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ACP — amorphous calcium phosphate

ATR — attenuated total reflection
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PMT — photomultiplier tube

ROI —region of interest

SERS - surface enhanced Raman scattering
SHG — second harmonic generation

TPEF — two-photon emission fluorescence



Introduction

Rapid advance in biology and medicine leads to an increasing
demand of knowledge about chemical composition and structure of related
molecular compounds, their function and response to changing environment.
Vibrational spectroscopy has been increasingly used for this purpose [1-7]. It
provides information about vibrational modes in sample molecules and is a
standard method for determination of chemical composition, molecular
structure and intermolecular interactions. Versatility of sample preparation
methods, possibility to analyze small samples provided by coupling the
spectrometers to microscopes and the fact that no labelling is needed to
obtain contrast makes vibrational spectroscopy extremely attractive for
studies of biological samples: from small molecules to complex structures of
proteins, from biological fluids to cells and tissues [8—13].

Many scientific research nowadays is based on a thought that
vibrational spectroscopy could also be useful for early diagnostics of diseases
[5,14-17]. It allows detecting alterations in biochemistry of cells, tissues,
biological fluids, etc. caused by various pathologies. Due to sensitivity of
vibrational spectroscopy, these alterations could be discovered earlier than
with any other currently available chemical or spectroscopic method. When
experiments are performed according to protocol and under constant
conditions, vibrational spectroscopy can also provide objective and operator
independent results. In addition, availability of fiber optics and the fact that
vibrational spectra can be recorded in a fraction of seconds opens up a
possibility for diagnosis in vivo [12,18-20].

Despite the potential of vibrational spectroscopy methods and a
vast amount of laboratory research being carried out, application of

vibrational spectroscopy in routine biomedical tests is still episodic. There are
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several reasons for this. Firstly, for the method to be approved in medical
practice, it has to produce certain values of sensitivity and specificity, go
through reliability tests and clinical trials [21,22]. With lack of close
cooperation between medics and scientists, this is a difficult task to
accomplish. Secondly, analysis of biological samples is challenging in itself due
to issues related to sample preparation and spectral analysis [21]. Normally,
they contain a mixture of macromolecules which all contribute to the
resultant spectrum causing spectral bands to overlap and broaden. While
such spectra contain vast amounts of information that can be used for
diagnostic purposes, their analysis by simply evaluating peak positions,
intensities and half-widths usually gives little use; particularly, when the
spectral data set is large. Therefore, data pre-processing algorithms and
multivariate statistical analysis for data reduction and classification is
necessary [23-25]. Furthermore, samples of various nature and in various
environments require consideration of the most suitable approach for their
analysis. For instance, solid biological samples, such as urinary stones, often
require use of infrared (IR) microscopy in specular reflection mode which
yields Reststrahlen spectral bands in the recorded spectra [26]. This method
allows obtaining information about both chemical composition and structure
of samples as, unlike other techniques, does not require sample grinding. On
the other hand, specular reflectance spectra require complex mathematical
processing before both qualitative and quantitative analysis can be performed
[27]. Standard Kramers-Kronig transform is rarely applicable due to issues
related to acquisition of spectra, sample homogeneity and surface roughness.
Alternatively to the specular reflection IR microspectroscopy, Raman
scattering methods could be applied. While this technique requires no sample
preparation, fluorescence background is a common issue when biological
samples are analyzed. In addition, due to low yield of Raman scattered

photons, spectral acquisition time is long.
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Low efficiency of Raman scattering also prevents it from
applications in detection of small concentrations of substances in solutions,
such as biological fluids. This can be overcome by using signal enhancement
by metal nanoparticles — surface enhanced Raman scattering spectroscopy.
The challenge for this method to be used in clinical practice lies in achieving
reproducibility and selectivity when biological fluids of complex compositions
are analyzed [28,29].

Finally, despite the fact that complementary use of vibrational
spectroscopy techniques provides the best perspectives for their practical
applications, they are often viewed at as separate and competing techniques.

This limits their acceptance among other routine methods.

Goals and tasks of the thesis

Responding to the challenges highlighted above, the main goal of
this thesis is complementary application of vibrational spectroscopy and
microspectroscopy methods for analysis of biomedical samples - urinary
stones, urinary deposits and biological fluids. The work is focused on adapting
the methods and data analysis techniques to obtain reliable and repeatable
results. To achieve this goal, the following tasks were formulated:

1. Apply and evaluate potential of vibrational spectroscopy and
microspectroscopy techniques for comprehensive morphochemical
analysis of human urinary stones.

2. Apply and evaluate potential of infrared spectroscopy and
microspectroscopy for chemical analysis of urinary deposits.

3. Explore enhancement effects of various drop-dried colloidal substrates
with differently shaped silver nanoparticles and find optimal experimental
conditions for detection traces of uric acid in agueous solutions by means

of surface enhanced Raman scattering (SERS) spectroscopy and perform
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assignment of the SERS spectral bands by means of density functional
theory calculations.

4. Perform infrared spectral analysis of extracellular fluid taken from healthy
and tumor kidney tissue during nephrectomy surgery for identification of

spectral markers of cancer.

Statements of the thesis

1. Specular reflection IR microspectroscopy in MIR and FIR spectral region
can be efficiently used for chemical imaging of solid, rough surface
samples such as human urinary stones only when specific spectral pre-

processing is performed.

2. Epi-detected non-linear optical imaging provides chemically sensitive
information concerning microstructure of urinary stones at lateral

resolution higher than 1 um.

3. Macro-ATR IR spectroscopy is found to be superior method to
conventional optical microscopy for determining chemical composition of

atypical crystal, poly-crystal and amorphous urinary deposits.

4. Semi-quantitative analysis of uric acid in biological fluids by means of
colloidal SERS with detection limits down to 10° M is possible only when

special drop-drying technique is used for preparation of the substrates.
5. Statistical multivariate analysis applied to IR spectral bands of glycogen in

the spectral region of C-O stretching vibrations allows differentiating

between healthy and cancerous kidney tissue with sensitivity up to 91 %.
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Novelty and relevance of the results

e Complementary use of vibrational spectroscopy techniques has the best
prospects for practical biomedical applications due to their versatility
regarding sample size, aggregation state or concentration.

e In this work we show for the first time that for solid samples, such as
urinary stones, diffuse reflection influence has to be taken into account
for reliable qualitative and semi-quantitative analysis using specular
reflection IR microspectroscopy. This can be done either by subtracting
the diffuse reflection component from the specular reflection spectra or
by applying FIR radiation for the analysis.

e Despite the fact that nonlinear optical microscopy has been mostly used
for analysis of tissues and lipid structures, the method is suitable to
determine both chemical composition and microstructure of urinary
stones for more comprehensive pathogenesis of urolithiasis.

e The only currently applied method for early diagnosis of urolithiasis —
optical microscopy of urinary deposits — is unreliable both in detecting the
deposits and determining their chemical composition. Macro-ATR IR
spectroscopy is found to be superior method for determining chemical
composition of atypical crystal, poly-crystal and amorphous urinary
deposits.

e Possibility to obtain quantitative information about low concentration
substances in solutions (or biological fluids) by means of SERS is of great
importance if the method is going to be used in clinical practice. We show
that for detection of uric acid by colloidal SERS technique it is possible
only when special drop-drying technique is used for preparation of the
substrates

e |R spectroscopic analysis of extracellular fluid is a new, never before

applied method for differentiation of healthy and cancerous tissue.
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Chapter 1 Biomedical applications
of vibrational spectroscopy: current
status and technical advances




1.1. Vibrational spectroscopy measurement techniques and their
biomedical applications

Vibrational spectroscopy is a classical method for material
characterization. It probes molecular vibrations within samples. Frequencies
of these vibrations uniquely define chemical composition and structure of
molecules within given environment. Two main techniques of vibrational
spectroscopy are infrared (IR) absorption and Raman scattering spectroscopy.

Radiation absorption in matter is associated with various processes
one of which is transition between energy states of an atom or a molecule.
For the transition to take place, the energy (i.e., frequency) of the incident
photon has to be equal to the band gap between the states. Absorption of
infrared radiation corresponds with transitions between vibrational energy
levels. IR radiation covers spectral region between 10000 and 10 cm™
(corresponding wavelengths - 1 and 1000 pm). This region is further
subdivided into three smaller intervals: near infrared (NIR) — 10000+
4000 cm™, middle infrared (MIR) - 4000+200 cm™ and far infrared (FIR) —
20010 cm™. Most of fundamental vibrational transitions are found in the
MIR spectral region; however, some vibrational transitions can also appear in
NIR (mostly combinations and overtones of fundamental vibrations) or FIR
(vibrations of heavy atoms or intermolecular vibrations) spectral regions
[30,31].

Fourier transform infrared (FTIR) spectrometers are used to record
IR absorption spectra [31]. Since it is a standard technique, it will not be
discussed in detail here. The recorded IR absorption spectrum is unique to a
given compound and is often referred to as “fingerprint” of molecules. Thus,
analysis of the IR absorption spectra allows identification of chemical
composition of molecular substances. For instance, frequencies of vibrational

modes when only a few atoms have large displacements and the rest of the
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molecule remains stationary are characteristic to functional groups in which
the vibrations are centered. When the vibrations involve displacements of
many atoms (skeletal modes), the frequencies of absorption bands are
specific to structure of the molecule.

Raman scattering spectroscopy is a complementary or alternative
technique to the infrared absorption spectroscopy. It is based on inelastic
scattering of monochromatic light — a phenomenon when frequency of the
incident radiation changes due to its interaction with molecular vibrations
[30,32]. Both dispersive and FT spectrometers can be used to record Raman
scattering spectra. Dispersive Raman scattering spectrometers with excitation
lasers emitting light in the visible spectral region (VIS) and either
photomultiplier tubes (PMT) or charge-coupled device (CCD) detectors for
signal detection are the most popular. However, excitation with visible lasers
often produces fluorescence in colorful samples and samples with impurities.
The fluorescent background overwhelms the weak Raman scattering signal
and makes it difficult or impossible to analyze. The fluorescence effect can be
minimized by use of lasers emitting radiation in the NIR spectral region. There
are two major drawbacks of using these lasers, however. First, high laser
power is required to obtain signal, due to the intensity being inversely
proportional to the power of four of the excitation wavelength; second,
sensitivity of detectors in the NIR spectral region is much lower than
sensitivity of PMTs or CCDs in the visible spectral region. Low signal-to-noise
ratio caused by these factors can be overcome by averaging a lot of spectra
which is only reasonable if FT-Raman spectrometer is used.

Similarly as IR absorption spectra, Raman scattering spectra are
unigue to molecular substances and can be used for their identification. Of
note is that the most information about samples can be gained by
complementary application of the both methods. For instance, molecules

having an inversion center obey alternative forbiddance rule: their vibrations
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are either infrared (asymmetric modes) or Raman (symmetric modes) active
[30].

Versatility, chemical and structural sensitivity of vibrational
spectroscopy makes it extremely attractive for studies of biological systems.
With development of novel techniques it has become possible to analyze bio-
samples regardless of their aggregation state, environment they are in, etc.
and address specific questions related to their composition, structure,
intermolecular interactions and function. While there are a number of such
techniques (for instance, surface enhanced IR absorption (SEIRA)
spectroscopy, nano-IR spectroscopy, spatially offset Raman spectroscopy,
etc.) only the ones related to this work will be covered in the following
sections. Both their advantages and shortcomings will be discussed as well as
their most important applications for analysis of biological samples

highlighted.

1.2.1. Accessories of FTIR spectrometer: ATR units

In addition to the common transmission measurements, FTIR
spectrometers can have various attachments which expand their capabilities.
For instance, attenuated total reflection (ATR) units are widely used as they
simplify sample preparation to a great extent. The ATR method is based on a
total internal reflection phenomenon at the interface between ATR element
of high refractive index and the sample of lower optical density [31]. At the
point of the reflection, electromagnetic field of the incident IR radiation
penetrates into the sample and decays exponentially with the distance from
the interface (evanescent wave). Thus, the reflected beam contains spectral
information about absorbance in the sample. The depth of penetration
depends on the wavelength (1), refractive indices of the ATR element and

the sample (n, and n,) and the angle of incidence (8):
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As the penetration depth is linearly dependent on the wavelength,
absorption bands at the lower wavenumbers (larger wavelengths) of the
spectrum will be of smaller intensity than at the larger wavenumbers (smaller
wavelengths). This effect is compensated by applying correction to the
absorbance spectra:

1%
1000°

ATR = AB - (2)

here AB is absorbance spectrum, ATR — spectrum after the correction and v -
wavenumber.

ATR technigue enables analysis of gaseous, liquid and solid samples
with minimal sample preparation as long as it is possible to obtain full contact
between the ATR element and the sample. It does not require samples to be
thin as the volume where the spectrum is measured is determined by the
penetration depth. Single and multiple internal reflection ATR elements are

available. The materials mostly used as the ATR elements are listed in Table 1.

Table 1. Materials used as ATR elements and their refractive indices at 10 um wavelength

[33].
Material Refractive index
Zinc selenide (ZnSe) 2,41
Germanium (Ge) 4,00
Silicon (Si) 3,42
Diamond 2,38

The fact that FTIR ATR technique does not require any specific
sample preparation, is non-destructive and label-free makes it extremely
attractive for various biomedical applications. To name a few, the method has

been applied to find biomarkers in urine samples [34], diagnose brain cancer
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from serum [35,36], detect harmful additives in food (meat, milk, and other)
[37-40], etc. Moreover, use of array (focal-plane array — FPA) detectors allows
employing the ATR technique for chemical imaging, for which not only no
sample preparation is needed, but spatial resolution is enhanced as well [41].
Since incident radiation is travelling through the ATR element of high
refractive index (n) before it hits the sample adhered to it, numerical aperture

(NA) and, in turn, diffraction limited spatial resolution (r) is increased [41]:

=_0|.\?iﬂ’ here NA=n-sina. a is a half-angle of the radiation cone that

enters/exits the objective. FTIR ATR chemical imaging has been used for
analysis of both dried and live cells at sub-cellular level [42,43], for analysis of
breast tissue to find small mineral calcifications [44], for analysis of processes

in microfluidic systems [45], etc.

1.2.2. Accessories of FTIR spectrometer: microscope
FTIR microscopes may be used for analysis of micro-samples or
imaging/mapping of macro-samples. The smallest details that can be analyzed
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Transmission mode Reflection mode
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Fig. 1. Scheme of Cassegrain objective in (A) transmission and (B) reflection modes.
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are limited by diffraction and for MIR radiation are as small as ~10x10 um. In
the microscope, radiation from the interferometer is usually focused onto the
sample and collected into the detector by Cassegrain optics (Fig. 1).
Microscopes can operate both in transmission (Fig. 1 A) and reflection modes
(Fig. 1 B). MCT single-point or FPA detectors are used for signal detection. In
order to view at the sample and select regions of interest (ROI), visible
radiation is directed onto the sample through the optics as well. The sample
may be viewed at through an ocular or CCD camera.

Emergence of IR microscopes has expanded the capabilities of IR
spectroscopy as imaging of samples with chemical sensitivity and specificity
became available. In the biomedical field, IR microspectroscopic imaging of
fixed cells and tissues has been of particular importance. It has been used to
uncover protein folding in cells in order to diagnose diseases such as
Alzheimer’s, Parkinson’s, Huntington’s and others [46—49]. Tissue imaging has
mostly been used in order to determine boundaries between cancerous and
healthy tissue in prostate, kidneys, breast, colon etc. [50-54]. In all these
studies the method has shown excellent correlation with histopathological
images and has a potential to be used in clinical practice. IR
microspectroscopy in reflection mode allows analyzing thick, solid samples
such as bone [55]. However, reflectance spectra are influenced by anomalous
dispersion of refractive index which distorts the spectral band shapes [27].
This issue prevents wider applications of IR microspectroscopy in reflection
mode. Since analysis of reflectance spectra is within the scope of this thesis it
will be more extensively discussed in sections 1.3.4, 2.4.1 and 2.4.2.

Synchrotron has been increasingly used as a radiation source for IR
microspectroscopy. Due to beam properties of synchrotron radiation (SR), its
use allows increasing spatial resolution when chemical images are made
through mapping. SR has been used for imaging biomedical samples from

cells and tissues to human hair sections and bones [46,56—60]. Despite the
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fact that SR is considered an ideal source in FIR spectral range, FIR has rarely
been used for analysis of biosamples. The main reason for this is that water,
which is abundant in most of the biosamples, has an intense absorption in the

FIR spectral region.

1.2.3. Raman scattering spectroscopy techniques: surface enhanced Raman
scattering — SERS

Raman scattering spectroscopy is often considered complementary
to the IR absorption spectroscopy rather than stand-alone technique due to
its low yield. However, Raman scattering signal can be considerably (up to
10%) enhanced by locating sample molecules in the vicinity of metal (Ag, Au,
Cu, Pt) nanoparticles — a phenomenon known as surface enhanced Raman
scattering (SERS) [61]. There are two possible enhancement mechanisms: (l)
electromagnetic and (ll) chemical. The former one is responsible for
approximately 10%-10” of the overall enhancement. It takes place when the
nanoparticles are affected by external electromagnetic field (the field is
constant at a given moment of time if the nanoparticle is much smaller than

the radiation wavelength) of incident laser radiation and localized surface

Induced
electric field

Incident light

=
Electric field of ;
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Fig. 2. Interaction between metal nanoparticle and electromagnetic field of incident

light.
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plasmons — collective oscillations of electrons — are induced. They produce a
local electromagnetic field around the nanoparticles (Fig.2.) which is the
strongest at the two points (A and B) along the axis of the nanoparticle
directed parallel to the external field. In addition, at these points the
directions of the local field coincides with the direction of the external field;
thus, superposition of the fields yields an intensity enhancement. If a
molecule is located in either one of these positions, its Raman scattering
signal is enhanced as well. The enhancement is even larger if the molecule is
in a small gap — so called hot spot - between two nanoparticles [61,62].

An important condition to obtain high Raman scattering signal
enhancement is to attain resonance (local surface plasmon resonance — LSPR)
between the frequency of incident radiation and natural frequency of the
plasmons determined by the nature of the metal, size and shape of the
nanoparticles. It has been shown that metals are useful as plasmonic
materials if the real part of their dielectric function (Re(¢(1))) in the
wavelength region of excitation is both large and negative [62]. For this
reason, silver and gold which both meet these conditions are the most widely
used in SERS applications. When the size of the nanoparticles increases, the
LSPR red-shifts and is damped. The shape of the nanoparticles also influences
the position and intensity of the LSPR. For instance, the LSPR of Ag
nanoprisms is red-shifted from 400-450 nm to 700-1000 nm as compared to
the spherical Ag nanoparticles. In addition, resonance conditions could be met
for more than one wavelength which makes it easier to select the excitation
laser for the SERS experiment to obtain maximum enhancement [62].

The second, chemical, enhancement mechanism is responsible for
only additional factor of 10 of the overall enhancement. It stems from the
interactions between the analyte molecule and the metal, such as electron

transfer between the two [62].
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When analyzing biological molecules, and, in particular, when
creating biosensors it is important to achieve reproducibility of the recorded
SERS spectra to be able to perform quantitative analysis. This remains the
major drawback of SERS spectroscopy since there are many factors that can
affect the intensity of the spectra [63]. Firstly, preparing identical uniform
substrates is only possible by implementing relatively expensive and complex
lithography techniques. Synthesizing colloidal metal nanoparticle solutions is
cheap and easily available; however, reproducible results are hardly
achievable when they are used in SERS spectroscopy. Adsorption
characteristics of analyte molecules on the metal nanoparticles influence the
SERS signal intensity as well. For instance, different extent of surface coverage
may lead to different molecule orientation, and in turn, due to surface
selection rules [64], different relative intensities of SERS spectral bands [63].
In addition, SERS signal intensity depends on the overall surface coverage,
described by adsorption isotherms. It has been shown, that with increasing
number of molecules adsorbed on the metal nanoparticle surface, the SERS
signal intensity increases and, at a certain point, reaches its maximum value.
Further addition of molecules does not increase the signal intensity and might
even reduce it, as the “free”, not adsorbed molecules damp the resonance of
the nanoparticles [63].

Despite the issues mentioned above, SERS spectroscopy has been
increasingly proposed as a method of choice for disease diagnosis and
prevention [65—68]. Due to its high sensitivity the method has mostly been
used for detection of low concentration substances in biological fluids such as
urine, blood, saliva, tears, etc. [69-74]. It has also been employed to
differentiate between bacterial strains for detection of disease inducing
microorganisms in food and water [75-78]. Moreover, imaging of cells and
tissues by use of SERS labeling has been reported both ex- and in vivo [79-81].

However, the biggest issue with SERS spectroscopy that prevents it from
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being used in routine clinical practice is production of metal nanoparticle
substrates that would provide reproducible results suitable for quantitative

analysis.

1.2.4. Raman scattering spectroscopy techniques: coherent anti-Stokes Raman
scattering - CARS

Another technique that allows obtaining much higher Raman
scattering signal is coherent anti-Stokes Raman scattering (CARS) microscopy
[82]. CARS is a four-wave mixing process based on sample excitation using
two ultra-short spatially and temporally tuned lasers. The frequency
difference of these lasers is selected to match the energy of molecular
oscillations (Fig. 3). For the four photons that are involved in the CARS
process, phase matching condition has to be met (Fig. 3). This is the case for
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Fig. 3. Energy level diagram showing transitions for CARS and non-resonant background

(left); scheme of phase matching between the two pump, Stokes and CARS photons

(right).

only one direction of k,s vector of the anti-Stokes photon. That means that all
the CARS photons are directed in a single direction different from the one the

laser radiation is propagating in. This makes CARS signal easy to record. In
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addition, intensity of the recorded anti-Stokes Raman scattering signal is
proportional to the square of the number of the oscillators. For this reason
CARS has an advantage of high sensitivity as well as faster image acquisition
rates over spontaneous Raman scattering. Furthermore, recording signal in
the anti-Stokes spectral region means that one-photon fluorescence
background generated by colorful samples and impurities is not recorded
which is extremely important when biological samples are analyzed [82]. On
the other hand, together with the resonant CARS signal, frequency
independent non-resonant background is generated. It is attributed to
electronic transitions between virtual states in non-resonant molecules
(Fig. 3). The overall CARS signal is then described by contributions of both
resonant and non-resonant contributions of third-order susceptibility (x°z and
X nr respectively) [83]:
Iears(@) % (Ixz(@)I? + |xirl?* + 2x3rRelxz (@)]) - Bump - a)

) IStokesr

where, Icags, loump and Isiores — intensities of the CARS, pump and Stokes beams
respectively. The contribution of the non-resonant background (I) distorts
shapes of the CARS spectral bands as compared to the bands in the
spontaneous Raman scattering spectra and (ll) overwhelms the resonant
CARS signal causing lower contrast in the CARS images [83]. There are CARS
detection schemes, such as epi-CARS [84], polarization CARS [85], frequency
modulated CARS [86], interferometric CARS [87], that allows avoiding the
undesirable non-resonant background in the images. In the epi-CARS
technique, the resonant CARS signal is recorded in the backward direction
while the non-resonant background is only generated in the forward direction
[84,88].

In the CARS microscopy experiment (simplified experiment scheme
is presented in Figure 4), phase matching condition between the lasers is

achieved by fine tuning a delay line. The radiation is directed onto the sample

32



and scattered radiation is collected with an optical microscope equipped with
non-descanned detectors. Signal can be recorded in either trans- or epi-

directions depending on the nature of the sample. Finally, the non-linearity of

RM < Delay line
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Fig. 4. Block scheme of CARS imaging system.

the CARS process determines that the coherent scattering signal is only
generated in a small volume where the lasers are focused and the phase
matching condition is met. For this reason, 3D imaging of samples is possible
with this method [82].

CARS is a technique mostly used for label-free imaging of various
biological systems and offering biochemical specificity with submicron spatial
resolution [89-91]. Possibility of simultaneous acquisition of other non-linear
optical signals enables multimodal imaging: CARS, two-photon excited
fluorescence (TPEF) and second harmonic generation (SHG) signals [82]. While
CARS is generated by specific molecular vibrations, TPEF is generated by
endogenous fluorophores (such as pigments). SHG signal is generated by non-
centrosymmetric microstructures lacking inversion symmetry. Thus,
multimodal imaging allows distinguishing different chemical species and their
morphological distribution in the sample. In addition, it has been shown that
in vivo measurements are possible by utilizing single mode optical fibers for
so called CARS endoscopy [92,93].

Multimodal CARS microscopy proved to be of particular use for

imaging lipid-rich structures such as brain and kidney tissues [94,95].
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However, its potential in imaging and analysis of mineral samples has also
been shown [96]. While trans- detection is preferable for thin samples due to
more intensive signal acquired, epi- detection is also possible and allows
analysis of samples independent of their thickness. It has been recently
demonstrated that epi-detected multimodal imaging can be used to uncover
distributions of mineral (apatite) and organic matter in tooth which provides
better understanding of its morphological structures in micro scale and

facilitate optical diagnosis and tooth characterization in dentistry [97].
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1.3. Data analysis techniques

1.3.1. Spectral pre-processing

First step in spectral data analysis is pre-processing which allows
correcting artefacts related to signal acquisition (e.g., scattering, influence
from atmospheric gases, uneven sample thickness, etc.) [23,24,98]. It usually
includes atmospheric compensation (physical models are used to estimate
and account for the amount of CO, and H,0 influencing the spectra), baseline
correction (which can be a simple offset correction or scattering correction;
rubber-band method is used to correct more complex baseline deviations)
and normalization. Sometimes, spectral smoothing may be required to obtain
higher signal-to-noise ratio. However, this comes with a price of lowered
spectral resolution [31]. Another technique for spectral de-noising is use of
principal component analysis (PCA) [99]. Spectra are decomposed into
principal components (PCs) and then reconstructed from only few of them
leaving the ones that represent the noise out.

Better separation of overlapped spectral bands is achieved by
calculating derivatives of spectra or by applying Fourier self-deconvolution
algorithm [31,100]. The latter includes altering the decay function of the
recorded signal which results in narrower spectral bands. Differentiation
produces narrower lineshapes of spectral bands as well. While odd derivatives
have dispersive lineshape, even derivatives result in symmetric lineshape. Of
note, derivatives of order higher than two are rarely used as their lineshape is

complex and may lead to incorrect interpretation of spectra.

1.3.2. Qualitative and quantitative spectral analysis
After spectral pre-processing, further analysis can be performed.

Qualitative analysis is usually performed by comparing vibrational spectra of
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samples with vibrational spectra of pure components. There are several free-

access  spectral libraries (for example, http://webbook.nist.gov/;

http://rruff.info/) which contain vibrational spectra of various molecular

compounds and which can be used for determination of chemical
composition of samples. Otherwise, such libraries can be purchased or
constructed according to the samples analyzed in a laboratory. Of note, it is
usually preferred that both the sample and the library spectrum would be
recorded using the same method (e.g., IR transmission or ATR) and under
similar environmental conditions.

Absorbance is directly proportional to concentration of absorbing
matter. As long as this relationship is linear, quantitative information (relative
concentration) about the substances in the sample can be extracted by
calculating integral intensities of characteristic spectral bands and dividing
them by corresponding integral intensities of spectral bands in the reference
spectrum of pure component.

When the spectral data set is very large, it is difficult, and often
unnecessary, to analyze spectra one by one. Multivariate analysis methods
allow separating the large data set into groups according to the differences
between the spectra (i.e., chemical changes in the sample(s)) [101]. One of
such methods is hierarchical cluster analysis (HCA) which forms clusters that
are organized as tree — the root of the tree contains the whole data set, while
the leaves are individual spectra. The results of the HCA are often displayed as
a tree-like graph — a dendrogram. In the HCA, the clustering begins with the
single spectra which are successively merged into groups according to their
similarity. The similarity is usually determined by calculating Euclidean
distances between every point in the spectra; then a specific algorithm
(usually Ward'’s algorithm) is used for the grouping [102]. The procedure is
repeated until only one cluster remains. Such approach has been used for

classification of cells, tissue types, microorganisms, plants etc. [103,104].
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1.3.3. Chemical imaging

IR and Raman microscopy allows obtaining morphochemical
information about samples which means that not only chemical composition
is known, but also where in the sample a specific chemical component is
located. A spectral data set obtained by imaging or mapping is pre-processed
as described above. Calculation of integral intensities of characteristic spectral
bands or use of the HCA (or other multivariate analysis techniques) generates
a single value - the integral intensity or cluster number - associated with each
spectrum in the data set. In order to create a chemical image, these values

are color-coded and attributed to each pixel in the image [23].

1.3.4. Basic theory of Kramers-Kronig transform (KKT)
As mentioned above, in the external reflectance measurements,
the spectral band shapes are affected by the dispersion of refractive index (n)

[27]:

N(q?/m)

=1+ 5 - ,
2¢,(0," —0° +iyw)

(4)

here w — incident radiation frequency, w, — natural resonant frequency of the
oscillators in the sample, y —damping coefficient, g — charge, associated with
the oscillator, m — oscillator mass, N — number of oscillators. The dispersion
affected spectral bands, or Reststrahlen bands, appear as first derivative of
absorbance spectral bands: they acquire negative values at the high
frequency side and their peak position is red shifted. Such distortion
aggravates spectral analysis and, therefore, needs to be corrected.

Dispersion is normal when 0<w< w, and wy< w<ee. In the range of
normal dispersion, the refractive index is real, i.e., | ®,” —®*|>>iyo. When

w=wy, i.e., in the spectral range of absorption, the refractive index becomes

complex [27]:
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n =n+ik, (5)
here k describes the absorption and relates with the absorption coefficient (a)

as follows [27]: « :%. Then, the dispersion relation for the real and the

complex parts of the refractive index becomes [27]:
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Dispersion is anomalous when the refractive index is decreasing
when the frequency is increasing (in the spectral range around w=w,). The
real and the complex parts of the refractive index are related through the

Kramers-Kronig transform [27]:

n(v,) = n(e0) + = PJ. k0 g, , (8)

oV _Vo
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0 vi-vy

(9)

Here n(ee) — asymptotic value of the refractive index when
frequency is approaching infinity, v =w/2z and the P denotes Cauchy

principal value which allows calculating the value of the integral at v =v,

[105]:

Pj FO) 4, |imH{%fr FO) g, 4 T Fw) dvj, (10)

V=V, 5 V=V, V=V,

o
here F(w) is a complex function.

When analyzing the external reflectance, Kramers-Kronig
relations are used to calculate the phase change between the incident (r) and
the reflected (r’) radiation. It is known from the Fresnel equations that for an

absorbing material, the amplitude of the reflected unpolarised radiation [27]:
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r'= |r|exp[i5] =/R(v) exp[id] = (11)

here 6 is the phase change (-n< 6< i), R(v) - reflectivity; the incidence is from

air (refractive index n;=1) and normal (angle of incidence 9=0°). It can be then

shown that [27]:

1-R
n, = , 12
? 1+R-24JRcoss (12)
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The phase change 6 can be calculated through the Kramers-

Kronig relations as follows [27]:

2 <InyR
5(v,) =2 p[= (Vz)dv. (14)
T 0 1% _VO

Having subsequently calculated the k, optical density is [27]:
D(v) = 2zk(v)vl, (15)
here | is penetration depth.

Reliable analysis of specular reflectance spectra cannot be
accomplished without performing the KKT. However, real life sample rarely
yield ideal specular reflectance. Typically, many phenomena (such as
scattering, diffuse reflectance, reflectance from back surfaces, etc.) influence
the spectra [106]. In addition, the prerequisite to have an angle of incidence
equal to 0° in order to obtain the Equation 11 is not satisfied in the
Cassegranian optics used in the IR microscopes. For these reasons, use of the
KKT has been episodic. Appropriate use of the KKT for pre-processing
reflectance spectra of rough-surfaced samples — urinary stones — and
obtaining reliable information about their morphochemistry is within the

scope of this thesis and will be discussed in chapter 2.
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Chapter 2 Vibrational spectroscopy
analysis of urinary stones




2.1. Urinary stone disease

Urinary stone disease (urolithiasis) is a life-style related non-
communicable disorder. Despite the fact that recent study in England showed
a decrease in prevalence rates of urolithiasis [107], global literature still
reports increasing numbers of patients with kidney stones [108-110]. A
variety and complexity of processes influencing stone formation prevents
from tracing a single explanation of etiology and pathogenesis of the disease
which, in turn, causes lack of appropriate prevention measures [111-113].
The fact is confirmed by increasingly high recurrence rates of urolithiasis. As
some studies have shown, 30% to 40% of untreated patients will form a new
stone in 5 years’ time [112,114,115]. This has a significant impact on a quality
of life. Furthermore, the prevalence and incidence of kidney stone disease has
been increasing across the world throughout the 20th century. For example,
in the US the prevalence of the disease is approximately 10 % (13 % for men
and 7 % for women) which is a drastic increase from 3 % recorded in the
1964-1972 time period [112]. Developed, industrialized European countries
follow similar trends and urolithiasis is becoming a major health care problem

worldwide.

2.1.1. Formation of urinary stones: crystallization, aggregation and
growth

Urinary stones are mainly composed from calcium containing
minerals: calcium oxalates (whewellite (CaC,0,-H,0) or calcium oxalate
monohydrate (COM) and weddelitte (CaC,04:2H,0) or calcium oxalate
dihydrate (COD)) and calcium phosphates (apatites (Cas(PO,)s(F,Cl,OH)) and
brushite (CaHPO,-2H,0)). These minerals account for approximately 80% of all
cases. Ten percent of the stones are constituted from struvite

(NH;MgPO,4-6H,0, a mineral originating from infection by bacteria that
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possess enzyme urease), 9% - from uric acid (CsH4N403) and the remainder 1%
- from other substances such as cystine (C¢H1,N>0,4S,), ammonium acid urate
(CsH;N503), drugs, etc. [116]. These rates vary according to geography, sex
and age [117].

An essential condition for the stone formation is oversaturation of
urine. It can be caused by some pathological conditions as well as dietary
habits of the patient. For instance, increased calcium oxalate oversaturation
may result from low urine volume or excessive excretion of calcium or
oxalate, or combination of these factors [116]. The oversaturation may
constantly vary in time and/or include several different components resulting
in multi-component stones. For the urine to be oversaturated with the rare
components, such as struvite, cystine or drugs, specific conditions are
required, whereas, oversaturation with calcium oxalate, phosphates and uric
acid can occur even in urine of healthy people. In these people, the
development of the stones might be prevented by crystallization inhibitors,
lack of crystallization centers or simply because the process is energetically
disadvantageous [118]. Thus, the oversaturation is essential but insufficient
condition to the stone formation.

There are three most important processes of urinary stone
formation: nucleation, growth and aggregation. During the stage of
nucleation, small crystals — crystallization centers — form. The nucleation can
be divided into primary if new crystals form in the oversaturated solution and
secondary if the nuclei form on the surface of pre-existing crystals. In turn, the
primary nucleation can be further subdivided into homogeneous, when
crystals are formed spontaneously in the volume of the solution, and
heterogeneous, when crystals form on a surface. The latter form of nucleation
is the most probable in urinary system [118].

During the stage of crystal growth molecules and ions in the urine

are transported into vicinity of the pre-formed nuclei and incorporated into
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their lattice. The aggregation of the formed crystals is a process of them
clumping together during their constant collisions [118].

It is obvious that prohibiting the oversaturation of urine will, in
turn, prevent the crystallization. External prohibitors and inhibitors, such as
various urinary macromolecules affect the crystallization processes as well:
they can either prevent or induce nucleation, crystallization and/or
aggregation. For instance, albumin adsorbed on hydroxyapatite may induce
nucleation of calcium oxalate [118].

The above described processes determine chemical composition,
texture (shape and arrangement of crystal grains in the stone) and
morphology of urinary stones. Accordingly, the stones have been classified
into 7 main types and 22 subtypes [117], each relating to some specific
pathology. Therefore, analysis of stones texture and morphology as well as
determination of their chemical composition is of great importance for
treatment and prevention of urolithiasis. In the multicomponent stones, an
arrangement of areas of different chemical compositions could be a hint to

the history of stones growth.

2.1.2. Urinary stone analysis

Comprehensive analysis of urinary stones is important for effective
treatment and prevention of urolithiasis, especially in cases of residual and
recurrent stones. Large number of various physical and chemical methods has
been used for the analysis [119]. They are summarized in Table 2
[26,117,120-130]. None of the methods alone can provide full information
about the morphology, texture, chemical and mineralogical composition of
the stones. For instance, texture can only be determined by techniques such
as scanning electron microscopy or polarization microscopy. While chemical
methods provide information about atomic and molecular content of the

stones, ability to determine their exact mineralogical composition is limited.
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Table 2. Physical and chemical methods used for analysis of urinary stones and the

information they provide [26,117,120-130].

Information extracted
/ Chemical composition
Morphology
Methods Non- Mineralogical
structure/ Elemental
crystal/organic composition
texture composition
components
Optical microscopy
X
(stereomicroscopy)
Chemical analysis X X e
Thermal gravimetry X X
X-ray diffraction
X
spectroscopy
Laser induced breakdown
X X
spectroscopy (LIBS)
Scanning electron .
X X
microscopy
Computer tomography X X
FT-IR
(micro)spectroscopy/Ram X X X
an spectroscopy
Polarization microscopy X X

*only limited information can be obtained

Furthermore, in choosing a method for the urinary stone analysis one has to
pay attention to its availability and price.

Recently, three methods became the most popular for the stone
analysis: polarization microscopy, X-ray diffraction spectroscopy and IR
absorption spectroscopy [119]. These methods are discussed below in more
detail.

Polarization microscopy is a method based on interaction of
polarized light with crystals. Depending of the crystalline structure of the
analyzed material as many as 20 different properties such as color, shape,

refraction or birefringence can be observed. In addition to the low cost and
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rapidity, polarized microscopy has an advantage of capability to identify
structures as small as 5 um. However, experienced and skilled scientists are
required to perform subjective analysis. Furthermore, while differentiation of
COM from COD is relatively simple, some crystals such as calcium phosphates
are difficult to identify [119,131]. Therefore, polarized microscopy is not used
as a standalone technique for the urinary stone analysis, but rather as a
complement to other methods [113,123].

X-ray diffraction spectroscopy is based on X-ray diffraction on
crystal lattice. The diffraction pattern corresponds to reciprocal lattice of the
crystal and is described by Bragg’s equation:

2dsin@=mA4, (22)

here d is the distance between crystal planes, ® — diffraction angle, m —
positive integer, A — wavelength. Powdered urinary stone samples are usually
analyzed with this method [122]. Although the method provides precise
quantitative information about crystalline composition of urinary stones,
amorphous components cannot be detected. An important advantage of X-
ray diffraction spectroscopy is that the analysis can be automated [131].
However, high price and long measurement time prevents this method from
being used routinely.

For a more detailed analysis of urinary stones, synchrotron
radiation based X-ray microtomography (SR-uCT) has been applied [132]. The
method allowed determining texture, chemical composition and
microstructure of urinary stones while keeping them intact. While this
technique could not be used routinely, it allows reconstructing formation path
of selected stones. It has been particularly useful for identification and
characterization of Randall’s plaques — subepithelial calcifications constituted
from calcium apatite — which are known to be initial growth centers of the

stones [133-136].
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Dual energy CT has also been used to detect and characterize the
urinary stones in vivo [126]. The types of the stones can be precisely
determined by using this technique (except for the stones constituted from
mixtures of uric acid and hydroxyapatite). However, this technique is still to
be validated and its clinical impact determined.

Vibrational spectroscopy, infrared absorption spectroscopy in
particular, has become one of the most popular methods for urinary stone
analysis due to its availability, rapid and precise identification of constituents,
possible automation and low costs [119]. Since application of vibrational
spectroscopy methods for urinary stone analysis is within the scope of this

thesis, they will be described in more detail in the next chapter.
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2.2. Vibrational spectroscopy applications to urinary stone analysis

2.2.1. IR absorption spectroscopy of urinary stones

Infrared absorption spectroscopy has become one of the most
popular methods for urinary stone analysis due to its availability, rapid and
precise identification of constituents, possible automation and low costs
[119]. It has been used both as a stand-alone method [137-139] and as a
complementary technique to X-ray spectroscopy, thermogravimetry, SEM,
etc. [127,128,140]. The method has been shown to provide reliable
information about chemical composition of both crystalline and amorphous
constituents of the stones. Crystalline phases, such as COM and COD, can be
distinguished. Moreover, in frequent cases of multicomponent stones
quantitative analysis can be performed. However, a rather time consuming
sample preparation for transmission measurements has prevented the
method from becoming routine.

To solve the problem of complex sample preparation, there have
been several attempts to apply ATR IR spectroscopy both for qualitative and
quantitative analysis of urinary stones [141-143]. In these studies pulverized
stone samples are pressed to the ATR element to record IR spectra. Their
analysis provides similar or superior qualitative and quantitative information
as the spectra recorded using KBr pellet technique. Since less sample
preparation is required for the ATR IR spectroscopic method, it has been
concluded to be favorable for urinary stone analysis. However, more
investment is needed as ATR accessories for IR spectrometers are costly.

Major disadvantage of both KBr pellet and ATR techniques is that
the stone is pulverized during sample preparation. For complete description
of urinary stone type, full information about its morphology, structure and
chemical composition is required [117,144,145]. Infrared spectroscopic

imaging (mapping) of cross-sectioned urinary stones is capable of

48



simultaneously providing information about both their chemical composition
and structure. IR spectroscopic imaging studies of rigid biological samples
such as bones or calcified inclusions in biological tissues are performed in
transmission mode [146]. Thin (less than 10 um) sections of the samples were
obtained by using a microtome. However, this technique is not very well
suited for the urinary stones due to their brittleness. Some later studies were
devoted to applying reflectance mode of the IR microscope for the imaging of
calcium oxalate stones [26,132,147]. The authors of these papers showed that
spectral information from specularly reflected infrared light can be used for
qualitative analysis with the same success as KBr pellet (transmission) or ATR
techniques. However, distortions of spectral bands (Reststrahlen bands) of
specular reflectance spectra were neglected in the former studies which may
introduce error to the images. The Reststrahlen bands in the specular
reflectance spectrum resemble first derivative of the absorption spectrum
and they are shifted towards lower wavenumbers. Such distortions can
introduce serious errors when integral intensities of the Reststrahlen bands
are used for estimation of concentration of some chemical compound in
particular spot of the imaged surface. This is particularly true in case of the
band overlapping. Contour of the overlapped Reststrahlen bands due to the
first derivative feature is complicated and the bands are hardly
distinguishable. Intensity of the adjacent bands is also influenced by the first-
derivative effect. The prerequisites of having pure specular reflection signal
recorded at 0° angle of incidence prevents standard Kramers—Kronig

transform from being used to correct the spectra.

2.2.2. Raman scattering spectroscopy of urinary stones
Raman scattering spectroscopy is not nearly as much used for the
urinary stone analysis as IR absorption spectroscopy. In most of the studies it

has been used solely as a complementary technique to the latter [128,148].
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The main reason for that is the fluorescence signal from the stones usually
obscuring the Raman scattering signal. On the other hand, Raman scattering
spectroscopy has several advantages over IR absorption spectroscopy: it does
not require any sample preparation to obtain the spectra, there are
commercial hand-held Raman scattering spectrometers that can be used for
routine analysis, fiber optics could be used for analysis in vivo [149]. For this
reason, there is now an increasing number of studies that propose Raman
scattering spectroscopy as a method of choice for the urinary stone analysis
[150,151,129].

Raman scattering microscopy with He-Ne laser excitation
(632.8 nm) was used for identification of urinary stone composition from
urine powder after the stone was broken by ureteroscopic lithotripsy [150].
The stone samples were photobleached to avoid fluorescence and the main
components of the stones could be qualitatively identified. Although reliable
quantitative analysis was not feasible due to limited sampling, the method
was demonstrated to be useful for immediate stone analysis after their
removal procedures.

Similar results were obtained and automated analysis of urinary
stones was developed by A. Miernik et al. [151]. In this study, 532 nm and
785 nm excitation were wused and the fluorescent background was
mathematically removed prior analysis. Both major and minor components
could be identified which shows the potential of the technique. In the
subsequent paper the author tested the possibility of using a commercial fiber
optics used for endoscopic treatment of urolithiasis for urinary stone analysis
in vivo [149]. Although the results showed that the currently used fibers are
unsuitable for such purpose, the study provided useful information for further

development of such systems.
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2.3. Urinary stone analysis: experimental details

2.3.1. Sample preparation of urinary stones

Urinary stones were obtained from Vilnius University hospital
Santariskes clinics Urology Centre (authorization from Vilnius Regional
Biomedical Research Ethics Committee for biomedical research No. 158200-5-
053-056LP1). Firstly, they were inspected by using optical stereomicroscopy
(Stemi 2000C with AxioCam ERcSs video camera, Carl Zeiss, Oberkochen,
Germany) and, according to morphological features, pre-assigned to one of
the possible types and subtypes [117]. The stones which were intact during
their removal procedure were checked for specific features which were then
analyzed by recording Raman scattering spectra. No sample preparation was
necessary for Raman scattering spectroscopy experiments of urinary stones.
Then, the intact stones were cross-sectioned. The direction of the section was
chosen according to the stone’s morphology. For example, papillary stones
with a visible Randall’s plaque were sectioned perpendicularly to the plaque.
One half of the stone was used to perform IR/Raman/CARS chemical imaging.
For the measurements, it was fixed on a glass microscope slide using two-
component epoxy and polished gently in order to obtain flat surface. Sand
paper of various roughnesses (P220, P240 or P400) and/or polishing glass
(originally intended to polish optical windows for infrared spectroscopy) was
used for the polishing. After the polishing, the stones we cleaned with
acetone using a cotton swab. Unless displaying any exclusive morphological
features, both halves of the stone were assumed to have identical chemical
composition; thus, the second half was used to perform qualitative and
quantitative analysis by means of IR absorption spectroscopy. The samples for
the latter were prepared by using KBr (potassium bromide) pellet technique:

the stone sample is grinded using an agate mortar and pestle and mixed with
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a KBr powder in ratio 1:100 (2 mg:200 mg) and the mixture is pressed into a
pellet with a manual hydraulic press (Specac, Orpington, England) under
740 MPa pressure. The stones which were broken during their removal
procedure were also checked for the distinct features (which were the
analyzed by Raman spectroscopy) and subsequently grounded to prepare the
KBr pellets.

Samples for the FIR absorption measurements were prepared by
polyethylene (PE) pellet technique: the stone sample is grinded using an agate
mortar and pestle and mixed with a PE powder in ratio 1:50 (2 mg:100 mg)
and the mixture is then placed into the die of manual hydraulic press (Specac,
Orpington, England). The stainless steel parts of the die were pre-heated to
approx. 150° C. The die with the sample were placed in an oven (pre-heated
to approx. 200° C) and kept until the temperature of its outer surface reached
150° C again. At this point, the inner temperature of the die had reached the
melting temperature of the PE (approx. 136° C). The die was then placed
under the press and the sample pressed into a pellet under 370 MPa

pressure.

2.3.2. FTIR absorption spectroscopy of urinary stones

Infrared absorption spectra were recorded by using FTIR
spectrometer Vertex 70 (Bruker Optik GmbH, Ettlingen, Germany) equipped
with globar light source, KBr beamsplitter and liquid nitrogen cooled MCT
detector. The spectra were recorded in 3900-650 cm™ spectral range with
spectral resolution of 6 cm™. For the resultant spectrum, 128 interferograms
were averaged and Fourier transformed into a spectrum applying Blackmann-

Harris 3 apodization function and zero filling factor 2.
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2.3.3. FTIR reflection microspectroscopy of urinary stones

Infrared reflectance spectra were obtained using infrared
microscope ’Hyperion 3000’ (Bruker Optik GmbH, Ettlingen, Germany)
equipped with a single element MCT detector and combined with Vertex 70
spectrometer (Bruker Optik GmbH, Ettlingen, Germany). A 15x/0.4 objective
was used. Knife edge aperture was fully open when collecting the spectra.
Over 1500 spectra were collected from one stone while mapping the surface
of the cross-section by means of motorized micrometer stage. The step size
between the scanned points was set to approximately 100 um (for the rare
cases of large stones, the step was increased in order to adjust the
measurement time to the working time of the detector (approx. 9 h)). The
spectra were recorded in 3500-650 cm™ spectral range with spectral
resolution of 6 cm™. Thirty two interferograms were averaged for one
resultant spectrum of each point and the result Fourier transformed into a
spectrum applying Blackmann-Harris 3 apodization function and zero filling

factor 2.

2.3.4. FIR absorption spectroscopy of urinary stones

FIR absorption spectra were recorded by using FT-IR spectrometer
Vertex 70 (Bruker Optik GmbH, Ettlingen, Germany) equipped with globar
light source, wide range MIR-FIR beamspliter and DTGS detector. The spectra
were recorded in 680-30 cm™ spectral range with spectral resolution of
8 cm™. For the resultant spectrum, 128 interferograms were averaged and
Fourier transformed into a spectrum applying Blackmann-Harris 3 apodization

function and zero filling factor 4.

2.3.5. FIR reflection microspectroscopy of urinary stones
FIR microspectroscopy experiments were carried out at the MAX-IV

laboratory in Lund, Sweden. Sets of reflectance spectra for the chemical
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imaging in the FIR spectral region were obtained using FTIR microscope
"Hyperion 3000" (Bruker Optik GmbH, Ettlingen, Germany) connected to the
IFS 66v FT-IR spectrometer equipped with multi-layer Mylar 6 um
beamsplitter. Synchrotron radiation was used for the FIR microspectroscopy
experiments. A general Purpose 4.2K Si Bolometer System (Infrared
Laboratories, Tucson, USA) was used to record the spectra. The microscope is
equipped with plastic chamber purged with nitrogen gas to avoid the
influence of atmospheric water absorptions to the spectra. The mapping
parameters were selected the same as for the MIR microscopy
measurements. The spectral acquisition parameters were as follows: the
spectra were recorded in 700 — 150 cm™ spectral range, 128 interferograms
were averaged and the result was Fourier transformed into a spectrum
applying Blackman-Harris 3-Term apodization function and zero filling factor
of 4. Spectra were recorded with 8 cm™ spectral resolution. It took
approximately 14 hours to perform the mapping in the FIR spectral region
(the time varies depending on the size of the stone, i.e., on the number of

measurement points).

2.3.6. Raman scattering spectroscopy of urinary stones

The Raman spectra were recorded with FT-Raman spectrometer
‘MultiRAM’ (Bruker Optik GmbH, Ettlingen, Germany) equipped with Nd:YAG
laser source (A=1064 nm, P,.,=1 W) and liquid nitrogen cooled Ge
(germanium) diode detector Gold plated mirror objective (focal length —
33 mm) was used. Diameter of the laser beam at its focal point is 100 um. For
the mapping of the stones, the parameters were selected the same as for the
MIR microscopy measurements. To obtain each Raman spectrum, 128
interferograms were averaged and the result was Fourier transformed by
applying Blackman-Harris 3-Term apodization function and zero filling factor

of 2. The 4 cm™ spectral resolution was used. Laser power was adjusted
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according each sample to avoid burning. The time needed to perform Raman
imaging is approximately 40 hours. For this reason, images of few stones were

only used as reference for FTIR imaging results.

2.3.7. Nonlinear optical microscopy of urinary stones

Nonlinear optical microspectroscopy experiments were carried out
in Dresden University of Technology, Dresden, Germany. Two erbium fiber
laser sources were used for the nonlinear optical imaging. They were spatially
and temporally overlapped by using a dichroic beam combiner and a delay
line, respectively. The “pump” laser (Femto Fiber pro NIR from Toptica
Photonics AG, Grafelfing, Germany) emits NIR radiation at 781.5 nm with
pulse duration of 1.2 ps and maximum power of 100 mW. The “Stokes” laser
(Femto Fiber pro TNIR, also from Toptica Photonics AG) which is tunable and
has pulse duration of 0.8 ps was set to 1005 nm or 857 nm resonantly
addressing the symmetric stretching vibration of methylene at 2850 cm™ or
mixed C-O, C-N, C-C vibrations of uric acid at 1121 cm™, respectively. The
emitted power is 1.5 mW at 1005 nm and 12 mW at 857 nm. Multiphoton
images were acquired by an upright microscope Axio Examiner Z.1 equipped
with scanning module LSM 7 (all from Carl Zeiss AG, Jena, Germany) and non-
descanned detectors. The nonlinear signals were acquired in reflection mode
using band-pass filters. A band-pass filter with band 633-647 nm was used to
select the CARS signal corresponding to the Raman band at 2850 cm™, and
one with band 670-754 nm was used for acquisition of the CARS signal
corresponding to the Raman band at 1121 cm™. A band-pass filter with band
381-399 nm was used to acquire SHG. Green TPEF was acquired in the range
500 — 550 nm. A W Plan — Apochromat water immersion objective of 20x and
NA=1.0 was used. The laser power in the focus is 50% of the nominal laser

power. Tile scan mode was used for acquisition of large images. Z stacks
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followed by a maximum intensity projection were used to compensate for

lack of planarity of sample surface.

2.3.8. Spectral analysis of urinary stones

Assignment of the recorded IR absorption spectra was performed
by comparing them with reference spectra of pure components (COM (Fluka),
uric acid (Fluka), hydroxyapatite (Sigma Aldrich) and |-cystine (Sigma Aldrich)).
The reference spectra were obtained by using the same experimental
conditions as spectra of the urinary stone samples. Reference spectra of
struvite, fluorapatite, COD and other rare components were obtained from
online spectral libraries [152,153].

When possible, relative concentrations urinary stones’ constituents
were determined by calculating integral intensities of characteristic spectral
bands and dividing them by corresponding integral intensities of spectral
bands in the reference spectra of synthetic components.

The KKT of the reflectance spectra of urinary stones was performed
using MATLAB package (Version 7.9, The MathWorks, Inc., USA). When
performing the KKT of spectra, an offset was added to all the intensity values

if necessary. This is reasoned by the fact that if the reflectance is close to zero,
due to the In\/R(v) term in the Equation 14, the integral becomes singular

[27]. The spectra which were collected beyond the borders of the stone’s
surface and which carry no information about the sample were not corrected.
Subsequently to the KKT, baseline correction (rubber-band method) was
applied to the spectra.

The prerequisite to obtain the Equation 11 is for the angle of
incidence to be 0°. The IR microscope objective used in this work yields a solid
angle of incidence of approximately 23°. However, the use of the Kramers-
Kronig relations is still valid for the urinary stone samples which have

refractive index Re(n) that varies between 1.2-1.6 and extinction coefficient
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Im(n) that varies between 0.01-0.3. For these values, reflectance of non-
polarized radiation remain nearly constant in the angle range between 0 — 30°

[154].

2.3.9. IR and Raman chemical imaging of urinary stones

IR and Raman chemical images of urinary stones were obtained by
calculating integral intensity of spectral band, characteristic to a chemical
component of interest. A specific color was then assigned according to the
numerical value of the integral intensity. The procedure is repeated for all the
spectra of the cross-section and a map, representing the distribution of
integral intensities across the surface, is constructed. The procedure was
performed using MATLAB package (Version 7.9, The MathWorks, Inc., USA).

The chemical images were also obtained by using HCA. It was
applied to the vector normalized reflectance spectra in the 1800-650 cm™
spectral region (“fingerprint” region). Euclidean distances between the
spectra were calculated, and then Ward’s algorithm was used to group the
data. The number of clusters was selected in advance according to the a priori
knowledge about chemical composition of the stone acquired from the
transmission measurements. In some cases, the analysis of the reflectance
spectra allowed identifying additional components in the stone, not predicted
by the transmission measurements due to their minor amounts. The number
of classes for the HCA was then varied accordingly. Each cluster was assigned
with some specific color and chemical maps were formed. The HCA analysis
was performed and corresponding chemical maps were constructed using

OPUS software (Bruker Optik GmbH, Ettlingen, Germany).
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2.4. Urinary stone analysis: results and discussion

Comprehensive analysis of urinary stones is important for effective
treatment and prevention of urolithiasis, especially in cases of residual and
recurrent stones. For this reason, in this work we applied and evaluated
potential of various vibrational spectroscopy methods (IR (microspectroscopy
in MIR and FIR spectral regions, Raman scattering spectroscopy and
multimodal CARS microscopy imaging) for morphochemical analysis of human

urinary stones.

Fig. 5. Typical pappilary urinary stones constituted from COM.

Urinary stones were firstly analyzed by optical stereomicroscopy.
The stones were classified according to their morphology and subsequent
analysis routine was ascribed. The stones obtained in this work were either
intact (single or multiple stones) or broken during their removal procedure.
Morphology of the intact stones provides information about whether the
stone grew attached or loose in the urinary system. Signs of papillary
umbilication possibly hosting a Randall‘s plague suggest the former while

uniform smooth surface — the latter. In Figure 5 A-C, typical papillary COM
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stones are presented. The apatite plugs are, however, missing from the
surface dip (marked by arrows). In the Figure 5 D, the apatite deposition
(marked by arrow) is visible on the tip of the COM stone with depressed
surface typical to papillary stones. The reddish layer around the deposit is

bilirubin.

Fig. 6. Urinary stones with smooth surface constituted from (A) uric acid and COM, (B, C).

The stones in Figure 6 have smooth and glossy surface with color
varying according to their chemical composition: yellow to orange is typical to
uric acid while beige to dark brown —to COM. The smooth and glossy surface
is a result of rubbing between multiple stones confined in the same
anatomical site in urinary tract [117].

Information about latest stages of urinary stones’ growth can be
obtained by analyzing distinct features on their surface (such as shown in
Figure 7 and Figure 8) by Raman scattering spectroscopy. For this, laser
radiation was directed to the selected ROl and the scattering signal was
recorded. The white sharp crystals on the surface of the stones presented in
Figure 7, were identified as COD by Raman scattering spectroscopy (Fig. 7 D).
Presence of such crystals suggests that the stones were in a phase of active
formation before their removal from the patients’ organisms [145,155]. Small
translucent crystals on the surface of another COM stone (Fig. 8) were
determined to be sucrose. It has been shown that increased amounts of
sucrose in human organism can increase calcium concentration which in turn
causes stone formation [116]. The whitish surface of this stone also suggests

recent depositions of COM [117]. In the latter case, the use of Raman
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Fig. 8. Urinary stone constituted from COM; on its surface, small crystals of sucrose are
visible (marked by arrows). In the Raman scattering spectrum of the crystals (on the
right) both spectral bands of sucrose and COM are visible; the latter are marked by

asterisk.
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spectroscopy subsequent to the visual investigation is fundamental. If the
stone was ground, the small amounts of sucrose could not be detected as the
absorption of COM would be overwhelming.

Most of the information that can be extracted from inspecting
morphology of urinary stones is lost when they are broken during their
removal procedure. However, they can still be attributed to a certain type
according to their color and other features such as packing of crystals. Figure
9 A and B shows two types of COM stones. The stone in A is lighter brown and
has an unorganized crystal structure as compared to the stone in B.
Differences in color and crystal organization is suggestive of the environment
the stone was growing in, growth rate and, most importantly, underlying
disorders [117,145]. Therefore, morphological examination of urinary stones
is of great importance not only for planning further course of study but for
predicting diagnosis as well. Uric acid stone of yellow-orange color is
presented in Figure 9 C. Debris of the broken stones may still contain some
distinct features that can be separately analyzed by Raman scattering
spectroscopy. For instance, a clot of blood could be identified in the COM
stone presented in Figure 9 D (marked by arrow). Since minerals constituting
urinary stones typically have strong absorbance, even larger amounts of
organic substances (such as blood) may remain unidentified if the stone is

ground. Thus, the use of Raman scattering spectroscopy is of great

Fig. 9. Urinary stones that were broken during their removal procedure. The stones are

constituted from: (A, B and D) COM, (C) uric acid.
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importance for identification of all constituents of both intact and broken
urinary stones.

The visually inspected urinary stones were further investigated by
FTIR absorption spectroscopy. One half of the intact stones or whole broken
stones were analyzed. The results of the 403 stones analysis are presented in
Figure 10. The graph summarizes prevalence of different types of urinary
stones in Lithuania. Calcium oxalate stones include all stones the major
constituent of which is COM, COD or their mixture. Minor amounts of
phosphates — various apatites or amorphous calcium phosphates (ACP) —
might be present in these stones as well. In accordance with the literature
results [156], it can be seen that calcium oxalate urinary stones are the most
common type of stones with prevalence value of 61 %. However, this
percentage is lower as compared to the 70-80 % observed in countries such as

USA or Germany [156—158]. Major component in uric acid stones is uric acid,

Brushite

(+apatite)

_ stones
Struvite Atpatlte 2%
stones  StONes
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stones Calcium
26% oxalate

stones
61%

Fig. 10. Chemical composition of human urinary stones as determined by means of IR
absorption spectroscopy of 403 stone samples; the graph represents prevalence of

calcium oxalate, uric acid, struvite, apatite and brushite stones in Lithuania.
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possibly with COM or other minerals as minor constituents. They are less
common and comprise 26 % of all urinary stones. This percentage is
unexpectedly high as compared to the literature values of 10-15 %. The
prevalence of struvite (10 %), brushite (2 %) and apatite (1 %) stones are in
accordance with the literature [156].

In many cases minor components remain unidentified by FTIR
absorption spectroscopy unless they are mechanically separated from the
major components during the visual investigation. This is particularly true for
uric acid stones mixed with minor amounts of other components since uric
acid has strong absorbance and many spectral bands in the MIR spectral
region. Therefore, we expanded the spectral region used for analysis to FIR.
Spectral bands in the FIR spectral region provide information about low
frequency vibrations of heavy atoms as well as phonon modes of crystal
lattices [159].

The recorded FIR absorption spectra of COM, COD, uric acid,
hydroxyapatite, struvite, ACP and brushite are presented in Figure 11.
Characteristic spectral bands can be observed for all crystalline minerals.
Some of them (marked by arrows) could be assigned to characteristic
molecular vibrations according to the literature [160-166]. Most bands below
400 cm™, however, remain unassigned. In crystals, spectral bands of lattice
vibrations are found in this spectral region.

In the FIR spectral region, two hydration states of calcium oxalate —
COM and COD - can be discriminated from each other by spectral bands at
395 cm™ and 152 cm™ observed in the COD spectrum. On the other hand,
struvite and ACP have very similar spectral bands; thus it is difficult to

differentiate between the two components.
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Fig. 11. FIR absorption spectra of mineral components the most frequently found in
urinary stones. Some of the spectral bands in the spectra (marked by arrows) could be

assigned to molecular vibrations as described in the literature [160-166].
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Normalized MIR and FIR absorption spectra of urinary stone
constituted from uric acid and COM are compared in Figure 12. Spectral
bands which are characteristic to each chemical component and which were
later used to produce chemical images are denoted by dotted lines. In the
spectra of the stone (Fig. 12 A, B (top)), spectral bands of the stone’s
constituents are much better separated in the FIR spectral region than they
are in the MIR spectral region. In the latter, bands of COM (v(C=0) at
1625 cm™, v(C-0) at 1318 cm, §(0-C=0) at 782 cm™ [167]) and uric
acid (v(C=0) at 1673 cm-*, §(0-H) at 1301 cm™, ring vibration at 1121 cm™,
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Fig. 12. MIR (A) and FIR (B) absorption spectra of urinary stone constituted from COM
and uric acid (top) and spectra of corresponding synthetic components (middle and

bottom); red dotted lines mark spectral bands characteristic to COM and uric acid.

8(N-H) at 783 cm™ [161]) are of similar intensities and are highly overlapped.
For this reason, small amounts (approximately Cyric acid > 4*Cealcium oxalate) ©Ff COM
could hardly be identified from the MIR spectra. Meanwhile, in the FIR
spectral region, the band at 274 cm™ assigned to y(0=C-C=0) of COM [160]
can be clearly distinguished as the spectral bands of uric acid absorption in
this region are weak. Similarly, the presence of uric acid is determined by
distinctive absorption bands in the 700 — 550 cm™ spectral region.
Quantitative analysis of urinary stones could only be performed for

urinary stones, constituted from those chemical components which had their
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synthetic counterparts the spectra of which could be recorded in our
laboratory. The analysis was performed as described in section 2.3.8. The
accuracy of the quantitative analysis in both MIR and FIR spectral regions is
defined by the accuracy of the calculations of the integral intensities. It is
approximately 5 % as determined by performing quantitative analysis of
mixtures of synthetic minerals — COM and uric acid — in various

concentrations.

2.4.1. IR chemical imaging of urinary stones: modified KKT correction of
reflectance spectra

In the external reflectance measurements, the spectral band
shapes are affected by the dispersion of refractive index. The dispersion
affected spectral bands, or Reststrahlen bands, appear as first derivative of
absorbance spectral bands: they acquire negative values at the high
frequency side and their peak position is red shifted. Such distortions
introduce error into the chemical images formed by calculating integral
intensities of the Reststrahlen bands. When the recorded reflection signal is a
sum of both specular and diffuse reflections standard KKT procedure cannot
be used to correct the distortions due to assumption made during derivation
of the relations. In this work, we firstly made an attempt to modify the KKT
correction procedure by subtracting the diffuse reflection component from
the reflectance spectra of cross-sectioned calculi prior the transform. The
correction procedure was applied to the relevant spectral bands in the
spectra (the bands specific to a particular chemical component in the stone,
not overlapping with spectral bands of other components in the spectra of
mixed stones) only. Corresponding bands from the IR absorption spectra of
the pure components, obtained employing KBr pellet technique, were used
for the subtraction. The remaining specular reflection component was then

corrected by applying the KKT. Finally, in order to retain spectral information,
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the corrected specular reflection component was combined with the
subtracted diffuse reflection component. The amount of diffuse reflection
that had to be subtracted was determined iteratively: the diffuse reflection
contour was multiplied by a constant which was varied until the peak position
and the contour symmetry after the KKT resembled those of the spectral band
in the absorption spectrum. Such constant was found for each spectrum in
the data set. The outliers were omitted from the correction and their integral
intensities were automatically assigned to zero (block scheme of the
procedure is presented in the Appendix | Fig. Al-1).

Spectral band at 1318 cm™ (symmetric C-O stretch in COM [167])
taken from the reflectance spectrum of the urinary stone constituted from
COM and uric acid recorded in the area of COM is presented in Figure 13. The

spectrum in A shows the band in the raw reflectance spectrum while the
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Fig. 13. Reflectance (A), KKT calculated absorbance without (B) and with (C) prior diffuse
reflection subtraction and absorbance (D) spectral bands of COM at 1318 cm™.
Reflectance spectrum in (A) was recorded in the area of COM in the cross-section of
urinary stone constituted from COM and uric acid. Absorbance spectrum is recorded by
preparing synthetic COM powder for transmission measurements by KBr pellet

technique.
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Fig. 14. Reflectance (A), KKT calculated absorbance without (B) and with (C) prior diffuse
reflection subtraction and absorbance (D) spectral bands of uric acid at 1121 cm™.
Reflectance spectrum in (A) was recorded in the area of uric acid in the cross-section of
urinary stone constituted from COM and uric acid. Absorbance spectrum is recorded by
preparing synthetic uric acid powder for transmission measurements by KBr pellet

technique.

curve in B represents the band corrected by applying the KKT without any pre-
processing. It can be seen that the band shape and the peak position does not
match the COM absorption band (Fig. 13 D). The difference and the blue shift
of the band could be explained by the influence of the diffuse reflection [31].

Normally, Reststrahlen spectral bands are red shifted comparing them to the
absorption spectral bands. The KKT restores the peak positions. However, in
this case, the influence of the diffuse reflection blue shifts the Reststrahlen
bands causing the KKT to overestimate the peak position. As a result, the
calculated band appears blue shifted comparing it with the absorption
spectral bands. The same band corrected by applying the modified KKT
method when the diffuse reflection component is subtracted from the
recorded reflectance spectrum is presented in Figure 13 C. In this case, the

peak position is restored and the first-derivative like dispersion contour
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corrected to correspond with the absorption band (Fig. 13 D). The same
results were obtained for the spectral band of uric acid at 1121 cm™ assigned
to ring vibrations (Fig. 14) [161].

The optical and IR chemical images of the urinary stone are
presented in Figure 15. Characteristic spectral bands were selected to be used
for the chemical imaging: the band at 1318 cm™ for COM and the band at
1121 cm™ for uric acid. The area of the cross-section is approximately 9x8 mm
and it was mapped using ~300x300 um step of the microscope xyz-stage. By
comparing the images obtained by calculating the integral intensity of
spectral bands in the raw spectra (Fig. 15 B, C) and in the corrected spectra
(Fig. 15 D, E) it can be seen that the latter corresponds better with the optical
image than the former. In addition, the contrast is higher and the boundaries

between layers of uric acid and COM can be separated more precisely. As it
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Fig. 15. Optical (A) and IR chemical (B-E) images of urinary stone constituted from COM
and uric acid. (B) and (C) shows distribution of COM and uric acid respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw
spectra; (D) and (E) shows distribution of COM and uric acid respectively as determined

by calculating integral intensity of characteristic spectral bands in the KKT corrected

spectra after the subtraction of diffuse reflection.
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was found that applying the KKT to the raw reflectance spectra without the
subtraction procedure yielded asymmetric bands, corresponding chemical
images were not constructed.

Similar results were obtained for urinary stones with different
chemical compositions (refer to Fig. Al-2 — Al-7 in the Appendix |). Contrast of
chemical images of COM and uric acid in the cross-sectioned stones were
improved in the most of cases. However, applying the correction procedure to
spectral bands of apatite did not provide the expected results. Chemical
images obtained by calculating the integral intensity of spectral bands in the
corrected spectra were highly distorted. This could be explained by the fact
that the shape of the contour of the characteristic spectral band assigned to
PO, vibrations in apatite is different in the IR absorption spectra of synthetic
mineral and in the stones. This is due to the fact that the synthetic mineral is
highly crystalline which gives rise to sharper spectral bands. On the other
hand, apatite in urinary stones is less structured or even amorphous which
gives rise to broader spectral bands. Subtraction of such differently shaped
contours in order to account for the diffuse reflection signal in the reflectance
spectra is not appropriate and causes distortions in the chemical images of
apatite. The one exception to this is presented in Fig. Al-4 (Appendix ).
Apatite spectral bands in this particular stone were of similar shape as the
band of the synthetic mineral; thus contrast in the corrected image of apatite
in the cross-section of this stone is improved. Apatite can be well
distinguished in the other chemical images obtained by calculating the
integral intensity of spectral bands in the raw spectra. This is reasoned by the
fact that the characteristic spectral band of apatite is broad and less
influenced by the diffuse reflection as it lies in the spectral region of lower

3

wavenumbers (1036 cm™, PO, stretch) as compared to the characteristic

spectral bands of COM and uric acid.
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2.4.2. IR chemical imaging of urinary stones: MIR vs. FIR

Despite the fact that the diffuse reflection subtraction procedure
followed by the KKT provided improved chemical images of urinary stones as
compared to the images created from the raw reflectance spectra, this
modification requires performing complex mathematical operations and data
pre-processing. Further we show that expanding the wavelength region which
is used fo r the chemical imaging to FIR can simplify the spectral analysis.
Standard KKT procedure implemented in most of spectral analysis software
packages can be used to correct the Reststrahlen bands in the FIR spectra.
The KKT corrected spectra can then be used for the chemical imaging.

Firstly, cross-sectioned urinary stone constituted from uric acid and
COM (the same as presented in section 2.4.1.) was studied by means of

confocal optical profilometer in order to determine the dimensions of
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Fig. 16. (A) Optical image of urinary stone constituted from COM and uric acid; the red
box in the image indicates a ROl which was analyzed by optical profilometer. (B)
Enhanced optical image of the ROI indicated in (A). (C) 3-D topology of the ROI as
obtained by the optical profilometer. (D) One dimensional profile of a diagonal section

(from right upper corner to left down corner) in (C).
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irregularities of its surface. Several regions of interest (ROI) were analyzed.
For one of the selected ROI, the 3-D topology and one-dimensional profile of
its diagonal section are presented in Figure 16 C, D. The size of the
irregularities of the stone’s surface was determined to vary in the range of 2 -
20 um. It is notable, that the influence of surface roughness to the reflected
light depends on the ratio between the size of the irregularities and the
wavelength of the incident radiation [168]. In this context, the surface is
considered rough and the diffuse reflection — strong, if the wavelength is
close to the size of the irregularities, and vice versa - the surface is “mirror
like” and the diffuse reflection is weak, if the wavelength is much larger than

the size of the surface roughness. In case of the investigated stone, the
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Fig. 17. Reflectance (top), KKT transformed reflectance (middle) and absorbance
(bottom) MIR (A, B) and FIR (C, D) spectra characteristic to COM (left) and uric acid
(right). Characteristic spectral bands for the both components in both spectral regions

(refer to the main text) are marked by red dotted lines.

72



wavelength of MIR radiation (2.5 — 25 um) has the same order of magnitude
as the irregularities of the surface of the stone. Because of that, the recorded
reflection signal contains a considerable part of diffuse reflection which
should be subtracted from the data prior further analysis. On the other hand,
the wavelength of FIR radiation (25 — 1000 um) is larger than the roughness of
the surface. Therefore, the contribution of the diffuse reflection to the
specular reflection signal is then significantly lower and negligible.

To obtain the chemical images by calculating integral intensities,
characteristic spectral bands (in both MIR and FIR spectral regions) were
selected as follows: v ((C-O) vibration band at 1318 cm™ for COM (integration
limits 1215 - 1415 cm™), ring vibrations’ band at 1121 cm™ for uric acid
(integration limits 1038 - 1143 cm™), y(0=C-C=0) band at 274 cm™ for COM
(integration limits 195 - 360 cm™) [160] and y(N-H) - at 472 cm™ for uric acid
(integration limits 411 - 490 cm™) [169]. KKT transformed reflectance and
absorbance MIR and FIR spectra characteristic to COM and uric acid are
presented in Figure 17. As already discussed in the previous section, due to
influence of the diffuse reflection, the KKT transformed bands in the MIR
spectral region (Fig. 17 A, B (middle)) are asymmetric and different from the
bands in the absorption spectrum (Fig. 17 A, B (bottom)). On the other hand,
the spectral bands in the FIR spectrum are restored correctly by the KKT
(Fig. 17 C, D (middle)) and reproduce the bands in the reference spectrum
obtained by PE pellet technique (Fig. 17 C, D (bottom)). Of note, in the FIR
reflection spectrum of uric acid, the relative intensities of spectral bands in
the 700 — 550 cm™ spectral region are changed as compared to the FIR
absorption spectrum. This can be explained by the fact that negative part of
each of the Reststrahlen bands diminishes intensity of an adjacent spectral
band on the larger wavenumbers’ side. Therefore, the band at 474 cm™

appears as the most intense. Despite the fact that the KKT restores the
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Fig. 18. Optical (A) and IR chemical (B-E) images of urinary stone constituted from COM
and uric acid. (B) and (C) shows distribution of COM and uric acid respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw
spectra in MIR spectral region; (D) and (E) shows distribution of COM and uric acid
respectively as determined by calculating integral intensity of characteristic spectral

bands in the raw spectra in FIR spectral region.
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Fig. 19. Optical (A) and IR chemical (B, C) images of urinary stone constituted from COM
and uric acid. (B) and (C) shows distribution of COM and uric acid respectively as
determined by calculating integral intensity of characteristic spectral bands in the FIR

spectral region after applying the KKT.

asymmetry of the spectral contours and shifts of the spectral bands, the

relative intensities remain unaccounted for.
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The optical and chemical images representing the analyzed urinary stone are
shown in Figure 18. The chemical images were obtained from the raw MIR
and FIR spectra. These chemical images represent the distribution of
particular chemical component (in this case, COM (Fig. 18 B, D) and uric acid
(Fig. 18 C, E)) throughout the cross-section of the stone. When raw
reflectance spectra are used for the imaging, the information about the
structure of the stone that can be obtained is similar both for MIR and FIR
images: the boundaries between the components are not clear and the
contrast of the images is low. The arrangement of the chemical components
throughout the cross-section that can be seen in the optical image (Fig. 18 A)
is hardly distinguishable in the corresponding chemical images. Further, we
will show that in order to obtain more informative chemical images and
better determine the structure of urinary stones, the FIR reflectance spectra
should be KKT transformed prior the calculation of the integral intensities of
the spectral bands.

Chemical images formed from the FIR reflectance spectra after
applying the KKT are presented in Figure 19. The apparent differences can be
seen between the images in Figure 18 and Figure 19. In the latter, the
contrast of the chemical images is better; therefore, more structural details
can be distinguished. In addition, the images correspond well with the optical
image of the cross-section presented in Figure 19 A: the ring structure that
can be seen in the optical image is confirmed to be layers of different
chemical components — COM and uric acid. As mentioned in the previous
section, it was found that applying the KKT to the MIR reflectance spectra
yielded asymmetric bands and corresponding MIR chemical images were not

constructed.
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2.4.3. FT-Raman chemical imaging of urinary stones

So far, the results of the chemical imaging were compared with the optical
image of the stone. However, obtaining a master image which would
represent a true distribution of the chemical constituents would provide
guantitative evaluation of the images’ quality [170]. Therefore, FT-Raman
imaging of the same cross-sectioned stone constituted from COM and uric
acid was carried out. Raman spectral bands do not suffer from distortions
caused by anomalous dispersion and their integral intensities can be used to
form chemical images without any pre-processing; thus, the images obtained

do not contain artefacts caused by calculation errors and can be considered to
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Fig. 20. Raman spectrum (A) and checmical images (B, C) of urinary stone constituted
from COM and uric acid. (B) and (C) shows distribution of COM and uric acid respectively
as determined by calculating integral intensity of characteristic spectral bands in the
Raman spectra. The spectrum in (A) was recorded in an area of uric acid indicated by the
white circles in the chemical images. The red dotted line marks spectral band

characteristic to uric acid at 1039 cm™ assigned to ring and C-O vibrations.
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represent the real distribution of the chemical components. However, the
time needed to collect the Raman spectra is much longer (approx. 40 hours)
than the time needed to measure MIR or FIR reflectance spectra (approx. 8 —
15 hours). Therefore, IR imaging is a preferable technique for the chemical
and structural analysis.

The same step between mapping points was used in the FT-Raman
experiment as in the FTIR microscopy. The bands at 1039 cm™ of normal
vibrational mode which includes the ring and C-O vibrations in uric acid
(integration limits 1018 - 1058 cm™) [42] and at 597 cm® of O-C-O
deformation in COM (integration limits 550 - 637 cm™)[171] were
respectively chosen for the integration in order to form the chemical images
representing distribution of uric acid and COM.

In Figure 20 A, Raman spectrum collected in the area of the stone
containing uric acid (designated in Fig. 20 B, C) is presented. The Raman
images (Fig. 20 B (COM), C (uric acid)) lead us to similar conclusions
concerning the distribution of the chemical components as the images
obtained from the FIR spectra corrected by the KKT. In order to evaluate the
quality of the MIR and FIR images, subtraction procedure was performed:
Raman images were considered to be the master images (representing real
distribution of the components) and they were subtracted from MIR and FIR
images [170]. The images were normalized for pixels to have values between
0 and 1 before the procedure. The RMS (root-mean-square) error of the
residual for the MIR image, constructed from the raw spectra, is 44.33, for the
FIR image, constructed from the raw spectra — 36.98 and for the FIR image,
constructed from the KKT corrected spectra — 13.42. This result confirms that
FIR image, constructed from the KKT corrected spectra, has higher quality and
that FIR microspectroscopy can be effectively used for the chemical imaging

of urinary stones.
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Considering the obtained results, FIR imaging seems to be superior
to the MIR imaging in case of chemical imaging of rough (2 — 25 um in the
case of MIR radiation) surfaces by specular reflection mode. Therefore, before
the multi-spectral IR analysis of urinary stones, one should evaluate the

magnitude of the surface irregularities and choose the appropriate method.

2.4.4. IR chemical imaging of urinary stones: use of HCA

As shown above, chemical imaging is normally performed by
calculating integral intensities of characteristic spectral bands and assigning
colors to the obtained values. The color in the chemical image is then
proportional to concentration of particular chemical component (or functional
group) in a particular area of the sample. However, external reflectance
spectra are complicated to analyze as the KKT has to be applied to the
Reststrahlen spectral bands prior the integration procedure in order to obtain
reliable chemical images. In addition, diffuse reflection contributing to the
overall reflection signal obstructs the analysis in the MIR spectral region and
has to be subtracted from the spectra prior applying the KKT. This requires
performing complex data processing which introduces artefacts into the
images. In the FIR spectral region, diffuse reflection has no or less influence
and the KKT can be successfully performed. However, microspectroscopic
measurements in the FIR spectral region requires sophisticated equipment
which is currently difficult, if not impossible, to implement in routine analysis.

Due to reasons stated above, multivariate data analysis, namely
HCA, was performed to construct chemical images of the urinary stones. The
HCA chemical images constructed from the MIR (no KKT) and FIR (KKT
transformed) reflectance spectra of urinary stone constituted from COM and
uric acid (the same that was analyzed above) are presented in Fig. 21 B and C.
Both images contain four groups identified by the HCA. The spectra of each

group (excluding group No. 1 (dark blue) which corresponds to outliers) are
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Fig. 21. Optical (A) and IR chemical (B, C) images of urinary stone constituted from COM
and uric acid: (B) chemical image obtained by HCA analysis of MIR spectra, (C) chemical
image obtained by HCA analysis of FIR spectra. IR reflectance spectra in (D) and (E)
correspond to areas of different color (different chemical composition) in (B) and (C)

respectively.
presented in Fig. 21 D and E. The group No. 2 (mint-green) corresponds to
spectra of uric acid, group No. 3 (orange-red) — uric acid mixed with COM and
group No.4 (pink) — COM. Both HCA chemical images provide similar
information and corresponds well to the chemical images of the same stone
presented in the previous sections (refer to Figure 18 (MIR), Figure 19 (FIR)
and Figure 20 (FT-Raman)) obtained by calculating integral intensities of
characteristic spectral bands. However, MIR spectra are of higher signal-to-
noise ratio and the bands are narrower as compared to the FIR spectra; thus,
groups containing different spectral features are separated better by the HCA.
Subsequently, areas of different constituents are better defined in the HCA
chemical image formed from the MIR spectra. In the HCA chemical image
formed from the FIR spectra, areas of COM are well separated; however, due
to broad spectral bands and higher noise level in the spectra the rest of the
cross-section is recognized as mixture of COM and uric acid instead of pure

uric acid. The fact that high quality chemical images can be obtained by HCA
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of the MIR spectra without performing any band correction procedures or
additional pre-processing makes the HCA chemical imaging of urinary stones
an attractive option for routine analysis.

While chemical images obtained by performing HCA analysis
provide qualitative information about the distribution of chemical
components in the cross-section of the urinary stone, quantitative
information is lost. Therefore, chemical imaging by calculating integral
intensities of characteristic spectral bands should be performed when semi-
quantification of the components is necessary. However, the HCA chemical
imaging is less sensitive to the contour shape of Reststrahlen spectral bands
and neglects the influence of the diffuse reflection providing superior
qualitative information as long as correct number of groups is pre-selected. As
HCA is a built-in function of many data analysis software, it does not require
any complex algorithms of analysis to be written (as in the case of diffuse
reflection influenced MIR reflectance spectra). Also, no changes in the custom
measurement procedure are necessary (as in the case of FIR reflectance

microspectroscopy).

%k %k %k

So far, the effects of using MIR and FIR microspectroscopy and
different data analysis methods have been demonstrated on a single stone. Of
note, similar results were obtained for other urinary stones of various types as
well (Appendix Il). In all the cases when integral intensities were used for the
chemical imaging, FIR images provided information about the chemical
composition of the stone which correlated well with the results obtained by
standard IR absorption spectroscopy. In addition, the information about the
distribution of the constituents throughout the cross-section of the stone was
obtained. When similar (or the same) amount of data points were recorded

when performing the spectral mapping, FIR chemical imaging provided
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superior results to the MIR chemical imaging. This is due to several reasons.
Firstly, as discussed above, impact of diffuse reflection is suppressed when FIR
radiation is used and KKT can be applied to the spectra. This means that
calculation of integral intensities of characteristic spectral bands can be done
more precisely. Secondly, recording external reflectance spectra in the FIR
spectral region is less sensitive to slight variations in surface height (focus)
appearing due to natural pores in the stone or brittleness of the mineral.

Use of HCA for constructing the chemical images both in MIR and
FIR spectral regions provided similar or, in many cases, superior qualitative
information about distribution of constituents in the stones’ cross-sections
than the usually used integration of characteristic spectral bands. To calculate
the integral intensities, spectral bands have to be well separated. In the FIR
spectral region, the bands are broad which makes selection of integration
limits difficult. On the other hand, the HCA takes every point of the spectra
into account, thus every spectral feature is used to separate spectra into
groups. This is especially evident when imaging stones containing ACP in the
FIR spectral region. Spectral features characteristic to the ACP (at 675-
500 cm™ and 475-225 cm) are weak, very broad and overlapping with
spectral bands of COM. Therefore, distribution of the ACP cannot be clearly
determined by calculating the integral intensities. However, the HCA
separates spectra containing spectral features characteristic to the ACP into
separate groups which allows observing its distribution in the cross-sections
of the stones.

Advantages of HCA over calculation of the integral intensities were
also observed when imaging multi-component rather than two-component
stones. The fact that characteristic spectral bands of all the constituents are at
similar wavenumbers results in unreliable chemical images when the integral
intensities are calculated. For instance, characteristic spectral band of uric

acid at 1121 cm™ is well separated in mixtures with COM. When calcium

81



phosphate (apatite) is present in the stone as well, integration of this spectral
band provides non-zero results in the regions of the phosphate (characteristic
spectral band at 1036 cm™ assigned to asymmetric PO, stretch) in addition to
the regions of uric acid. Other bands of uric acid are overlapping with spectral
bands of COM and similar outcome is obtained. On the other hand, the HCA
differentiates spectra to groups according to all spectral features rather than
only one band and reliable information about distribution of all the
constituents can be obtained. The fact that high quality chemical images can
be obtained by HCA of the MIR spectra without performing any band
correction procedures or additional pre-processing makes the HCA chemical
imaging of urinary stones an attractive option for routine analysis.

One downside of the HCA is its sensitivity to noise in the spectra.
This is particularly prominent in the FIR spectral region where the spectral
bands are considerably weaker than in the MIR and water absorption is
difficult to compensate for. The noisy spectra are often attributed to separate

groups resulting in ambiguity of the imaging results.
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2.4.5. Multimodal CARS chemical imaging of urinary stones

The drawback of the IR specular reflection microspectroscopic
imaging is its limited lateral resolution which allows observing distribution of
only major components in the cross-sections of urinary stones. For this
reason, epi-detected nonlinear optical microscopy was used for imaging of

the stones.

SHG/blue
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Fig. 22. Optical (A) and multimodal (B-F) images of urinary stone constituted from COM
and struvite: (B) SHG(arrows)/blue fluorescence image, (C) TPEF image, (D) CARS/red
fluorescence image, (E) merged SHG/blue fluorescence (blue), TPEF (green), CARS/red
fluorescence (red) image. The box in A indicates an area images by the multimodal
nonlinear optical microscopy. The box in (D) indicates the enlarged region which
contains CARS-active structures represented in (F). The black circular spots in the images

are due to bubbles in the immersion water. Scale bar (B-E): 200 um.

Figure 22 shows optical and multimodal images of the surface of a
halved urinary stone that is constituted from struvite and COM. The chemical

composition of this stone was determined by performing infrared
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transmission measurement of the other half of the stone prepared by KBr
pellet technique as described in section 2.3.1. In the optical image (Fig. 22 A)
segment of COM (dark brown, marked by arrow) is surrounded by the whitish
mineral struvite. The area denoted by the red box in the image was analyzed
by multimodal nonlinear optical imaging. Figure 22 B shows the SHG intensity
image. It is expected that the SHG is generated by struvite (marked by arrows)
as it belongs to a non-centrosymmetric orthorhombic space group (Pmn2; =
=C,’) [172]. Some signal at wavelength 390 nm is also generated by COM in
all the analyzed stones. This signal is considerably weaker than that from
struvite and is probably due to residual fluorescence emitted below 399 nm
(further referred to as blue fluorescence) and therefore transmitted to the
detector by the band-pass filter used for acquisition. To verify the origin of the
signal from struvite in the stone, we compared the intensity of the signal
acquired using the band-pass filter 381-399 nm and a broader filter
transmitting all blue light below 480 nm to the detector. Intensity of the
recorded signal was found to be the same with both filters, showing that the
signal is emitted only at wavelengths very close to the half of wavelength of
the pump beam and thus enabling us to conclude that it is SHG.

TPEF signal was observed in the region of COM (Fig. 22 C). Since no
TPEF signal was recorded from synthetic COM powder (refer Fig. Alll-1
(Appendix Il1)), it is likely predominantly generated by pigments and organic
macromolecules that are integrated into the COM lattice during the stone
growth [144]. The origin of the blue fluorescence signal mentioned above can
be explained in similar manner. Region of COM deposition also shows
fluorescence in the 633-647 nm spectral region (further referred to as red
fluorescence) and a weak CARS signal (Fig. 22 D). This was confirmed by
turning the “Stokes” laser off — the intensity of the overall signal diminished
slightly, but the fluorescence signal remained. However, the Raman spectrum

of COM contains only weak spectral bands in the 3600-2800 cm™ spectral
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region that can be assigned to vibrations of water [173]; thus, the weak signal
that is suppressed by turning off the Stokes laser is likely non-resonant
background only, rather than a resonant CARS signal.

It has been shown by X. Sheng et al. that the adhesiveness of COM
surface depends on its crystal face [174].Therefore, different layers of COM
provide different fluorescence intensities which can be associated with
changes in pigment/macromolecules density among the layers. In turn, the
layers arranged in concentric circles are typical to COM stones (in this case,
only segment of COM) and imply their intermittent and slow growth [144]. In
the merged SHG/blue fluorescence, TPEF, CARS/red fluorescence image (Fig.
22 E) both COM and struvite segments of the stone can be clearly
distinguished what demonstrates chemical sensitivity of the multimodal
nonlinear optical imaging.

In addition to the weak signal generated by COM, strong CARS
signal was observed localized in small crystal-like structures approx. 1-5 um in
size and randomly distributed across the cross-sections. The area denoted by
the cyan box in Figure 22 D is shown enlarged in Figure 22 F for better
visualization of the structures. The signal was verified to be CARS both by
turning the “Stokes” laser off, which suppressed the signal and thus excluded
presence of red fluorescence, and by detuning of the “Stokes” laser, which
also strongly decreased the signal and thus ruled out the non-resonant
background as main source of the signal. To the best of authors’ knowledge,
such formations in the stones have never been reported before. They were
found in most (8 out of 10) of the analyzed stones, independent of their type.

The strong CARS signal generated by these structures implies their
organic origin for which the signal generated by addressing spectral band at
2850 cm™ is normally intense due to CH, vibrations. Organic substances which
are the most often found in urinary stones are purines (uric acid, ammonium

hydrogen urate, xanthine, 2,8-dihydroxyadenine, etc.), I-cystine and proteins
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Fig. 23. FT-Raman spectra of uric acid, I-cystine and a protein representative — PSA; note
the difference in Raman scattering intensity scale — uric acid bands are more intense than
PSA at 2850 cm™.

[119]. FT-Raman spectra of pure uric acid (saturation of urine with other
purines is relatively rare), |-cystine and a protein representative — PSA — are
presented in Figure 23. They were all recorded under the same conditions and
using the same excitation laser power. It can be seen that all the three
substances have active spectral bands in the region between 3300 and
2600 cm™. In CARS microscopic imaging, the ,Stokes” laser is set to address
vibrations at 2850 cm™ with full width at half maximum (FWHM) of 15 cm™

(see the enlarged spectral region in Fig. 23) which means that either uric acid

(N-H stretching vibrations) or proteins (CH, vibrations) could provide the CARS
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Addressing band
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Fig. 24. Optical (A) and multimodal (B-G) images of urinary stone constituted from
COM/COD and apatite. The box in (A) shows the areas imaged by the multimodal
nonlinear optical microscopy. The CARS images were recorded at 2850 cm™ (B-D) and
1121 cm™ (E-G): (B, E) CARS/red fluorescence; (C, F) merged images: blue fluorescence
(blue), TPEF (green) and CARS/red fluorescence (red). The boxes in (B) and (E) indicate
the enlarged regions in (D) and (G) respectively, which contains CARS-active structures.

Scale bar (B-C and E-F): 200 pm.

signal. Note, that the uric acid bands in this spectral region are more intense
than the protein bands. In order to test which of the substances generates the
CARS signal, we tuned the ,Stokes” laser to 875 nm to resonantly address
mixed C-O, C-N, C-C vibrations of uric acid at 1121 cm™. This band is specific to
uric acid, but is lacking in the spectrum of proteins.

The CARS signal of these structures could be observed in the
images of COM, COD and apatite stone obtained addressing both 2850 cm™
and 1121 cm™ vibrations (Fig. 24 B-G). An optical image of the stone’s cross-
section is presented in Figure 24 A. The red box in the image indicates the
area imaged by multimodal nonlinear optical microscopy. In order to improve

the contrast of the CARS image obtained addressing the band at 1121 cm™
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(Fig. 24 E), an image with the ,Stokes” laser turned off was recorded and
subtracted from the CARS image. This procedure allows removing the red
fluorescence signal (at 670-745 nm in this case), which is more intense in this
spectral region due to the broader band-pass filter used. Of note, the setting
up of the multimodal imaging system after the laser tuning required sample
to be removed from the sample stage. For this reason, the images addressing
the band at 1121 cm™ appear shifted as compared to the images at 2850 cm™.
The enlarged view of areas indicated by cyan rectangles in the 2850 cm™ CARS
image and the subtracted 1121 cm™ CARS image (Fig. 24 B and E) clearly
shows that the same structures are observed in both images (marked by
arrows). In accordance with the discussion above, this demonstrates that they
are constituted from uric acid.

Of note, powder of synthetic uric acid was found to generate both
CARS and weak TPEF signals (refer to Fig. Alll-2 (Appendix lll)). Surprisingly,
TPEF was not observed in the case of the small structures. It is possible that in
the stones the TPEF signal of the small crystallites is not distinguished from
the strong TPEF signal of the surrounding major constituents. The shape of
the structures is also consistent with the usual monoclinic, pseudo-
orthorhombic shapes of uric acid crystallites [175]. We also measured
multimodal images of synthetic uric acid dihydrate (refer to Fig. Alll-3
(Appendix Ill)) — a possible uric acid hydration state in urinary stones.
However, neither the shape of the crystallites nor the signal they generated
was consistent with the structures found in the stones. While the uric acid
dihydrate generated CARS signal is similar to that from uric acid, it also
produced intense blue signal which was lacking in the crystallites found in the
stones.

Hyperuricosuria (i.e., excessive amounts of uric acid in urine) has
been related to formation of various types of calcium oxalate urinary stones

[176]. It has been deduced that they can act as an inducer for formation of
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unattached COM stones. On the other hand, random distribution of the uric
acid crystallites observed in the CARS images in this work suggests that they
were likely to be accidentally included from urine during the stone formation.
Solubility of uric acid in water is low and, subsequently, uric acid micro-
crystallites may be present in urine of even healthy people [177]. During
formation of stones in urinary tract, the crystallites might be incorporated
into the stones’ structure. This could also explain the fact that the small
structures were found present in almost all the analyzed stones of various

types (calcium oxalate (COM/COD, possibly mixed with phosphates), uric acid

IR chemical image 2000 1500 1000

BH—\‘

COM+COD

1500 1000
Wavenumber,cm’

2000

Fig. 25. IR chemical image (A) of urinary stone constituted from COM/COD and apatite.
The box in (A) shows the area imaged by the multimodal nonlinear optical microscopy. IR
reflectance spectra in (B) correspond to areas of different color (different chemical

composition) in (A) as identified by the HCA.

(mixed with COM) and struvite (mixed with COM)).

In this case, both optical (Fig. 24 A) and IR chemical images
(Fig. 25 A) were used for interpretation of the multimodal images. In the IR
chemical image (Fig. 25 A), areas of different chemical composition were
identified by HCA and color-coded so that the green color corresponds to
areas of apatite, red — to mixture of COM and COD, magenta — to COM.
Corresponding IR reflectance spectra are presented in Figure 25 B. It is
noticeable that the microstructure and the layering of the stone can only be

distinguished in the multimodal images (Fig. 24 B-G). The IR chemical image
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presents a rough arrangement of the major constituents and allows
discriminating regions of COM and COM+COD. These two hydrates of calcium
oxalate could not be distinguished in the multimodal images.

Optical and multimodal images of a urinary stone constituted from
uric acid and COM are presented in Figure 26. An optical image of the stone’s
cross-section is presented in Figure 26 A. The red box in the image denotes
the area imaged by multimodal nonlinear optical microscopy. The CARS signal
at 2850 cm™ (Fig. 26 B) is predominantly generated by uric acid and was not
observed with the “Stokes” laser off (only weak red fluorescence in this case).
As CARS and TPEF (Fig. 26 C) signals were generated from the same structures
arranged in direction perpendicular to the edge of the stone, we conclude,
that TPEF signal was also predominantly generated by uric acid. However, the
TPEF signal generated by synthetic uric acid powder was considerably weaker
than the signal observed in the stones. Therefore, it is likely that the TPEF
signal is additionally generated by macromolecules and pigments (such as
uricine) incorporated into the structure of the stone. The small crystalline
structures of uric acid could be discriminated in the CARS image as well. The

area denoted by cyan box in Figure 26 B is enlarged and presented in Figure

Blue fluorescence
CARS/red
fluorescence TPEF Blue fluorescence CARS/red fluorescence CARS, enlarged

Fig. 26. Optical (A) and multimodal (B-F) images of urinary stone constituted from uric

acid and COM. The box in (A) shows the area imaged by the multimodal nonlinear optical
microscopy: (B) CARS/red fluorescence intensity image; (C) TPEF signal intensity image;
(D) blue fluorescence signal intensity image; (E) merged image: blue fluorescence (blue),
TPEF (green) and CARS/red fluorescence (red). The box in (B) indicates the enlarged

region represented in (F), which contains CARS active-structures. Scale bar (B-E): 200 um.
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26 F. The crystallites are clearly visible as the CARS signal they generate is
somewhat stronger than the bulk uric acid. The reason for this is not known.
The COM in the stone can be discriminated as well (arrow in Fig. 26 D) since,
in addition to the TPEF signal, it gives rise to weak blue fluorescence signal.

As in the case of the previously described urinary stone,
microstructure and layering of the stone in Figure 26 can only be
distinguished in the multimodal images while only arrangement of major
constituents is revealed in the IR chemical image (Fig. 27). This is exceptionally
relevant in the case of determining presence of COM in the stone: its layer
can be well discriminated in the multimodal images while the chemical image
only suggests presence of COM in the outer layer of the stone (green color).

In total, 10 stones of five different types were analyzed in this work
(refer to Fig. Alll-4 — Fig. Alll-10 (Appendix Ill)): 4 stones were constituted
from calcium oxalate, possibly with impurities of amorphous calcium
phosphate (ACP), 2 stones of calcium oxalate and apatite, 3 stones of COM
and uric acid, one stone of COM and struvite. TPEF, blue and red fluorescence,

as well as weak CARS signal were generated by COM in all the stones. Since no

IR chemical image
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Fig. 27. IR chemical (A) image of urinary stone constituted from COM/COD and apatite.
The box in (A) shows the area imaged by the multimodal nonlinear optical microscopy.
IR reflectance spectra in (B) correspond to areas of different color (different chemical

composition) in (A) as identified by the HCA.
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fluorescence signal was generated by synthetic powder of COM, we deduced
that it is likely predominantly generated by pigments and organic
macromolecules that are integrated into the COM lattice during the stone
growth. Neither COD nor ACP could be discriminated from COM in the
multimodal images (Fig. 24, Fig. Alll-4 — Fig. Alll-7, Fig. Alll-10 (Appendix IlI)).
Apatite, on the other hand, generated both red fluorescence and blue
fluorescence, as well as and green TPEF signal (Fig. Alll-8 (Appendix Ill)). These
signals were more intense than those generated by COM and thus clearly
distinguishable. Uric acid in the stones generated intense CARS (at 2850 cm™)
and TPEF signal. The latter was considerably weaker in synthetic powder of
uric acid, thus, the TPEF signal is likely generated predominantly by
macromolecules and pigments (uricine), which also give a yellow to orange
color to the component. Finally, intense SHG signal was generated by struvite
due to its non-centrosymmetric orthorhombic crystal structure. These five
chemical components constitute the majority (93.5%) of human urinary
stones [131]. The results presented in this work show that four of them can
be clearly discriminated in the multimodal images. The CARS active
microcrystallites were observed in 8 out of 10 analyzed stones. They appeared
of similar shapes and sizes and were randomly distributed in all types of the
stones.

Given that nonlinear optical microscopy is mostly used for
detection of lipids in biological samples, we expected to record CARS signal
generated by organic matrix in the urinary stones as well. However, no such
signal was observed in the multimodal images. It has been shown that organic
matrix (mainly lipids and proteins) may constitute at least 5 % of urinary
stones’ mass [178]. They have been identified by chemical methods and
observed in stone cross-sections by immunohistochemical staining [179,180].
There might be two reasons why the organic matrix was not observed in the

multimodal images: (1) the particles of organic matrix are too small and/or (ll)
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signal generated by the matrix is too weak to be recorded when epi-detection
is used.

The results presented here confirm that different chemical
constituents of urinary stones can be well discriminated in the multimodal
images. One advantage of the method over the previously proposed FTIR
microspectroscopy [26,181,182] is its speed - the images can be captured in
less than an hour. In addition, high lateral resolution allows revealing hidden
information about the microstructure of the stones. However, expensive and
not widely commercialized equipment is at present required for the nonlinear
optical microscopy and, therefore, this technique could hardly be immediately
applied for routine analysis of urinary stones. On the other hand, imaging of
selected stones can be performed in order to obtain relevant information
about their growth and deliver useful insights in etiology and pathogenesis of

urolithiasis.

2.4.6. Final remarks on vibrational spectroscopy of urinary stones

In this work, 403 human urinary stones were analyzed by
vibrational spectroscopy methods. As presented in the results, different
methods provide different information about the stones and complement
each other. However, using all of them on all of the stones would be
complicated and time consuming. Therefore, standardization, or a protocol, is
necessary for adapting the multistage approach for each individual stone
sample in such a way that questions related to the causes of urolithiasis and
lithogenesis of the stone could be best answered. Based on the results
obtained in this work, we describe such protocol (Fig. 28). It includes stone

inspection by stereomicroscopy, choice of one or several vibrational
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spectroscopy methods, spectral pre-processing and data analysis which finally

allows collecting comprehensive data about the stone and deducing its

etiology and lithogenesis.

Visual inspection of urinary stones provides valuable information

about the type of the stone [117,144,145]. Moreover, it gives some clue on

what path further analysis should take:

If the stone is intact, its structure can be determined which can lead to
lithogenesis hypothesis.

If the surface of the stone has some specific features or domains of
different morphology their chemical composition is determined by
recording Raman scattering spectra.

The stone is cross-sectioned. One half is used for IR chemical imaging
while the second half is grinded and KBr/PE pellet samples are prepared
for IR transmission analysis.

Either MIR or FIR (if available) spectral region can be chosen for the
imaging according to the size of the surface roughness of the stone.
Chemical imaging according to the HCA results is easier to accomplish and
should be used for high signal-to-noise spectra when no quantitative
information is required; otherwise, chemical imaging should be done
according to the integral intensities of characteristic spectral bands.

If the IR chemical imaging is not sufficient to characterize the stone,
nonlinear optical microscopy imaging is used for microstructural analysis.
If the stone is broken during its removal procedure and its visual analysis
reveals no distinct morphological features, the stone is grinded and
KBr/PE pellet samples are prepared for IR transmission analysis. However,
if debris of the stone has some specific features or domains of different
morphology their chemical composition is determined by recording

Raman scattering spectra prior the grinding.
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This protocol allows obtaining comprehensive information about
urinary stones. Assigning a stone to a specific type according to its
morphology and chemical composition alone suggests an underlying disorder
causing urolithiasis and aids in prescribing appropriate treatment to prevent
recurrences [117]. Further information about the structure of the stone
obtained from IR, Raman or nonlinear optical microscopy measurements
provides hypothesis about the stone lithogenesis. Information obtained by

use the methods can aid medics in understanding the urinary stone disease.
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2.5. Urinary deposits: a hint of the stone formation

As mentioned above, an essential condition for the stone
formation is oversaturation of urine — a condition which can subsequently
lead to nucleation, crystal growth and aggregation. Examination of the small
crystallites excreted with the urine is used as a diagnostic method for
urolithiasis and can indicate formation of the urinary stone in the urinary
tract. On the other hand, the crystallites are found both in healthy and
lithogenic patients. The factors that help identify the latter are crystal size,
shape and chemical composition. It has been shown that urinary crystals of
lithogenic patients are relatively large, contain sharp edges rather than blunt
edges and are more likely to aggregate [177,183]. In addition, the higher
amount of, for instance, COM in respect to COD can also suggest the stone
formation.

Early discovery and identification of the formed urinary crystals in
the urine of high risk urolithiasis patients could be crucial for taking
appropriate preventive measures that inhibit further urinary stone formation.
This is particularly true in cases of recurrent stones. Optical microscopy is
currently the only method used to analyze the urinary crystals routinely [184].
They are identified by their morphology, crystal birefringence (the microscope
must be equipped with polarizers) and prior knowledge of urine pH. However,
this method is not reliable to determine chemical composition of “atypical”
(crystallites of varied crystalline appearance or materials rarely found in
urinary deposits), amorphous deposits and/or crystal clusters.

As already mentioned above, optical microscopy is currently the
only method used to analyze the urinary crystals routinely [184]. FT-IR
microscopy was first shown to be suitable for chemical composition analysis

of urinary crystals in 1991 by Daudon et al. [185]. It was demonstrated that
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the technique is suitable to differentiate the crystals and identify deposits of
heterogeneous or unusual (e.g., drug metabolites) composition. In the
subsequent paper, they proposed combining IR absorption spectroscopy with
KBr pellet technique instead of using IR microscopy [186]. Combining the
spectral results obtained from analysis of urinary deposits and kidney stones
with the results obtained by optical microscopy of the deposits, the
researchers found 97.3 % correlation between stone type and urinary crystals
type. These studies were limited by the amount of sample required for the
KBr pellet technique. Later on, the researchers’ group published a paper

|”

where IR microscopy was used to analyze “atypical” urinary crystals which
could not be identified by combined approach of morphological, crystal
birefringence and urine pH analysis [187]; thus, IR microscopy was proposed
as a complementary technique to the existing routine analysis methods.

The mentioned IR absorption spectroscopy methods have not yet
become routine. This is mainly reasoned by the fact, that IR microscopy used
for the analysis requires sophisticated and expensive equipment while IR

absorption spectroscopy combined with KBr pellet technique for sample

preparation — a considerable amount of sample.
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2.6. Infrared spectroscopic analysis of urinary deposits: experimental
details

2.6.1. Sample preparation of urinary deposits

Urine samples from 68 healthy individuals (reference group), 151
patients in risk of urolithiasis group and 76 urolithiasis patients were collected
at Vilnius University Hospital Santariskiu Clinics or Faculty of Medicine, Vilnius
University. Urine samples from the urolithiasis patients were collected just
before the kidney stone removal procedure. Morning urine was collected
from the rest of the patients. The samples were centrifuged to separate the
urinary deposits from the whole urine volume. The centrifuged urine was
placed on an ashless paper filter (Whatman 542) and left for 24 hours to dry.
We chose filters with 2.7 um particle retention to separate the crystals
suitable for investigation. The urinary crystals were collected from the surface
of the filter and transferred onto an optical window transparent in the IR
spectral region (CaF, or ZnSe). Most of deposits, crystals or crystal clusters
were too thick to record appropriate transmission spectra for qualitative
analysis. For this reason, they were squeezed between two IR transparent
optical windows and crushed until suitable sample thickness (approx. 10—
20 um) was obtained. One of the optical windows was then removed for the
IR radiation to reach the sample directly. The damage of the crushing to the

optical windows was either not observed or minor.

2.6.2. FTIR transmission microspectroscopy of urinary deposits

IR absorption spectra were obtained using IR microscope "Hyperion
3000 (Bruker Optik GmbH, Ettlingen, Germany) equipped with a single
element MCT detector and combined with Vertex 70 spectrometer (Bruker
Optik GmbH, Ettlingen, Germany). A 15x/0.4 objective was used. Knife edge

aperture was set according to the sample size in order to avoid stray light. The
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spectra of crystals smaller than 10x10 um could not be recorded due to too
low signal reaching the detector. The spectra were recorded in 4000-650 cm™
spectral range with spectral resolution of 4 cm™. One hundred and twenty
eight interferograms were averaged for one resultant spectrum of each point
and the result Fourier transformed into a spectrum applying Blackmann-Harris
3 apodization function and zero filling factor 2.

Either the visible mode of the IR microscope or stereo microscope
(Stemi 2000C with AxioCam ERcSs video camera, Carl Zeiss, Oberkochen,
Germany) was used for the morphological investigation of the urinary

deposits before the crushing.

2.6.3. FTIR ATR spectroscopy of urinary deposits

IR ATR spectra were recorded using either a Ge ATR 20x objective
of the IR microscope described previously ("Hyperion 3000’ from Bruker Optik
GmbH, Ettlingen, Germany) or a small (22x30 c¢cm) portable IR spectrometer
Alpha with diamond ATR accessory (Bruker Optik GmbH, Ettlingen, Germany).
All the ATR spectra were recorded in 600-4000 cm™ spectral range with
spectral resolution of 4 cm™. One hundred and twenty eight interferograms
were averaged for one resultant spectrum of each point and the result Fourier
transformed into a spectrum applying Blackmann-Harris 3 apodization

function and zero filling factor 2.
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2.7. Analysis of urinary deposits: results and discussion

Thus far, prospects of applying vibrational spectroscopy methods
for determining underlying disorders of urolithiasis and lithogenesis of urinary
stones after they have formed and been removed from human organism were
discussed. However, urolithiasis is a painful disorder in many cases requiring
invasive treatment which significantly affects patient’s quality of life.
Therefore, early discovery and identification of urinary crystals in urine could
be crucial for taking appropriate preventive measures and inhibiting further
urinary stone formation in high risk urolithiasis patients. In addition, it could
aid medics in prescribing non-invasive treatment for the already formed
stones. Currently used optical microscopy is unreliable to determine chemical

|II

composition of “atypical” (crystallites of varied crystalline appearance or

materials rarely found in urinary deposits), amorphous deposits and/or crystal
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Fig. 29. Optical images and corresponding IR absorption spectra of urinary deposits

constituted from struvite.
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clusters. For these reasons, urinary deposits from healthy individuals
(reference group), risk of urolithiasis group and urolithiasis patients were
analyzed in this work by means of IR (micro)spectroscopy.

When observed in the visible light mode of the IR microscope,
urinary deposits were found either as crystals having a regular morphological
structure, polycrystalline clusters or amorphous formations. Optical images of
urinary deposits of two different patients and their IR absorption spectra are
presented in Figure 29. While one of the samples has a crystalline structure,
the other is irregularly shaped. However, both of them are constituted from
struvite as deduced from the spectra. This confirms the fact that visual
inspection is not a reliable method for urinary deposit analysis and other
methods for this purpose should be sought.

Three different approaches to record IR absorption spectra were
applied for the urinary deposit analysis: IR transmission microspectroscopy, IR

ATR microspectroscopy (further referred to as micro-ATR) and IR ATR
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Fig. 30. Optical image of urinary deposit constituted from struvite and organic matrix

and corresponding IR absorption (A), micro-ATR (B) and macro-ATR (C) spectra.
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spectroscopy (further referred to as macro-ATR). Qualitative analysis of the
urinary deposits was performed by comparing the spectra of the samples and
synthetic components. Whichever IR spectroscopic method was used,
chemical composition of both single- and multi-component samples could be
determined from the recorded spectra. Typical (crystalline deposits
constituted of minerals usually found in urinary stones) and “atypical”
(agglomerations of crystallites, amorphous formations and deposits
constituted from substances rarely found in urinary stones) deposits could be
identified as well. Figure 30 shows optical image and IR transmission, IR
macro-ATR and IR micro-ATR spectra of urinary deposit constituted from
struvite and organic matrix. To obtain the transmission spectrum (Fig. 30 A),
sample thickness should not exceed 10 pm. This was accomplished by
crushing the urinary deposit between two optical windows. The spectrum of
the crushed deposit has a high signal-to-noise ratio and is suitable for spectral
analysis. However, desirable thickness of the deposits is not always obtained
through crushing and their absorbance is saturated (Fig. 31). Note that the

transmittance scale may not reach value of 0 even if the spectrum is clearly

saturated. This is reasoned by the stray light reaching the detector. Spectral

Transmitance, a.u.

Wavenumber, cm”’

Fig. 31. Saturated IR transmission spectrum of urinary deposit constituted from struvite.
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analysis of such samples is difficult or impossible. In addition, crushing the
deposits causes damage to the soft ZnSe. Use of harder materials such as CaF,
is impossible due to its strong absorption below 900 cm™. Spectral bands in
this spectral region often allow identifying the chemical composition of
urinary deposits. Moving the crushed deposits from one optical window to
the other might cause sample loss.

Using ATR technique eliminates the requirement of sample
thickness. In turn, additional treatment is not needed for the urinary deposits
prior the measurements. Figure 30 B, C shows macro- and micro-ATR spectra
of the deposits. They are mostly consistent with the IR absorption spectrum
(Fig. 30 A) and allow deducing chemical composition of the deposits.
However, some differences between the spectra are observed: the macro-
ATR spectrum (measured first) can be assigned to pure struvite; no spectral
bands characteristic to the organic matrix are visible. During the
measurement of the macro-ATR spectrum, the deposit was pressed to the
diamond ATR element with a stainless steel handle and crushed.
Subsequently, the crushed deposit was transferred from the element onto
CaF, optical window for the micro-ATR and transmission measurements.
Some sample was inevitably lost during the transfer which caused changes
observed in the micro-ATR and IR absorption spectra, where spectral bands
characteristic to the organic matrix are visible and overlap with the bands of
struvite. Signal-to-noise ratio of the macro-ATR spectrum is lower as
compared to the one recorded by the micro-ATR. This is due to stray light
reaching the detector as the small deposits do not cover the whole surface of
the macro-ATR element (2x2 mm). The coverage would require large amount
of the deposits which was rarely observed even in the urine samples of
urolithiasis patients. Despite the lower signal-to noise ratio, however, the

spectra are of sufficient quality for qualitative analysis.
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Fig. 32. Macro-ATR (A) and micro-ATR (B) spectra of urinary deposits of various sizes

constituted from uric acid dihydrate.

The urinary deposits found in the urine samples varied in size with
the smallest ones being less than 10 um (smaller ones could not be picked up
from the filter or were filtered through it) and the largest ones — more than
300 um in size. ATR spectra of urinary deposits of various sizes and
constituted from uric acid are presented in Figure 32. It can be seen again that
superior results are provided by the micro-ATR (Fig. 32 B) which allows
recording high signal-to noise spectra of deposits as small as 15x10 um in size.
However, this method requires sophisticated and expensive equipment and a
trained spectroscopist to measure the spectra. It could hardly be
implemented in a clinical laboratory for routine analysis. On the other hand,
portable IR spectrometer Alpha with macro-ATR unit could be used for this
purpose. As long as the deposits are larger than 100x100 um, their spectra
can be recorded by means of macro-ATR (Fig. 32 A). It has been shown that
urinary deposits of urolithiasis patients are both larger and have wider size
distribution than healthy controls [177,183]. In addition, they are more likely
to aggregate.

In this work, 68 samples of healthy controls were investigated.

Spectra of only 23 samples were recorded as others did not contain any
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deposits or they were too small to be removed from the filter. The analyzed
deposits were mainly (18 samples) constituted from uric acid dihydrate (an
unstable phase of uric acid) and proteins. COM was also identified in 3 of
these samples. Surprisingly, struvite was found in 4 of the urine samples of
healthy controls. Growth of struvite crystals in urinary tract is related to
bacterial infection and, therefore, was unexpected to be found in these
samples. One sample was found to be constituted from calcite. The urinary
deposits in this group were found to be small and did not exceed size of
270 pm.

The risk for urolithiasis group included 151 urine samples. Only 24
of them did not contain any deposits or they were too small to be removed
from the filter. Similarly as in the case of healthy controls, chemical
composition of most of the analyzed samples was deduced to be either uric
acid dihydrate or proteins or mixture of these two components. Struvite,
brushite and COM were also found. However, the main difference between
these samples and the samples of healthy controls was the size of the
deposits. Formations of up to 800 um in size were found in the risk for
urolithiasis group samples. It is possible, that these formations aggregated in
the test-tubes after the samples were taken from the patients. Either way,
increased rate of aggregation of urinary deposits in urine suggests increased
risk for urolithiasis.

Finally, we compared chemical composition of urinary deposits
and urinary stones obtained from the same urolithiasis patients. In 73 % of
the cases of the 76 patients investigated, at least one common component
was found both in the deposits and in the stones. In 41 % of those cases, a
complete match of chemical composition was observed. For calcium oxalate
stones, however, the samples exhibited absolute match only in 27 % of the
cases. Protein formations were mostly found instead. In addition, a miss-

match of phosphate types found in the calcium oxalate stones and the
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corresponding deposits was observed. This can be explained by the fact that
different phosphates form from other phosphatic precursors in urine when
different pH or ion concentration conditions are met [188].

For uric acid stones, absolute correlation of chemical composition
of the stones and deposits was observed for 71 % of samples. This implies
that presence of uric acid deposits in urine is a precursor of a urinary stone
formation. Of note, small uric acid crystallites have been found in urine of
healthy people as well [189]. This is due to low solubility of uric acid in
aqueous solutions, particularly under conditions of increased acidity.
Therefore, determining size of urinary deposits might be extremely relevant in
case of uric acid.

Phosphate (struvite, apatite and brushite) urinary stones are rare
and only 6 of them were included in this study of urinary deposits. In 4 of the
cases, correlation between the chemical composition of the deposits and the
stones was found. As in the case of uric acid stones, presence of phosphate
deposits could signal the phosphate stone formation in the urinary tract.
However, more phosphate stones should be investigated for reliable results.

Some of the components, for example, uric acid dihydrate, found in
the urinary deposits were not found in any of the stones. This can be
explained by the fact that dihydrate form of uric acid is highly unstable and
turns to uric acid (anhydrous) during formation of the stones [190]. In
addition, components rarely found in urinary stones such as drug metabolites
or calcite could be identified in the urinary deposits. While these components
rarely constitute urinary stones themselves, they can influence the processes
of stone formation; thus, their identification is relevant and may provide

additional information about underlying causes of urolithiasis.
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2.8. Vibrational spectroscopy analysis of urinary stones and urinary
deposits: conclusions

1. Morphological examination of urinary stones provided both valuable
information about their growth processes and some clue on what path
further vibrational spectroscopic analysis should take. Specific
morphological features suggesting last stages of stones’ growth were
additionally analyzed by Raman scattering microscopy which revealed
chemical composition of minor components in urinary stones such as

COD, sucrose or blood.

2. Comprehensive chemical analysis of urinary stones by means of IR
spectroscopy is only possible when both MIR and FIR radiation is used.
After performing IR spectroscopic analysis of 403 urinary stones,
distribution according to their type was determined: calcium oxalate
stones — 61 %, uric acid stones — 26 %, struvite stones — 10 %, brushite

stones - 2 % and apatite stones - 1 %.

3. Specular reflection microspectroscopic imaging of urinary stones in MIR
spectral region can be effectively used only if (I) modification of the
experimental spectra — the subtraction of the diffuse reflection
component — is performed prior application of KKT to convert
Reststrahlen spectral bands to absorbance bands or (Il) HCA is used to

group the spectra and create the chemical images.

4. Specular reflection microspectroscopic imaging of urinary stones in FIR

spectral region allows suppressing influence of diffuse reflection. KKT can
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be directly used to convert Reststrahlen spectral bands to absorbance

bands without any additional pre-processing.

Epi-detected nonlinear optical microscopy, when CARS, TPEF and SHG
signals are recorded, can be used to determine chemical composition and
microstructure of urinary stones. Different constituents of urinary stones

can be well discriminated according to the optical signal they generate.

IR transmission microspectroscopy, macro-ATR and micro-ATR
spectroscopic methods were shown to be suitable to determine chemical
composition of atypical crystal, poly-crystal and amorphous urinary
deposits and are superior to the conventional optical microscopy. The fact
that high quality macro-ATR spectra of urinary deposits larger than
100 um could be recorded and that the method does not require
sophisticated equipment, makes it attractive for applications in clinical

practice.

High correlation between chemical composition of urinary deposits and
urinary stones obtained from the same urolithiasis patients was observed.
At least one common component was found both in the deposits and in
the stones in 73 % of the cases of the 76 patients investigated. In 41 % of

those cases, a complete match of chemical composition was observed.
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Chapter 3 Vibrational spectroscopy
analysis of biological fluids




3.1. Analysis of biological fluids for disease diagnosis

Bodily fluids, such as blood, urine, saliva, tears or extracellular fluid,
are biological fluids produced in human organism. They are aqueous solutions
of proteins, lipids, various metabolites, electrolytes and other compounds.
Bodily fluids are often used for diagnostic purposes as they contain important
biomarkers specific to particular disorders. As compared to analysis of tissue
biopsies, such testing is minimally or non-invasive, sample collection,
processing and storage is simple and its cost is low. Microscopic examination,
proteomic, chemical or microbiological analysis can be performed once fluid

samples are obtained [191].

3.1.1. Detection of metabolites in bodily fluids

The main disadvantage of testing bodily fluids is relatively low
concentrations of analytes which leads to poor sensitivity. Moreover,
detection of specific biomarkers is often complicated due to interference of
all the constituents present in the bodily fluids. Despite these shortcomings,
blood and urine screening is a routine procedure in diagnostics. Biomarkers of
various infections, genetic disorders or organ dysfunction are well known
[192]. For example, creatinine levels in blood serum and plasma are indicative
of impaired kidney function; glucose — of diabetes; prostate-specific antigen —
of prostate cancer, etc. [15]. Still, discovery of new biomarkers remain to be
challenging, mostly, due to normally occurring variations of concentrations
and molecular structures of the same compound from individual to individual.
New and improved methods for the more precise biomarker detection are
continuously sought as well.

Vibrational spectroscopy methods have been extensively applied
for analysis of bodily fluids [15,193,11,34,194]. While both IR absorption and

Raman scattering spectroscopy provide useful information about presence of
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certain metabolites, proteins and drugs and their concentrations, they also
have disadvantages that prevent them from being used as routine diagnostic
methods. For the IR absorption spectroscopy it is contribution of water
absorption to the spectra; for the Raman scattering spectroscopy — poor
signal-to-noise ratio caused by low sample concentrations and fluorescence
background frequently occurring in bio-samples. To overcome these
disadvantages, ways to develop and improve data analysis and to find new
approaches to sample preparation have been sought [23,24,195,196].

SERS spectroscopy has been increasingly proposed as a method of
choice for disease diagnosis and prevention as well [65—68]. Advantages of
SERS over conventional Raman scattering spectroscopy includes significantly
increased signal which allows detection of trace amounts of substances in
samples and fluorescence quenching [197,198]. In addition, high sensitivity of
the method and ease of use provided by emergence of portable hand-held
Raman scattering spectrometers would allow development of point-of-care
analysis systems. However, for SERS to be used routinely, further studies of

selectivity and reproducibility are still required.

3.1.2. Uric acid

Uric acid (CsH4N403) is an end product of purine metabolism in
human organism. Most of it (approx. 70 %) is disposed through the kidneys as
a constituent of urine; the other part is recirculated into the blood system and
acts as an antioxidant together with vitamin C [199-201]. Normally, uric acid
concentration in blood ranges from 20 mM to 45 mM [202]; in urine - from
100 mM to 600 mM per 24 h [203]. Its elevated or decreased levels in either
of the bodily fluids can suggest disorders such as gout, pre-eclamsia or
cardiovascular disease [204—-206]. Uric acid analysis in urine is also performed

in order to evaluate kidney function [207].
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Various methods have been used for detection of uric acid:
enzymatic method, differential spectrophotometry, liquid chromatography,
etc. [204,208-210]. However, these methods either lack sensitivity when low
concentrations of the sample molecules need to be detected or require
sophisticated, bulky and expensive equipment.

Electrochemical SERS (e-SERS) was proposed for detection of uric
acid in aqueous solutions as well as in urine stimulant [162,211]. The method
was capable of detecting uric acid concentrations down to 0.1 mM and little
interference from other components was observed in the urine stimulant.
However, the use of metal nanoparticle (NP) colloids remains the most
common approach for obtaining the Raman signal enhancement. That is
mainly due to simplicity of preparation, low costs and high enhancement
factor (EF) of the colloidal SERS substrates. In addition, different techniques
can be used for colloid preparation in order to obtain NPs of specific shapes
and sizes. This allows shifting the surface plasmon resonance (SPR) maximum
and adapting it to the particular excitation frequency. It has been shown that
adsorption of the analyte molecules also depends on the shape of the NPs
[212]. To the best of our knowledge, colloidal SERS approach has not been
used for uric acid detection yet.

Several types of colloidal suspensions of gold (Au) and silver (Ag)
NPs were used in a study of blood serum and plasma in search of a sensing
method for metabolic profiling [213]. It was discovered, that, once the
proteins were eliminated from serum, and when employing NIR (785 nm)
excitation in combination with Ag NPs, intense and repeatable SERS spectra
could be recorded. However, the spectra were dominated by only two
metabolite species, namely, uric acid and hypoxanthine. Although the study
demonstrated that SERS spectroscopy is hardly suitable for the metabolic
profiling, it also showed that selective adsorption and intense SERS spectra of

uric acid can be obtained in the analyzed biofluids.
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The results of the earlier studies imply that colloidal SERS has
potential to be employed as an efficient method for detection of uric acid in

various bodily fluids.
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3.2. Uric acid detection in solution by means of SERS: experimental
details

3.2.1. Preparation and characterization of Ag NPs colloids

Three types of Ag NPs colloids were used in this study: (l) citrate
reduced (mainly spherical), (ll) hydroxylamine hydrochloride reduced
(spherical) and (lll) Ag seed-catalyzed ascorbic acid reduced (prisms).
Trisodium citrate (Merck), silver nitrate (Merck), hydroxylamine hydrochloride
(Thermo Scientific), PSSS (Sigma-Aldrich), ascorbic acid (Sigma-Aldrich) and 2%
sodium hydroxide solution (Thermo Scientific) were purchased and used as
received.

Citrate reduced Ag NPs colloid was prepared by using Lee-Meisel
method [214]. Briefly, 9 mg of silver nitrate is added to 50 ml of DI water
heated to 45-50° C. The solution is then brought up to boiling point and 1 ml
of 1 % sodium citrate tribasic dihydrate solution is added to stabilize the NPs.
The colloid is left boiling for one hour (the vial is covered with Al foil to
prevent water from evaporating) and then is placed in an ice bath for rapid
cooling. Vigorous stirring was kept during the whole process.

For preparation of hydroxylamine hydrochloride reduced Ag NPs
colloid a method described by Leopold-Lendl was used [215]. While stirring,
silver nitrate solution (17 mg of AgNO; diluted in 10 ml of H,0) was rapidly
added into hydroxylamine hydrochloride solution (9.4 mg of NH,OH-HCI
diluted in 90 ml of H,0) containing 0.5 ml of 2 % NaOH solution. The reaction
was completed in several seconds and yellowish-grayish solution was
obtained.

The preparation of Ag nanoprism colloid is described by Aherne et
al. [216]. For seed solution, 5 ml of 2.5 mM sodium citrate tribasic dihydrate,
0.25 mL of 500 mg/l PSSS and 0.3 ml of 10 mM sodium borohydrate were

mixed while stirring. Then, 5 ml of 0.5 mM silver nitrate solution is dropwise
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added to the mixture. Under formation of the seed particles, yellow color of
the solution is obtained. For growth of the Ag nanoprism NPs, 75 ul of 10 mM
ascorbic acid solution is added to 5 ml of DI water. Then, 25 pl of the seed
solution is introduced. Three ml of 0.5 mM silver nitrate solution is dropwise
added to the mixture which causes change in the color of the solution from
colorless to dark blue. To stabilize the NPs, 0.5 ml of 25 mM sodium citrate
tribasic dihydrate solution is added. Vigorous stirring was kept during the
whole process.

The prepared colloids were centrifuged for 30 min. (RCF=10400xg)
in order to achieve higher concentration of the Ag NPs. For each 100 ml of
colloidal solution approximately 20 ml of the concentrate was obtained.

For characterization of the colloidal suspensions, UV-VIS spectra
(spectral range 250-800 nm (250-1300 nm for the Ag nanoprism colloid),
spectral resolution 5 nm) were recorded by Lambda 1050 spectrometer
(Perkin-Elmer) equipped with two light sources (deuterium lamp and halogen
lamp) and three detectors (photomultiplier tube, InGaAs and PbS). The
spectra were recorded prior and after the centrifugation in order to ensure
that the properties of the colloids remained unaltered. The spectra were
normalized for analysis. Additionally, transmission electron micrographs of
the dried colloids were recorded with transmission electron microscope
Libra 200 (Carl Zeiss, Oberkochen, Germany) in Leibniz Institute for Polymer

Research, Dresden, Germany.

3.2.2. Uric acid sample preparation for SERS measurements

Uric acid powder was purchased from Sigma-Aldrich and used as
received. Its aqueous solutions of various concentrations were prepared by
diluting a 1x10™ M stock solution with DI water. The latter was prepared by
adding 16,8 mg of uric acid into 98 ml of DI water. Two ml of 2 % NaOH

solution was added in order to dissolve the uric acid completely. Uric acid
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solution of 65 mM concentration was prepared as well by adding 1 mg of uric
acid powder into mixture of 98 ml of DI water and 2 ml 2 % NaOH. Raman
spectrum of this sample was used in enhancement factor calculations.

The substrates for the SERS measurements were prepared by
dropping 23 ul of Ag NP colloid onto Al,O; surface. The latter was obtained by
vacuum deposition of 150 nm Al layer on glass slides (pre-cleaned in an
ultrasonic bath by subsequent immersion into water, acetone, isopropanol
and methanol for 5 min. each). To form the oxide layer, the slides were kept
in an atmosphere for 24 h. Nine colloidal drops were dried in a closed
environment (chamber of 23 cm x 8 cm x 9 cm dimensions) at room
temperature (23°C). A hygrometer was placed in the box to read out humidity
data. Subsequently, 23 ul of uric acid solution was dropped onto the prepared
substrate and left to dry under the same conditions. The prepared samples

were rinsed with DI water and dried.

3.2.3. Raman and SERS measurements of uric acid aqueous solutions

Raman and SERS spectra (4000-70 cm™) were recorded using
Fourier transform (FT) Raman spectrometer MultiRAM (Bruker Optik GmbH,
Ettlingen, Germany) equipped with Nd:YAG laser (1064 nm) and liquid-
nitrogen-cooled Ge diode detector. Gold plated mirror objective (focal length
— 33 mm) was used. Diameter of the laser beam at its focal point is 100 um.
To obtain the spectra, 128 interferograms were averaged and the result was
Fourier transformed by applying Blackman-Harris 3-Term apodization function
and zero filling factor of 2. Spectral resolution of 4 cm™ was used. Laser power
was set to 100 mW. The uniformity of the NPs films was checked for by
recording SERS spectra in 19 positions (approximately every 300 um) across
the diameter of the dried samples. Otherwise, five to seven spectra were
recorded in randomly chosen points of each dried droplet. The recorded SERS

spectra were cut at 1750 cm™ as the large wavenumber region did not contain
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significant spectral information. Both SERS and Raman spectra were baseline

corrected (rubber band baseline correction).

3.2.4. Theoretical calculations of uric acid molecule

All DFT calculations were performed using Gaussian 09 software
[217]. Visualization of the molecules was performed with GaussView [218].
The geometries and normal vibrational modes of three most stabile
tautomers of uric acid, and three most stable anions [219] adsorbed on five-
atom silver cluster were calculated using B3LYP functional and LANL2DZ basis
set. Two different environments - vacuum and aqueous solvent -were
considered in the calculations. The geometry of the Ag cluster was pre-
optimized using the same conditions and kept "frozen" during the further
calculations. Various orientations of the molecules in respect to the silver
structure were considered and only the most stable structures are presented
herein. In order to achieve agreement between the calculated harmonic
frequencies and the experimental data, scaling factor was applied for the

calculated bands’ positions.
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3.3. SERS spectroscopy of metabolites in solution: results and
discussion

In this study we applied FT-Raman system with 1064 nm excitation
for detection of uric acid in aqueous solutions by means of colloidal SERS. The
NIR excitation ensured low or even absent fluorescence background in the
SERS spectra. However, due to strong water absorption in this spectral region
(third overtone of OH stretching vibration), the ability to measure wet
samples was limited and the sample drying procedure was applied. Normally,
drying a drop of colloidal solution leaves a ring-like structure of the colloidal
particles — a “coffee ring” [220,221]. In SERS, high signal enhancement can be
reached in the “coffee-ring” area; however, no reproducibility of the
enhancement factor can be expected [222]. Recently, many studies have been
carried out in order to understand and avoid formation of the ring [220,223—-
227]. For example, Y. Xie et al. described a method which allows reproducibly
obtaining self-assembled monolayers of Au nanorods by controlling humidity
and temperature of the drying environment [228]. Furthermore, it has been
determined that wettability and temperature of the substrate on which the
colloid drop is casted has great influence on how the NPs settle [229-231]. All
of these factors should be considered when preparing SERS substrates by
drying the metal NPs colloids.

In this work we compared enhancement effects of various drop-
dried colloidal substrates with differently shaped silver nanoparticles and
found optimal experimental conditions for detection of uric acid in aqueous
solutions by means of SERS. Assignment of the SERS spectral bands was

performed by means of density functional theory (DFT) calculations.
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3.3.1. Evaluation of the prepared SERS substrates

Normalized UV-VIS spectra of the three Ag NPs colloids are
presented in Figure 33. The absorption peaks arising from surface plasmon
resonance of the NPs in the Lee-Meisel, Leopold-Lendl and Aherne et al.
colloids are located at 428 nm (HWHM=188 nm), 411 nm (HWHM=84 nm) and
788 nm (HWHM=301 nm) respectively. The positions of the bands are
determined both by the shape and size of the nanoparticles while the widths
— by their size distribution [214-216,232]. In this case, diameter of the
spherical Ag nanoparticles in the Lee-Meisel and Leopold-Lend! colloids was
predicted to be approximately 30 - 80 nm while the edge length of the Ag
nanoprisms in the Aherne et al. colloid — 40 - 60 nm. This was confirmed by
recording and inspecting transmission electron micrographs of the dried
colloids (refer to Fig. AIV-1 (Appendix 1V)). The normalized UV-VIS spectra of
the concentrated colloids remain the same implying that the centrifugation
does not affect the properties of the nanoparticles (refer to Fig. AIV-2

(Appendix 1V)). When preparing different batches of the colloids, 12-20 nm

Normalized absorbance

Wavelength, nm

Fig. 33. UV-VIS spectra of Lee-Meisel (red), Leopold-Lendl (green) and Aherne et al.

(blue) colloids.
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(up to 107 nm for the Aherne et al. colloids) deviation of the SPR peak
position was observed.

The colloids were drop-dried in order to prepare SERS substrates
suitable for the measurements with NIR (1064 nm) excitation. In preparing of
the substrates much effort was put to avoid the “coffee-ring” formation and
achieve uniform layering of the NPs. Aluminum oxide was chosen as a surface
to dry the colloids on. It has lower wettability than the commonly used glass
which results in collecting of NPs in smaller area [229], however, initial
pinning still takes place (pinning is generally not observed on highly
hydrophobic surfaces) and no secondary rings of NPs aggregates form while
drying [230]. In addition, the velocity of the flow that causes the NPs to
migrate to the edge and form the “coffee-ring” is smaller in the drops with
larger contact angles, i.e., drops on hydrophobic surfaces [233]. The drops
were dried at room temperature in a closed chamber. The initial humidity of
the chamber was 29 % as determined by the air conditioning in the laboratory

room. Initially, fast evaporation of the drops takes place in the closed
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chamber and causes pinning of the drops’ edges [228]. Subsequently, the
humidity rises and the rate of the evaporation decreases causing near-
equilibrium evaporation processes [228]. Such slow evaporation prevents
many of the NPs from migrating to the edge and agglomerating. The gradient
of the humidity during the process is presented in Figure 34. Drying at room
temperature also contributes to the formation of nearly uniform coverage of
base area of the drops [231].

The images of the dried drops are presented in Figure 35 A. It can

be seen that on the edge of the Lee-Meisel colloidal drop there is a thin ring
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Fig. 35. (A) Images of the dried colloidal circularly shaped drops (from the left to right):
Lee-Meisel, Aherne et al., Leopold-Lendl; (B) Profiles of SERS enhancement factor
distribution across the drops: red — Lee-Meisel, blue — Aherne et al., green — Leopold-

Lendl colloid.
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of silver agglomerates. These agglomerates are already in micrometer scale
which means that they are washed away during rinsing of the substrates with
distilled water and/or provide no enhancement effect. The rest of the drop
area appears nearly uniformly covered with the NPs, similarly as the Leopold-
Lendl and the Aherne et al. dried colloidal drops. To check the uniformity of
the NPs film, SERS spectra were recorded in 19 positions (approximately every
300 um) across the diameter of the dried samples. It is expected that
formation of the “coffee-ring” would reason stronger SERS signal on the edges
of the samples. A graph of analytical enhancement factors (AEFs) of the SERS
spectra in each measurement position is presented in Figure 35 B. They were
calculated as described by E. C. Le Ru et al. [234] for the spectral band at
500 cm™ representing CN bending/in-plane ring deformation vibrations in uric
acid. Raman spectrum of 65 mM uric acid solution was used in the calculation
(see Fig. AIV-3 (Appendix 1V)). Analytical enhancement factor shows how
much more signal can be recorded by SERS as compared to the normal Raman

scattering spectroscopy and was calculated as follows:

AEF = wp (16)

IRs/CcRs

here Iseps and Iz are integral intensities of the characteristic spectral bands in
the SERS and Raman scattering spectra respectively; csers and czs are
concentration of the analyzed solutions.

No increase in the AEF values was observed on the edges of the
samples. For the samples prepared by using Lee-Meisel and Leopold-Lend|
colloids, the AEF varies somewhat with the measurement positions (relative
standard deviation for both samples was approx. 30 %). Therefore, the whole
drop area can be exploited for the measurements. The variations could be
accounted for by variations in the uniformity of the NPs’ film. This is expected,
as there is a distribution of shapes and sizes of NPs in the colloids. Similar
profiles were obtained for different samples prepared by using different

batches of colloids (refer to Fig. AIV-4 — Fig. AIV-6 (Appendix IV)). For the
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sample prepared using Aherne et al. colloid, the AEF obtain the highest values
between 4™ and 15" measurement points of the dried drop. This result is in
contrast with the one that would be expected if the “coffee-ring” had formed.
This finding could be explained by the fact that the drying pattern of the
colloidal solutions depends on the shape of the NPs in it [212,223]. However,
the profile of the AEF values was irreproducible for samples prepared by using
this colloid (refer to Fig. AIV-6 (Appendix 1V)) and, therefore, further research

on the sample preparation should be carried out.

3.3.2. Detection of uric acid in aqueous solution

SERS spectra of uric acid (c=10 M) recorded on the three different
colloidal substrates are presented in Figure 36. The highest enhancements
were achieved in the samples prepared by using Lee-Meisel colloid as can also

be seen in Figure 35 B. For these samples, average analytical enhancement

SERS intensity

Raman shift, cm™
Fig. 36. SERS spectra of uric acid (c=10° M) recorded on the three different colloidal
substrates: red — Lee-Meisel, green — Leopold-Lendl|, blue — Aherne et al. colloid; the

changes of the SERS intensities are observed from sample to sample.
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factor (AEF) was calculated to be 2.63-10". For the samples prepared by using
Leopold-Lend!l and Aherne et al. colloids the average AEFs were 1.21-10* and
1.89-10* respectively.

Considering the reproducibility of the drop drying pattern and the
enhancement obtained with each type of the colloidal substrates, we have
chosen the Lee-Meisel colloid for further experiments.

SERS spectra of uric acid solutions of different concentrations are
presented in Figure 37. Strong SERS signal of uric acid agueous solution with
concentrations down to 10° M (Fig. 37 C) was observed and SERS spectra
could be recorded without any changes in experimental conditions (such as
increasing number of scans or laser power). Medically relevant concentrations
of uric acid range between 10* M and 10 M. The above results show that
colloidal SERS is sensitive enough and could be used for detection of uric acid

in biological fluids.
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Fig. 37. SERS spectra of uric acid solutions obtained by using Lee-Meisel colloidal

substrate: A—10°M, B-10° M, C-10° M.
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Table 3. Integral intensities of SERS spectral bands characteristic to uric acid, CN
bending/in-plane ring deformation at 500 cm™ and ring vibrations at 1121 cm™, at
different concentration of uric acid aqueous solutions. The last column shows the ratios

of the integral intensity values of the bands.

Integral intensity of spectral Integral intensity of
Concentration, pM | band at 500 cm™ (6(CN)/ring | spectral band at 1135 cm™ sg0/1 1135
vibrations): / ;5o (v(CN)/mixed): I ;535
1 2.47 0.99 2.49
100 3.25 1.46 2.23
1000 5.86 2.78 2.11

Table 3 shows the relations between integral intensity of well
separated SERS spectral bands characteristic to uric acid, CN bending/in-plane
ring deformation at 500 cm™ and CN stretching/mixed vibrations at 1135 cm™,
and concentration of the sample solutions. The mean spectra represented as
black lines in Figure 37 were used for the calculations. The integral intensity
values increase linearly which suggests possibility of estimating concentration
of uric acid. The ratio of the integral intensity values of the bands does not
vary with concentration which suggests that the orientation of uric acid in
respect to the metal nanoparticle surface does not depend on the amount of
adjacent molecules. Considering the intensity variations from-sample-to-
sample observed in Figure 37 (grey areas), only semi-quantitative analysis,
when concentration is determined with precision within order of magnitude,
is possible. This is a well-known issue and large effort is made to develop
methods of sample preparation to obtain reproducible SERS enhancement
[235-238]. In this work, the use of hydrophobic aluminum oxide surface as a
substrate and a sealed chamber for drying of the colloidal drops allowed
obtaining nearly uniform distribution of Ag NPs in the drops’ area and avoid
the “coffee-ring” formation. Despite the fact that high reproducibility was not
yet achieved, this implies that strict control of sample preparation conditions

could eventually lead to creation of reproducible self-assembled layers of NPs
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which could then be used for reproducible SERS enhancement and
guantitative analysis.

Another important issue in application of SERS spectroscopy for
detection of uric acid in biological fluids is a fact that spectral band positions
in the SERS spectrum of uric acid considerably differs from those in the
conventional Raman spectra. This has been observed in this work (Fig. 38) and
in some previous studies [162,239]. This makes traces of uric acid in biological
fluids difficult to identify by means of SERS spectroscopy. For correct SERS
signal interpretation, intricate reasons for the spectral differences should be

analyzed in detail.

SERS intensity

Raman scattering intensity

Raman shift, cm™

Fig. 38. Experimental Raman spectrum of uric acid powder (bottom) and SERS spectrum

of 10" M uric acid solution (top).

The most significant spectral changes can be explained by
tautomerization/deprotonation of uric acid molecules in aqueous solutions
and while interacting with the silver surface [162]. In addition, SERS

enhancement is subject to the surface selection rules and is different for each
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vibrational mode [64]. We performed DFT calculations of monomeric uric

acid molecule and its most stable tautomers and anions adsorbed on Ag

cluster (refer to Fig. AIV-7 (Appendix IV)) in order to explain the observed

spectral changes and to assign spectral bands in the SERS spectra.

The calculated structure of the most stabile uric acid tautomer -

five-atom silver cluster complex in vacuum is presented in Figure 39 A. The

scaled (Scaling Factor = 0.94) calculated Raman spectrum of this complex and

the measured SERS spectrum in the 1740-150 cm™ spectral region are

depicted in Figure 39 B. The calculations where water as a solvent (uniform

SERS intensity

—— Experiment
—— B3LYP/LANL2DZ, scaling factor 0.94

1

1600

1200 1000 800 600 400 200
Raman shift, cm’

Fig. 39. (A) — The most stabile uric acid tautomer-Ag cluster complex (dark grey — carbon,

dark blue — nitrogen, red — oxygen, light grey — hydrogen, light blue — silver); blue arrows

depicts atoms’ displacement vectors, yellow arrow — transition dipole moment vector; (B)

- scaled calculated spectrum (bottom) and the measured SERS spectrum (top) in the

1740-150 cm'lspectral region.
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dielectric medium) was taken into account did not provide relevant changes
in the structures or vibrational spectra of the complexes and will not be
discussed separately.

In the 1740-900 cm™ spectral region high correlation between the
calculated and experimental spectrum is observed. This allows concluding
that both tautomerization of the molecule and its adsorption to the metal
influence the changes in the SERS spectra. The inconsistencies in the 900-
300 cm™ spectral region could be explained by the fact that electromagnetic
enhancement effect was not included in the calculations. It can be seen in
Figure 39 B that the spectral bands in the SERS spectrum can be assigned to
certain modes in the calculated spectrum, but the relative intensities are in
disagreement. Visualization of transition dipole moment vector (Fig. 39 A) of
vibrations in this spectral region allowed predicting the role of the
electromagnetic enhancement effect. The vector perpendicular to the surface
of the silver cluster implies that the Raman scattering from that mode is
highly enhanced and the corresponding spectral band appears much more
intense in the experimental spectrum. The assignments of spectral bands are
summarized in Table 4.

The obtained results on uric acid detection are important for
reasoned selection of experimental conditions; also, for correct interpretation
of SERS spectra and detection of uric acid in bodily fluids such as blood and
urine. However, real clinical practice requires quantitative information to be
feasible. In addition, biological fluids contain a wide variety of molecules that
can adsorb on the metal surface and provide SERS signal. Therefore, in order
to apply SERS spectroscopy as a diagnostic method in clinical practice further

research on selectivity and quantification should be carried out.
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Table 4. Experimental SERS (10 M uric acid solution) and calculated Raman vibrational

modes and their assignment.

Experimental SERS mode Calculated mode
Assignment
(cm™) (cm™)
411 421 ip ring deformation *
501 550 CN bending/ip ring deformation
601 596 oop NH bending/oop ring deformation **
644 636 CO bending/skeletal ring deformation [207]
764 757 oop NH bending/ring vibration [207] **
809 821 CN bending/ip ring deformation [207]
887 916 CN stretching/NH bending [207]
1011 999 CN stretching/ring vibrations [207]]
1074 1060 CN stretching/OH bending/mixed [207]
1135 1174 CN stretching/mixed [207]
1214 1257 ip NH bending/mixed [207] **
1386 1376 CN stretching/ip NH, OH bending ***
1502 1480 CN, CC stretching, NH, OH bending [207]
1567 1567 C=C, CN stretching, NH, OH bending
1607 1609 C=0 stretching *

* strongly enhanced

** not enhanced
*** |ittle enhanced
ip —in-plane

oop — out-of-plane
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3.4. Analysis of extracellular fluid for kidney cancer diagnosis

3.4.1. Kidney cancer

Cancer (depending on its type) is one of the leading causes of
morbidity and mortality worldwide. It refers to a group of diseases that can
affect any part of human body and which are characterized by formation of
abnormal, uncontrollably growing and proliferating tissue cells. These cells
may form a mass — a tumor, disrupt tissue structure and obstruct normal body
function which leads to serious ailment and/or death. They are also able to
invade adjacent body parts and spread to other organs (metastasize). The
number of recorded cancer cases is constantly increasing and is expected to
rise up to 70 % in the next twenty years [240].

Cancer types are discriminated according to the organ the cancer
starts in and the appearance of the cancer cells. It is further classified and
graded according to its anatomical extent, size and abnormality of cancer cells
[241]. One of the common classification systems is TNM (tumor, nodes,
metastases) [242,243]. It describes whether the tumor is localized in the
organ of origin (T), whether it has any involvement with lymph nodes (N) or
metastases in distant organs (M). A number (1-4) next to the letter refers to
the extent of the tumor: the higher the number the larger and the more
spread is the cancer. Its size is further specified by letters A or B next to the
number. Tumor grade is denoted by letter G and a number (1-4): the higher
the number, the more abnormal are the cancer cells.

Kidneys have important functions in human body. They produce
urine with which waste products are eliminated from the body. At the same
time, they regulate fluid, acid-base and electrolyte balance. There are several
types of kidney cancer that impair with these functions, however, renal cell
carcinoma accounts for approximately 90 % of all cases [244]. According to

histological examination malignant renal cell carcinoma is further divided into
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five sub-types: clear cell (80 %), papillary (10%), chromophobe (5 %),
collecting duct (5%) and unclassified (5 %) [244]. The earlier it is diagnosed
and the more effective the treatment, the less problems it will cause. Partial,
simple and radical nephrectomy (surgical kidney removal) is currently the
main method for treating cancer [245]. Only partial nephrectomy (only the
tumor and part of the kidney is removed) allows sparing some kidney
function. On the other hand, it is extremely important that all the cancer cells
are removed to prevent recurrences. Therefore, ability to determine exact
borders between healthy and tumor tissues are vital. Currently, standard
procedure for this purpose is histological examination of biopsied tissue [246].
Such procedure requires time for transferring the specimen to the histology
lab, sample preparation (cryosectioning and staining) and examination. The
waiting for the results can either prolong the surgery or require repeated
surgical intervention. In addition, diagnosis made according to the histological
examination is mostly based on subjective descriptors of tissue and cell
structure. Therefore, there is a growing need for new intra-operative
diagnostic methods which could provide reliable information about the tissue
type and would allow indicating borders between healthy and cancerous
tissue. Use of intrinsic biochemical cancer markers could provide information
about pathological changes at their very early stage, thus making the

determination of the borders more reliable.

3.4.2. Vibrational spectroscopy applications for cancer diagnostics

IR spectroscopy is a candidate method for analysis of biopsied
tissue samples. IR absorption spectra can be recorded in fraction of a minute.
Their analysis allows obtaining biochemical information about the sample,
which could be further used to discriminate between healthy and cancerous
tissues. In addition, compact modern FTIR spectrometers can be used directly

in the operating room (OR) for in situ analysis. Such approach has been
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already successfully implemented in brain surgery [247]. There is also a
multitude of laboratory research carried out in this field and on various other
tissue types [18,248-251]. Wider implementation of the method in clinical
practice is limited by problematic sample preparation and complex data
analysis. Since tissue contains water, which has strong absorbance in the IR
spectral region (namely at 1400-1800 cm™ and 2600-3800 cm™), it needs to
be dried. Thin (10-50 um) dried cryosections of tissues are usually used in IR
spectroscopy [23]. Such sample preparation takes time and affects tissue
structure (the cells are possibly damaged when the tissue is frozen, sectioned
and thawed) [252]. In addition, tissue is built from large polyatomic molecules
(proteins, lipids, carbohydrates, fatty acids, etc.) which all contribute to the IR
absorption spectra. Thus, small differences in the chemistry of healthy and
cancerous tissues may remain obscured or complex statistical analysis is
needed to analyze the spectra.

The minor changes in biochemistry of cancer cells as compared
with the healthy ones are difficult to detect by IR spectroscopy. However, the
consequence of these changes — significantly increased metabolism [253] —
could be easier to spot. Cancerous cells need more nutrition to sustain their
fast growth and proliferation. The nutrients reach the cells from blood
through extracellular fluid (ECF) [254]. Thus, it is expected that the chemical
composition of the ECF around the cancerous cells is altered considerably
with increased concentrations of glucose and lipids [255,256]. As the tumor
grows, part of its cells appears far away from the blood vessels providing the
nutrients and oxygen. For this reason, some types of cancer (kidney, uterus,
bladder, ovary, skin and brain) accumulate glycogen — polysaccharide of
glucose — to a great extent in order to survive under hypoxic conditions and in
environment poor in nutrients [257]. The rapid metabolism also provides
increased amounts of waste products (such as lactic acid) in the ECF. The first

attempt to obtain infrared spectra of ECF surrounding healthy and cancerous
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tissue cells was made by our group [258]. It was shown that the spectra of ECF

differ, but no statistics was performed due to insufficient number of samples.
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3.5. IR spectroscopic analysis of ECF: experimental details

3.5.1. ECF sample preparation

Tissue samples were obtained from Vilnius University hospital
Santariskiu Klinikos during partial, simple or radical nephrectomy. The
protocol of this study was approved by Vilnius regional bioethics committee
(approval No. 158200-15-803-312). Thin films of ECF were prepared by
pressing small piece of the freshly resected human kidney tissue against
diamond ATR element of FTIR spectrometer Alpha (Bruker Optik GmbH,
Ettlingen, Germany). The tissue was removed from the element after a few

seconds and the remaining ECF was left to dry at room temperature.

3.5.2. FTIR spectroscopy measurements of ECF films

IR absorption spectra of the ECF samples were collected in ATR
mode of FTIR spectrometer Alpha (Bruker Optik GmbH, Ettlingen, Germany)
equipped with single reflection diamond ATR crystal and DTGS detector. From
the moment the sample was placed on the ATR element, repeated
measurements were performed collecting 4 scans for each spectrum until the
ECF dried. The spectra were recorded in 4000-800 cm™ spectral range with
spectral resolution of 4 cm™. Interferograms were Fourier transformed into
spectra applying Blackmann-Harris 3 apodization function and zero filling

factor 2.

3.5.3. Spectral analysis of ECF films

Ten IR spectra of each of the dried ECF samples were averaged into
one resultant spectrum. Baseline correction was applied to the spectra before
qualitative spectral analysis. In order to evaluate whether spectral differences

between spectra of healthy and cancerous tissue correspond to the tissue
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type, multivariate analysis was used. Vector normalized, first derivative
spectra were used in the HCA and PCA. MATLAB package (Version 7.14, The
MathWorks, Inc., USA) was used for the analysis. For the HCA, Ward’s
algorithm was used to group the data according to Euclidean distances
between the spectra in the 1200-890 cm™ spectral region where lies the most
significant differences between the samples obtained from healthy and
cancerous tissue. Tree diagrams, or dendrograms, were constructed to
represent the results of the clustering. An algorithm of optimal leaf ordering
was applied for the adjacent clusters to have the highest similarity [259].

PCA was performed using MATLAB function princomp. PC score
plots were constructed from the first two principal components (representing

approx. 85 % of variance) in order to observe relationship between the data.
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3.6. IR spectroscopic analysis of ECF: results and discussion

There is a growing need for new intra-operative diagnostic
methods which could provide reliable information about the tissue type and
would allow indicating borders between healthy and cancerous tissue. Here,
ECF samples taken from healthy and cancerous tissue were analyzed by
means of ATR FT-IR spectroscopy. HCA and PCA were applied to examine the
spectral differences between normal tissue and various tumors and

determine whether the method could be suitable for clinical practice.

Table 5. Grouping of tissue samples obtained after partial, simple or radical nephrectomy
from patients with kidney tumors; this grouping is according to the tissue type and tumor

grade as determined by histopathology.

Number
Tissue type of Remarks
patients
Normal tissue 84
G1* 11 1 sample — chromophobe renal cell

carcinoma

2 samples — papillary, 2 samples —
G2* 44 multilocular cystic, 1 sample -
chromophobe renal cell carcinoma

1 sample - mixed epithelial and
G3* 23 stromal tumor, 1 sample — papillary
renal cell carcinoma

Kidney angiomyolipoma 1
Kidney oncocytoma 4
Pyelonephritis 1

*Unless stated otherwise under Remarks, all the tumors were diagnosed as clear cell renal cell

carcinoma

136



The spectral measurements were performed directly in the OR
during surgery of 84 patients. For each patient two tissue samples — normal
and tumor were taken and used for preparation of thin ECF film on the
diamond ATR crystal. Information from histopathological examination was
later obtained and used to group the samples according to tumor type and

grade (Table 5).

3500 3000 2500 2000 1500 1000
T T T ' I T T T T 4 I

[ ECF from tumour tissue

0.8 -

1.0

ATR absorbance, a.u.

ATR absorbance, a.u.

3500 3000 2500 2000 1500 1000
Wavenumber, cm’

Fig. 40. Baseline corrected IR absorption spectra of the ECF films of healthy (top) and
tumor (bottom) tissue. The gray areas represent variations of spectral intensity

between different samples.

Baseline corrected IR absorption spectra of the ECF films of normal
(healthy) and tumor tissue are presented in Figure 40. The red curves
represent averages of the spectra while the grey areas show variations
between the spectra in each group. In the 1700 — 1500 cm™ spectral region
the Amide | and Amide Il protein bands are located. It has been shown that
the structure of these bands is highly sensititve to protein structures [260].

However, it can be seen that the main spectral differences between the
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normal and tumour ECFs are in the 1200 — 890 cm™ spectral region.
Carbohydrates and phospholipids give rise to the spectral bands in this region.

Three strong bands at 1152, 1080 and 1022 cm™ in the spectra of
ECF taken from cancerous tissue are assigned to §(CHO) and u(C-0O) vibrations
in glycogen and glucose [261]. Reference spectra of synthetic glucose,
glycogen and lactic acid were recorded in order to clarify the assignment
(Fig. 41). It can be seen that spectral bands of glucose and, in particular,
glycogen correspond to the bands observed in the spectra of the ECF.
According to Warburg effect, cancer cells predominantly produce energy by
fast-rate glycolysis which allows them proliferating faster and adapting to

anaerobic conditions when the tumor cells grow far away from blood vessels

30F 1 ' ' ' ' ' ‘ '
251 |
201
1.5 —
- Lactic acid

1.0
Glycogen

Absorbance, a.u.

0.5

Glucose

00 1 L | L | L 1
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Wavenumber, cm™
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0.0~ . . . . \ Glucose
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Wavenumber, cm™

Fig. 41. IR absorption spectra of synthetic glucose, glycogen and lactic acid. The enlarged
spectral region at 1200-890 cm™ contains spectral bands assigned to §(CHO) and u(C-0)

vibrations.
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[262]. Additionally, it has been shown that glucose in kidney cancer cells (and
the most frequent clear cell renal cell carcinoma in particular) is stored in
cytosol in form of glycogen [257]. The fact that both glycogen and glucose
spectral bands can be observed in the spectra suggests that the sample film
contains not only the ECF but also detached cells and intracellular fluid from
damaged cells in the tissue. Situation is different for normal cells. Low-rate
glycolysis in normal cells serves as an efficient energy source and less glucose
has to be supplied by ECF. Some glucose in such cells are converted to
glycogen and stored in cytosol as fast energy source in case of urgent demand
of energy. Low concentrations of glucose and glycogen in the fluid samples of
normal tissue cause the absence of their characteristic infrared spectral
bands.

We have also measured IR absorption spectra of dried tissue
samples by means of ATR FTIR spectroscopy. The small tissue sections used to
obtain ECF films were dried in vacuum and then pressed to the ATR crystal to
record the spectra. Although not shown here, the spectral results are similar
to those obtained for the ECF films — spectra of cancerous tissue contains
glycogen/glucose spectral bands in the 1200 — 880 cm™ spectral region
whereas spectra of normal tissue — do not. This is in contrast to the results
obtained from the spectra of cryosectioned tissue samples where the spectral
differences are hardly visible and statistical analysis is required to
differentiate the tissue type [51]. Possibly, in case of cryosectioned tissue
sample preparation (snap-freezing, sectioning, thawing and drying) causes

changes in the carbohydrate content of the sample [252].
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Fig. 42. Dendrogram representing results of HCA of IR spectra of ECF taken from healthy

kidney tissue and cancerous kidney tissue of various tumor grades.

Multivariate data analysis allows better evaluation of relationship
between samples. HCA was applied to the spectra of ECF films of healthy and
grade G1 - G3 tumour tissue. Two main well separated clusters can be
observed in the dendrogram in Figure 42. The first cluster — coloured in green
(Branch 1) — is mainly constituted from the spectra of healthy tissue films. The
three spectra of cancerous tissue films (red and orange) infiltrated in this
group under closer inspection were revieled to contain major lipid bands. This
could be the reason for their clustering in the group of healthy tissue films. It
can also be observed that there are several sub-clusters in this group. This
shows that the spectra of healthy tissue films taken from different patients
are not identical. The second major group — coloured in yellow, orange and
red according to the tumour grade (Branch Il) — is mainly consituted from the
spectra of cancerous tissue films. Due to high variations between the spectra

and the relative intensity of the glycogen/glucose bands as seen in Figure 40,
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no significant grouping according to the tumour grade can be observed in this
group. Similarily as in the group of healthy tissue films, the observed sub-
clusters mainly represent differences between spectra recorded in the
samples from different patients. They can be explained by several reasons.
Firstly, when stamping the tissue to obtain films, only particular small area of
the tumour or healthy tissue is sampled. Naturally, there might be variations
in chemistry between different areas in the tissue which subsequently cause
variations in the spectra. On the other hand, a concept of personalized
medicine reasons that molecular content is changing from patient to patient.
Subsequently, the variations in the spectra of tissue films taken from different
patients are observed. However, the obvious clustering of spectra of healthy
and tumour tissue films imply that they can be used to differentiate between
the tissue types. Of note is that including the spectra of benign tumours into
the analysis resulted them being clustered in the group of healthy tissue films.

According to the HCA results presented in Figure 42, sensitivity and
specificity values were calculated. Sensitivity shows the ability of a method to
correctly identify cancer and is calculated as follows [263]:

True positives
True positives + False negatives ’

Sensitivity = (17)

here True positive is the number of cases when the result of analysis predicts
cancer and the patient has the disease; False negative is the number of cases
when the result of analysis does not predict cancer, but the patient has the
disease. Similarly, specificity shows the ability of a method to corectly identify
healthy tissue and is calculated as follows [263]:

True negatives
True negatives + False positives ’

Specificity = (18)

here True negatives is a number of cases when the result of analysis correctly
identifies healthy tissue; False positives is a number of cases when the result
of analysis predict cancer, but the patient does not have the disease. The

sensitivity and specificity values obtained for the HCA analysis of the IR
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absorption spectra of the ECF samples were 91 % and 96 % respectively. This
result means that spectra of ECF taken from healthy tissue can be better
identified than spectra of ECF taken from cancerous tissue. This is reasoned
by the fact that in the latter spectral variations from sample to sample and
due to different tumour grades are larger. The relatively low sensitivity value

shows that more samples have to be investigated and the spectral analysis
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Fig. 43. Dendrogram representing results of HCA of IR spectra of ECF taken from benign
kidney tumors (oncocytomas and angiomyolipoma), kidney tissue inflamation

(pyelonephritis) and kidney tumors of grades G1 and G3.

methods improved before IR spectroscopy can be applied in clinical practice.
In order to test whether IR absorption spectra of tissue films from
tumours of different malignancies could be differentiated, HCA was
performed on the spectra of benign tumours and tumours of grades G1 and
G3. The corresponding dendrogram is presented in Figure 43. Similarily as in
the dendrogram in Figure 42, two major clusters (coloured in blue (Branch 1)

and red (Branch 1)) can be observed. However, the grouping of the spectra is
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not so distinct as in the case of healthy and tumour tissues. The first (1) cluster
contains two sub-clusters one of which mainly contains spectra of begnin
tumours. However, the second sub-cluster as well as the second cluster (ll)
contains spectra of G1 and G3 graded tumour films intermixed between
themselves. Again, this can be reasoned by variations in chemistry between
different areas in the tissue or variations in the spectra of tissue films taken

from different patients. In addition, limited amount of samples could cause

1500 1000

Normalized absorbance

Oncocytoma 1

1500 1000
Wavenumber, cm’™

Fig. 44. Normalized (according to the Amide | band) averages of IR absorption spectra of
ECF taken from cancerous kidney tissue of various grades and a benign tumor —

oncocytoma.

the inconclusive results of the HCA.

Averaged IR absorption spectra of ECF taken from cancerous
kidney tissue of various grades and a benign tumor — oncocytoma are
presented in Figure 44. The spectra are normalized according to the Amide |
spectral band at 1650cm™. Differences in relative intensity of
glycogen/glucose spectral bands for each type of tissue can be observed. The

more malignant the tumour, the more pronounced the glycogen/glucose
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bands are. On the other hand, due to the variations between the spectra
(Fig. 40), the averaged spectra of G1 and G2 tumours are highly similar. The
averaged spectrum of oncocytomas (Fig. 44) resemble spectra of healthy
tissue ECF films (Fig. 40). This explains their clustering in the group of healthy

tissue ECF films as mentioned above.
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Fig. 45. Principal component score plot representing results of PCA of IR spectra of ECF

taken from healthy kidney tissue and cancerous kidney tissue of various tumor grades.

PCA was performed as a complementary data analysis technique to
show the relationship between the IR absorption spectra of healthy and
tumor tissue films and the spectra of benign tumors and tumors of grade G1
and G3. The corresponding PC score plots of the first two principal
components are presented in Figure 45 and Figure 46. The results of the PCA
can be interpreted in a similar way as the results of the HCA. In Figure 45, the
clusters of healthy and tumor tissues are well separated. It can be observed
that while the data points in the group of the healthy tissue (green) are

localized and relatively close to each other, the data points in the group of the
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Fig. 46. Principal component score plot representing results of PCA of IR spectra of ECF
taken from benign kidney tumours (oncocytomas and angiomyolipoma), kidney tissue

inflamation (pyelonephritis) and kidney tumours of grades G1 and G3.

tumor tissue (red) are more spread out which means that the spectral
differences are larger in this group.

In Figure 46 the clusters of benign tumors and tumors of grade G1
and G3 are mostly separated as well. This plot supplements the results
presented in Figure 43, as it can be observed that the data points in the group
of G3 tumors (red) are less spread than others. This shows that the spectral
differences vary less between spectra of this group; thus, it can be well

separated from the group of G1 and benign tumors (light blue).
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3.7. Vibrational spectroscopy analysis of biological fluids: conclusions

1.

2.

For detection of metabolites in biological fluids, drop-dried colloidal
substrates using Lee-Meisel, Leopold-Lendl and Aherne et al. colloids
containing nanoparticles of different shapes were produced. Nearly
uniform spread of the nanoparticles across the area of the drop was
achieved which, in turn, led to relatively small variance (approx. 30 %) in

analytical enhancement factor across the drops’ diameter.

The SERS substrates produced by using the Lee-Meisel colloid allowed
detecting uric acid in aqueous solutions of concentrations down to 10° M.
DFT calculations of uric acid tautomer — five-atom silver cluster complexes
allowed correct assignment uric acid spectral bands in SERS spectra.
Differences between Raman and SERS spectra of uric acid can be mainly
explained by tautomerization of the molecule and its bonding to the silver

surface.

IR absorption spectra of dried ECF taken from kidney tissue contain
reliable spectral markers, mainly assigned to glycogen, capable of
differentiating between healthy and tumor tissue. Results of the HCA of
the spectra show that the spectra of healthy and tumor tissue films can
be reliably separated into two groups. Sensitivity and specificity values of

the method are 91 % and 96 % respectively.
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Appendix |

Set criteria for match of spectral contours
in the calculated and the experimental IR absorption spectra

KKT ey /_/k

X=XotdX
Is the result
satisfactory?
No
v Yes
End Reset criteria for match of spectral contours

in the calculated and the experimental IR absorption spectra

Fig. Al-1. Block scheme of the procedure of diffuse reflection subtraction from the

experimental reflectance spectra.
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Fig. Al-2. Optical (A) and IR chemical (B-E) images of urinary stone constituted from apatite
and COM. (B) and (C) shows distribution of apatite and COM respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw spectra; (D) and (E)
shows distribution of apatite and COM respectively as determined by calculating integral
intensity of characteristic spectral bands in the KKT corrected spectra after the subtraction

of diffuse reflection.
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Fig. Al-3. Optical (A) and IR chemical (B-E) images of urinary stone constituted from COM
and apatite. (B) and (C) shows distribution of COM and apatite respectively as determined
by calculating integral intensity of characteristic spectral bands in the raw spectra; (D) and
(E) shows distribution of COM and apatite respectively as determined by calculating integral
intensity of characteristic spectral bands in the KKT corrected spectra after the subtraction

of diffuse reflection.
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Fig. Al-4. Optical (A) and IR chemical (B-E) images of urinary stone constituted from COM
and apatite. (B) and (C) shows distribution of COM and apatite respectively as determined
by calculating integral intensity of characteristic spectral bands in the raw spectra; (D) and
(E) shows distribution of COM and apatite respectively as determined by calculating integral

intensity of characteristic spectral bands in the KKT corrected spectra after the subtraction

of diffuse reflection.
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Fig. Al-5. Optical (A) and IR chemical (B-E) images of urinary stone constituted from COM
and uric acid. (B) and (C) shows distribution of COM and uric acid respectively as determined
by calculating integral intensity of characteristic spectral bands in the raw spectra; (D) and
(E) shows distribution of COM and uric acid respectively as determined by calculating
integral intensity of characteristic spectral bands in the KKT corrected spectra after the

subtraction of diffuse reflection.
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Fig. Al-6. Optical (A) and IR chemical (B-G) images of urinary stone constituted from apatite,
COM and uric acid. (B), (C) and (D) shows distribution of apatite, COM and uric acid
respectively as determined by calculating integral intensity of characteristic spectral bands
in the raw spectra; (E), (F) and (G) shows distribution of apatite, COM and uric acid
respectively as determined by calculating integral intensity of characteristic spectral bands

in the KKT corrected spectra after the subtraction of diffuse reflection.
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Fig. Al-7. Optical (A) and IR chemical (B, C) images of urinary stone constituted from COM.
(B) shows distribution of COM as determined by calculating integral intensity of
characteristic spectral bands in the raw spectra; (C) shows distribution of COM as
determined by calculating integral intensity of characteristic spectral bands in the KKT

corrected spectra after the subtraction of diffuse reflection.
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Appendix II

Fig. All-1. Optical (A), MIR (B-D) and FIR (E-I) chemical images of urinary stone constituted

from apatite and COM. (B) and (C) shows distribution of apatite and COM respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw MIR
spectra; (E) and (G) shows distribution of apatite and COM respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw FIR spectra; (D) and
(H) shows MIR and FIR chemical images created based on the HCA analysis; (E) and (I) shows

characteristic spectra in each group identified by the HCA in (D) and (H) respectively.

D4 : e It B

Fig. All-2. Optical (A), MIR (B-D) and FIR (E-1) chemical images of urinary stone constituted
from COM and apatite. (B) and (C) shows distribution of COM and apatite respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw MIR
spectra; (E) and (G) shows distribution of COM and apatite respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw FIR spectra; (D) and
(H) shows MIR and FIR chemical images created based on the HCA analysis; (E) and (I) shows

characteristic spectra in each group identified by the HCA in (D) and (H) respectively.
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Fig. All-3. Optical (A), MIR (B-D) and FIR (E-1) chemical images of urinary stone constituted
from COM and apatite. (B) and (C) shows distribution of COM and apatite respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw MIR
spectra; (E) and (G) shows distribution of COM and apatite respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw FIR spectra; (D) and
(H) shows MIR and FIR chemical images created based on the HCA analysis; (E) and (I) shows

characteristic spectra in each group identified by the HCA in (D) and (H) respectively.

[

Fig. All-4. Optical (A), MIR (B-D) and FIR (E-1) chemical images of urinary stone constituted
from uric acid and COM. (B) and (C) shows distribution of uric acid and COM respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw MIR
spectra; (E) and (G) shows distribution of uric acid and COM respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw FIR spectra; (D) and
(H) shows MIR and FIR chemical images created based on the HCA analysis; (E) and (I) shows

characteristic spectra in each group identified by the HCA in (D) and (H) respectively.
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Fig. All-5. Optical (A), MIR (B-E) and FIR (G-J) chemical images of urinary stone constituted
from apatite, COM and uric acid. (B), (C) and (D) shows distribution of apatite, COM and uric
acid respectively as determined by calculating integral intensity of characteristic spectral
bands in the raw MIR spectra; (G), (H) and (l) shows distribution of apatite, COM and uric
acid respectively as determined by calculating integral intensity of characteristic spectral
bands in the raw FIR spectra; (E) and (J) shows MIR and FIR chemical images created based
on the HCA analysis; (F) and (K) shows characteristic spectra in each group identified by the

HCA in (E) and (J) respectively.

Fig. All-6. Optical (A), MIR (B-D) and FIR (E-1) chemical images of urinary stone constituted

from COM and ACP. (B) and (C) shows distribution of COM and ACP respectively as
determined by calculating integral intensity of characteristic spectral bands in the raw MIR
spectra; (E) and (G) shows distribution of COM and ACP respectively as determined by
calculating integral intensity of characteristic spectral bands in the raw FIR spectra; (D) and
(H) shows MIR and FIR chemical images created based on the HCA analysis; (E) and (I) shows

characteristic spectra in each group identified by the HCA in (D) and (H) respectively.
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Appendix III

CARS/fluorescence Fluorescence Fluorescence at 381-399 nm,
at 633-647 nm TPEF at 381-399 nm TPEF, CARS

Fig. Alll-1. Multimodal CARS images of synthetic calcium oxalate monohydrate powder

“Stokes” laser on

“Stokes” laser off

recorded with the “Stokes” laser turned on (top row) and off (bottom).

CARS/fluorescence Fluorescence Fluorescence at 381-399 nm,
at 633-647 nm TPEF at 381-399 nm TPEF, CARS
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Fig. Alll-2. Multimodal CARS images of synthetic uric acid powder recorded with the

“Stokes” laser turned on (top row) and off (bottom).
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CARS/fluorescence Fluorescence  Fluorescence at 381-399 nm,
at 381-399 nm TPEF, CARS
P

TPEF

at 633-647 nm
& .

L

“Stokes” laser on

“Stokes” laser off

Fig. Alll-3. Multimodal CARS images of synthetic uric acid dihydrate powder recorded with

the “Stokes” laser turned on (top row) and off (bottom).
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COM+ACP

SHG/fluorescence CARS/fluorescence
at 381-399 nm at633-647 nm

Fig. Alll-4. Optical (A), FT-IR (B) and multimodal CARS chemical (D-l) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and amorphous
calcium phosphate (ACP); IR reflectance spectra in (C) correspond to areas of different color
(chemical composition) in (B). Boxes in (A) and (B) shows the areas imaged by multimodal
CARS microscopy: (D) fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity
image; (F) CARS and fluorescence at 647 nm intensity image; (G) merged fluorescence at
390 nm (blue), TPEF (green) and CARS/fluorescence at 647 nm (red) intensities image. Scale

bar (D-G): 200 um.
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SHG/fluorescence CARS/fluorescence
at 381-399 nm TPEF at 633-647 nm SHG, TPEF, CARS

Fig. Alll-5. Optical (A), FT-IR (B) and multimodal CARS chemical (D-1) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and amorphous
calcium phosphate (ACP); IR reflectance spectra in (C) correspond to areas of different color
(chemical composition) in (B). Boxes in (A) and (B) shows the areas imaged by multimodal
CARS microscopy: (D) fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity
image; (F) CARS and fluorescence at 647 nm intensity image; (G) merged fluorescence at
390 nm (blue), TPEF (green) and CARS/fluorescence at 647 nm (red) intensities image. Scale

bar (D-G): 250 um.

185



IR spectroscopic image
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Fig. Alll-6. Optical (A), FT-IR (B) and multimodal CARS chemical (D-1) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and amorphous
calcium phosphate (ACP); IR reflectance spectra in (C) correspond to areas of different color
(chemical composition) in (B). Boxes in (A) and (B) shows the areas imaged by multimodal
CARS microscopy: (D) fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity
image; (F) CARS and fluorescence at 647 nm intensity image; (G) merged fluorescence at
390 nm (blue), TPEF (green) and CARS/fluorescence at 647 nm (red) intensities image. Scale

bar (D-G): 500 pm.
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Fig. Alll-7. Optical (A), FT-IR (B) and multimodal CARS chemical (D-1) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM), amorphous calcium
phosphate (ACP) and uric acid; IR reflectance spectra in (C) correspond to areas of different
color (chemical composition) in (B). Boxes in (A) and (B) shows the areas imaged by
multimodal CARS microscopy: (D) fluorescence at 390 nm signal intensity image; (E) TPEF
signal intensity image; (F) CARS and fluorescence at 647 nm intensity image; (G) merged
fluorescence at 390 nm (blue), TPEF (green) and CARS/fluorescence at 647 nm (red)

intensities image. Scale bar (D-G): 200 um.
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IR spectroscopic image
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Fig. Alll-8. Optical (A), FT-IR (B) and multimodal CARS chemical (D-1) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and apatite; IR
reflectance spectra in (C) correspond to areas of different color (chemical composition) in
(B). Boxes in (A) and (B) shows the areas imaged by multimodal CARS microscopy: (D)
fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity image; (F) CARS and
fluorescence at 647 nm intensity image; (G) merged fluorescence at 390 nm (blue), TPEF

(green) and CARS/fluorescence at 647 nm (red) intensities image. Scale bar (D-G): 500 pum.
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IR spectroscopic image
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Fig. Alll-9. Optical (A), FT-IR (B) and multimodal CARS chemical (D-1) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and uric acid; IR
reflectance spectra in (C) correspond to areas of different color (chemical composition) in
(B). Boxes in (A) and (B) shows the areas imaged by multimodal CARS microscopy: (D)
fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity image; (F) CARS and
fluorescence at 647 nm intensity image; (G) merged fluorescence at 390 nm (blue), TPEF

(green) and CARS/fluorescence at 647 nm (red) intensities image. Scale bar (D-G): 500 pum.
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IR spectroscopic image
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Fig. Alll-10. Optical (A), FT-IR (B) and multimodal CARS chemical (D-l) images of one half of
urinary stone constituted from calcium oxalate monohydrate (COM) and amorphous
calcium phosphate (ACP); IR reflectance spectra in (C) correspond to areas of different color
(chemical composition) in (B). Boxes in (A) and (B) shows the areas imaged by multimodal
CARS microscopy: (D) fluorescence at 390 nm signal intensity image; (E) TPEF signal intensity
image; (F) CARS and fluorescence at 647 nm intensity image; (G) merged fluorescence at
390 nm (blue), TPEF (green) and CARS/fluorescence at 647 nm (red) intensities image. Box in
(F) indicates the enlarged region which contains CARS active structures represented in (l).

Scale bar (D-G): 250 um.
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Appendix IV

Fig. AIV-1. Transmission electron micrographs of Lee-Meisel (A), Aherne et al.

Leopold-Lendl (C) colloids.
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Fig. AIV-2. UV-VIS spectra of Lee-Meisel (red), Leopold-Lendl (green) and Aherne et al.

(blue) concentrated colloids.

191



0.0030

T
1

0.0025

0.0020 .

0.0015

0.0010

Raman Intensity, Arbitr.Units

0.0005

0.0000 s 1 s 1 s 1 s 1 s 1 s 1 s
1800 1600 1400 1200 1000 800 600 400

Wavenumber, cm”

Fig. AIV-3. Raman spectrum of 65 mM uric acid aqueous solution.
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Fig. AIV-4. Profiles of SERS enhancement factor distribution across Lee-Meisel colloidal
drops. The analytical enhancement factors were calculated as described by E. C. Le Ru et al.
[234] for the spectral band at 500 cm™ representing CN bending/in-plane ring deformation
vibrations in uric acid. Raman spectrum of 65 mM uric acid solution was used in the

calculations.
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Fig. AIV-5. Profiles of SERS enhancement factor distribution across Leopold-Lendl
colloidal drops. The analytical enhancement factors were calculated as described by E. C. Le
Ru et al. [234] for the spectral band at 500 cm™ representing CN bending/in-plane ring
deformation vibrations in uric acid. Raman spectrum of 65 mM uric acid solution was used in

the calculations.
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Fig. AIV-6. Profiles of SERS enhancement factor distribution across Aherne et al. colloidal
drops. The analytical enhancement factors were calculated as described by E. C. Le Ru et al.
[234] for the spectral band at 500 cm™ representing CN bending/in-plane ring deformation
vibrations in uric acid. Raman spectrum of 65 mM uric acid solution was used in the

calculations.
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H

Fig. AIV-7. Uric acid, its tautomers, anions (structures named after M. Altarsha et al.[219])
and their complexes with five-atom silver cluster as calculated by DFT B3LYP functional
and LANL2DZ basis set: A — monomeric uric acid UOA (4E = =0 kcal/mol); B — uric acid
tautomer U1L (4E = 3.45 kcal/mol); C — uric acid tautomer U1B (4E = 4.52 kcal/mol); D -
uric acid tautomer U2G (4E = = 6.32 kcal/mol); E — complex of uric acid tautomer U1L and
five-atom silver cluster (4E = 162.59 kcal/mol); F — complex of uric acid tautomer U1B and
five-atom silver cluster (4E = 161.52 kcal/mol); G — complex of uric acid tautomer U2G and
five-atom silver cluster (4E = 162.02 kcal/mol); H — complex of uric acid tautomer U2G and
five-atom silver cluster (4E = 169.05 kcal/mol). Such large AE of the complexes implies that
molecular bond is forming between the uric acid molecule and the silver atoms. The
corresponding uric acid anions and their complexes with silver presented much larger values

of 4E (i.e., were less stabile) and therefore are not displayed separately.
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