchtop and portable systems, subsurface and in situ mo-
lecular mappings, and so on. Raman spectroscopy seems to be the perfect tech-
nique for novel developments in the interesting research field of archaeometry.
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Abstract: Forensic science can be broadly defined as the application of any of the
scientific method to solving a crime. Within forensic science there are many different
disciplines, however, for the majority of them, five main concepts shape the nature of
forensic examination: transfer, identification, classification/individualization, associ-
ation, and reconstruction. The concepts of identification, classification/individualiza-
tion, and association rely greatly on analytical chemistry techniques. It is, therefore,
no stretch to see how one of the rising stars of analytical chemistry techniques,
Raman spectroscopy, could be of use. Raman spectroscopy is known for needing a
small amount of sample, being non-destructive, and very substance specific, all of
which make it ideal for analyzing crime scene evidence. The purpose of this chapter
is to show the state of new methods development for forensic applications based on
Raman spectroscopy published between 2015 and 2017.
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9.1 Introduction

Forensic science can be broadly defined as the application of any part of the scientific
method to solving a crime. Within forensic science there are many different disciplines.
For the majority of them, however, five main concepts shape the nature of forensic ex-
amination: transfer, identification, classification/individualization, association, and re-
construction [1]. The concepts of identification, classification/individualization, and
association rely greatly on analytical chemistry techniques. It is, therefore, no stretch
to see how one of the rising stars of analytical chemistry techniques, Raman spectros-
copy, could be of use. Is this paint chip found on the victim from the paint on the kill-
er’s car? Is this white powder cocaine or flour? Raman spectroscopy is known for
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needing a small amount of sample, being non-destructive, and very substance specific,
all of which make it ideal for analyzing crime scene evidence.

In recent years there has been a push for increased scrutiny of the validity of
currently used forensic techniques [2]. This has led to an increase in research into
forensic science methods, and into new methods that could be used in the future.
Raman spectroscopy has been used in the majority of the different disciplines and
has imparted its many advantages to the study of forensic science. Chemometrics
has also been added in many studies to give mathematical certainty and quantita-
tive predictors to various types of evidence.

The purpose of this article is to show the state of new methods development for
forensic applications based on Raman spectroscopy since reviews by Doty et al. [3]
and Muro et al. [4] and to expand on the newly published mini review by Doty et al.
[5]. The majority of discussed material was published between 2015 and 2017.
Additional resources about presented forensic discipline are given in the beginning of
the each section.

9.2 Chemometrics

Raman spectroscopy has consistently confirmed its importance in many areas, all
due to its nondestructive nature, speed, and low cost. However, a small complica-
tion is that Raman spectroscopy results in a large amount of high-dimensional
data. This data requires advanced statistical analysis to properly understand and
utilize the recovered information. The rapid development of innovative methods
and significant technological advances have helped to increase the interest in
Raman spectroscopy. For a more in-depth treatment of chemometrics the reader is
referred to Chapter 4 of this text.

Principal component analysis (PCA) is one of the most popular chemometric
techniques. Salahioglu et al. [6] performed PCA prior to the k-nearest neighbors
(KNN) analysis in order to reduce dimensionality of the dataset to classify lipstick
samples. A 98.7% correct classification rate was obtained when data was acquired
from glass slides, and 100% classification rate once the lipsticks were transferred
onto different fibers. PCA can further be used to separate data based on similarities
between the samples. Such an example can be found in the study carried out in
2017 by Mohamad Asri et al. [7]. Researchers were able to group together different
colors of ballpoint pen ink using PCA analysis. Discriminant analysis, on the other
hand, predicts the classification of unknown samples into one of the known classes.
Mistek et al. [8] implemented support vector machines discriminant analysis (SVM-
DA) with Raman spectroscopy in order to differentiate donor race based on the
analysis of blood samples. In a study performed by Muro et al. [9], both SVM-DA
and partial least squares discriminate analysis (PLS-DA) models were evaluated for
their ability to differentiate five different body fluids. In this study, the models used
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either the entire spectral range or variable selection. In contrast to discriminant
analysis, regression models predict quantitative values. Doty et al. [10, 11] investi-
gated ageing of bloodstains in detail using regression models. They trained partial
least squares regression (PLSR) models to relate spectral intensities with time since
deposition (TSD) of the blood sample. The two studies investigated TSD up to 1
week [10] and 2 years [11].

9.3 Biological samples

Biological samples are of high importance during forensic investigation. They can
be used to connect a crime to an individual (such as a perpetrator or a victim).
Current techniques for body fluid analysis are still not universal; meaning a single
test identifies only a single body fluid [12]. Presumptive and confirmatory tests,
which are specific for different body fluids, can still result in false-positives (an-
other substance is misidentified as a particular body fluid). Moreover, most of these
tests are destructive to the sample due to the reagents used to initiate the reaction.

Laser based spectroscopic techniques, including Raman spectroscopy, have
been promising for applications in forensic examinations [13]. The application of
Raman spectroscopy for analysis of body fluids was widely studied by the Lednev
research group. Their first publication in 2008, explained the potential of this ap-
proach [14]. The Raman spectroscopic signatures of the main body fluids, semen,
blood, saliva, sweat, and vaginal fluid, were explored using Raman spectroscopic
mapping combined with statistical analysis [15–19]. Blood traces were one of the
main focuses in analysis of body fluids. Raman spectroscopy combined with che-
mometrics was successful in the discrimination of menstrual blood from peripheral
blood [20]. Moreover, the identification of species from a bloodstain was also
achieved using this technique [21]. Body fluids found at crime scenes are very often
deposited on different materials. Therefore, the study of blood deposited on various
substrates was performed [22]. Additionally, the effect of laser power on a blood-
stain was studied [23]. The Lednev group also published review articles [3, 4] show-
ing the development of vibrational spectroscopy for forensic purposes, including
body fluids. Since the aforementioned review articles published by Muro et al. and
Doty et al., new studies have proven the potential of Raman microspectroscopy for
body fluids examination.

A new approach for discriminating between different body fluids was proposed
by Muro et al. [9]. The identification of biological stains was achieved using chemo-
metrics to build classification models. The study included the discrimination between
the following human body fluids: peripheral blood, saliva, semen, sweat, and vaginal
fluid. Different modeling techniques were applied, and the best performance was
achieved using SVM-DAwhich showed 100% accuracy for external validation using
new samples. Semen and blood specifically were studied by Zou et al. [24] using
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infrared and Raman spectroscopy. In their study, these techniques showed nonde-
structive, confirmatory identification of the two body fluids. Feine et al. [25], com-
bined the prostate specific antigen (PSA) test and micro-Raman spectroscopy in order
to detect semen. The PSA test alone is not confirmatory since it can give false positive
results. Urine is one of the substances that can give a false positive with the PSA test.
In this study, Raman spectroscopy was found to be suitable for nondestructive differ-
entiation between semen and urine.

Blood was studied not only for forensic purposes, but also for medically-related
applications. Recently, Atkins et al. [26] published a review article on Raman spectro-
scopic analysis of blood and its components. During the forensic blood testing proce-
dures, species identification may be one of the steps performed [12]. However,
currently used assays species identification are destructive to the sample. Therefore,
a method which could preserve the sample is ideal. Bai et al. [27] reported on a study
which used Raman spectroscopy with modeling to differentiate between human and
nonhuman blood and showed great accuracy for discrimination.

Besides identification of the origin of a biological stain, the TSD is another impor-
tant aspect for forensic analyses. Doty et al. studied the TSD of a bloodstain for stains
up to one week [10], and even up to two years [11]. To use Raman spectroscopy to
study a bloodstain up to one week after deposition, researchers used two-dimen-
sional correlation spectroscopy (2D CoS) and statistical modeling (Figure 9.1) [10].
The 2D CoS and PLSR modeling allowed for analysis of kinetics effects of the blood-
stain aging and prediction of the time since the stains’ deposition. In the second
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Figure 9.1: (a) The averaged raw spectra at increasing time points that show the change in
fluorescence and (b) the trend of the intensity of the peak at 400.5 cm−1 for all raw spectra over
time in the exponential fit trend line. Reprinted from Doty KC, McLaughlin G, Lednev IK. A Raman
“Spectroscopic clock” for bloodstain age determination: the first week after deposition, Analytical
and Bioanalytical Chemistry 408 (2016) 3993–4001. (ref. no.10) Copyright 2016 with permission
from Springer.
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study [11], two different regression models were used, PLSR and principal component
regression (PCR). Raman spectra of bloodstains were also tested with the developed
methodology for body fluid identification [9] in order to estimate whether the spectra
of aged blood are still predicted as peripheral blood in the model containing main
body fluids (i. e., blood, saliva, semen, sweat, and vaginal fluid). It was shown that
all spectra of blood aged up to 1 month were identified as blood and not another
body fluid.

One of the problems associated with crime scenes is that the sample size can be
limited. Therefore, the ideal method for analysis and characterization of body fluids
found at a scene should be sensitive and nondestructive to the sample. Muro and
Lednev [28] studied the limit of detection of Raman spectroscopy using blood sam-
ples. They found that a single red blood cell is enough for the sample to be classi-
fied as peripheral blood based on its Raman spectrum. For comparison, 50 pg of
DNA are required to obtain a DNA profile, which corresponds to around 1250 pL of
blood. Using Raman spectroscopy the detection of the bloodstain was possible with
only 250 fL.

Furthermore, Raman spectroscopy was used to obtain information about fluid
donors based on traces of different body fluids. In two different studies blood sam-
ples were used to differentiate between human sexes [29] and races [8]. Since the
variations in blood samples between different donors come only from the quantita-
tive, and not qualitative, changes in their composition, advanced statistical analysis
was a necessary step. Sikirzhytskaya et al. [29] used SVM and artificial neuron net-
work (ANN) methods in order to achieve discrimination between the sexes of
human donors. The best findings were achieved using a combination of genetic al-
gorithm (GA) with an ANN classification, resulting in approximately 98% accuracy
at the bloodstain level. The study on race differentiation performed by Mistek et al.
[8] focused on discrimination between Caucasian and African American blood do-
nors. They built SVM-DA models which were evaluated using receiver operating
characteristic (ROC) with area under the curve (AUC) analysis. Using this method
researches obtained results of 83% probability of proper classification of an indi-
vidual donor based on outer loop subject-wise cross-validation.

The same research group utilized Raman microspectroscopy to obtain details
about individuals using body fluids other than blood. Saliva samples were used to
determine the sex of human donors [30], and semen samples were used to deter-
mine the donors race [31]. A SVM-DA model and ROC curve were used to classify
saliva by sex, resulting in 94% accuracy for calibration donors and 92% accuracy
using external donors [30]. In the study on race differentiation from semen samples
[31], GA was used to select variables showing the largest differences between
Caucasian and African American donors. Based on SVM-DA and ROC curve, the ap-
proach showed 100% correct classification to the proper race at the donor level; all
donors were predicted correctly (18 donors from calibration and 7 donors from ex-
ternal validation).
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9.4 Controlled substances

One of the foremost problems facing society today is worldwide drug abuse, which
is correlated to an increase in drug-related health problems [32]. The United States
Drug Enforcement Administration typically separates drugs into the following cate-
gories: depressants (e. g. barbiturates, benzodiazepines), designer drugs (e. g. bath
salts, cathinones, spice), hallucinogens (e. g. ketamine, psilocybin/mushrooms,
peyote/mescaline), inhalants (marijuana/cannabis), narcotics (e. g. heroin, metha-
done, oxycodone, fentanyl), steroids, and stimulants (e. g. amphetamine, metham-
phetamine, cocaine) [33]. Not all drugs that are abused are illegal. Prescription
drugs such as benzodiazepines (alprazolam/Xanax®, clonazepam/Klonopin®, di-
azepam/Valium®) and prescription opioids (morphine, oxycodone/OxyContin®)
are commonly sold and abused [33]. The increased in “legal highs” (legal substan-
ces that produce effects similar to those produced by illicit drugs) is also a growing
concern [34].

Drugs are often mixed with other substances (adulterants) to both increase a
drug dealer’s profits and hide the actual drug from law enforcement agencies [35].
Since many of these unknown additives and fillers can be hazardous and, in some
cases, potentially lethal, quick and accurate identification of the components of an
unknown drug sample is crucial [35]. Identification of the active agent usually
starts with preliminary color tests that can help sort the substance into the differ-
ent classes mentioned previously [36]. Thin layer chromatography (TLC) is also a
common method for screening samples before confirmatory analysis. Confirmatory
analysis is usually carried out using a variety of analytical chemistry techniques
such as gas chromatography coupled with mass spectrometry (GC-MS), high per-
formance liquid chromatography (HPLC), capillary electrophoresis (CE) and infra-
red spectrometry (IR)[36].

Rebiere et al. analyzed eight samples of anabolic tablets using Raman micros-
copy in conjunction with near-IR spectroscopy [37]. Anabolic tablets are frequently
and illegally used by athletes due to the drugs’ performance-enhancing properties.
In analyzing various samples of these drugs, the authors found that several of the
samples contained steroids, as well as lactose, sucrose, starch, and talc. Research
groups such as Jones et al. and Elie et al. found that Raman microscopy could also
be used to identify psychoactive drugs when combined with other tests and instru-
mentation [38, 39]. Jones et al. was able to correctly identify psychoactive drugs
when using Raman microscopy combined with IR spectroscopy [38]. Once these re-
searchers extended the spectral libraries of these instruments, they were able to
identify 76% of the 221 psychoactive substances they analyzed in their study. The
combination of Raman microscopy and microcrystalline tests allowed Elie et al. to
identify two novel psychoactive substances—5,6-methylenedioxy-2-aminoindane
(MDAI) and 4-methylmethcathinone (mephedrone)—despite the presence of other
cutting agents and species [39].
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9.4.1 Counterfeit pharmaceuticals

Counterfeit pharmaceuticals represent an increasing risk to public health. Contributing
factors to the surge of counterfeit pharmaceuticals include increasing internet sales,
counterfeiting sophistication and demand for treatments [40, 41]. Counterfeits may
take several forms including deceptive, adulterated, mislabeled and substandard med-
icines. Deceptive or fraudulent products often possess no active pharmaceutical ingre-
dient (API), the wrong API or the wrong amount of the API. Substandard and
adulterated medicines are often not subjected to the correct quality control, may be
mislabeled, and/or contain toxic impurities.

For investigators, key analytical markers must be identified to determine if a
sample is a counterfeit. Identifying and quantitating the API is an important step
for detecting counterfeit pharmaceuticals. Historically, rapid and inexpensive tech-
niques such as TLC have been used for counterfeit detection. Modern kits, such as
the TLC “mini-lab”, are very useful for quick on-site analysis [42]. Although TLC is a
rapid screening method, it is nonspecific and requires further analysis for confor-
mation. Chromatographic methods, such as HPLC, are used for quantitative API de-
terminations. HPLC offers high sensitivity but unfortunately requires time
consuming sample preparation, analysis time, and method development. Raman
micro-spectroscopy possesses inherent selectivity and rapid analysis capabilities
with minimal sample preparation, which offers improvements over current methods
for counterfeit detection. Unfortunately, Raman spectroscopy for counterfeit detec-
tion has historically suffered from interferences form inactive ingredients (exci-
pients) which can mask signal from the informative API. Detecting these excipients
is not an indication that the sample is a genuine pharmaceutical, as counterfeits
often have the same inactive ingredient matrixes as genuine pharmaceuticals.
Raman spectroscopic analysis also has had trouble with sensitivity, especially with
low API dosage forms. Reviews by Aboul-Enein et al. and Muro et al. described pre-
vious research utilizing Raman spectroscopy and portable Raman spectroscopy for
anti-counterfeiting [4, 43]. In this review, advances in Raman micro-spectroscopy
for the analysis of counterfeit pharmaceuticals are emphasized.

Loethen and co-workers targeted counterfeit identification through the use of
Raman spectroscopic data and a spectral correlation (SC) multivariate analysis ap-
proach [44]. Reference spectra collected from the isolated API of different formula-
tions were compared to Raman spectra from finished drug products and simulated
counterfeits. It was found that optimizing the spectral range to not select regions
with peaks from the excipients, dyes and coatings were found to improve the spec-
tral correlation between the API library and the Raman spectra from the samples,
maximizing true positive assignments. The technique was able to correctly identify
five counterfeit samples which were void of the API.

Packaging of genuine and counterfeit pharmaceuticals was compared with 2D
CoS for the drug product Cialis® [45]. Counterfeit Cialis® was obtained from the
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internet and the packaging between the genuine and fake samples were compared.
The approach was capable of identifying differences in the chemical composition of
the packaging even within white colored regions which appeared similar to the
naked eye. The confocal Raman spectroscopic approach combined with the 2D CoS
analysis was found to be capable of providing a visual map of the spectroscopic
space and visually illustrating different chemical components.

9.4.2 Toxicology

Toxicology in this instance refers to identification of a substance once it has already
been consumed, and therefore the sample type is usually a body fluid containing
the controlled substance or its metabolites [46]. Because of the sample matrix,
screening methods vary from traditional controlled substance methods. Following
collection, a sample is analyzed using presumptive tests, such as enzymatic immu-
noassays, to determine if drugs are present in the sample [47]. If presumptive tests
give results that suggest the presence of one or several drugs, the sample is then
analyzed using confirmatory tests [47]. Confirmatory testing typically involves the
use of a combination of analytical methods such as HPLC, GC-MS, IR, UV spectro-
photometry, and X-ray diffraction [35, 47, 48]. While these techniques are incredibly
useful for detecting drugs, they are problematic in that they are expensive and
time-consuming; furthermore, these techniques typically involve destruction of the
sample and the use of dangerous solvents [35, 48].

D’Elia et al. used Raman spectroscopy with a 532 nm excitation to analyze both
street cocaine samples and samples of nasal fluid spiked with cocaine [49]. Using
this method, the researchers were able to detect cocaine in nasal fluid down to a
concentration of approximately 200 µg, regardless of whether the nasal fluid sam-
ples were fresh and wet or old and dry (Figure 9.2). The authors noted that even
though an extraction is necessary prior to sample analysis, Raman microscopy is
invaluable in the field of drug detection.

9.5 Explosives and gunshot residue

Explosives evidence is different from other types of trace evidence in that it has the
potential to cause direct physical harm [50]. The fact that explosive compounds can
decompose swiftly drives their destructive power [51]. Homeland security groups
and law enforcement agencies respectively concern themselves with pre and post
blast inquiries [51]. Explosives can be classified a number of different ways [50].

Forensic laboratories utilize a number of analysis methods to detect explosive
compounds; these include chromatography, mass spectrometry, Infrared spectros-
copy, and HPLC [50]. Several factors present Raman spectroscopy as a viable
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technique for explosives analysis, but most notably, Raman spectroscopy is a porta-
ble technique and is nondestructive [51, 52].

9.5.1 Explosives

In 2016, three papers were released regarding the application of Raman spectroscopic
techniques for the investigation of IEDS [52]. IEDS or Improvised Explosive Devices are
homemade devices created for the purpose of causing destruction and have gained rel-
evance in current times due to their association with acts of terrorism [52]. A common
IED, erythritol tetranitrate, can be made from low calorie sweetener. Matyáš and coau-
thors found through investigation of this compound that the Raman spectrum con-
tained peaks stemming from NO2 symmetrical stretching and N-O stretching [53].
Zapata and coauthors published two manuscripts involving the analysis of explosives
using Raman spectroscopy. One of these manuscripts investigated the analysis of trace
compounds stemming from IEDS found in handprints (Figure 9.3)[52]. Researchers
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Figure 9.2: Spectra of standard cocaine, nasal fluid and swab (SWAB1). All the important bands
have been indicated. The ones circled in the first spectrum correspond to the characteristic bands
of cocaine, the one in the second spectrum corresponds to the possible interfering band of the
nasal fluid with the cocaine. Reprinted from D’Elia V, Montalvo G, Ruiz CG, Analysis of street
cocaine samples in nasal fluid by Raman spectroscopy, Talanta 154 (2016)367–73. (ref. no. 49)
Copyright 2016 with permission from Elsevier.
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achieved this by comparing Raman spectroscopic and liquid chromatography analy-
ses. The substances subjected to analysis included black powder, ammonium nitrate,
dynamite, and smokeless powders. It concluded that Raman spectroscopy was useful
for the detection of black powder, ammonium nitrate, and dynamite. However, it was
not possible to distinguish smokeless powders using Raman spectroscopy. Liquid
chromatography was deemed to provide a complement for the Raman spectroscopic
analyses that were carried out.

In their second manuscript, Zapata et al. investigated particles that formed as the
result of ten open air explosions resulting from ten distinct explosive compounds
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Figure 9.3: Dynamite and ammonium nitrate identification in handprints. Spectral comparisoin of
(a) standard dynamite, three different handprints from donors after handling dynamite and the
substrate and (b) standard ammonium nitrate, handprints from three donors after handling
ammonium nitrate and the substrate. Reprinted from Zapata F, Fernández De La Ossa Á, Gilchrist E,
Barron L, García-Ruiz C. Progressing the analysis of Improvised Explosive Devices: Comparative
study for trace detection of explosive residues in handprints by Raman spectroscopy and liquid
chromatography, Talanta 161 (2016), 219–27. (ref. no.52) Copyright 2016 with permission from
Elsevier.
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using Raman spectroscopy [54]. The explosive compounds that were selected are all
common in IEDS and included: black powder, trinitrotoluene (TNT), dynamite, am-
monal, hexamethylene triperoxide diamine (HMTD), chloratite, RDX, pentaerythritol
tetranitrate (PETN), ammonium nitrate fuel oil (ANFO), and triacetone triperoxide
(TATP). The Zapata group was not able to detect particles that had not reacted post
blast when examining pure compounds. The researchers were successful in identify-
ing all postblast particles resulting from mixtures that were based upon oxidizing
salts. The group also reported on the ability of their analysis to discriminate between
potassium nitrate and ammonium nitrate without any preparation of the samples.
This was considered to be rather notable as other types of analysis require sample
preparation involving the dissociation of these salts.

The analysis of explosives using Raman spectroscopy is very relevant because
of the impact explosives have on public safety and the role they play in current
events. Explosives are varied in composition and presentation and Raman spectros-
copy has presented itself as viable tool to meet the challenges of explosives
analysis.

9.5.2 Gunshot residue

Gunshot residue (GSR) is comprised of tiny particles that are produced when a fire-
arm is discharged [55]. There are two types of GSR, inorganic and organic GSR,
which can be differentiated based on size and chemical composition [56]. Typical
GSR analysis is dependent upon the detection of the three elements Pb, Sr, and Ba
with scanning electron microscopy coupled with energy dispersive x-ray spectros-
copy (SEM- EDX) [56, 57]. With the advent of new eco-friendly cartridges that lack
lead, SEM- EDX cannot be so deeply replied upon [56].

The Lednev research lab, made some important progress investigating using
Raman spectroscopy to analyze GSR [55]. In a series of papers published from
2012 to 2014, several important studies occurred. Bueno et al. investigated the re-
lationship between ammunition caliber, manufacturer, and GSR using Raman
spectroscopy (Figure 9.4) [55], as well as using FT-IR analysis to improve GSR dis-
crimination [57]. Lastly, a method was published on using Raman spectroscopic
mapping for GSR particles on tape [56].

The López-López research group published a notable paper on the application
of Raman spectroscopy for the analysis of GSR. In 2015, López-López and coau-
thors used Raman spectroscopy to perform fast mapping of GSR particles on vari-
ous substrates [58]. The overall goal was to create a method to quickly analyze
GSR particles. The GSR from different cartridges was analyzed with an excitation
wavelength of 455 nm on a variety of different substrates, and it was concluded
that Raman spectroscopy has the potential to be used for GSR mapping on various
substrates.
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9.6 Questioned documents

The examination of questioned documents requires analysis to provide information
about the writer’s handwriting and signature, as well as information about the ink
and paper the document was written on. This can include the origin, history, and
dating of a document as well as any changes made (e.g., alterations, deletions, and
additions to documents) [59]. When looking at the writer’s handwriting, document
examiners look for both class and individual characteristics [60]. Class characteris-
tics refer to the style, since different styles of writing are taught in different coun-
tries and regions. Styles can also change with time. Unusual characteristics of
handwriting are another type of feature that can often be useful. However, these
attributes are not enough to individualize handwriting. Furthermore, determining
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Figure 9.4: (a) The selected Raman spectra collected from 9mm (red line) and 0.38 (green line)
caliber GSR of different caliber GSR particles. Shaded areas indicate the contributions of the
inorganic (purple) and organic (green) substituent’s from the original ammunition. (b) Illustration
of the heterogeneity of the GSR as the particle level. The red and blue spectra were collected from
different locations on the same GSR particle. Reprinted from Bueno J, Sikirzhytski V, Lednev IK,
Raman Spectroscopic Analysis of Gunshot Residue Offering Great Potential for Caliber
Differentiation, Analytical Chemistry 84 (2012) 4334–9. (ref. no.55) Copyright 2012 with permission
from the American Chemical Society.
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when a document was written is still an ongoing problem [61]. One of the ways to
attempt this is the analysis of office tools and technologies used on the document
in question and determining their dates of invention. Moreover, features that may
appear to be from a typewriter and/or photocopier can be analyzed, as well as sup-
plies used in the production of the paper/inks. Aging of paper/ink can be also used
during examination of questioned documents. Analytical techniques that are com-
monly used in the examination of ink and paper include chemical, optical, spectro-
scopic, and chromatographic methods [62].

Questioned documents are one type of evidence that can be found at a crime
scene. New research is still being performed to find better and more reliable meth-
ods for the examination of questioned documents [4, 63, 64]. Different techniques
applied in analysis of questioned documents were reviewed by Calcerrada and
García-Ruiz [63]. They covered publications between 2000 and 2014 and noticed in-
creasing attention to spectroscopic techniques over separation techniques.
Moreover, almost 50% of studies utilizing spectroscopic techniques have employed
analytical mass spectrometry. The remaining papers were based on techniques like
infrared, Raman or UV–vis spectroscopy. For more information on Raman spectros-
copy and document examination, the reader is referred to the following reviews.
Muro et al. [4] reviewed the application of vibrational spectroscopy for analyzing
different types of forensic evidences. Concentration on Raman spectroscopy for
analysis of pigments and dyes in ink and paint was reported by Buzzini and Suzuki
[64]. Since the previous reviews, new studies have already been performed and
published showing potential of Raman microspectroscopy for the analysis of ques-
tioned documents.

Ink analysis is one of the most widely studied aspects of document examination
for forensic purposes. The interest was shown in previous years, as can be seen in
the aforementioned articles, and continues today. Different analytical techniques,
including Raman spectroscopy, were performed on pen ink by Nunkoo et al. [65].
However, some inks exhibited fluorescence, making it impossible to collect Raman
spectra. The nondestructive nature of Raman spectroscopy was pointed out by Lee
et al. [66]. They found Raman spectroscopy to be a rapid and practical tool for ink
analysis. In their study, Raman spectroscopy was utilized to discriminate blue and
black ballpoint pen inks. The classification was based on the total number of promi-
nent bands in Raman spectra of inks. Overall, 94% and 95% of samples were suc-
cessfully classified as blue and black inks, respectively.

Raman spectroscopy was combined with chemometrics by Mohamad Asri et al.
[7, 67]. A PCA model improved the classification performance of different groups of
red and blue ballpoint pen inks [7]. In their other study [67], Pearson’s product mo-
ment correlation (PPMC) coefficients and PCA were utilized to examine Raman and
infrared spectra of red gel pen inks. Another chemometric approach, multivariate
curve resolution-alternating least squares (MCR-ALS), was used by Borba et al. [68].
In their study MCR-ALS was applied to study cross lines and obliteration cases
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using confocal Raman spectroscopic imaging. The investigation of falsified docu-
ments was also studied by Huynh et al. [69]. They combined different techniques,
including Raman spectroscopy, with direct analyte-probed nanoextraction
(DAPNe). Raman spectroscopy was used to detect chemically-active components of
ink, and showed a lot of advantages since it is nondestructive and does not require
sample preparation. However, the combination of DAPNe with Raman spectroscopy
was not able to distinguish altered parts of writing when the same pen was used.

Besides pen ink analysis, printing inks were recently examined by Johnson et al.
[70] using Raman microspectroscopy. Two different excitation wavelengths were
used, 532 and 785 nm, and the 785 nm laser was found to be more suitable for appli-
cation in printing ink analysis. Moreover, Chen et al. [71] utilized confocal Raman
spectroscopy for discrimination of inks used to create seals on documents. The
method allowed for detection of some pigments present in the seal ink samples.

In addition to the analysis of different types of inks, Raman spectroscopy was
found suitable for paper analysis as well [72, 73]. Alves et al. [72] performed a study
on Japanese, paperboard, filter, filiset, and siliconed papers. Cotton and wood
standards were used in order to compare the Raman signal and evaluate the struc-
tural properties of cellulosic materials. The ageing and degradation process of
paper were studied by Zięba-Palus et al. [73] using Raman and infrared spectros-
copy. When the two techniques were compared, infrared spectroscopy provides
greater sensitivity and is free from fluorescence effect.

9.7 Trace analysis

Trace or transfer evidence covers easily transferable materials that do not fit into
other evidence categories, such as glass, soil, hair, paint, dust, pollen, and fibers
[74]. Paint, hair, and fibers are some of the most common types of trace evidence
and are the types discussed here. Since all of these materials greatly differ in com-
position, analysis methods differ as well. However, analysis of all of these materials
starts with microscopy. This type of evidence is often used to associate different
parts of a crime, such as the perpetrator with the victim, or a body with a car used
to carry it to a dump site [74].

9.7.1 Paint

The definition for paint is wide-ranging and can be used to describe any material
whose purpose is to cover a variety of surfaces for protection or decoration [75]. The
three major components of paint are the binder, pigment, and solvent. The solvent,
which evaporates during the drying process, is not used in forensic identification.
Forensic identification is, therefore, mostly focused on the identity of the pigment,
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binder, and other additives [76]. Visual examination using a microscope to determine
the number, order, and color of layers contained in the paint sample is the first and
most important part of forensic paint analysis [76]. Information about the binder is
usually found using Fourier transform infrared spectroscopy (FT-IR) and pyrolysis
gas chromatography (GC), while Raman spectroscopy has been more commonly used
in recent years to identify pigments [76, 77]. For this review, the two major subsets of
forensic paint analysis that will be covered are automotive and artistic paints. Artistic
paint samples are used in forgery identification, while automotive paints are used
mostly in automobile accidents and hit and runs [64]. For more information on foren-
sic paint analysis, the reader is referred to Forensic Examination of Glass and Paint:
Analysis and Interpretation [78].

9.7.1.1 Automotive
Ferreira et al. [79] studied the optimum conditions for performing Raman spectros-
copy of automotive paint samples. Thirty-six paint samples from different manufac-
turers and in a variety of colors were studied. These samples were used to evaluate
10 different parameters, including laser power, excitation wavelength, microscope
objective, and sample preparation. Experimentation showed that a 785 nm excita-
tion worked best with a 50× objective and a high laser power. Interestingly, they
found that spectra taken from paint coated over plastic had more peaks than spec-
tra taken from paint on metal. Additionally, they found that taking spectra from the
top of the paint chip, and not from a cross section, increased reproducibility of the
spectra.

Chen et al. [80] investigated an 11 layer paint chip using a variety of techniques,
including Raman spectroscopy. Raman spectroscopy, with an excitation wave-
length of 785 nm, was used to identify the different pigments and additives that
made up the various layers. High fluorescence of some layers prevented them from
being identified with Raman spectroscopy. The pigments phthalocyanine blue and
iron (III) oxide, as well as the additives talc and dolomite, were identified with
Raman spectroscopy. All 11 layers were able to be characterized when the other
techniques were used in conjunction with Raman spectroscopy.

Lv et al. combined information from both Raman spectroscopy and IR in two
published studies. In the first study [81], IR was used to discriminate resin types,
while Raman spectroscopy was used to discriminate similar colors of paint. Three
green paint chips, two red paint chips, two orange paint chips, and two blue paint
chips were analyzed with a Raman microscope using a 785 nm laser. All groups of
paint chips could be differentiated when both IR and Raman spectroscopy were used.
The second study [82] used Raman spectroscopy to identify the presence of lead chro-
mate in Chinese car paint. Lead chromate is of particular interest because it has been
banned in the USA for use in paint due to environmental reasons, but is still used in
China. Of the 52 car paint samples analyzed, 12 of them contained lead chromate. It is
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interesting to note that Raman spectroscopy was also able to differentiate two differ-
ent types of titanium dioxide present in the paint. Raman spectroscopy was able to
improve discrimination power for all paint samples.

Martyna et al. [83] and Michalska et al. [84] used Raman spectroscopy and che-
mometrics to help distinguish blue car paints. Martyna et al. used wavelet transfor-
mations and models based on likelihood ratios to differentiate 25 solid and 30
metallic blue car paints with a 785 nm laser. Wavelet transformation was used for
baseline correction and was able to preserve the chemical information in the spec-
tra. After the transformation, univariate and multivariate models were made for
both solid and metallic paints. It was found that multivariate models were able to
distinguish the paint samples better than univariate models. Michalska et al. used a
similar method and model type but were able to decrease the amount of variables
used while still preserving the discrimination power.

Zieba-Palus et al. [85] improved the resulting spectra of blue car paint using
photo bleaching. Twenty blue cars samples, both solid and metallic, were used. Prior
to photo bleaching, peaks were evident in only 3 out of the 20 samples. A variety of
different bleaching times and laser powers were tested on both types of car paints.
Solid paint samples showed the best improvement with 10% laser power while me-
tallic samples worked the best with 50% to 100% laser power. Fluorescence was
eliminated in 17 out of the 20 samples after photo bleaching was applied.

9.7.1.2 Art
Raman spectroscopy, as shown above, is helpful in pigment identification in car
paints. This usefulness can also be extended to artistically relevant pigment identi-
fication. This information is used for art restoration purposes and to target forgeries
of famous artwork. Specifically for forgeries, Raman spectroscopy is useful in iden-
tifying anachronistic pigments and identifying an artist’s pigment profile. For a
Raman spectroscopy review of general artistic supplies, the reader is referred to
Centeno et al. [86], Slogget et al. [87] and Yu et al. [88] for reviews of art forensics
before 2015.

Several studies aiming to authenticate specific pieces of art have been conducted.
A Chagall painting was sampled with Raman spectroscopy by Chaplin et al. [89].
Fifteen spots on the painting, titled Nude Woman Reclining, were sampled with
Raman spectroscopy at 632.8 nm. The analysis was able to identify seven pigments;
of note were both phthalocyanine blue and phthalocyanine green. The painting had
a suspected year of execution of 1910, but the two pigments in question were not de-
veloped until 1935. It was also shown that even after 1935, Chagall did not use phtha-
locyanine pigments on his paintings. The authors were able to conclude that the
painting was not painted in 1910. A different painting called Malatesta, suspected to
be painted in the Renaissance era, was investigated by Edwards et al. [90]. They used
Raman spectroscopy to examine nine paint samples with two different wavelengths,
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785 and 532 nm. The majority of pigments were found to correlate with pigments
used during the Renaissance. However, chrome yellow, which was not developed
until 1809, was also found in small areas of the painting, leading the authors to sup-
pose it had been touched up in later years. Hibberts et al. [91] used a similar method
to investigate a Renaissance painting in the Noli Me Tangere family. After investiga-
tion of 30 paint chips with Raman spectroscopy at 785 nm, all pigments were found
to be consistent with the Renaissance time period (Figure 9.5).

De Faria et al. [92] used Raman spectroscopy at different wavelengths and other
techniques to differentiate between two dyes called Indian yellow and tartrazine.
Indian yellow is a historically relevant dye that has been used since the 1400’s, but
tartrazine is a synthetic yellow dye that was not produced until the 1800’s. Fourier
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Figure 9.5: Mounted sample illustrating specimen stratigraphy, a flesh-pink sample; from the top,
the degraded surface varnish, the white ground containing particles of red pigment, the subsurface
orange resin and the underlying canvas can be clearly seen. Also shown here are the Raman
spectra from the red and white areas, analyzing as cinnabar and lead white, respectively.
Reprinted from Hibberts, S., H. G. M. Edwards, et al. Raman spectroscopic analysis of a “noli me
tangere” painting, Philosophical Transactions of the Royal Society A: Mathematical, Physical and
Engineering Sciences 374, 2082 (2016) (ref. no. 91) Copyright 2016 with permission from The Royal
Society.
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transform Raman spectroscopy was able to distinguish between the dyes only at
1064 nm because of fluorescent interference. A literature search revealed all previ-
ous identification of pigments as Indian yellow were incorrect and were actually
tartrazine.

Pozzi et al. [93] investigated binary mixtures of red lake pigments using SERS.
They found that certain red lake pigments are preferentially detected with SERS at
632.8 nm, even at lower concentrations. They also found little correlation between
concentration and intensity of dyes in a mixture.

9.7.1.3 Other types of paint
Other types of paint, such as spray paint and house paint, while not as common,
can be useful for forensic analysis. Lambert et al. [94] used several techniques com-
bined with chemometrics to discriminate different house paints. Raman and IR
spectra were taken of 34 red house paints and common component and specific
weight analysis (CCSWA) was applied. With Raman data alone, the paints could
only be separated into 7 groups but when IR and Raman spectroscopy were com-
bined, 33 groups were able to be distinguished.

Spray paint ageing was investigated by Jost et al. [95] using both Raman and IR
spectroscopy. Six different spray paints on glass slides were subjected to three dif-
ferent environments – an artificial climate chamber, the outdoors, and a dark room,
which was used as a control. The Raman spectra did not change much over time
because the Raman spectra is dominated by the signal from the pigments. The IR
spectra, however, did show many changes over time due to oxidation.

Germinario et al. [96] used a variety of techniques and wavelengths to investi-
gate spray paints. Raman spectroscopy was used specifically to identify pigments,
with IR and pyrolysis GC added for binder identification. The Raman spectroscopic
excitation wavelength utilized was varied according to color of paint, with 532 nm
used for white, 638 nm used for red, yellow, brown, and black and 785 nm used for
green and blue. When all the techniques were combined, the pigment and binders
of all 45 paints were identified.

9.7.2 Fibers

A wide range of fibers and textiles are included in forensic fiber analysis, including
natural fibers from both plant and animal sources, as well as semi-synthetic, and
fully synthetic fibers. These fibers are then made into a wide range of products such
as rope, automotive upholstery, rugs, and clothing [97]. Fiber analysis starts with
the identification of the fiber type as either natural or manmade, using light or po-
larized light microscopy. A variety of techniques including FT-IR, Raman spectros-
copy, TLC, microspectrophotometry, and HPLC are then used to identify the dye
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used [98]. Fiber evidence is at its most useful when there is a pool of knowns that
are compared to the unknown in an effort to find a possible match. For a much
more in-depth look into forensic fiber identification the reader is referred to
Forensic Examination of Fibres [99] and a pre–2015 review by Meleiro et al. [100] on
forensic analysis of textiles and fibers.

Bianchi et al. [101] studied the aging of fibers using Raman spectroscopy and
statistical analysis. Cotton, polyester, and polyamide fibers underwent cycles of
washes and UV light exposure to simulate ageing. New samples were washed only
once while used and old samples were washed once, exposed to UV radiation, and
then washed either an additional 6 times for used samples or 12 times for old. Both
PCA and linear discriminant analysis (LDA) were used in an attempt to differentiate
between the same type of fiber colored with different dyes, as well as differently
aged samples of the same fiber. LDA models worked well for differentiating the
same fibers with different dyes and the same fibers of different ages. Kavkler et al.
[102] also investigated ageing, but focused specifically on bacterial induced ageing.
Six different species of bacteria, isolated from old textiles, were used to inoculate
cotton. After investigation with Raman spectroscopy at an excitation of 785 nm, cer-
tain species were found to cause structural changes to the cotton, including hydro-
lysis and depolymerisation.

Buzzini et al. [103] investigated the usefulness of various fiber analysis methods
when compared to Raman spectroscopic analysis. A total of 180 blue, black, and red
fibers of acrylic, cotton, and wool samples were used. Raman spectroscopic analysis
was performed at 514.5, 632.8, 785, and 830 nm along with light microscopy, FT-IR,
UV-vis microspectroscopy, and thin-layer chromatography. Discrimination power of
all techniques and wavelengths individually and combined was analyzed. Raman
spectroscopy by itself did not give satisfactory discrimination and for the best dis-
crimination between fibers, multiple techniques were needed.

Was-Gubala et al. [104] investigated dye identification in low dye concentration
mixtures using Raman and UV-vis microspectroscopy. Dye weight percentages
ranged between 0.019% and 3% in both cotton and polyester samples. Excitation
wavelengths of 785 nm or 514 nm were preferential over excitation at 633 nm.
Binary and tertiary mixtures were especially complicated, due to domination of the
spectra by the dye with the highest concentration. Only one dye could be seen in 61
% of tertiary dyed cotton fibers, 56% of binary dyed cotton fibers, and 100% of
polyester fibers.

9.7.3 Hair

Hair is mostly made of protein and grows out of the skin of most mammals [105].
Head hair and pubic hair are the most forensically relevant types of hair, although
hair can be found all over the body [106]. Forensic hair analysis uses different
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microscopy techniques at a variety of magnifications to observe visual characteris-
tics of an unknown hair [107]. These characteristics are then compared to known
samples. Pyrolysis GC, GC-MS, HPLC, trace element analysis, and DNA analysis can
also be used on hair evidence; however, these techniques are usually used to inves-
tigate possible drug use by the donor or to identify different types of hair treatments
[108]. There are two ways that hair can be transferred: directly and indirectly. Direct
transfer is from a suspect to a victim, while indirect transfer is from a suspect to
another object and then to a victim [109]. Because hair is so easily transferred, hair
evidence can help provide associations, but cannot definitively identify an individ-
ual suspect [76]. More in-depth information concerning forensic hair investigation
can be found in the text Forensic Examination of Hair [110]. A compendium of infor-
mation regarding forensic hair investigation prior to 2015 can also be found in the
work of Doty et al. [3].

The use of Raman spectroscopy is not common in forensic hair analysis, but
because of its high specificity and easy sample preparation, it has great potential to
be incorporated into the investigation. Hair is made primarily of keratin, with kera-
tin associated proteins making up the majority of the interior of the hair. The major-
ity of the physical properties of hair can be attributed to the high sulfur content and
the large number of disulfide bonds present in keratin-associated proteins [111].
Fedorkova et al. [112] studied the formation of thiols in hair after weathering using
Raman spectroscopy. Weathering was mimicked by exposing the hair to UV light.
Gel-chromatography, UV-Vis spectrometry, SEM, light microscopy, and Raman
spectroscopy were used to evaluate the cross sections of unpigmented hairs. UV ra-
diation was found to damage the cuticle and increase the number of thiol groups
found in the shaft of the hair. Raman spectra, in particular, indicated that there was
a transformation of the type of disulfide bounds formed. The disulfide bonds
changed from all gauche-gauche-gauche (ggg) bonds to a mixture of trans-gauche-
gauche (tgg), and trans-gauche-trans (tgt) bonds.

Disulfide bond structure in hair was also examined by Kuzuhara et al. [113]
Raman spectroscopy was used to examine how chemical hair waving, in conjunc-
tion with stress relaxation, effects keratin structure. In a conventional permanent
waving treatment, disulfide bonds are reduced and then oxidized. New permanent
waving techniques have emerged in which a hot or cold relaxation is added be-
tween the reduction and oxidation steps. Small cross sections of virgin white
Chinese human hairs were subjected to different treatments and then interrogated
with Raman spectroscopy at 514.5 nm. They found that the chemical used for reduc-
tion only reacts with the ggg and ggt conformations of said bonds and not with the
tgt conformations. After the reduction, a high temperature relaxation increased the
rate of sulfur bond breakage. A low temperature relaxation, on the other hand, in-
creased the rate of sulfur bond formation. The high temperature relaxation between
the reduction and oxidation damaged the hair significantly, as opposed to the low
temperature relaxation.
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Galvan et al. [114] evaluated different excitation wavelengths on their ability
to distinguish between two different types of melanin using Raman spectroscopy.
The two types of melanin, eumelanins and phemelanins, produce the observable
differences seen in hair color between individuals of a species. Bird feathers,
which are difficult to study non-invasively, were irradiated using wavelengths at
532, 780, and 1064 nm in an attempt to differentiate the two types of melanin.
Only Raman spectroscopy excitation at 780 nm showed differences in the spectra
of eumalamin and phemalanin. Excitation at 532 nm and 1064 nm were too high
and too low in energy, respectively.

Wu et al. [115] used Raman spectroscopy to map high concentrations of squa-
lene in hair. Squalene is a chemical compound in sebum, an oily substance that the
skin produces naturally. Maps were made of microtomed hair cross sections using
785 nm Raman spectroscopy, and results showed squalene throughout the cross
section in small discrete pockets.

9.8 Concluding remarks

Forensic science has become more and more popular in the public mind, and with
this popularity has come a need to strengthen its scientific validity. Raman spec-
troscopy, with its distinct advantages including high specificity and nondestructive
nature, has shown its usefulness for criminal investigations. Forensically relevant
samples are very diverse and can encompass everything from paint chips to blood
to gunshot residue. Raman spectroscopy is able to work with this infinite amount of
sample types and can be as useful dealing with body fluid identification as it is
with questioned documents. With both forensics and Raman spectroscopy on the
rise, it will be interesting to see how their relationship will continue to unfold.
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