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ABSTRACT

Within the frame of gaining a deeper understanding on structure,
chemical composition and properties of cells, tissues and similar sam-
ples, relevant from a bio-medicinal perspective, many chemical and
physical methods have been developed and applied in recent years.
However, considerable knowledge gap involving distribution, quan-
tity and relationships of target compounds in the sample structure
still persist. Combination of molecular spectroscopy and optical mi-
croscopy has tackled this issue in a non-invasive way; discovery of
surface enhanced Raman scattering remarkably broaden its potential
and allowed an analysis of until that point unthinkable compounds at
ultra-low concentration levels. Following text briefly describes funda-
mental principles of Raman spectroscopy, shows the most interesting
results, achieved by the author within past ten years, and draft its
further ways of research and development.
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In the history of science,
we often find that the study of some natural phenomenon

has been the starting point in the development of a new branch of

knowledge.
C. V. Raman
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PREABMLE

We are witnessing a technological upheaval which represents a strong
incentive for the shaping of modern society. Technical solutions have
been developed that have been unimaginable for the previous gen-
eration and which significantly influence the quality of life. Social
transformation plans are designed as a result of rapid technological
development, which seeks to predict the relationship of new technolo-
gies, in particular, digitization, to the future form of society and tech-
nology to use it profoundly. The skilled observer is able to witness
both, fast and slowly coming changes taken place in many, nearly
all, fields of human industries. This works aims at the development
of methods applicable in biology and medicine, some of them, par-
ticularly in medical diagnosis. The course of events in this field
can be considered as two-directional. One part of the ongoing re-
search targets development of new analytical methodologies able to
analyze even lower concentrations of biomarkers in more complex
samples or to detect newly discovered ones. The other part is aimed
at strategies applicable to a "point of care, (POC)" operational mode.
This movement includes low-cost devices designated for developing
countries, and open public use, and smart devices with additionally
higher selectivity, specificity or simplicity to operate. However, both
research directions have at least one conjunctive motivation, this is to
improve the patients’ lives for an acceptable price. Due to these aims,
analytical techniques, including electrochemistry, mass spectrometry,
chromatography, spectroscopy, and others are undergoing significant
progress. Raman spectroscopy is standing still on the edge of the
real clinical application, even thou a high number of published scien-
tific results, describing its utilization in the analysis of thousands of
biomarkers, cells, pathogens, tissues, has already proved its capabili-
ties. During my work with this unique technique, I have recognized
two factors, which are efficiently blocking its further utilization in
commerce clinical applications, and as a point of care device. First,
the robustness of the developed methods is still under acceptable
limits, and second, the costs of the necessary equipment are high,
compared to other POC techniques. Both issues need to be solved
sufficiently, and they will be, eventually. New nanomaterials with ex-
citing properties in surface enhanced Raman spectroscopy (SERS) are
being developed on an everyday basis, and new CCD detectors and
semiconductor lasers allow to minimize the price down to new lows.
Following text describes a way I have gone through the development
of analytical methods applicable in an analysis of physiologically ac-
tive compounds, cells, and bacteria using Raman spectroscopy.



Part1

THEORY CONCERNING RAMAN
SPECTROSCOPY



INTRODUCTION TO RAMAN SPECTROSCOPY

1.1 HISTORICAL BACKGROUND AND CONSEQUENCES

The genesis of the Raman spectroscopy befallen in the first quarter of
the 20" century, when the scattering of monochromatic light, accom-
panied by a change of frequency was predicted by Adolf Smékal, and
partially observed by Capmton for radiation in the X-Ray spectral
region.[1, 2] However, the real story begins with a scientist named
Raman and his trip through the Mediterranean Sea, where he was
struck by the deep blue opalescence of the seawater.[3] Previously,
Lord Rayleigh had described the blue color of the sky by a scattering
of sunlight by molecules constituting the gaseous atmosphere, and
hypothesized that the color of the sea water is caused by a reflection
of the sky.[4] Later, Raman showed that the deep blue color is caused
by a scattering of light on the molecules of water. This is where his
study of the light scattering begun. While studying the scattering of
light in various liquids in 1923, Ramanathan, one of the Raman’s stu-
dent, observed a new and entirely unexpected phenomenon. When
sunlight, filtered through a violet glass, passed through the liquid,
the scattered rays contained wavelengths not previously present in
the incident light. The experiment was performed with two comple-
mentary filters, and its design provided a clear proof that the scat-
tering transformed the violet light into green. Ramanathan named
the phenomenon "weak fluorescence." The same phenomenon was
later observed also in experiments, where light scattering was stud-
ied in over sixty liquids. Interestingly, Raman’s student Krishnan
observed another important effect. The new radiation was polarized,
in contrast to fluorescence, which is without polarization. Raman and
Krishnan further proceeded with more experiments and discovered
that the new scattered radiation is separated from the rest unmodified
scattered light by a dark space. By this observation, the discovery of
this new effect was complete, and it was later named after Raman.[5]
The line spectrum, corresponding to the newly discovered radiation,
was observed for the first time on the 8" February 1928. Later, after
the discovery, Raman and Krishnan carried out further experiments
and recognized that: I) each compound has a characteristic Raman
spectrum, II) for a given compound the difference in frequency be-
tween Raman lines and the exciting line is constant, III) the new lines
are sharp and usually observed in pairs. The observed range of fre-
quency shifts is in the range from units of cm™ to 3800 cm™, and
frequencies correspond to oscillations of chemically bond atoms of



the observed molecule. It can be stated that the universality of Ra-
man effect, the straightforwardness of the experimental technique,
and simplicity of the resulting spectra mark this effect as a promising
tool for the solution of various problems in many branches of science
and technology. Since 1928, many modifications and improvements
of the experimental design have been proposed and realized. * One
of the most limiting experimental problems of Raman spectroscopy is
the low intensity of inelastic scattering and high intensity of Rayleigh
scattering. This fact has posed many restrictions, and have been a
cause of extensive development in the instrumentation since the be-
ginning to present. Early development was lead in the way of new
radiation sources, including mercury lamp, Toronto arc lamp, and
others, where a breakthrough has been achieved with a discovery
of LASER in 1960. [6] During the 1970s, most Raman instrumen-
tation used Ar*, Kr*, He-Ne, Cadmium or Ruby lasers. Following
the demonstration of FT-Raman spectroscopy in 1968, the use of Nd:
YAG laser operating at 1064 nm has been generalized as a standard
to minimize effects of fluorescence.[7] Progressive development in the
field of optoelectronics led to new semiconductor lasers operating at
various frequencies; even tunable lasers are available nowadays. The
next recognized challenge, worth to investigate, was a difficulty to
measure at short Raman shifts due to a presence of Rayleigh scatter-
ing. This problem has been partially solved by an application of ad-
vanced optical filters, including volume Bragg gratings, edge filters,
etc. These optical systems can decrease the level of Rayleigh scatter-
ing for 100 or more orders of magnitude even at very short Raman
shifts in the units of wave-numbers. Since the discovery of Raman
scattering, many experimental techniques based on this phenomenon,
have been developed. First resonance Raman spectra were reported
in 1953 by Shorigin. [8] Resonance Raman spectroscopy gained on
popularity (since) then, especially among scientists working with bi-
ological samples, where sensitivity and fluorescence present consid-
erable problems. Next to stokes lines, also utilization of anti-stokes
lines was studied and several techniques were developed, with coher-
ent anti stokes Raman spectroscopy (CARS) as a prominent example.
CARS allows acquiring high resolution spectra, not limited by the
used Raman spectrometer, but only by the line width of the laser. In
1966, it was found out that the intensity of Raman spectra does not de-
pend on the sample volume, and it should be essentially constant for
large-volume samples as well as for ultra-small samples.[9] The size
of the sample is thus limited only by a diffraction limit and thus by
an optical path, including number aperture of the objective, and laser
wavelength. Micro-Raman spectrometers then found a stable place

Inelastic scattering was analogically observed in the same time era by two Russian
scientists L. I. Mandelstamov a G. S. Lansbergov and mathematically described by
two Austrian/Czech scientists: Georg Placzek and Adolf Gustav Stephan Smékal.
Georg Placzek was the only Czech scientist working on the project Manhattan.



not only in research laboratories, but also in industry. Its potential
was further extended by an incorporation of confocal optical designs.
However, one of the most critical moment in the history of Raman
spectroscopy was a discovery of surface enhanced Raman scattering
(SERS). It was first observed on pyridine deposited on a rough surface
of the silver electrode by Fleishamn in 1974, and described few years
later. [10] The SERS allows to increase the Raman cross section of
molecules adsorbed on a plasmonic material several orders of magni-
tude. Even a detection of as single molecule, deposited on the surface
of a single silver nanoparticle was described in 1977 be Kneipp.[11]
Numbers of publications, where SERS is applied, exponentially in-
creased since its discovery. Nowadays (February 2019), more than
16 0oo publications can be found on the Web of knowledge. It can
be thus postulated, that Raman spectroscopy has experienced a great
development and explosive penetration into many fields of human
activities since 1928, and its position is still growing.

1.2 BASIC PRINCIPLES

According to the traditional perspective of the life creation, the light
was separated on the first day. Not too late after, our forebearers
gained an appetite for knowledge, which was never lost. The interac-
tion of radiation with a medium results in several processes occurring
with various probabilities. For the most part, transmission or reflec-
tion takes place. However, a small fraction of the incoming radiation
is scattered due to inhomogeneities inside the medium. These can be
divided to elastic (e.g., due to crystal dislocations) or dynamic inelas-
tic, such as atomic vibrations, where a change in the wavelength is ob-
served. Only an extremely small portion of the radiation is scattered
inelastically. Several light scattering effects, providing structural in-
formation are known and understand, and Raman spectroscopy is a
technique based on these effects. Today - in 2019, more than 25 types
of Raman spectroscopies were described and used. The principal
ones include Rayleigh scattering, Raman scattering, hyper-Rayleigh
scattering, hyper-Raman scattering, coherent anti-Stokes Raman scat-
tering, coherent Stokes Raman scattering, and stimulated Raman to
gain or loss spectroscopy. Raman spectroscopy is a powerful spectral
technique based on the evaluation of the inelastically scattered radia-
tion, produced by the interaction of the incident radiation with atomic
vibrations. When a radiation (electromagnetic wave) is applied on a
molecular system, the electron and nuclei respond by moving in op-
posite directions, in a respect to the Coulobm’s law. The weak elec-
tric field induces a dipole moment, which is linearly proportional to
the applied electric field, where the proportionality is labeled as po-
larizability. The intensity of the scattered radiation corresponds to
the square of the magnitude of the oscillating dipole moment. To



simplify the description of basic principles behind Raman scattering,
infinite crystalline medium at finite temperature will be considered
as medium. The normal modes of the vibrations of atoms in the
medium are described by virtual quasiparticles, phonons.[12-14]
The medium displacement x(r,t), where r is a position and t time is a
sum of random motions described by wave vectors q, and frequency
wgq, described by the equation (1).

X(r,t) = ) [X(q,wq)et @ ®at) 4 X*(g,t)e @t (1)
q

Atomic displacements have a considerable influence on the change of
susceptibility tensor X of the irradiated medium. Due to a nature of
the displacements, compared to the lattice parameter, only the first
order Taylor expansion will be considered (please see the equation

(2)):
X =~ Xo+ (X /0X)x=oX(r, 1) (2)

The polarization P at the position r and time t is given by the equation

(3):
P(r,t) = eo X (w1)E;(r, 1) (3)

, where E1(r,t) is the electric field at the position r at the time t. It
is strictly correlated with the excitation radiation, defined by a mo-
mentum k,, and angle frequency w,, described by the equation (4):

EI(I‘, t) = Elei(k] r—wit) =+ E}(ei(h r—wit) (4)

The combination of the four mentioned equations 1-4 leads to an ob-
servation that the polarization of the medium is composed of three
parts: one with a same phase as the incident radiation, and two are
results of the interaction of the incident radiation with a medium sus-
ceptibility. This represents the inelastically scattered radiation, and it
has two terms:

1. one with a wave vector k;-q and frequency ws = w,- wq (Stokes);
2. the other k;+q and frequency was = w;+ wq (anti-Stokes).

The nomenclature is originated from the following postulate. Accord-
ing to a Stokes’ law applicable in fluorescence related processes, the
frequency of fluorescent light must be smaller or equal to that of the
exciting radiation, and anti-Stokes lines are those that contradict it.
This nomenclature has also been adopted for the Raman effect, al-
beit its fundamental differences. Conservation of the wave vector as
well as the frequency must be fulfilled in every scattering process.
However, all scattering processes have in common that, in contrary



to direct absorption processes, the energy of an incident photon does
not have to be equal to the energy of the difference between two dis-
crete energy levels. The intensity of the scattering is considerably
increased, when the energy of the incident photon gets close to the
energy corresponding to a transition of the ground electronic state of
the material system to excited electronic state. When the energy lev-
els are equal, the system is considered as resonant and the intensity
of the scattered light is increased up to ten times, compared to non-
resonant conditions. This phenomenon is labeled as resonant Raman
spectroscopy (RRS). Raman scattering is according to its nature inco-
herent, and as a result the intensity of scattering strictly correlates
with the number of non-interacting molecules. Importantly, Raman
scattering is independent of the bulk structure of the material sys-
tem. The explanation of Raman scattering describes the occurrence
of inelastic scattering in a three event process, show in the figure 1.

Stokes Anti - Stokes
A scattering A scattering
E la> E Ib>
“ V wph | b> A
w; w, Wy w,
a>
Y li> Awg, Y ||i>
k™ k™

Figure 1: Description of the Stokes and anti-Stokes scattering

1. An electron in its initial state |i> is excited by an incoming
photon with an angle frequency w; to an excited state |a>

2. The electron decays to a state |b> after interacting with a phonon
of energy wpp,

3. The electron returns to its initial state by emitting a photon of a
lower energy w,

For anti-Stokes scattering, the initial electronic state of the interacting
system is an excited state. The population of atoms in excited states is
according to a Bolzman’s distribution given by a temperature, where
the population increases correspondingly with the increased values.
The ratio of intensities of bands corresponding to Stokes and anti-
Stokes vibrations is consequently given by the equation (5):
Ianti—Stokes (W1 + wpp)te rwpm/kT
I N (w1 — wpn)? 5)
Stokes 1 ph




However, number of excited states is significantly lower compared to
ground states and the probability of anti-Stokes scattering is thus con-
siderably lower, compared to Stokes. As a consequence of the state
distribution, temperature of the measured medium can be calculated
from the ratio of intensities of Stokes and anti-Stokes signals.

1.3 INSTRUMENTATION

Previous chapter covered fundamental aspects of the Raman scatter-
ing. In order to measure the inelastically scattered light, each part of
the Raman spectrometer has to be carefully tuned to maximize the
photon transmission and separation. The Raman spectrometer, in-
cluding original construction by Raman, consists of the light source,
monochromator or interferometer and detector. The following part
will discuss particular components in the light of their construction
design and its effect on resulting Raman spectra.

The selection of a light source has two fundamental aspects: radia-
tion power, and monochromaticity. The intensity of the radiation is
essential for the scattered light to be strong enough to be observed.
At the beginnings of journey, sunlight together with mercury vapor
lamps were used. The mercury vapor lamp has several strong emis-
sion bands localized at 253.7, 365.4, 404.7, 435.8, 561.1, and 578.0 nm.
First, large number of emission bands strictly requires a usage of a
filter to select only one wavelength. Otherwise, each emission band
will produce its own partially overlapping Raman spectrum and the
resulting spectral data will be extremely difficult to evaluate, and
consequently interpret. Second, the emission bands have relatively
large widths, which is initially convoluted into the obtained Raman
spectrum, and heartlessly reflected in broad Raman bands. On the
other hand, localization of the emission bands, produced by the Mer-
cury vapor lamp, is beneficial for Raman spectroscopy, because these
bands are located in the region from UV to visible green light, and
the intensity of the scattered light increases with a four power of the
frequency. Modern spectrometers use almost exclusively lasers. The
reason is a) high amplitude if the emitted radiation and b) radiation
is monochromatic. Moreover, the emitted light is polarized, which
gives an opportunity for the determination of the depolarization ra-
tio. Nowadays, gas lasers together with semiconductor lasers are fre-
quently used. From the family of gas lasers, argon with an emission
at 514 and 488 nm are the most popular.

Modern Raman spectroscopy recognizes two approaches: a) disper-
sive Raman spectrometers and b) interferometric Raman spectrome-
ters. In contrary to infrared spectroscopy, where interferometric ap-
proach is now the almost the only one generally used, dispersive Ra-
man spectrometers still have considerable advantages over spectrom-
eters based on interferometers. First, dispersive Raman spectrometers



are significantly more sensitive, usually by a factor of ten to a hun-
dred, which gives an option to use lasers of lower powers, leading to
a lower sample destruction. Second, dispersive systems are less af-
fected by noise, which indicates lower limits of detection. One of the
great challenges in Raman spectroscopy is without any dount an ef-
ficient removal of Rayleigh signal. Earlier construction designs were
based on a set of extra-large double or triple monochromators with
focal lengths up to one meter and high resolution. This allowed to
measure the Raman signal close to the Rayleigh band. Example of
a double monochomator was installed in the earlier Raman models.
Triple monochromators were based on several stages with simultane-
ously rotated gratings, with McPherson McTripple LE as an illustra-
tive example. Nowadays, holographic notch filters with a high optical
density up to 6%, and bandwidth 100 cm™ are commonly applied. The
only disadvantage of the notch filers is in their basic principle. Each
light source (wavelength) needs to be equipped by its own filter. The
great success of interferometric technique in infrared spectroscopy
naturally led to a penetration of this approach also to the Raman
spectroscopy. The FT-Raman instruments are usually equipped with
ND:YAG lasers operating in the near IR region (commonly 1064 nm),
and powers in the range of lower units of Watts. Diode laser are be-
coming very popular due to their interesting benefit / prize ratio.
The FT-Raman spectrometers are usually equipped with Indium Gal-
lium Arsenide (InGaAs) detector, with Germanium detector or with
both in the ideal scenario. The InGaAs detector offers great perfor-
mance for routine measurements and for samples, where higher laser
powers can be used. on the other hand, Germanium detector offers
better performance for the analysis of compounds with low Raman
activity. Dispersive Raman spectrometers are usually equipped with
CCD detectors.[15]

Importantly, in FT-Raman spectroscopy, spectral noise has two sources:
the dark noise, and the short noise. The dark noise is given by the
detector itself, and is always constant. The short nose is given by the
photon flux, collected by the detector, and is influenced by the inten-
sity of Raman scattering, the optical throughput of the system and
quantum efficiency of the detector.[16-18]

Empirical formula for a total noise with a given sample and experi-
mental conditions is given by the equation (6):

N2 =N3 . + S (6)

where « is a proportionality constant and S stands for the peak inten-
sity. The signal to noise (S/N) ratio is than given by the equation (7):

S2 S
5t 7)
N%lark

S/N =2



The equation 7 shows that a one single constant cannot be used to
characterize the S/N performance of the particular instrument. High
signal levels are more affected by a short noise, and S/N is thus pro-
portional to the square root of signal intensity. In this case, the detec-
tor with the highest quantum efficiency will the wise choice. On the
other hand, low signal levels will be less affected by the short noise
and dark noise will be thus dominative.

10



FURTHER DEVELOPMENT OF RAMAN
SPECTROSCOPY AND CASE STUDIES

2.1 SURFACE ENHANCED RAMAN SPECTROSCOPY

Surface enhanced Raman spectroscopy (SERS) is considered as one
of the most important milestones in the development of Raman spec-
troscopy. The effect was discovered, albeit not recognized, in 1974
by Fleishmann.[10] He observed an intense Raman scattering from
pyridine anchored on a silver electrode, previously roughened to in-
crease its surface area and thus a number of adsorbed molecules. The
original Fleishmann’s intention was to develop an analytical platform
able to monitor electrochemical reaction directly using Raman spec-
troscopy in situ. Jeanmaire, Van Duyne, Albrecht, and Creighton
observed that the signal amplification of such amplitude could not
be caused solely by an increase of adsorbed molecules.[19, 20]. Jean-
marie with Van Duyne hypothesized mechanism based on the electric
field enhancement, and Albrecht with Creighton proposed a mecha-
nism based on resonance Raman effect utilizing interaction of metal
with adsorbed molecules. The signal enhancement was large, com-
pletely unexpected, difficult do understand in that time and had a
great practical applicability. Since its discovery, research of SERS ac-
celerated tremendously, and its applications penetrated into many
areas of mankind activities. Nowadays, two involved mechanisms
describing the Raman signal amplification are taken in account: elec-
tromagnetic and chemical enhancement.

The electromagnetic mechanism can be described on an example of
a metal sphere in external electromagnetic field. The metal spheri-
cal particle has a diameter much smaller than the wavelength of the
incident radiation, and it can be thus stated that the electric field
is uniform across its surface. The relation between the electric field
induced on the surface and external field can be described by the
following equation (8).

[e1(w) — €3]

E
e](w)+2€2 laser, (8)

Einduced =

where e,(w) is a complex, frequency-dependent dielectric function of
the metal spherical nanoparticle, and e, is the relative permittivity of
the ambient phase. Interestingly, this function has a resonance at fre-
quency Re(e;) = -2¢€,. As a result, excitation of the surface plasmon,
localized on the metallic sphere, considerably increases the local filed
exposed on the adsorbed molecule via the antenna effect. This model
suitably describes the most of the experimental observations. Similar

11



approach can be applied also on nanomaterials of various morphol-
ogy or shape. The selection of the material used for the SERS sub-
strate depends strongly on its plasmonic properties. Noble metals
are used frequently due to the fact that their resonance conditions is
satisfied at the visible wavelengths of excitation radiation, commonly
used in Raman spectroscopy. Other metals can be possibly applied
similarly. However, due to a different localization of the resonance,
excitation radiation will have to be shifted adequately. The difference
between frequency of incident and scattered radiations leads to an
important fact: both fields can be nearly resonant with the surface
plasmon only for small frequency shifts. This consecutively leads to
the decrease of the intensity observed for higher-frequency vibration
bands. The surface plasmon is excited by the incident radiation or
the Raman field; never both. The decrease of the enhancement can be
described by the equation (9):

G=[/(r+ad)]"? (9)

This equation is applicable for spherical nanoparticles with a diame-
ter v, where the distance of the molecule from the surface is given by
d. The effect is even lower for a molecular monolayer. Above men-
tioned equation 9 indicates the longer effects of the enhancements for
nanomaterials with larger radius. The amplification of the Raman
signal due to the chemical mechanism is 104 - 10®

Some studies suggest that the electromagnetic effect in not the only
reason for the large Raman signal enhancement, and that there has
to be a second effect. This effect should operate independently on
the electromagnetic mechanism. Based on its principles, electromag-
netic enhancement should be a non-selective process applied on all
molecules adsorbed on a particular nanomaterial. Interestingly, sig-
nal amplification of carbon monoxide and nitrogen differ more than
200x, measured at same experimental conditions. This result can-
not be interpreted only by the electromagnetic mechanism. However,
this dissonance can be explained by a) resonance Raman mechanism,
where the electronic states of the adsorbed molecules are shifted and
broadened as a result if their interactions with the surface or b) a fact
that new electronic states are created as a result of the chemisorp-
tion. These states further serve as resonant intermediates in Raman
scattering. The chemical mechanism is better described in a work by
Lombardi, where a charge transfer theory of surface enhanced Raman
spectroscopy was introduced. [21]. The theory includes both interac-
tions: adsorbed molecule-metallic nanoparticle, as well as metallic
nanoparticle-adsorbed molecule. The amplification of the Raman sig-
nal due to the chemical mechanism is 10 - 10%.
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2.2 APPLICATION OF SERS IN THE ANALYSIS OF BIOMOLECULES

Deeper understanding of a role of physiological processes remains
of great importance for a medicinal diagnosis and following thera-
peutic measures. Therefore, analytical procedures, which will allow
fast, target-specific detection of target molecules with ultra-low lim-
its of detection, are required. Next to generally accepted methods,
surface enhanced Raman spectroscopy has gained considerable atten-
tion during the last twenty years. This effect is attributed mainly to
the high sensitivity of Raman spectroscopy gained through a SERS
effect on plasmonic nanostructures, and its high molecular specificity.
SERS is nowadays being applied to analyze various biomolecules, to
characterize their interactions with a surface of metallic nanomate-
rials, to analyze drugs and metabolites in complex clinical samples,
to study cells, bacteria or histological tissues, to study diseases, es-
pecially their effect on a molecular composition of analyzed sam-
ples. In general, two types of analytical approaches are available for
SERS based applications, namely: label-free detection and indirect
approaches based on Raman tags. The selection between label-free
and label based approach relies strongly on the analyzed molecu-
lar target and sample complexity. The label-free approach is usually
favored due to its simplicity. SERS approaches based on tags are
applied in scenarios, where ultra-high sensitivity is needed, analyte
itself has only a limited Raman activity or if the analyte is present in
a very complex matrix, and a requirement for its sensitive analysis
exists. In this approach, analyte, sensor or both are labeled using Ra-
man tags with activity in resonance Raman spectroscopy Molecules
from a family of Cyanines, Rhodamine-6g, Tamra, ROX, HEX, FAM,
TET or similar compounds are beneficially used. The presence of an-
alyte is then exposed generally by a change in the spectral intensity
of the Raman tag. An increase is observed in cases, where an analyte
or its counterparts such as hybridization probe or antibody were la-
beled. A decrease is characteristic for several approaches including
hairpin DNA-based analysis or aggregation based SERS procedures.
A label-free approach is preferred due to its straightforward princi-
ple. Interaction of the analyte, or set of analytes, with a surface of the
metal nanostructure, are being evaluated instantly in the obtained
SERS spectra. Commonly, nanostructures used in SERS-based appli-
cations, including clinical, biological, and medicinal, contain at least
four segments: 1. substrate composed of noble metallic nanomate-
rial with a suitable SERS activity. Substrates are usually composed
of silver, gold, or copper metals, frequently combined in complex
nanocomposites; nowadays, also non-metallic nanostructures, includ-
ing graphene are being studied, 2. Raman tag, 3. coating with var-
ious polymers, such as polydopamine, silica, polystyrene and other,
to increase a biocompatibility and overall stability, 4. molecular selec-
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tor with a sufficient selectivity to target analytes. The only essential
part is the part one, and all other components are applied optionally,
and beneficially. The biomolecule is usually defined as any molecule
produced by a living system. In the light of chemical composition,
biomolecules are composed mainly of carbon, nitrogen, hydrogen,
sulfur, phosphor, and oxygen. These atoms consecutively form small
biomolecules, which can tend to form larger biopolymers, including
nucleic acids, proteins, oligosaccharides.

2.2.1  Analysis of nucleic acids

Nucleic acids are essential biocomponents and their detection presents
one of the most demanding analytical tasks. Label-free detection of
nucleic acids using surface enhanced Raman spectroscopy usually
employed silver-based nanomaterial, including silver nanoparticles,
layers, and 3D nanostructures.[22—30] Wei and Wu demonstrated a
SERS method for an analysis of Lambda-DNA using silver nanoparti-
cles with an average size of 10onm.[23] Raman spectra were acquired
using a laser operating at 514 nm, and DNA was analyzed at con-
centrations down to 250 ng.mL™. Wei and Wu also demonstrated
an effect of the DNA concentration of the resulting Raman spectrum,
which was ascribed to different coil states of the nucleic acid. Silver
nanoparticles offer high amplification factors, however, the robust-
ness of the developed methods is lowered by a complication in a re-
producible synthesis of the nanomaterial and unequal conditions dur-
ing sample measurements. Several approaches showing improved
strategies have been presented. Lei et al. introduced a method for an
in-situ preparation of silver nanomaterial through a photo-reduction
of silver ions supported by laser irradiation and demonstrated higher
repeatability of the measured analytical signal and similar amplifica-
tion factors.[31] Furthermore, Gao showed a method for detection of
DNA using silver nanoparticles, where a presence of DNA mediated
their size.[32] The DNA-mediated silver nanoparticle growth led to a
significant decrease of the limit of detection (down to 10 Mol.L™"),
compared to similar approaches. Girel presented a novel nanoma-
terial for DNA analysis, based on silvered porous silicon, prepared
by an electrochemical anodic etching of highly doped n-type silicon
wafer.[29] Their method allowed analyzing DNA at limits of detec-
tion down to 1 mg.mL™. However, reproducibility of measurements
was still at levels comparable to more classical approaches utilizing
silver nanoparticles.

A typical Raman spectrum of samples containing DNA and proteins
is shown in the figure 2. The DNA spectrum contains spectral bands
characteristic for particular bases (labeled using one letter symbols),
and the phosphate backbone (labeled as bb). Figure 2 ¢, and d, con-
tains also bands characteristic for proteins, which will be more dis-
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cussed in the following chapter. New approaches towards a DNA

——=>1376 T, A

- —=>786 C, bb

~———5830 bb

<
© K
o
«©
© |

|
!

|
!

\
|

|
‘}
o

3 T
4] _

- = Q -
o 2 o & T g
E7 o 58 I U0 E
c - & O —

8 o AN § <

c - 8 gr——-! o o ~
- ? > T o5 CxSR & 8

h e = N 0 < |: -
S S~ /&N
= I ; I 0 |
8 =8 2 Vity & |
5 YLOVHVAY
, \ i by ! \ |
[ | | | ' | |
. [ | i
s ! }\ L Lo ‘
- \ - | \
i \ : \
d |
T 1 T T T T T T T T T T
400 600 800 1000 1200 1400 1600 1800

Raman shift, cm

Figure 2: Raman spectra of 68 kDa DNA (a, b) and together with proteins
(c,d).This figure was obtained from Fleury et al.[33]

detection employs noble metal-free substrates. Illustrative examples
are methods based on carbon-based nanomaterials[34], aluminum
nanocrystals[35]. Tian introduces a method based on aluminum with
sizes in the range 2-4 nm with a thin oxide surface layer.[35] The pur-
pose of the oxide layer, previously used in Raman spectroscopy la-
beled as "shell-isolated nanoparticle-enhanced Raman spectroscopy;
Shiners", lies in its ability to bind various organic molecules and con-
sequently improve their limits of detection.[36]. Eventhou the rela-
tively lower amplification factors of Al nanoparticles, compared to
silver or gold (10° vs 107), the limit of detection was determined to
2 micromoles of DNA. Example of a method for analysis of DNA,
based on carbon nanotubes, particularly single-walled carbon nan-
otubes with Cu nanoparticles (SWCNTCuNPs) is described in the
method by Zhou.[34] Zhou applied the method on the analysis of
ctDNA in cancer tissues and blood with limits of detection 0.3 fmol.

2.2.2  Analysis of proteins

Analysis of proteins using SERS presents one of the most critical tasks.
Changes in concentration levels and structure of many proteins can
be caused by genetic alterations and can indicate a presence of a dis-
ease. Precise knowledge of these two parameters is thus essential
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not only in medicinal diagnosis but can be extremely helpful in the
monitoring of the follow-up treatment. Next, to immunochemical ap-
proaches, where ELIZA and RIA dominate[37], analysis of proteins
is also performed using Mass spectrometry, commonly hyphenated
with liquid chromatography[38, 39], electrophoresis in all its variants,
as mentioned, e.g., by Chetwynd[40], Dawod[41] or Rubin[42], or
even gas chromatography [43], and other techniques. The position of
molecular spectroscopy within the spectrum of the commonly used
techniques gained on importance over the last twenty years. This
trend can be assigned to the rapid development of SERS and Raman
imaging, which opened utterly new options. This trend will poten-
tially continue and will drive a need for the quantitative interpreta-
tion of protein spectra.
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Figure 3: A typical Raman spectrum of proteins, obtained by the analysis
of human serum protein. this figure was obtained from Tuma et

al.[44]

Because proteins are often large polypeptides, consisting of hundreds

of amino acids, their Raman spectra contain a complex set of over-

lapping bands. Nonetheless, structural features, including aromatic

amino acids and polypeptide chain usually present firm dominant

peaks. Illustrative protein Raman spectrum is shown in the figure

3. The sharp spectral band located at 1656 cm™ is labeled as Amide

I and corresponds to the sum of coupled modes of the polypeptide

backbone. The significant contribution towards its intensity comes

from C=O stretching of the peptide carbonyl groups. The spectral

band presented at 1242 cm™ is another example of prominent bands.

The band comes from C-N stretching and N-H bending vibrations.

Importantly, the position of the band strongly depends on the pro-
tein secondary and tertiary structure, and on the interactions between

peptide groups due to an ability of carbonyl groups act as acceptors

of hydrogen bonds within the ordered structure.

The application potential of SERS-based methods will be demonstrated
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on several examples. Bizzari et al. described a method for the analy-
sis of thrombin using surface functionalized gold nanoparticles able
to recognize the aromatic moiety of the target protein selectively.[45]
The limits of detection were in subpicomolar. Fabris et al. demon-
strated an improved selectivity of SERS methods in a protein anal-
ysis on silver nanoparticles functionalized using aptamers.[46] Their
method allowed to selectively analyze thrombin in a heterogenic pro-
tein mixture with a limit of detection 100 pmol.L™*. The limit of
detection was further considerably decreased by Heck, who pub-
lished a method for synthesis of silver nano lenses composed of silver
nanoparticles bonded using DNA-origami.[47] A single molecule of
streptavidin was anchored on the interface on the synthesized nanos-
tructure, where the signal amplification is highest, and the molecule
was successfully detected by SERS. Many attempts have been ren-
dered to improve the plasmonic properties of applied nanomaterials
to achieve lower limits of detection, increase the method selectivity
or overall robustness. These attempts can be according to their inter-
ests divided into three groups: i) tuning of the nanoparticle shape ii)
composition of the nanomaterial and formation of hybrids/nanocom-
posites and iii) functionalization of the nanomaterial, particularly on
surface. Importantly, many applications are base on nanosensors
with functional improvements involving more than one approach.
Nowadays, the "sandwich methodology" is usually employed in the
analysis of proteins using SERS, analogically as described in classi-
cal immunochemical approaches. However, the signal is provided by
Raman labels from the list as mentioned above. The approach was
successfully applied in numerous SERS-based methods, including di-
agnosis of immunodeficiency [48], prostate cancer [49—-51], breast can-
cer[52—55], Zika[56, 57], or even doping control[58].

2.2.3 Analysis of cells

Importantly, an appearance of the Raman signal of selected protein(s)
or nucleic acids (usually miRNA is being utilized for this purpose),
in the analyzed sample can also indicate a presence of particular bac-
teria. Importantly, there exist many SERS methods for detection of
bacterial infection, which are based on this presumption. Jarvis et al.
demonstrated, in one of the first applications of SERS, a discrimina-
tion of bacteria using silver nanoparticles in 2004.[59] The discrimi-
nation was based on discriminant function analysis and hierarchical
cluster analysis of Raman spectra obtained by the analysis of bac-
terial samples. Similar data was used by Harz et al., who studied
a role of experimental conditions of the cell cultivation on the re-
sulting Raman spectra.[60] This study was followed by Zeiri, who
described a role of laser wavelength and chemical protocols used to
prepare gold and silver nanoparticles.[61] Later in 2007, Naja demon-
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strated a method for analysis of bacteria based on surface-anchored
polyclonal antibodies.[62] The method development can be divided
into several pathways according to their partially overlapping aims.
These usually include at least: i) multiplexing, ii) automatization iii)
lower limits of detection iv) detection of particular targets such as
diagnosis of specific disease, and detection of a selected contamina-
tion. One of the first approaches towards method automatization was
demonstrated by Knauer et al. in 2010.[63] Their work aimed at the
detection of bacterial cells using lab on chip devices. Kang’s study
from 2010, named "Patterned Multiplex Pathogen DNA Detection by
Au Particle-on-Wire SERS Sensor," opened a door to a multiplexed
analysis of bacteria with possible application in medicinal diagno-
sis.[64] Since then, many works on analysis of bacteria using SERS
have been described. Yang et al., have recently described a method
for the detection of bacterial infections, namely Escherichia Colli and
using Ag@TiO, nanofibers with the lowest detection limit near to 107
mol.L*. Similarly, Zhang demonstrated a work for discrimination of
Escherichia coli Dhs and DE3. The work is based on the utilization
of plasmonic Ag cylindrical networks. Interesting application has
been proposed by Catala et al.[65], who developed an aptamer-based
method for a detection of Staphylococcus aureus in human fluids us-
ing a microfluidic device.
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ILLUSTRATIVE EXAMPLES OF OBTAINED RESULTS

This chapter contains results from the following scientific papers:

1.

10.

Prucek, R. et al. Re-crystallization of silver nanoparticles in a highly
concentrated NaCl environment—a new substrate for surface enhanced
IR-visible Raman spectroscopy. CrystEngComm 13, 2242 (2011).

Ranc, V. et al. Quantification of purine basis in their mixtures at femto-
molar concentration levels using FT-SERS. JOURNAL OF RAMAN
SPECTROSCOPY 43, 971976 (2012).

Prucek, R. et al. Reproducible discrimination between Gram posi-
tive and Gram negative bacteria using surface enhanced Raman spec-
troscopy with infrared excitation. The Analyst 137, 2866 (2012).

Ranc, V., Srovnal, J., Kvitek, L. & Hajduch, M. Discrimination of circu-
lating tumor cells of breast cancer and colorectal cancer from normal
human mononuclear cells using Raman spectroscopy. The Analyst

138, 5983 (2013).

Ranc, V. et al. Magnetically Assisted Surface-Enhanced Raman Scatter-
ing Selective Determination of Dopamine in an Artificial Cerebrospinal
Fluid and a Mouse Striatum Using Fe 3 O 4 /Ag Nanocomposite. An-
alytical Chemistry 86, 2939-2946 (2014).

Balzerova, A., Fargasova, A., Markova, Z., Ranc, V. & Zboril, R. Mag-
netically Assisted Surface Enhanced Raman Spectroscopy (MA-SERS)
for Label-Free Determination of Human Immunoglobulin G (IgG) in
Blood Using Fe 3 O 4 @Ag Nanocomposite. Analytical Chemistry 86,
11107-11114 (2014).

Chaloupkova, Z. et al. Label-free determination of prostate specific
membrane antigen in human whole blood at nanomolar levels by
magnetically assisted surface enhanced Raman spectroscopy. Analyt-
ica Chimica Acta 997, 44-51 (2018).

Fargasovda, A. et al. Detection of Prosthetic Joint Infection Based on
Magnetically Assisted Surface Enhanced Raman Spectroscopy. Ana-
lytical Chemistry 89, 6598-6607 (2017).

Balzerova, A., Opletalova, A., Ranc, V. & Zboril, R. Multiplex com-
petitive analysis of HER2 and EpCAM cancer markers in whole hu-
man blood using Fe2O3@Ag nanocomposite. Appl. Mater. Today 13,
166-173 (2018).

Ranc, V., Zizka, R., Chaloupkovi, Z., Seveik, J. & Zbotil, R. Imaging
of growth factors on a human tooth root canal by surface-enhanced
Raman spectroscopy. Analytical and Bioanalytical Chemistry (2018).

More information can be found in the Appendix, section A.
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3.1 RE-CRYSTALLIZATION OF SILVER NANOPARTICLES IN A HIGHLY
CONCENTRATED NACL ENVIRONMENT - A NEW SUBSTRATE
FOR SURFACE ENHANCED IR-VISIBLE RAMAN SPECTROSCOPY

One of the first steps to a successful development of SERS based
methodology is a successful synthesis of a SERS-active substrate. Key
parameters influencing the resulting Raman signal amplification in-
clude the size of used nanoparticles, their composition, and morphol-
ogy. Two of the most common materials are silver and gold with their
own advantages and disadvantages. Commonly used approaches to-
wards a bottom-up synthesis of silver nanoparticles from the silver
nitrate lead to nanomaterials with sizes ranging from few to tens of
nanometers and respective surface plasmons in the range from 300
to 500 nm. These values do not represent an optimal situation, espe-
cially in light of commonly used excitation lasers. There is, therefore,
a great demand for new approaches applicable in a synthesis or acti-
vation of as-synthesized nanomaterials for use with lasers of higher
wavelengths. The activation of silver nanoparticles commonly con-
tains an addition of chloride ions, which leads to the aggregation of
particles into bigger clusters with considerably shifted frequencies of
their surface plasmons towards higher wavelengths. The final concen-
tration of sodium chloride in the final step ranges from 0.1 - 10 mM.

Here we have developed new activation method based on the ad-

A c

Figure 4: TEM images taken 15 min after the addition of the 4 M NaCl so-
lution exhibiting recrystallized Ag particles with various morphol-

ogy.[66]

dition of highly concentrated NaCl solutions with a final concentra-
tion of NaCl of 400 mM. The addition of such highly concentrated
solutions leads to a re-crystallization of present silver nanoparticles
to bigger crystals with sizes up to 400 nm. The effect was also com-
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pared with the addition of NaBr and Nal at same concentration levels.
However there was no re-crystallization observed for these two ions.
The primary silver nanoparticles were synthesized by a reduction of
the [Ag(NH;),]" complex cation by maltose, as previously described
by Panacek.[67] Silver NPs obtained in this way are nearly monodis-
persed with an average particle size of 28 nm (determined by the
DLS and electron microscopy). The as-prepared nanoparticles were
subjected to the activation, directly monitored using TEM, DLS, and
UV/Vis. The figure 4 A-C shows various morphological classes of
Ag crystals formed fifteen minutes after the initialization of the acti-
vation process using 4M NaCl. Figure 4 D and F shows particles of
similar morphology found in a non-activated as-prepared nanomate-
rial. The measurement of a dynamic light scattering was performed
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Figure 5: A-B: Time dependence of average size of obtained silver nanoparti-
cles (A) and the respective UV-Vis absorption spectra (B) acquired
in the first 20 min after the addition of the NaCl solution (the
final concentration of 400 mM). C-E: Raman spectra of adenine
measured using the developed activation procedure (C), with as-
prepared Ag nanoparticles (B) and without SERS (E).[66]

twelve times in order to acquire enough data for a following statis-
tical evaluation. Measured data are plotted in the figure 5 A, where
error bars represent standard deviations calculated from the repeated
experiments. It can be seen that the size increased to 200 nm almost
immediately after the addition of 4M NaCl to the colloid and then
increased gradually up to 400 nm during the first 20 minutes. Simi-
lar results were obtained from the measurements of UV /Vis spectra,
plotted in the figure 5B. It can be seen that the initial absorption max-
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imum for untreated Ag colloid (size 28 nm) was present at 410 nm.
The addition of sodium chloride led to a rapid shift of the band to-
wards higher wavelengths, which can be assigned to a crystal growth.
The absorption maximum shifted to 680 nm approximately 3 min-
utes after the addition of NaCl, and its intensity attenuated in the
next following minutes. This phenomenon is characteristic for Ag
nanocrystals with sizes over 200 nm. Application potential of this
activation process was evaluated on a detection of adenine using sur-
face enhanced Raman spectroscopy. Resulting spectra are shown in
the figure 5. Spectrum A presents Raman signal of adenine acquired
using the developed activation procedure. Spectrum B was obtained
by the analysis of adenine (c = 5 umol.L™) using as-prepared silver
nanoparticles with a size of 28 nm. Trace C represents a Raman spec-
trum of adenine (¢ = 0.1M) measured without SERS. It can be seen
that 28 nm Ag nanoparticles do not amplify the Raman signal and am-
plification factor obtained by the developed activation is in hundreds
of thousands (calculated according to the methodology described by
Le Ru.[68]

Flowing can be stated in order to summarize this chapter. Here devel-
oped approach leads to a re-crystallization of present silver nanopar-
ticles into nanocrystals with longitudinal sizes up to 400 nm. The
combination of the size and crystal morphology induces a forma-
tion of the surface plasmon with properties applicable in SERS on
instruments equipped not only with lasers operating at blue or green
wavelengths but also near-IR lasers. This property thus opens new
possibilities for SERS in this spectral area.
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3.2 QUANTIFICATION OF PURINE BASIS IN THEIR MIXTURES AT
FEMTOMOLAR CONCENTRATION LEVELS USING FT-SERS

Purine nucleotides are frequently involved in many cellular functions
not only as essential components of nucleic acids, including DNA
and RNA, but also as sources of energy, enzyme co-factors in many
metabolic pathways, and as components of signal transduction. Al-
teration of their physiological levels is related to many severe dis-
eases, such as Lesch-Nyhan syndrome and adenosine deaminase de-
ficiency. [69] The Lesch-Nyhan syndrome is a relatively rare mono-
genic disorder transmitted in the X-linked recessive fashion, causing
a high risk of developing gout due to the overproduction of uric acid.
All patients are logically male, suffering from a delayed growth and
puberty, and some of them develop also shrunken testicles or tes-
ticular atrophy. Precise and accurate monitoring of purine basis in
clinical samples thus presents an important task, usually performed
using chromatographic or electrophoretic approaches.[70, 71] How-
ever, Raman spectroscopy, especially in its modality, labeled as sur-
face enhanced Raman spectroscopy, could present an interesting al-
ternative with considerable benefits in shorter analytical runs, lower
limits of detection or simplicity of developed methodologies. The
utilization of surface enhanced Raman spectroscopy could in this par-
ticular case allow to achieve ultra-low limits of detection, due to a
nitrogen-containing structure of analytes. It is worth mentioning that
the majority of SERS applications uses silver or gold nanoparticles or
their nanocomposites as a substrate; however, only a small portion
of works describes the influence of particle size, sample pH or of the
reduction agent on the method performance.

First, Raman spectra of particular bases were measured using 28 nm
silver nanoparticles, synthesized by a reduction of the silver contain-
ing amino complex by maltose. Obtained spectral data, shown in
the figure 6A indicate several considerable differences, also in the re-
gion of the most intense bands, assignable to a C=N vibration mode
in the purine ring (630-730 cm™). The band is located at 735 cm™
for adenine, 730 cm™ for hypoxanthine and 660 cm™ for xanthine,
respectively. These differences were later used for a differentiation
of purines and their quantification in mixtures. However, more in-
detail study of experimental parameters had been performed before
the method was developed. First, the influence of a size of nanoparti-
cles on obtained amplification factors was evaluated. Three types of
reduction agents, namely maltose, glucose, and sodium citrate were
employed and three sizes of the particles were prepared and tested
in SERS. As a reference, galactose was applied, however, its use pro-
vided extremely low SERS signals and it has not been thus further
studied. Reduction of the silver ions by maltose led to spherical
nanoparticles with an average size of 28 nm, reduction by a sodium
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citrate led to spherical nanoparticles with an average size of 58 nm,
and finally, application of glucose led to spherical particles with an
average size 44 nm. The highest SERS amplification factors were ob-
served in experiments, where glucose was used as a reduction agent,
as shown in the figure 6B. Application of glucose led to 225 % increase
of the signal intensity compared to maltose, and 152 % compared to
citrate. In the next step, effect of the sample pH was studied. Samples
containing adenine, with a pH adjusted to 3, 7, and 10 were prepared
and measured. Figure 6C shows that acidic sample provided spec-
tral signals with the lowest intensity, compared to neutral and basic
samples. This phenomenon is among other factors given by the pK
values of the purine bases and zeta potential on the silver nanopar-
ticles, which influence the interaction between surface of the silver
nanoparticles and analytes.
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Figure 6: A:SERS spectra of adenine, hypoxanthine and xanthine measured
at the concentration level 14,073 mol.L™, B: SERS spectra of ade-
nine measured using nanoparticles prepared by a reduction of sil-
ver nitrate using various reduction agents, as shown in the fig-
ure.[72]
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Next, calibration experiments were performed under experimental

conditions tuned in the previous step, namely using silver nanoparti-
cles prepared by a reduction of silver containing amino complex us-
ing glucose. Eight-point calibration curves in the range from 1x10™'>
to 1x10™"" mol.L™* were prepared and measured for each purine base.
Data processing led to coefficients of determination, ranging from
0.92 for hypoxanthine to 0.99 for adenine. Limits of detection (LODs)
were calculated directly from the spectral data, based on the signal-
noise ratio of the spectral band assigned to C=N vibrations in the
purine ring (spectral range 630 — 740 cm™).Limit of detection for ade-
nine was determined to 1x10™*5 mol.L™?, for xanthine 2x10™5 mol.L?,
and finally for hypoxanthine 1x10™"4 mol.L™*. Consequently, the sta-
bility of nanoparticles was evaluated on the measurement of adenine
using as-prepared nanoparticles for 10 consequent days. It was found
out that the signal of the measured spectra decreases down to 25 % of
its original intensity in this time frame. Similar data were observed
for all three nanomaterials.
The last step of the presented research describes a determination of
the concentration levels of all three purine basis in their mixtures.
Analysis was based on the analogous approaches to ones used in
the calibration model design. Samples containing all three analytes,
present at the selected concentration levels, were measured. There
was also a new calibration model constructed, based on the mixed
samples containing all three targets. The concentration range was
from 1x10™5 to 1x107'° mol.L™. Spectral markers (bands) were identi-
fied for each target. The selection criteria were based on two require-
ments: first, the selected spectral band has to be unique for a target
compound and second, this band has to be intense enough for quan-
tification purposes at femtomolar concentration levels. For adenine,
band at 735 cm™ was used, for hypoxanthine, band at 1097 cm™ was
used and for xanthine, band at 660 ccn™ was selected. Based on these
parameters, calibration curves for each analyte were measured. Cali-
brations were linear in the whole ranges for all three compounds. Fi-
nally, three samples containing 103 mol.L™* of each target compound
were analyzed. The results were obtained with RSD values < 5 %.

Here, we have developed a new methodology for analysis of purine
bases, namely adenine, xanthine and hypoxanthine, at femtomolar
concentration levels. The approach is based on a combination of sur-
face enhanced Raman spectroscopy and silver nanoparticles prepared
by a reduction of silver containing amino complex by glucose. Several
experimental parameters, including effect of a size of silver nanopar-
ticles, and pH were studied.
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3.3 REPRODUCIBLE DISCRIMINATION BETWEEN GRAM-POSITIVE
AND GRAM-NEGATIVE BACTERIA USING SURFACE ENHANCED
RAMAN SPECTROSCOPY WITH INFRARED EXCITATION

Fast and reliable detection of bacteria strains during an ongoing bac-
terial infection presents the first step necessary for its following treat-
ment. Generally applied methods frequently include overnight culti-
vation (time-consuming), appropriate reagents (often expensive), and
the plans are usually complex and require extended and specialized
training (expensive, need for human resources). It is thus necessary
to develop new, fast and straightforward approaches utilizable in re-
liable detection of bacteria. Molecular spectroscopy, particularly Ra-
man microscopy, presents an interesting alternative to generally ap-
plied methodologies. One of the most imitating drawbacks of Ra-
man spectroscopy originates from its low sensitivity. This limitation
was considerably overcome by a discovery of surface enhanced Ra-
man scattering (SERS). This effect lowers reachable limits of detec-
tion down to a single molecule analysis through a resonant electro-
magnetic field amplification.[47, 73] Implementation of SERS to the
method development allowed a broadening of the Raman application
potential into the analysis of microorganisms.[59, 61, 65, 74—76] Inter-
estingly, The most of the works describing utilization of Raman mi-
croscopy in a detection of bacteria uses excitation lasers operating in
the UV/VIS range, namely from 240 to 850 nm. However, utilization
of excitation lasers with lower frequencies can be advantageous espe-
cially due to the lowered probability of a background fluorescence; it
is often present, when green excitation lasers are used.

We have demonstrated application potential of the newly developed
approach for a SERS detection of nucleic bases and adenine in the pre-
vious two works. The approach is based on the utilization of silver
nanoparticles with the mean size of 28 nm and narrow distribution,
with a stability better than two years and applicability in both, visi-
ble and near IR region of laser excitation wavelengths. The activation
procedure, including the addition of a high amount of sodium chlo-
ride (total concentration 400 mmol.L™") leads to a re-crystallization
of the nanoparticles to crystallites with sizes up to 400 nm. Process
was evaluated using UV /Vis spectroscopy and can be observed from
the resulting spectra shown on the figure 7A, where the addition of
sodium chloride leads to a decrease of the absorption band present
at 400 nm and formation of new broad bands at higher wavelengths
above 600 nm. Here, the recrystallized particles, together with NIR
excitation, were employed for a SERS study with the aim to discrim-
inate between Gram-positive (Enterococcus faecalis and Streptococcus
pyogenes) and Gram-negative (Acinetobacter baumannii and Klebsiella
pneumoniae) bacterial lysates. First, SERS spectra of all four bacteria
were measured, processed and evaluated. The signal processing con-
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Figure 7: A: The time dependence of UV/Vis absorption spectra recorded
over Fifteen minutes after the addition of sodium chloride solu-
tion to an Ag nanoparticles dispersion (final concentration of chlo-
rides equal to 400 mM). B: Representative SERS spectra of bacterial
lysates: (A) Enterococcus faecalis, CCM 4224, (B) Streptococcus pyo-
genes, (C) Acinetobacter baumannii, and (BD) Klebsiella pneumoniae.
C: Cluster analysis of given Gram-positive and Gram-negative Bac-
teria. A stand for Enterococcus faecalis, CCM 4224, B for Streptococ-
cus pyogenes, C for Acinetobacter baumannii and finally D for Kleb-
siella pneumoniae. N = 5, statistically outlying points were removed
from the respective spectral data. [77]

sisted of the background corrections and data smoothing. The signal
background was corrected by a subtraction of the previously fitted
3rd order polynomial functions, which were identified as a source
of the signal bias, according to a methodology previously described
e.g. by Schulze [78]. Data smoothing was processed using Sawitzky-
Golay algorithms as proposed e.g. by Hui [79]. The obtained spectra
can be seen on the 7B. SERS spectra contain bands of proteins, in-
cluding Amide I (@1650cm™, section A), Amide II (@1550 cm™, all
spectra), bands of phenylalanine (@1004 cm™, all spectra) or peptido-
glycans. Importantly, peptidoglycans represent approximately 8o %
of the dry mass of Gram-positive bacteria and around 20 % of the dry
mass of Gram-negative bacteria. This could thus represent the stage,
where above mentioned genera differ significantly, and can be possi-
bly differentiated. Based on this hypothesis, the measured spectral
data were subjected to a cluster analysis (performed in the R statisti-
cal environment, using Ward’s cluster method), where Gram-positive
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and Gram negative cultures were evaluated. Figure 7C shows the
results of this analysis, and the Gram-positive bacteria, Enterococcus
faecalis and Streptococcus pyogenes form two separate clusters (A and B,
respectively). Gram-negative bacteria, C: Acinetobacter baumannii and
D: Klebsiella pneumoniae form also two clusters, noticeably separated
from the Gram-positive bacteria.

Here we have demonstrated an application of previously developed
methodology for the SERS substrate based on re-crystalized silver
nanoparticles in a discrimination of Gram-positive and Gram-negative
bacteria. The approach is based on a statistical analysis of the mea-
sured SERS spectra in the R statistical environment and allows dis-
criminating between bacteria within few minutes. Compared to a
more classical immunochemical approaches, which require enough
time for staining, here developed methodology presents an interest-
ing alternative.
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3.4 DISCRIMINATION OF CIRCULATING TUMOR CELLS OF BREAST
CANCER AND COLORECTAL CANCER FROM NORMAL HUMAN
MONONUCLEAR CELLS USING RAMAN SPECTROSCOPY

Cancer is one of the most killing diseases, and a development of
methodologies able to diagnose it at its early stage is crucial. Circulat-
ing tumor cells present a potential diagnostic marker; their analysis
enables an interesting prognosis and diagnostic choices complemen-
tary to generally used diagnostic techniques. Based on its importance,
the analysis of cells is a scientific aim of many research and clinical
institutes. However, it still presents a considerable challenge worth
to pursuit, particularly due to a small incidence of the cells in clinical
samples (usually units per milliliter), and their similarities to healthy
epithelial cells. Here we used Raman microscopy to improve current
possibilities in the study of circulating tumor cells and their further
differentiation. One of important aspects of the cell Raman imaging is
immobilization of the sample (cells) on a suitable substrate, including
calcium fluoride, silicon wafer, glass, etc. Many protocols have been
described already; however, there is no evidence describing a suitabil-
ity of one over another regarding the analysis of circulating tumor
cells. We have thus focused our attention on the study of three, the
most frequently used, fixating protocol on the ability of spectral anal-
ysis, performed on the measured data, to discriminate between cancer
and healthy cells. Namely, breast (BT 549) and colorectal (HCT116)
circulating tumor cell lines and human mononuclear cells were pre-
pared using methanol, paraformaldehyde, and drying-out fixating
protocols, and obtained data were studied and evaluated in the light
of the method ability to discriminate between the different cell lines.
Firstly, representative Raman spectra of the cells were measured. Breast
cancer cells (BT 549), colorectal circulating tumor cells (HCT 116), and
human mononuclear cells (PBMC) were prepared using a cytospin-
ning technique with 40.000 cells per one sample of the size of 1 x 1
mm using three fixating protocols, namely: drying out (label: dried),
methanol (label: methanol) and paraformaldehyde (label: para). The
representative spectra are shown in the figure 8A - C. Various dif-
ferences in a surface composition of the measured cells, caused by a
distorted protein expressions between healthy and cancer cells, and
between different types of cancers, are projected into considerable
differences in the obtained spectral data. Figure 8A shows measured
variations in the spectral data obtained on BT 549 cells prepared using
different fixating protocols. The observed considerable effect is origi-
nated from the ability of methanol or paraformaldehyde to selectively
remove some compounds, based on their hydrophobicity, including
proteins or lipids, from the cell walls. The effects of the various fixa-
tion protocols on the Raman imaging of cell lines were studied also
by Hobro [80], Read [81], Kuzmin [82], Konorov [83], and others [84,
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85] - similar effects were observed and discussed. More details about
a cell analysis can be found in the section 2.2.3.
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Figure 8: A - C: Spectral characterization of the cell lines acquired on sam-
ples with three different protocols of fixation, including dried out
samples, methanol, and paraformaldehyde fixation; D: Graphical
expression of the principal component analysis of data obtained
by evaluation of dried out samples. Cells of the same cell line
are centered in respective clusters, where the distance between the
clusters represents the level of discrimination (Mahalanobis dis-
tance).[86]

However, due to a high complementarity of the measured data,
summed up spectral data, belonging to all three tested protocols, of-
fer a more complete picture illustrating a chemical composition of
the measured surfaces. It can be seen that all data contain spectral
bands at comparable positions, but of different intensities. The use of
methanol and paraformaldehyde logically increases bands assigned
to membrane proteins found at the following wavelengths: Amide I
(1655 cm™) Amide II (1586 cm™ and 1559 cm™), protein band (1441
cm™) as well as PO* vibration, located at (1244 cm™). Band of car-
bohydrates at 1171 cm™ and glycogen at 1014 cm™ can be also found
among the strong spectral bands. Similar data were obtained also for
the colorectal circulating tumor cells (HCT 115, figure 8B), and hu-
man normal mononuclear cells (PBMC, figure 8C). In the next stage,
differences between all three tested samples were statistically eval-
uated using principal component analysis (PCA, calculated using R
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statistical environment), performed on all measured data. The results
of this analysis are shown in the Figure 8D for the drying out sam-
ple fixation method. Data obtained from dried out samples indicate
that the method has the potential to differentiate among cancer cell
lines and normal human lymphocytes (PBMC) as well as differentiat-
ing the HCT 116 and BT 549 cell lines. Experimental data points are
concentrated in clusters with a considerable distance between them.
BT 549 is represented by a relatively large data cluster, compared to
mononuclear cells (PBMC) and HCT 116 cells. Mononclear cells were
separated too, but with a smaller Mahalanobis distance from the HCT
116 cells, given by their surface similarities.

Here, we have demonstrated the crucial effect of the applied fixa-
tion protocol on the measured Raman spectra of circulating tumor
cells, namely breast cancer (BT 549) and colorectal cancer (HCT 116),
and human monomuclear cells (PBMC). Fixation using a drying out
based process, and methanol and paraformaldehyde based protocols
were compared and discussed. Achieved results indicate that all three
evaluated cell lines can be discriminated at a significant statistical
level using principal component analysis performed on previously
normalized data. Here presented results open new possibilities to-
wards a development of methodologies with future applicability in a
detection of circulating tumor cells in clinical samples using Raman
spectroscopy.
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3.5 MAGNETICALLY ASSISTED SURFACE-ENHANCED RAMAN SCAT-
TERING SELECTIVE DETERMINATION OF DOPAMINE IN AN
ARTIFICIAL CEREBROSPINAL FLUID AND A MOUSE STRIA-
TUM USING FE3O4/AG NANOCOMPOSITE

Dopamine is a neurotransmitter, which works as a key modulator of
learning and motivation. This dual functionality presents an impor-
tant scientific question: how can target cells distinguish between a
signal to learn, and a signal to move? [87] Generally echoed hypothe-
sis involves slow and fast dopamine fluctuations; some studies shown
that the signal can be transmitted in sub-second time scales.[88, 89]
There is thus a considerable need for a rapid and accurate analyti-
cal methodologies able to determinate dopamine levels in the brain.
Next to electrochemical approaches[go], with their own critical disad-
vantages, micro-dialysis with a mass spectrometric detection plays a
crucial role.[91, 92]

However, there are two judgmental points worth addressing to get
a more precise monitoring of dopamine levels over the signal trans-
mission. These related key points are the time scale of the concentra-
tion change, which needs to be achieved, and ultra-low concentration
of dopamine in cerebrospinal fluid. Even more, the increase of the
sample volume, and thus absolute amount of extracted dopamine,
leads to a worsening of the time resolution. Surface enhanced Raman
spectroscopy is, due to its low limits of detection, an interesting al-
ternative to mass spectrometry or electrochemistry. Needed sample
volume is in units of micro-liters and achieved limits of detection are
frequently in nanomolar concentration ranges. However, lowered se-
lectivity of the SERS-based methods, caused by the non-existence of
a selective binding of the analyte, which is in this case driven only by
the affinity of particulate compounds to silver or gold nanoparticles,
limits the method potential in many applications. Surface function-
alization is one of the generally applied approaches towards a better
selectivity of SERS. The scientific challenge could be then recognized
in the development of a suitable methodology, which will allow to
separate the formed system nanoparticle-analyte from the rest of the
sample. One of the methods can be based on nanocomposite contain-
ing magnetic and silver nanoparticles, functionalized by a working
selector, which can be separated from the sample by a use of external
magnetic force.

The concept of this work is based on Fe;O,@Ag nanocomposite, where
silver and magnetite nanoparticles are bind covalently with a help of
a linker - carboxymethyl chitosan (CMC). The selectivity to dopamine
is achieved through a surface functionalzation of the nanocomposite
with a low molecular selector, Fe-NTA (iron-nitrilotriacetic acid). The
first step of the method development included Raman characteriza-
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tion of the nanomaterial, together with a trial of the method poten-
tial to detect dopamine. Raman spectrum of the synthesized sen-
sor (Fe;0,@Ag@Fe-NTA) present in the aqueous environment can be
seen in the figure 9C, label "Blank." It is shown that the initial sensor
produces only a low Raman signal with several spectral bands in the
region from 500 to 1800 cm.,, assignable to a part of the CMC-Fe-NTA
complex (700 cm.;) and its heat-initiated degradation products (1390
- 1650 cm.,) Next, the influence of the artificial cerebrospinal fluid on
the sensor behavior was studied. The synthesized nanosensor was
magnetically separated from the aqueous dispersion and put into a
prepared artificial cerebrospinal fluid (aCSF). The obtained Raman
spectra showed a mild suppression of the signal of Fe-NTA, which
was contemplated due to the high salinity of the new environment
and consequently, affected polarity of the present CMC-Fe-NTA com-
plex. Importantly, spectra of aCSF containing 50, and 500 fmol.L.;
concentrations of dopamine show strong signals. Spectra were com-
pared with previously measured Raman spectra of the one mol.L.,
aqueous solution of domanine and available literature [93], and fi-
nally assigned to this compound.

Next, calibration samples with dopamine in the concentration range
from 10 - 5000 fmol.L.; were measured and evaluated. The achieved
coefficient of determination was 0.99, and calculated limit of detection
(evaluation of the band at 1046 cm™, based on the IUPAC methodol-
ogy) was 4.99 fmol.L.; In order to further evaluate the method param-
eters, two model samples containing 50 and 500 fmol.L_; dopamine
were used in the study of intra-day and inter-day errors of mea-
surements. Both relative standard deviations were lower than 25 %
(21, and 25 %, respectively), which is comparable to values usually
achieved by broadly used analytical techniques, including mass spec-
trometry and electrochemistry. Finally, three real samples of a mice
striatum were measured. The dopamine was determined using a stan-
dard addition method to minimize the influence of matrix effects and
sample inhomogeneities. Measured spectra are shown in the figure
oD and E. Dopamine was determined using the intensity of spectral
band present are 1046 cm™. All measured values were compared to
data obtained using HPLC, and the differences between measured
values are < 20% (RSD).
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Figure 9: (A) Schematic representation of selective dopamine binding on
the Fe,O;@Ag@Fe-NTA nanocomposite. (B) General scheme of
the analysis. (C) SERS spectra of dopamine analyzed in artifi-
cial cerebrospinal fluid (aCSF) at a concentration level of 50 and
500 fmol-L *. The spectra of control and blank samples are in-
cluded for better transparency. The control sample was measured
with m@cmCH@Ag@Fe-NTA and aCSE, the blank sample only
with m@ecmCH@Ag@Fe-NTA nanocomposite. (D) SERS spectra
of dopamine analyzed in mice striatum. The panel displays analy-
sis of dopamine at a concentration level of 50 fmol.L™" and analysis
of control and blank samples for a better transparency. (E) Raman
spectrum focused on the band at 1046 cm™ (selected as a dopamine
marker) before and after two additions of dopamine standard.[94]

The developed methodology based on the combination of the sur-
face functionalized Fe;O,@Ag nanocomposite, and magnetically as-
sisted surface enhanced Raman spectroscopy allows to determine an
important neurotransmitter, dopamine, at ultra low concentration lev-
els (LOD = 5 fmol.L™") both, in artificial cerebrospinal fluid, and di-
rectly in a brain tissue, where the method was tested on mouse stria-
tum. The quantification of dopamine is based on the standard addi-
tion method that allows to minimize effects of the complex matrix.
Obtained results were successfully compared to data achieved using
liquid chromatography hyphenated with mass spectrometry.

35



36 MAGNETICALLY-ASSISTED SURFACE ENHANCED RAMAN SPEC-
TROSCOPY (MA-SERS) FOR LABEL-FREE DETERMINATION OF
HUMAN IMMUNOGLOBULIN G (IGG) IN BLOOD USING FE3O4@AG
NANOCOMPOSITE

Immunoglobulins are produced as a response to immunogens by
B-Cells, and are the most abundant proteins in the blood. It has
been demonstrated that immunoglobulins play a key role in defen-
sive mechanisms against viruses or bacteria. Five classes, namely A,
G, M, E and D, with various specific functions were described. [95]
Importantly, Inmunoglobulin G (IgG) is the most common type of
antibody, and its protection is based on a "remembering" to which
bacteria/viruses the organism was exposed before. The physiologi-
cal level of IgG in the blood is from 7 - 15 g.L™*. Symptoms of the IgG
deficiency include sinus infections and other respiratory , digestive
tract, and ear infections, pneumonia, bronchitis, and others. The lev-
els of IgG can be tested in saliva, cerebrospinal fluid; however, blood
test is the most common procedure. The classic analytical approaches
are immunomethods, such as enzyme-linked immunosorbent assay
(ELISA). [96, 97] Molecular spectroscopy, particularly a previously
described MA-SERS approach, could be an interesting and advanta-
geous alternative. The main expected benefits can be in ultra-low
limits of determination and short times per analytical run.

The first task in the development work-flow (as demonstrated in
the figure 10A) was to synthesize and characterize the nanosensor,
composed of the Fe;O,@Ag nanocomposite, surface functionalized
by streptavidin and consequently, by a biotinylated Anti-IgG. Briefly,
the synthesis contains seven successive steps covering the synthesis of
magnetic nanoparticles, their modification using carboxymethyl chi-
tosan(CMC), reduction of the silver nanoparticles and follow up func-
tionalization by streptavidin, via a formation of amide bonds through
activated carboxyl groups (present on CMC), and finally by the at-
tachment of biotinylated anti-IgG. Each step of the synthesis was
monitored by a measured infrared spectra and (-potentials, which
are summarized in the figure 10B. It is shown that the synthesis is
accompanied by the change of values from negative (-46.2 mV) to
positive (0.7 mV). The cause of the alteration is in the suppression of
the originally negative charge of the present pristine silver nanopar-
ticles by positively charred proteins (streptavidin, anti-Igg). The final
nanosenor was also evaluated using transmission electron microscopy
with illustrative results shown on the figure 10C. The silver nanopar-
ticles are represented by a green sphere of a diameter approximately
28 nm, and the Fe;O, nanoparticles functionalized using CMC are
shown as red spheres with sizes ranging around ten nanometers.
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Figure 10: A:General scheme of the analysis, B: Changes of the (-potential
measured along the 7-step synthesis of the sensor, C: TEM image
of the synthesized nanosenor, D: Raman spectra obtained by the
analysis of model and real samples.[98]

The purpose of the prepared nanosensor to analyze IgG using SERS
as a detection method was evaluated on the set of experiments, in-
cluding a measurement of blank samples containing only the bare
Fe,0O;@Ag nanosenor, and samples containing human IgG present
at various concentration levels. The spectra in the figure 10D show
a higher complexity of the analytical signal, which contain many
spectral bands assignable to particular amino acids in the protein
sequences, and to characteristic amide bands presented in the range
1100 - 1600 cm™ The quantification of the IgG in the samples can-
not be thus based only on the evaluation of the absolute intensity of
any present spectral bands, and more complex approach was thereby
developed. It was demonstrated that a pattern of the previously de-
scribed protein bands depends upon the concentration of the IgG in
the measured sample as a result of the interaction between IgG and
anti-IgG. The determination of IgG was thus based on the evaluation
of the ratio of spectral bands present at 1539, and 1650 cm™, previ-
ously normalized to the intensity of a band present at 609 cm™ (ethy-
lamine) as a reference. This way of calculation allows to minimize the
negative effect of the signal heterogeneity, and allows to measure the
analytical signal with RSD < 5 % for intra-day, and < 15 % for inter-
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day determination of IgG in the model sample. The analysis of IgG in
the human whole blood was performed according to the previously
tuned conditions. The example of the obtained spectra is shown on
the figure 10D (green trace). When compared with the model sample
(blue trace), the spectrum contains additional spectral bands, which
could be originated in non-specific interactions of the nanosenor with
sample constituents; however, these effects do not influence the deter-
mination of the IgG levels, which was performed using the standard
addition method. The RSD of the five consecutive analyses was lower
than 5 %.

Here we have developed a new methodology for a determination of
immunoglobulin G in the human whole blood samples using a finger
prick method. This method is based on a combination of Fe,O;@Ag
nanocomposite, functionalized using streptavidin and biotinylated
anti-IgG, and magnetically assisted surface enhanced Raman spec-
troscopy. The method allows to analyze the IgG from 600 fg.mL™,
and allows to determine IgG in the whole human blood, where the
sample does not considerably exceed a volume of few microliters.
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3.7 DETECTION OF PROSTHETIC JOINT INFECTION BASED ON
MAGNETICALLY ASSISTED SURFACE ENHANCED RAMAN SPEC-
TROSCOPY

Joint replacement significantly improves a quality of life for many
people each year.[99] Successful surgery helps to relieve pain, and
at least partially restores movement capabilities. These surgeries are
usually performed without complications; however, a considerable
number of them is later accompanied by prosthetic joint infection
(PJI), which require additional treatment.[100] Several sources have
reported an increasing trend in the incidence of PJI, where it in-
creased from 2 % to 2.18 % from 2001 to 2009.[101, 102] Next to the
health-related issues, P]JI is also challenging from the economic per-
spective. The overall cost to treat PJI in the US was 266 million USD
in 2009 alone. [102]

The currently used method to diagnose PJI is based on the Koch’s
culturing and consecutive colony counting, which is often expensive,
and involve several difficult steps with many possible errors. Molec-
ular spectroscopy plays in this field only a marginal role, albeit it’s
previously demonstrated advantages. One of the perspective tech-
niques is surface enhanced Raman spectroscopy, particularly its vari-
ant MA-SERS employing magnetic nanocomposite functionalized by
respective antibodies selective to bio markers present on the bacterial
surface of the most common sources of PJI, including staphylococcus
aureus and streptococcus pyogenes.

The presented work is based on a combination of MA-SERS and
magnetic nanobeads with streptavidin anchored on its surface. The
nanomaterial, labeled as MNP@Step, was easily functionalized by bi-
otinylated antibodies against Staphylococcus aureus and Streptococ-
cus pyogenes, as two the most common sources of PJI, and by silver
nanoparticles to provide the amplification of Raman signal through
a SERS effect. The two utilized antibodies were selective to protein
A, characteristic for Staphylococcus Aureus, and group-A streptococci
polysaccharide, characteristic for Streptococcus Pyogenes. The synthe-
sis was evaluated using infrared spectra and (-potentials, measured
at each step in analogy with the previous study. The (-potential of
bare magnetic nanoparticles was negative (-22.3 mV). The functional-
ization by streptavidin led to the increase towards more positive val-
ues (9.63 mV), and final anchoring of anti-IgA led to a further increase
to 10.4 mV. This considerable increase indicated a successful synthesis
of the sensor. The as-prepared sensor, together with anchored strepta-
vidin and antibodies (anti-IgA), was accordingly characterized using
Raman spectroscopy with results shown in the figure 11A. The black
trace (label: MNP/Ag) represents a Raman spectrum obtained by
a measurement of the bare magnetic MNP/Ag nanocomposite com-
posed of the initial magnetic nanoparticles functionalized using silver
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nanoparticles prepared according to a procedure described in the Sec-
tion 3.1. The Raman signal includes several weak bands at positions
assignable to carboxyl groups incorporating a polymer, presented on
the surface of the nanomaterial. Importantly, the here present spec-
tral bands are not interfering with a signal of magnetic nanomaterial
functionalized by streptavidin (blue trace), and by a biotinylated anti-
IgA (green trace). Both functionalized nanomaterials provide spec-
tra with characteristic protein spectral bands (Amide bands I, II and
III) and signals characteristic for particular amino acids. Despite of
the similarities between the spectra, considerable differences can be
still identified. The here presented detection of bacterial infection
is based on the altered ratio of spectral bands found at 1391, and
1558 cm™, caused by protein-protein, particularly antibody-antigen,
interactions; visualized by gray lines in the figure 11A. The red trace
in the figure corresponds to a signal obtained by a measurement of
the model sample containing a lysate of staphylococcus aureus (la-
beled as STAU). It can be seen that the ratio of the spectral bands
changed from 13.31 (blank sample - bare sensor) to 0.36. Similar re-
sults we obtained also for streptococcus pyogenes(labeled as STPY),
where the ration changed from 19.71 (blank sample - bare sensor) to
0.48. This clearly indicates an interaction between the lysate, and the
functionalized biosensor. The next step of the method development
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Figure 11: A:SERS spectra obtained by a measurement of model samples
containing STPY and STAU, B: SERS spectra obtained by a mea-
surement of STAU and STPY in the sterile knee joint fluid.[103]

was a study of the sensor performance in real samples, represented

by a sterile knee joint fluid. Obtained results are in a good analogy
with model samples. Resulting spectra are shown in the figure 11B,
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where the alteration of the intensity of spectral bands present at 1391,
and 1558 cm™ can be observed. The black trace with intense pro-
tein bands corresponds to a bare magnetic nanocomposite function-
alized by streptavidin (MNP@Strep/Ag) Its functionalized modality
with an anchored anti-IgA antibody is represented by a yellow trace,
where a moderate change in the protein band ratio can be already
observed. The spectral difference