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7. Optical biomarkers of biological tissue and biofluids

Up to this point of the thesis, the reader should have a good understanding of the device design factors associated
with source-detector geometries and specifications. Still, optical device design needs to take into account application-
specific biomarkers and how these biomarkers can be detected with sufficient measurement contrast, as these biomarkers
determine the medium optical properties. Chapter 7 provides a description of the physical elements generating scattering,
absorption, and luminescence (i.e., the sources of these phenomena or photophysical processes).

This description is given by associating a non-exhaustive list of the optical characteristics of physical entities
originating elastic scattering, Raman scattering, absorption (from ultraviolet to far-infrared), and fluorescence processes
in biological tissues and biofluids and their application-specific characteristics/features extracted by using optical
measurements. The extraction of these features involves data preprocessing and analysis methods explained in chapters
9 and 10. The best way of extracting those features is explained in chapter 8.

It is important to note that designing application-specific optical devices and analyzing the data of optical
measurements such as those covered in this thesis (Papers 1-4 and chapter 17) require knowledge about the main physical
entities generating photophysical processes relevant to their particular application, as microstructural and biochemical
information to be extracted from optical measurements are dependent on how these entities affect optical signals. These
main physical entities are particular to each application, and the more extensive compilation of optical characteristics and
physical entities is provided, the more factors can be taken into consideration when designing optical devices. Hence, the
more accurate the design tends to be. Also, an extensive compilation is necessary to explain research results outlined in
this thesis, as one should be aware of the complete list of physical entities and their optical characteristics to understand
assumptions made for data analysis of optical measurements.

As an example of the importance of knowing the complete list of physical entities and their optical characteristics,
we can consider that breast light absorbers (i.e., chromophores) are present at different concentrations compared to
those of liver and, thus, designing medical devices for liver applications should not take into account only the specific list
of dominant breast chromophores. Providing a short compilation of dominant breast chromophores does not give the
necessary list of chromophores required to design liver optical instruments. An extensive compilation containing a
complete list of biological chromophores and their absorption characteristics opens up opportunities to design optical
devices for multiple applications including the liver ones . Therefore, such extensive compilation can be beneficial to future
optical designers and to data analysts searching for the source of unexplained deviations in optical measurements (e.g.,
measurements displaying absorption at wavelength ranges in which chromophores involved in data analysis models do
not absorb light, which is typically an issue of not including chromophores absorbing at those wavelength ranges in the
data analysis). To the best of my knowledge, the extensive compilation reported in this thesis is missing in the current
literature and is a valuable resource for optical device designers.

7.1 Sources of scattering in biological media

Since scattering is generated from refractive index mismatches with biological media, the major physical entities
originating scattering are the micro- or nano-structures which have a refractive index mismatch with the surrounding
medium, or tissue layers (with different refractive indexes) which sizes are comparable to the incident (excitation)
wavelength A.,. Evidence of this origin is the typical slope of the wavelength-dependent Mie scattering coefficient (later
referred as Mie scattering power or by;.; Chapters 14 and 15 of this thesis), which ranges between 0.5 and 2 for most
tissues. This value of slope indicates scattering particles predominantly range from ~50-200 nm in size. Another evidence
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is the dominance of Mie scattering of particles larger than 4., towards Rayleigh scattering indicated by 1 — fg,, for most
tissues, as shown in Chapters 14 and 15 (Papers 3 and 4, respectively) and data reviewed by Steven L Jacques in 1. A
summary of these structures and the type of scattering they generate for several wavelength ranges is shown in Appendix
3, Table 7.1.

Macroscopic scattering can be visualized as the Fresnel reflection happening at the surface of a tissue or organ. In
this case, the amplitude of such reflection is dependent on the refractive index mismatch between air and the tissue
surface as well as on the direction of the incoming light relative to the normal of the tissue surface. Most tissues have
refractive indexes (visible light) in the range of 1.315-1.7 2, as it can be seen in Appendix 4, Table 7.2.

By considering mismatches between refractive indexes of tissues and air with small/intermediate angles of
incidence typical from optical measurements, the Fresnel reflection is typically in order of a few percent 3. However, the
difference of a few percent at surfaces of numerous cellular and subcellular structures within tissue generates a significant
about of reflections at micro- and nano-scale. The result of these reflections is light scattering, which is mainly dependent
on the number of scatterers, size and shape of the scatterer, as well as dependent on the relative refractive index between
the scatterer (cell, organelle, molecule, etc) and its surrounding medium.

Essentially, optical scattering is produced by refractive index mismatches throughout the trajectory of light within
biological media, which are heterogeneous in micrometer and nanometer scales. Quantifying the influence of refractive
index mismatches on sample scattering coefficients has been discussed in section 4.5 Rayleigh and Mie scattering of
Chapter 4, where calculations were based on the ratio m between the refractive index of scatterers ng and that of the

ground material ng (i.e., m = % ). The higher the ratio, the higher the scattering coefficient. This proportion can be easily
0

checked with the subcase of Rayleigh scattering shown by equation 4.6 (Chapter 4).

In terms of structures at subcellular level, small differences of refractive indexes between extracellular fluid (1.33
—1.36) and cell membranes (1.43-1.51), as well as those between intracellular fluid (1.35-1.36) and intracellular structures
highly influence measured scattering coefficients, given that cell densities in tissue vary from 1-3 billion cells/ml * (i.e., 1-
3 million cells per mm?3, considering that the probed volume of light in tissue would be in the order of 0.01-1 mm?3 for
reflected light or 1-20 mm?3 for transmitted light depending on the tissue optical properties). These intracellular structures
include melanin granules (1.6 — 1.7), cell nucleus (1.38 — 1.41), organelles including mitochondria, lysosomes, peroxisomes
and others (1.38 — 1.42). Evidence that even small differences of refractive indexes can generate high scattering
coefficients is how scattering objects can be made more transparent to light by inducing refractive index matching
between combinations of extracellular and intracellular structures. This is the principle of optical clearing, which allows
tissue to be more “transparent” is based on changing the refractive index of the interstitial (extracellular) fluid by using
organic agents (dehydration and clearing) and aqueous agents (clearing agents diffusing into the interstitial fluid), or by
replacing the cell lipid bilayers by a transparent material (e.g., hydrogel) capable of physically support tissue without lipids
causing refractive index mismatches °.

Optical clearing agents influencing the refractive index and scattering coefficient ug due to intra- and extracellular
fluids are mainly associated with low-molecular weight solutes (e.g., electrolytes, alcohols and carbohydrates). By making
tissue-simulating phantoms with an aqueous suspension of polystyrene spheres, Kohl et al. ®” have shown that increasing
glucose concentrations raised the total refractive index of the medium (phantom) and decreased in the relative refractive
index (compared to the refractive index of polystyrene spheres). The refractive index change resulted in decreased p; and
increased g-factor %, who have shown that increased concentration of these solutes decreased effective i of in Intralipid
phantoms, cell suspensions, and liver tissue.

The simplest model to calculate the effective refractive index 7 takes into account the volume fractions vy, of
scattering particles as well as refractive indexes ng., and n, of scattering particles and their surrounding medium (ground
material), respectively, according to %
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N = VgeaNseq + (1 - vsca)no- (7.1)

Based on the equation 7.1 above, the estimated refractive index n..;; is ~1.3845, as the cell primarily contains the
cytoplasm (aqueous solution of electrolytes and proteins with refractive index n¢ytopiasm = No = 1.38), the cell

membrane and organelles (nscq = Nmembrane = Mmitochondria = Niysosome = Nperoxisome = Norganelles = 1.43-1.51)
comprised of phospholipid layers and proteins and constituting ~5% of the cell volume fraction (vs., = 5%) *°. In a more
sophisticated model by Beuthan et. al. °, the effective refractive index n.,; of cells in general was estimated to be ~1.40.
However, note that larger effective refractive indexes 1 do not imply larger p; because the equation 7.1 does not consider
that higher density of variations of refractive index occur throughout a fixed cell or tissue volume. These variations are
more important contributors to the total y; than the magnitude of 7.

Although the cell membrane and nucleus have dominant contributions to refractive index in phase microscopy

(high refractive indexes) °, their contribution to the cell scattering coefficient is low due to:
e the thickness of cell membrane (5-10 nm),
e size of nucleus (5-10 um),
e the small volume fraction of membrane structures in the nucleus (V,yciear membrane = 0-2-0.7%) 1112,
e the low repetition of these structures along the cell volume (only one cellular membrane and cellular nucleus,
except from multinucleate cells such as osteoclasts and skeletal muscle cells in mammals).

The small contribution of cell membrane and nucleus to the light scattering of biological tissues can be confirmed
by the previously mentioned typical values of by;., which suggest that the size of tissue scatterers is in the order 100 nm.
With this in mind, the contribution of much smaller or much larger structures appears to be minimal. The main scatterers
in tissue include structures with membrane layers repeating multiple times within the cell volume (resulting in a higher
density of refractive index mismatches) such as endoplasmic reticulum or Golgi apparatus (high spatial frequency and
amplitude of refractive index fluctuations and cell volume fraction of 50-60%), mitochondria (200-800 nm of diameter, 1-
5 um of larger size %), other organelles such as lysosomes (250-800 nm of diameter 3, 1-2 um of larger size ?), and
peroxisomes (200-1000 nm of diameter 3). Other important cell scatterers melanin granules (1-10 um of diameter and
Nmelanin = 1.6 — 1.7), components of fibrous structures such as collagen and elastin fibers (1.43 - 1.53, depending on the
molecular hydration state %), and myosin and actin (proteins forming filaments of muscle cells; myosin filaments have
~15 nm of diameter and those of actin ~7 nm of diameter; Ny 5in = 1.35 and ngcein = 1.346 ). Finally, lipid droplets
can also constitute a significant scatterer when present in larger quantities such as inside cells of adipose tissue, given
their high refractive index (nipig aroptets = 1.46-1.53 in the visible wavelength range *°) and large volume fraction (~88%)
in the cell . Finally, Rayleigh scattering may arise from macromolecules such as hemoglobin (red blood cells; RBCs) and
albumin (liver cells) within the cytoplasm or interstitial (extracellular) fluid. . As it can be implied from the
aforementioned components, the scattering coefficient of each cell and tissue depends on their composition in terms of
scatterers. Table 7.3 (Appendix 5) illustrates the dependence of scattering efficiency of cellular components based on
their refractive index, size, particle concentration/volume fraction, number of membrane folds.

The contribution of cellular structures to the scattering inside the cells has been studied for mitochondria, cell
nucleus, DNA, and lipid droplets. Mitochondria contains many membranes forming many folds within its structure, which
increases the spatial density of refractive index mismatches (membrane content between 20-40% °). As expected, the

mitochondrial content is highly correlated with the tissue reduced scattering coefficient u; *, as tissues composed by

. . . . hepatocytes _ o . . e L ’
cells with large mitochondrial volume fraction (v, ;. -nrondria = 22%) such as liver tissue exhibit higher g values

Cellular nucleus (or nuclei for multinucleate cells) has a low particle concentration and have a small contribution to the
effective scattering despite its refractive index of n,ycieus = 1.38 — 1.41. The same is valid for the DNA inside the
nucleus, which does not have a significant contribution due to its low concentration despite its npy4 = 1.44-1.49. On the
other hand, contribution of the nuclear size to scattering can be detected in normal, dysplastic and cancer cells. Perelman
et. al. 2 showed that normal nuclei have 4—7 um of diameter, whereas dysplastic nuclei had diameters of up to 20 um and
those of T84 tumor human intestinal cells varied between 7-16 um.

17,19
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Contribution of lipid droplets to the total scattering is only substantially upon high concentration of these droplets
such as in adipose tissue. However, this contribution varies with the temperature, as the refractive index of lipid droplets
changes once lipid changes its “crystalline” structure upon droplet solidification. The refractive index change has been

shown to be Z—;l = —(6.01+0.29 x 10~*°C~! by Yanina et. al. 2! for porcine lipid droptlets between 480 to 1550 nm
(% = —(3.54 4 0.15)x 10~*°C~! for all wavelengths), resulting in Z—: = —(7.9240.74 x 107*°C~! of the porcine

tissue. The resulting increase of reduced scattering coefficient with decreasing temperature was demonstrated by Berg
between 37°C to 15°C 22. While temperature changes lead to small variations in refractive index, one should note that
these small variations can potentially vary the tissue scattering coefficient pg significantly.

Anisotropy factor g and the scattering cross-section o, can change based on the volume and shape of scattering
particles 3. In Mie theory, scatterers smaller than a wavelength exhibit isotropic scattering, whereas scatterers comparable
or larger than a wavelength exhibit a more anisotropic scattering. In both cases, g and g, increase with the particle
volume %, which happens in biological processes such as osmosis (increased cell size). g and og,., also increase upon
enlargement of cylindrical-shaped particles such as the cylindrical organelles in retinal nerve fibers 1° and collagen fibers
during their gestational maturity in neonatal skin 2% Particularly for layered sphere models taking the Rayleigh-Gans-
Debye approximation suggest that, upon constant cell volume, the g-factor (1) increases with the nuclear size (also
confirmed by Finite-Difference Time-Domain (FDTD) #), (2) decreases with reduction of the refractive index of either the
cell nucleus or the cytoplasm %%, Regarding the shape of the particles, T-matrix calculations ?’ indicated that (upon constant
cell volume) g and o,., decrease when the shape of particles with pronounced aspherical shape (e.g., red blood cell)
becomes spherical or upon elongation of prolate-shaped particles. Changes of g and o,., due to alterations in cell
morphology are well summarized as per previously reported by Enejder 3 (Appendix 6, Table 7.4).
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7.2 Sources of Raman scattering in biological media

Raman scattering originates from molecular vibrations changing the molecular polarizability of the molecule. The
simplest case is a triatomic molecule with its two bonds stretched symmetrically. In this case, bonds are easier to polarize
and hence, the symmetric stretch is a Raman active mode. On the other hand, neither asymmetric stretch of molecular
bonds nor bending these bonds changes molecular polarizability. Therefore, asymmetric stretching and bending are not
Raman active and cannot be included as Raman-active vibrational modes of the triatomic molecule. It is worth noting that
these Raman inactive modes are infrared (IR) active modes instead, as the molecular dipole moment changes upon
asymmetric stretching and bending. The complementarity between IR active and Raman active modes is one reason why
both Raman spectroscopy and IR spectroscopy are typically grouped into one category called vibrational spectroscopy.
This complementarity is relevant in biological media, which contains complex molecules with 10 to millions of atoms and
a large number of both Raman and IR active modes within the same molecule.

Raman spectroscopy (Chapter 8, section 8.2.4) detects the modifications in the conformation and constitutes of
cells, tissues, deoxyribonucleic acid (DNA), proteins, and lipids. Complementing infrared spectroscopy, the Raman
technique possesses special advantages, including being nondestructive; fast to acquire; capable of providing information
at the molecular level and analyzing samples in agueous solutions since water produces a weak Raman scattering; and
important in the biochemical field where researchers study the ionization behavior, pH change, and amino acid
configuration. In general, biomolecules with inflexible structures and/or small sizes tend to have vibrational modes with
specific wavenumbers and Raman shifts. Within a solution of a particular molecule with strong Raman scattering and at
sufficient concentrations for detection of Raman signals, the intensity of Raman spectral peaks associated with these
modes is typically expected to have only a slight variation depending on the solvent and/or microenvironment in which
this molecule is present. However, Raman spectral analysis can be challenging for large molecules such as proteins.

Proteins contain several smaller intra-molecular structures whose amount and order within a protein molecule
can change significantly depending on pH, temperature, and other variables. These structures are called secondary
structural elements. Raman bands of secondary structural elements are about 20 cm™ wide in biological media (Appendix
7, Table 7.5) and their intensity changes may alter the protein spectral shape. Since these changes are much smaller scale
than those of protein molecules, protein characterization with Raman spectroscopy is typically performed by quantifying
the amount of each secondary structural element. Table 7.5 in Appendix 7 shows the Raman-band wavenumber of the
amide | group of each % secondary structural element. In samples containing many types of proteins and/or proteins with
multiple types of secondary structural elements, the amide | band may be broad enough to cover wavenumbers up to 90

cm™.

7.2.1 Sources of Raman scattering in biological tissues

Raman scattering can be used to characterize and analyze multiple types of biological media. Biomedical
applications mainly focus on the analysis of biological tissues and biofluids. In oncological and surgical applications,
biological tissues are typically analyzed to speed up the time-consuming histopathological analysis by providing real-time
delineation of cancer margins and identifying important structures such as important blood vessels and nerves. In the
context of label-free optical spectroscopy (i.e., not using contrast agents), finding nerves or assessing cancer margins can
be performed cheaper and faster by relying on Mie scattering information (e.g., nerves are highly scattering and late-stage
tumors typically have more mitochondria than normal tissue resulting in a higher reduced scattering coefficient ug than
surrounding tissues) or absorption information (e.g., tumors induce angiogenesis and, therefore, exhibit higher absorption
coefficient u, in wavelengths of blood absorption; section 7.3.1 and Table 7.10 in Appendix 8). However, in some cases,
label-free optical spectroscopy information from Mie scattering, absorption and fluorescence information may still not be
sufficient to identify tissues (e.g., if a cancer is in a too early stage) and Raman scattering could add prognostic biomarkers
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(i.e., biomarkers to predict the patient outcome) to existing applications. Therefore, tissue Raman scattering is useful to
provide label-free and non-invasive methods to investigate molecular information complementary to that of Mie
scattering, absorption, and fluorescence. This complementarity comes from the molecular specific information that can
be retrieved from chemical bonds of molecules composing tissue. An example relevant to Papers 1-3 (Chapters 12-14) and
Chapters 16 and 17 of this thesis, Raman scattering allows detection of colorectal cancer (CRC) tissues because they exhibit
higher fatty acids and protein content probed by 1134 cm?, and higher lipid and phospholipid content probed by 1297 cm?
compared to surrounding normal tissue 2°. Information on protein and phospholipid content is complementary to that of
other optical processes when probing endogenous tissue constituents. For imaging applications such as microscopy, well-
defined Raman bands enable Raman imaging of structures such as lipid droplets, specific types of proteins and aminoacids,
nucleic acids, carbohydrates, and other molecules with only one wavelength excitation and without signal contamination
from one molecule type to another. Due to the high molecular specificity resulting from narrow spectral bands between
600-1800 cm?, this wavenumber range is known as the spectral “fingerprint region” where characteristic Raman bands
are found.

When labeling tissues and cells with contrast agents, Raman scattering offers advantages in terms of the width of
wavelength-resolved spectral bands, which are much narrower compared with those of fluorescence or phosphorescence.
Since detectors are sensitive in specific and limited wavelength ranges, the width of spectral bands determines how many
types of structures can be labeled and visualized by using a certain detector (e.g., typical silicon photodetectors are
sensitive from 400-1100 nm). This width is narrow (~1 nm in the fingerprint region) for Raman bands because Raman
scattering is not broadened by hyperfine structures formed by vibrational and/or rotational states such as processes
relying on absorption and radiative emission (e.g., fluorescence or phosphorescence, whose contrast agents exhibit
spectral bands of tens of nanometers full-width at half maximum; FWHM). Therefore, Raman scattering allows labeling
more cellular and tissue structures to be detected by Raman spectroscopy (Chapter 8, section 8.2.4) upon tagging a larger
number of molecule types. Labeling more structures means monitoring more biological processes simultaneously.
Combination between Raman and fluorescence imaging modalities, each using their specific contrast agents can
considerably increase the number of labeled structures and biological processes investigated.

7.2.2 Sources of Raman scattering in biofluids

In biofluids, given the current higher cost of Raman spectroscopy, Raman scattering provides useful information in
similar contexts compared to the those of endogenous tissue constituents and of contrast agents (i.e., labels or exogenous
agents). First, Raman spectroscopy can be used to measure biofluids directly for biomarker identification if providing
complementary information to cheaper methods based on extracting Mie scattering, absorption and fluorescence
information. Biomarkers are different for each biofluid and even within one type of biofluid and sample (e.g., saliva of
normal patients), variations in the intensity and positions of Raman peaks can change significantly. Biomarkers for each
biofluid are discussed later in this section. Biofluid biomarkers can also change upon sample collection protocols, which
may involve the collection of either stimulated or unstimulated saliva, or of either whole blood or one of the blood
fractions (plasma, serum, red blood cells, white blood cells, platelets), for instance. Due to currently non-fixed protocols
among institutions and lack of multicenter studies using biofluid Raman spectroscopy and other challenges discussed in
Chapter 19, biomarker identification in biofluids has been challenging over the last few decades. Therefore, biomarkers
have been identified for only a few biofluids such as the cerebrospinal fluid (CSF; Table 7.7 of Appendix 7), in which spectra
tends to be reproducible and repeatable over samples. In cases where the Raman spectra of biofluid samples of each study
group presents larger intragroup variations, research has mainly focused on identifying biomarkers (corresponding to
Raman peaks and bands) leading to the highest difference between two or more study groups (Table 7.8 of Appendix 7).
The identified biomarkers are associated with the disease detection for screening and diagnostic applications. To decrease
the intragroup variability between normal and diseased groups, populational studies have been proposed to monitor
Raman spectra of biofluids until individuals develop a disease. Such variability would potentially be decreased by
comparison between Raman spectra before and after each individual develop a certain disease. Thus, the spectral

234



variation is calculated for each individual separately instead of considering Raman spectra of normal and diseased groups
composing of different individuals (approach used by currently available studies in the literature).

Conventional Raman spectroscopy of biofluids has advantages on extracting more reproducible and repeatable
biomarkers over studies compared with methods to enhance the Raman signal such as surface-enhanced Raman
scattering (SERS) and surface-enhanced resonance Raman spectroscopy (SERRS), which enhance the Raman signal by ~108
and up to 10, respectively. However, one should note that the Raman signal is already weak (discussed further in Chapter
8, section 8.2.4) since 1 in 10® photons undergo Raman scattering 3°. Biofluids have a much weaker Raman signal
compared with biological tissues because they are less scattering (in general, almost transparent and hence with
decreased light pathlength and Raman scattering probability within the medium; Chapter 5, section 5.1) and contain a
considerable amount of water, which does not generate Raman signal and while diluting the concentration of Raman
active biomolecules. Therefore, using SERS is a good alternative to increase the collected Raman signal to more accurately
resolve peaks which can differentiate samples between study groups such as those outlined in Table 7.9 (Appendix 7) for
disease diagnosis based on SERS of saliva samples 1.

SERS uses nanoscale roughened metallic surfaces and nanoparticles (typically gold or silver) as substrates to
enhance the Raman signal. The clustering, shape, size and materials of nanoparticles are key for this enhancement 32, as
they control the number and location of local field hotspots of nanoparticles 32 to optimize the SERS efficiency of
molecules of interest 327%, For instance, clusters of spherical nanoparticles (nanospheres) enable enhancement at longer
wavelengths (which can be seen by the absorbance spectrum of nanoparticles; typically higher at 785 nm the larger the
cluster) 33° at the cost of having less hotspots in the cluster surface (leading to less signal enhancement) and the
irreproducibility of clusters among batches of nanosphere cluster synthesis due to the uncontrollability of the nanosphere
aggregation process. In addition, clusters are larger and may have less hotspots, hence leading to less Raman signal
enhancement and binding to molecules of specific sizes, as Raman active molecules need to be sufficiently close to
hotspots for the Raman signal to be enhanced. Another example is using nanostars (also known as nanourchins), which
contain sharper corners and edges than nanospheres, and thus exhibit hybridization of plasmons mainly at the
nanoparticle core and tips. This hybridization means that their wavelength dependent SERS efficiency is more tunable
and can be changed in their synthesis process by controlling the ratio between metal (e.g., gold; Au) salt concentration
and metal seed concentration, as well as colloids obtained at different temperatures “°. A great number of nanoparticle
types can be synthetized for binding to molecules of specific sizes, SER at the desired wavelength ranges, and sufficient
SERS efficiency. These types include nanospheres, porous nanospheres, nanocorals, nanostars, nanorods, nanoshells,
nanorices, nanotriangles (or nanoprisms), nanocubes, nanododecahedra, nanocages (or nanorattles) of multiple sizes,
materials, cluster sizes, etc L. It is worth noting that reproducibility and repeatability of nanoparticles is important to
compare results across institutions, clinical trials and research studies, especially for high-throughput screening
applications.

Finally, it is important to understand the sources of Raman scattering in biofluids (or body fluids) and what
applications can be developed based on the characterization of their Raman active compounds. Applications should
consider factors discussed in Chapter 3. The most important factors for medical device design involving vibrational
spectroscopy applications (i.e., applications involving Raman spectroscopy and FTIR spectroscopy) include biofluid
composition, molecular sensitivity of measurement techniques (such as FTIR and ATR-FTIR), technology maturity and
adoption aspects, and potential for clinical translation (i.e., how technology can be introduced and adopted in a long-
term without disturbing the clinical workflow and/or patients’ lives). Therefore, Raman spectroscopy applications for each
biofluid have been discussed below based on studies reviewed by 3424 while further explanation on biofluid applications
of infrared (IR) spectroscopy is given in section 7.3.2:

e Blood: constitutes about 7% of human body weight and transports substances including hydrogen, oxygen,
electrolytes, proteins, sugars, lipids and various cell types, and organic compounds “**°. Blood is composed of plasma
and specialized cells such as red blood cells (erythrocytes or RBC), platelets and white blood cells (leukocytes or WBC).
Blood plasma is the yellowish and semitransparent liquid remaining when clotting is prevented with the addition of an
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anticoagulant to a whole blood sample and corresponds to 55% of the blood volume. Blood specialized cells include
leukocytes which can be agranulocytes (lymphocytes, monocytes) or granulocytes (eosinophils, basophils and
neutrophils). The physiological status of an individual can be determined by the biochemical profile of blood “.
However, main challenges concerning the determination of individual physiological status through blood analysis rely
on (1) detecting and associating specific biomarkers to particular diseases/conditions, (2) cost-effective alternatives
for fast and user-friendly blood analysis and (3) current invasiveness of blood collection. If doing SERS analysis of liquid
blood, detecting specific biomarkers can potentially be performed by the selectively identifying and restricting the
target molecule to specific locations before this molecule conjugate with labels. Despite amplifying Raman signals to
potentially increase molecular sensitivity and specificity, it is important to consider that SERS may involve more time-
consuming procedures as well as higher costs with professional training, application development and validation
compared with conventional Raman spectroscopy #’. Blood characterization based on vibrational spectroscopy (i.e.,
Raman spectroscopy and FTIR spectroscopy) has been well documented for disease biomarkers %8, and has been
used for numerous applications including the diagnosis of adenocarcinoma, oral cancer, HIV/AIDS, diabetes,
depression, neurological diseases, and cardiovascular diseases #2447”4951 These applications discriminate between the
study groups by detecting metabolites mainly associated with inflammation, oxidative stress, peptide/protein
expression and lipid metabolism. For instance, the analysis of blood serum (i.e., the liquid remaining after the blood
has clotted) has been suggested not to be affected by the drying process, since no statistically significant differences
were found between dried and liquid serum samples *°. Blood serum of depressed patients were shown to have a
significant decrease in peak intensity in functional groups associated with phospholipids and proteins . Also, blood
plasma of Alzheimer’s disease patients exhibited a significant shift of the amide | band to wavenumbers lower than
1643 cm™ and led to patient classification with 85% accuracy, 75% sensitivity and 88% specificity after cross-validation
51 In general, blood is a promising biofluid for fast analysis using green technologies (no chemical disposal) requiring
minimal training from equipment operators once these technologies are automated by using machine learning /
artificial intelligence (chapter 10). Blood tests using Raman spectroscopy (or FTIR spectroscopy for complementary
information) can be potentially combined with current laboratory biochemical tests which rely on professional training
and lead to disposal of chemicals in the environment. A final advantage of using blood analysis with vibrational
spectroscopy is the option of enabling healthcare practitioners to use the preferred collection method for each patient,
who may have unique diagnostic needs and restrictions due to medical or logistic conditions 4%4>4749-52,

Cerebrospinal Fluid (CSF): consists of watery, colorless, clear fluid that flows in and around an individual’s brain and
spinal cord. CSF is constituted of a unique concentration of potassium, calcium, chloride, magnesium and sodium,
sparse cells (cell count typically does not exceed five cells per milliliter), various proteins (including enzymes) and other
substances 3. CSF is produced after passive plasma filtration from choroidal capillaries to the choroidal interstitial
compartment according to a pressure gradient >*. Many enzymes including carbonic anhydrase and membrane ion
carrier proteins actively transport the CSF from the interstitial compartment to the ventricular lumen across the
choroidal epithelium. These enzymes regulate the CSF composition which can vary with chronobiological cycles such
as the Na concentration proposed to be associated with migraine attacks >°. The CSF composition changes in disease
states regulating enzymatic activities and/or the efficiency of membrane filtration of plasma. CSF collection is usually
invasive and requires lumbar puncture 3°¢, The value of using CSF relies on the stability and predictability of its
expected chemical composition for normal patients, which could be useful to identify disease states upon biochemical
changes due to inflammatory conditions, metabolic conditions, infections, and non-infectious diseases compromising
the function of brain, meninges, spinal cord and associated parts of the Central Nervous System (CNS) *%°7. However,
it is worth noting that CSF has not been useful in providing exact diagnosis in most studies because of common
biomarkers and associated changes in most diseases . In terms of vibrational spectroscopy, CSF analysis can be
cheaper and can dramatically decrease the diagnosis time by narrowing down potential conditions an individual may
have, while performing an analysis with no contrast agents typically used for brain imaging. It is worth noting that CSF
analysis could be used for disease screening, diagnostic and prognostic purposes not requiring knowledge of the
disease location (e.g., localizing brain cancer tissues and/or delineate its margins for complete removal). Raman
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spectroscopy was shown to be useful for rapid identification of tuberculosis meningitis patients with 91% sensitivity
and 82% specificity (comparable to the conventional diagnostic methods) 8. Also, SERS has been used to detect
Neisseria meningitis infection by using a CSF samples deposited onto a Si/ZnO/Au subtrate *°. This detection can be
based on a SERS band at 695 cm™ observed in samples of infected individuals and absent in healthy subjects and
corresponding to the C—C vibration and ring modes of neopterin.

Fecal Material (stool or feces): consists of between 25-54% bacterial biomass, 25% carbohydrate or undigested plant
matter, 2-25% protein or nitrogenous substances, and 2—-15% fat ®°. Fecal material is also composed of intestinal
secretions, calcium and iron phosphates, dried epithelial cells, and mucus °. Protein and fat are produced due to
secretion in the colon, gut bacterial action and epithelial shedding. Many factors affect fecal material protein-to-fat
ratios. In most cases, this ratio is a result diet and body weight . Due to the high personal and situational variability
of fecal composition, the analysis of fecal material relies on the standardization of sample collection protocols and
appropriate storage to avoid digestion of nutrients (indigestible to humans and/or animals) by the gut microbiota
remaining on the sample after collection . Collection of feces is fast and minimally invasive as it expels naturally. This
collection is also convenient for the patient who can collect feces privately and does not need to take contrast agents
and/or bowel cleansing for endoscopic and radiologic imaging procedures (Chapter 2). Previous vibrational
spectroscopy studies have shown that fecal material has been used to diagnose gastrointestinal disorders, Clostridium
difficile (CD) infections, steatorrhea, and other diseases 6753, Still, within vibrational spectroscopy, FTIR spectroscopy
is more mature than Raman spectroscopy for the analysis fecal material (section 7.3.2) since feces do not contain a
vast amount of water. Raman spectroscopy is still under preliminary development for diagnostic applications mostly
due to its poor signal-to-noise ratio and Raman spectroscopy has advantages only in higher limit of detection of
particular substances compared to FTIR. In most cases, these advantages do not justify the higher costs compared to
FTIR for the analysis of fecal material. Raman spectroscopy was used to determine the accuracy and limit of detection
of Clostridium difficile (CD) toxin A and CD toxin B in fecal material compared to conventional CD testing methods such
as Cell Culture Cytotoxicity Neutralization Assay (CCNA), which takes 48h, is labor intensive, requires cell culture facility
and is not performed as part of the clinical routine in medical facilities 2. Biologically relevant concentrations range
between 1-0.1 ng/mL. Raman spectroscopy could identify CD toxins A and B with between 64%-77% accuracies when
testing stool spiked with toxin concentrations of 1 ng/mL, 100 pg/mL, 1 pg/mL, and 0.1 pg/mL %2. Overall, Raman
spectroscopy is promising for some applications involving fecal material and is in preliminary stages of technology
development and proof of concept.

Saliva: originates from the secretion of major (parotid, submandibular and sublingual) and minor (buccal, palatal,
lingual and labial) salivary glands in the oral cavity ®*. Human saliva is composed of about 99.5% water, 0.3% proteins
(immunoglobulins, antimicrobial peptides and glycoproteins including proline-rich and tyrosine-rich proteins, mucins,
sialic acid, lactic acid) and 0.2% inorganic matter (such as thiocyanate) ®4-%%, Saliva also contains nasal and bronchial
secretions, gingival cervicular fluid, cell debris, flaking cells, dental plaque, blood, bacteria, and exogenous substances
6467 Saliva has been widely investigated for biomarker identification and quantification of levels of organic and
inorganic substances, given its non-invasiveness, simplicity, low-cost, painless and stress-free collection 70, If done
correctly, saliva collection poses minimal risks of exposure to infectious agents, which can be a problem for other
disease screening methods (involving biofluids, biosolids and others) 7*. Total human saliva contains over 800 identified
metabolites (amino acids, carboxylic acids, steroid derivatives, glucose, etc.) and its metabolome is as chemically
complex as human serum metabolome due to the abundance of metabolites which can be detected %72, The diversity
of metabolites potentially identifiable in saliva has increased the interest in the development of applications involving
proteomics, metabolomics, transcriptomics, or microbiomics, especially for the diagnosis of oral diseases such as oral
cancer and periodontitis, as well as systemic diseases including diabetes, breast cancer, and Sjégren’s syndrome 5471,
In vibrational spectroscopy, the highly complex saliva metabolome can pose challenges to identify biomarkers without
contrast agents. Even though Raman and IR peaks are specific to the vibration of molecular bonds, the molecular
structure of many metabolites contain the same functional groups and hence the same molecular bonds. This can
cause the spectra peaks to overlap and the difference between healthy and diseased individuals to be observed only
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in peak ratios or shifts with high individual variation. Therefore, it is important to consider the saliva collection method
for potential variations due to biochemical differences in stimulated and unstimulated saliva (partially due to
significantly different bacterial profiles present in each saliva type 7. In vibrational spectroscopy, minimal amounts of
saliva need to be collected for analysis (typically in the order of microliters) which is much lower than sufficient saliva
volumes produced by healthy individuals (estimated to be between 0.5 and 1.5 L of saliva daily) ’*. The ease of salivary
collection in addition to the proximity of this biofluid to oral and respiratory tissues has made saliva an attractive
candidate for the diagnosis of systemic and autoimmune diseases, hereditary disorders, sickle cell anemia, periodontal
disease, cystic fibrosis, oral cancer, dental caries and viral infections including COVID-19 747%. An example of detection
of oral squamous cell carcinoma by using SERS is the study of Connolly et. al. who showed that the Raman peaks
associated with pyrimidine were 767, 1236, 1330, 1662 and 1688 cm™in normal patients and differed for cancer
patients >2. Similarly, the peak of mucin was found at 1444 cm™, whereas peaks at 1158 and 1525 cm™ (associated
with carotenoids, according to the authors) were absent in saliva of normal patients. In addition, the amide peak at
1652 cm™ exhibited highest intensity for normal patients followed by malignant patients and last by premalignant
patients. Finally, broadening was observed at the hemocyanin band with peak 752 cm™ in saliva of malignant and
premalignant patients.

Semen (or seminal fluid): consists of sperm (reproductive component), proteins, carbohydrates, electrolytes, and other
constituents produced by four glands: testes, seminal vesicles, prostate and bulbourethral glands. The 65—75% fraction
produced by seminal vesicles contains aminoacids, enzymes, flavins, proteins, phosphorylcholine, vitamin C, citrate,
and 2-5 mg of fructose per mL of semen 77 to serve as the main energy source of sperm cells, and prostaglandins (to
suppress immune responses by the female against foreign semen). The 25-30% fraction produced by prostate is
composed of prostate specific antigen, proteolytic enzymes, fibrinolysin, acid phosphatase, citric acid, and ~135+40
ug/mL of zinc for healthy men 78, used for stabilization of the DNA-containing chromatin in sperm cells (resulting in
lowered fertility and spermatogenesis in cases of zinc deficiency). The 2-5% fraction produced by testes (or testicles)
contains 200 million to 500 million spermatozoa released per ejaculation, unless vasectomy has been performed.
Finally, the 1% fraction produced by the bulbourethral glands contains pre-ejaculate, sialic acid, galactose, and mucus,
which increases the mobility of sperm cells in the vagina and cervix. Semen can be collected non-invasively 7°8! and
used to diagnose male reproductive disorders > and bacterial prostatitis 823 upon implementation of next-generation
technologies. In the context of vibrational spectroscopy, semen has been investigated mostly with FTIR spectroscopy
mainly due to technology maturity, portability, cost-effectiveness and lower measurement times leading to less
degradation/deterioration of semen components over time. FTIR spectroscopy typically does not have problems with
water absorption in semen because its water volume typically ranges from 0.004-0.15% water (estimated based on
mean sperm volume of 20-32 um3, water percentage of 50-60% per spermatozoa and 200 million to 500 million
spermatozoa released per ejaculation) 848>, If tests can be done or samples can be stored in 15-20 minutes after
ejaculation, semen can remain coagulated. Otherwise, measurements have to be conducted in semen liquefied form.
Still, both FTIR and Raman spectroscopy are used for semen analysis primarily in forensics and urology. Raman
spectroscopy is convenient for semen analysis and allows for assessment of its aminoacid, amide, and spermine
phosphate hexahydrate content %7, Raman spectroscopy is useful to separate semen samples from saliva, sweat,
blood, and vaginal fluid samples , which could potentially be confusing in a crime scene but necessary to be separated
prior to more labor intensive, expensive and time-consuming analysis. In this context, Raman spectroscopy could
decrease the sample pre-analysis time while also providing a biochemical characterization of analyzed samples. In
general, lactate, tyrosine, fructose, choline, spermine phosphate hexahydrate, and other metabolites had unique
Raman spectral characteristics in semen compared to other biofluids 8. In addition, Raman spectroscopy has been
used for the identification of amino acid peaks in UV damaged semen compared with normal semen 2%’ to assess
seminal DNA integrity, and potentially to find diagnostic and prognostic biomarkers of male urological disorders 88687,
Sweat: is mainly composed of 98-99% water, electrolytes, lactic acid, citric acid, ascorbic acid, fatty acids and nitrogen
metabolites including urea, uric acid and ammonia %7 produced by the eccrine, apocrine, and apoeccrine glands.
Sweat is a cloudy, viscous, oily and originally odorless biofluid °” which obtains odor upon decomposition by bacteria,
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adding a number of volatile compounds with particular olfactory properties to its composition %8100 Sweat
composition also depends on the gland in which it was generated. If it is generated by apocrine glands (i.e., apocrine
sweat), sweat is mixed with a fraction of the sebum produced by the sebaceous glands open into the hair follicle. Since
sebum is composed of ~41% triglycerides, ~26% wax esters, ~16% free fatty acids and ~12% squalene °1°2, apocrine
sweat would have a varying fraction of this mixture depending on the amount of sebum close the sweat, its contact
time with sebum and at which temperature (i.e., factors which control the solvation of sebum components in sweat).
Currently, the clinical use of sweat analysis is still being evaluated 1%, despite the recent advancements enabling its
rapid and reliable collection, as well as potentially fast and accurate analysis of its metabolites 141, Sweat analysis
can be useful to diagnose cystic fibrosis and it has been proposed that it can also be used to diagnose diseases including
Addison’s disease, Parkinson’s disease, and schizophrenia has been inferred 1%#10>107 Qne of the main candidates for
sweat analysis is vibrational spectroscopy because small sample volumes can be quickly analyzed with no labor-
intensive techniques. Small sample volumes can be useful to select small areas to collect the sweat from (for instance,
at which part of the skin and/or close or further from sebaceous glands). In addition, rapid identification of sweat
metabolites could improve early disease detection %1%, Raman spectroscopy has been shown to have sufficient
sensitivity to detect amino acids, proteins, and metabolites in sweat samples %, and is capable to identify small
concentrations of biomolecules when Surface enhanced Raman spectroscopy (SERS) is used. SERS using silver
nanoparticles (AgNPs) could detect sweat left by a fingerprint on surfaces of objects %711, which can be useful for
forensic, diagnostic and prognostic purposes. Clinically, further validation of vibrational spectroscopy techniques can
potentially lead to development of schizophrenia biomarker proteins based on eccrine sweat !, not only helping
patients with bedside instruments, but also expanding the number of diseases to be detected. In this context, Raman
and FTIR spectroscopy have potential to still be uncovered by future proof of concept studies and are currently
considered promising techniques for next-generation devices.

Tears: are composed of a complex molecular mixture containing ~98% water and ~2% of lipids, urea, and mixture of
about 500 proteins such as mucins and lysozyme 2. Human tear is produced in the lacrimal glands and its components
play a key role in the ocular health including lubrication, cleansing the ocular surface of particles, eye protection against
disease and infections, and oxygen supply to corneal cells 1*31 Tears can be collected non-invasively or minimally-
invasively from the conjunctival sac, to investigate the pathophysiology of ocular diseases and infections *>1%7, as well
as to diagnose renal diseases by using SERS to monitor its urea concentration '8, It is worth noting that tear collection
may be induced by eyeball irritation to increase lacrimal flow by using onion vapor or ammonia solution, in which case
tears are collected by using a basal capillary tube *°. In addition, collecting tears from the right or left eye of an
individual lead to significant differences in detected phosphate esters, phospholipids and phosphoproteins, according
to biochemical differences identified by FTIR analysis 1*°. Currently, the analysis of lacrimal proteins is challenging due
to limitations of analytical technologies, which require larger sample volumes (typically not easily available), are not
capable of analyzing tears while keeping the high alkalinity of tear proteins and their natural high (and highly variable)
ion concentrations 4120, One type of tear analysis is based on fluctuations in protein concentration in its aqueous
layer representing an individual’s immune response. Such immune response causes changes in tear metabolites which
can be targeted for detection of virus or fungi infections such as in keratitis cases 2. Currently, vibrational
spectroscopy usually requires drying the sample to concentrate metabolites (and increase signal amplitudes) and, in
FTIR, suppress water absorption from measured signals. Raman spectroscopy is used to identify tear metabolites at
the edge of dried tear patterns. These metabolites include bicarbonate and urea found at concentrations of ~2 and
~0.3 mg-mL™%, respectively 122, Also protein groups can be detected upon mass separation by using Drop Coating
Deposition Raman Spectroscopy (DCDRS) 122123, The diaghostic and prognostic value of tears is still under discussion
and further studies involving non-specific and specific analyses are required for the first steps of clinical translation.
Urine: in healthy individuals, urine is composed of ~95% water, ~2% urea, ~0.1% creatinine, ~0.03% uric acid and other
components including ammonium, sulphate, bicarbonate, phosphate, potassium, sodium, chloride, magnesium and
other ions 124126 Urinalysis is integral part of laboratory routine exams for identification of microbial infections and
mineral accumulation (leading to mineral crystallization during the formation of kidney or bladder stones) by analyzing
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urine sediments in the physical analysis. Urianalysis can also quantify a wide range of substances such as urea,
creatinine, cysteine C, and can be used to diagnose conditions associated excess excretion of proteins, microalbumin,
inulin, iohexol and iotalamate. In addition, urinalysis biochemical markers can be combined with glomerular filtration
rate (GFR) which is typically evaluated for renal function. Since urine composition depends on blood filtration, kidney
and bladder function (especially on waste storage and disposal/clearing), the main predictors of renal dysfunction are
24-h protein dosage, urea, and creatinine content partly due to their association with the concentration of protein,
urea and creatinine in blood 27128, The possibility of detecting blood biomarkers in urine tests makes urinanalysis an
attractive option for non-invasive assessment of conditions. Furthermore, urine can be used to diagnose multiple
diseases early 12, including kidneys and glomerulus diseases 1% as well as type 2 diabetes, prostate cancer, and bladder
cancer 129131 When using Raman spectroscopy, Jaychandran et. al. ¥ showed that key urine metabolites can be
rapidly identified with no contrast agent and non-destructively. These metabolites included uric acid (567 cm™), FAD
(606 cm™), ethanol (890 cm™), urea (1002 cm™), glucose (1046 cm™), creatinine, tryptophan and indoxylsulphate. The
Raman peaks for creatinine, tryptophan and indoxylsulphate differed between normal, premalignant and malignant
patients. The creatinine peak was found at 692 cm™ for samples of normal patients, and 1336 and 1427 cm™ for
samples of malignant patients. Similarly, the tryptophan peak occurred at 1417 cm™in normal and at 1547 cm™tin
premalignant and malignant patients, whereas the indoxylsulphate peak was found at 1615 cm™in normal and at 1351
cm™in malignant patients #°. Given that vibrational spectroscopy can provide a rapid, molecular specific and/or
selective, and non-invasive sample characterization, applications for real-time medical checks using smart toilets have
been proposed 32,

Vaginal Fluid (or vaginal discharge): is a naturally produced liquid mixture of proteins, carbohydrates, cells, fungi and
bacteria with the function of lubricating and protecting the vagina *3. Vaginal fluid contains 3.1 g/L of total low
molecular weight organic constituents 3, 1.035-1.95 g/L sodium, 0.547-0.900 g/L potassium, ~2.94 g/L chloride 3>13¢,
0.015-0.026 g/L protein content during the follicular phase and 0.053 g/L protein content during the luteal phase 137138,
1-5 g/L of lactic acid content 134139140 0.20-0.52 g/L acetic acid 3*%9, 0.16 g/L glycerol (with a significant concentration
increase after sexual stimulation) 3%, 0.3-0.4 g/L urea **!*!, glycogen concentrations of about 4.4-15 g/L 13>1%2, 5,0-6.2
g/L glucose 7% and between 0-4% of total concentration of reducing substances '*3. Because of the composition of
vaginal fluid, it can appear like a mucus or secretion (i.e., vaginal fluid may have a thick, sticky consistency or a thin,
watery consistency, while its color may be either white or clear). Vaginal fluid can be generated as normal or
abnormal discharges including infectious cases (such as vaginal thrush and bacterial vaginosis) or inflammatory cases
(vaginitis) 14>14¢_ Since abnormal discharges change the biochemistry of vaginal fluid, it has been used to diagnose
inflammatory diseases such as endometriosis ¥, as well as vaginitis 1*> and bacterial infections 1148, Vaginal fluid is
already collected as part of the speculum exam for a number of clinical routine tests such as Pap smear tests and/or a
test for human papillomavirus (HPV) in cervical cancer screening. In general, the speculum exam can be used to assess
the vagina, the cervix, and the vaginal fluid. The sample of vaginal fluid is usually collected by using a cotton-swab prior
to pH tests and microscopy examination. Since the composition of vaginal fluid changes as vaginal diseases progress,
vibrational spectroscopy could add value to routine clinical tests as a rapid and green technology for early disease
detection. Currently, little progress has been made towards proof-of-concept studies for clinical application of
vibrational spectroscopy. Previous studies focused mostly in forensic applications while identifying vibrational modes
and corresponding biochemical structures potentially associated with cancer, HPV and/or bacterial infections for next-
generation superabsorbent pad technologies *°. The relationship with cervical cancer can be associated with HPV
because about 10% of women with cervical HPV infection develop long-lasting infections that includes them into the
high-risk category for cervical cancer *°. Raman spectroscopy has only been proposed/hypothesized to identify
endometriosis biomarkers due to its capability of reliably detect interleukin-6 as a detect cytokine '*! and that
Interleukin-1a (IL) has been suggested as a potential biomarker for endometriosis with 100% specificity and 100%
sensitivity %8, Hence, there is an indirect inference that Raman spectroscopy could be used for early endometriosis
detection which needs to be confirmed by proof of concept studies. If confirmed, Raman spectroscopy could be an
alternative to eliminate the need for reagents, expensive machines and associated costs 2. Currently, it is only known
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that Raman spectroscopy can identify urea, acetic acid, lactate and other metabolites of vaginal fluid to differentiate
it from other biofluids including semen, sweat, saliva, and blood. 133>, Similar as forensic applications for other

biofluids, Raman spectroscopy can offer a rapid, non-destructive, and simple biofluid identification before more
detailed and labor-intensive tests.
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7.3 Sources of absorption in biological media

As discussed in previous chapters, absorption attenuates light traveling in biological media. This attenuation is
caused by absorbing molecules which are called chromophores if they purely convert the absorbed light into molecular
vibrations via non-radiative pathways (chapter 4, section 4. Light-tissue interactions and light propagation in biological
media, figure 4.1) or luminophores if part of the absorbed light is converted into another type of light via radiative
pathways (chapter 4, section 4. Light-tissue interactions and light propagation in biological media, figure 4.1). In this
section we discuss the main chromophores found in tissues and biofluids.

7.3.1 Ultraviolet, visible and near-infrared chromophores in biological media

In this section, we describe the main endogenous tissue and biofluid chromophores. A complete list of their
characteristics can be found in Table 7.10 (Appendix 8):

e Hemoglobin (Hb) is the oxygen- and carbon-dioxide- transport metalloprotein of red blood cells of nearly every
vertebrate and some invertebrate tissues. Blood hemoglobin delivers oxygen from the lungs or gills to all parts of
the organisms’ body, as well as collects carbon dioxide from these parts to be released in the lungs or gills. By
monitoring Hb oxygenated or deoxygenated states, Hb has been widely used to evaluate tissue oxygenation,
which provides valuable information for many applications including assessment of organ function and viability,
cancer detection and margin delineation, prediction treatment outcomes, monitoring of sports performance,
sleep quality to name a few. Hemoglobin can assume many states including

@)

O O O O O O

Deoxyhemoglobin (Hb or deoxyHb): Hb form in which Hb is not bound with O; and typically formed by
decreasing the Hb oxygen binding capacity by increasing the concentration of CO; in an organisms’ body
(or in vitro by nitrogen or CO; purging). Formation of Hb is physiologically induced by the Bohr effect.
Oxyhemoglobin (HbO>; oxyHb or ferrous Hb): Hb form in which Hb is bound to O, due to the decrease of
CO; binding capacity to Hb via rising of O, concentration. O, binds to Hb until its four binding sites are
bound with O,. The more 0O, is bound to Hb, the quicker other O, molecules will bind to other sites
(cooperative binding). Hb and HbO, can be combined into total hemoglobin concentration (THb = HbO, +
Hb) and the oxygenation level (or oxygen saturation; StO,) for calculation of more relevant parameters
associated with clinical, medical, and home- or sports-healthcare applications.

MetHb (ferric Hb or ferriHb),

Ferryl Hb,

Carboxyhemoglobin (COHb; carboxyHb),

Carbaminohemoglobin (HbCO,; carbaminoHb),

Sulfhemoglobin (SHb)

Glycated hemoglobin (HbAlc; glycated Hb): a form of Hb when it is chemically linked to a sugar
(monosaccharides, disaccharides, etc). Most monosaccharides (such as glucose, galactose and fructose)
non-enzymatically/spontaneously bond with Hb when both are present in the bloodstream. The
formation of glycated hemoglobin indicates the excessive sugar in one’s bloodstream and, therefore, is
often used as diabetes biomarker.

Sickle cell hemoglobin (HbS; sickle cell Hb): abnormal form of Hb which causes red blood cells to become
misshapen, rigid, and sticky. HbS has a recessive genetic origin of sickle cell anemia (found on a recessive
allele of the hemoglobin gene) which is translates into a defective form of Hb as a protein derived from
RNA translation to proteins.
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Redox states happen due to hemoglobin oxidation via reactions between Oy- superoxide anions and hydrogen

peroxide (H,0,) with its iron center 2 in a catalytic cycle forming ferrousHb (HbFe?™) into ferric Hb (MetHb;

HbFe3"), ferryl Hb (HbFe**), and the ferryl radical (-HbFe4+):

HbFe?*0, + H,0, - HbFe** = 0 + H,0 + 0, (1)
HbFe*t = 0 + e — +2H' - HbFe3* + H,0 (2)
HbFe3* + H,0, —- HbFe*t = 0 + H,0 (3)

Despite the well-documented research on the contribution of Hb redox reactivity to cellular/subcellular oxidative
alterations, the role of Hb redox forms still remain ambiguous in tissue and organ toxicities **2. Hemoglobin types
absorb primarily in the visible and ultraviolet wavelength ranges (table 7.10).

Myoglobin is an iron- and oxygen-binding protein present in the cardiac and skeletal muscles of vertebrates.
Myoglobin traps oxygen within muscle cells in order to enable production of sufficient energy for muscle
contraction. Heart or skeletal muscle damage cause myoglobin release into the blood. Large quantities of
myoglobin are toxic to the kidneys, as they filter myoglobin from the blood to release it into the urine. If
substantial concentrations of myoglobin are released into the bloodstream (such as after severe traumas or
muscle injuries), its excess may cause kidney damage and eventually failure. Myoglobin can be detected in urine
or tissues. In tissues, oxymyoglobin (oxyMb) and deoxymyoglobin (deoxyMb) have similar absorption features as
HbO; and Hb, respectively (table 7.10).

Water is the most abundant substances in soft tissues. A human body is composed of between 60-80% of water
in total body weight **3. The water composition of soft and hard tissues varies between 10-90%, where highest
water percentages can be found in fetal muscle tissues and lowest percentages in adult cortical bone and adipose
tissues 1>*#1%, As the universal solvent in biological media, water is present in any biological medium at liquid and
solid states where biochemical reactions need to happen at faster rates (e.g., biological tissues with significant
metabolic rates). Water absorption is significant at ultraviolet and shorter wavelengths, as well as infrared and
longer wavelengths, whereas absorption is negligible (below 0.01 cm™) in visible wavelength ranges. Water
absorption coefficients exhibit substantial changes at different temperatures **® including the shift of absorption
peak of 972 nm to lower wavelengths and increase of ~5% absorption per 10 °C of water temperature increase
from 30 °C to 45 °C, and decreasing absorption at 1192 nm with no significant wavelength shift 1°¢, Therefore,
water temperature may influence measurements of ex vivo or in vivo tissues.

Lipids/fat composition of body tissues varies between 1-91%, where highest lipid content can be found in adipose
tissues (composed of ~60-91% of lipids in adults and 23-47% in infants ** and located at tissues such as visceral
and subcutaneous fat) and lowest content in fetal muscle tissue ***>°, Human body lipid mainly consists of
saturated, monounsaturated and polyunsaturated fat, including subcutaneous fat which is composed of ~21%,
~46%, and ~33% of saturated, monounsaturated, and polyunsaturated fat, respectively **’. Lipids are the primary
component of cell membranes and energy reserve of animal bodies. This reserve is stored in adipose tissues in
form of triacylglycerols for long-term storage purposes, whereas most eukaryotic cells temporarily store lipids in
form of triglycerides and sterol esters at cytosolic fat storage organelles known as lipid droplets. Lipid droplets
handle the management of endoplasmic reticulum and oxidative stress, as well as the storage of hydrophobic
vitamin and signaling precursors 18, Early lipid absorption measurements started with Conway et al. *°, Van Veen
et al. 1 and Nachabé et al 1°, who made available the absorption spectra of pork lard between 800-1080 nm,
440-1100 nm and 900-1600 nm, respectively. The re-measured lipid spectrum from 400-2200 nm has been shown
at 7181 As mentioned before lipid scattering changes with temperature. A similar effect happens for lipid
absorption due to the molecular arrangements and binding states of solid (more “crystalline”) and liquid (more
“amorphous”) phases %2183 Lipid absorption also changes with the degree of saturation of lipid bonds, as
differences at the 1170-nm absorption peak were observed between animal fat constituted of 42%, 46%, and 12%
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of saturated, monounsaturated and polyunsaturated, respectively, and oil composed of 10% saturated, 30%
monounsaturated, and 60% polyunsaturated fat *°°.

Carotenoids such as a-Carotene, B-carotene, B-cryptoxanthin, lutein, zeaxanthin, and lycopene can be found in
the blood stream, skin, liver, and adipose cells. Carotenoids are naturally-occurring yellow, orange and red lipofilic
pigments synthesized by plants, algae, and photosynthetic bacteria. They are present in fruits and vegetables,
whose consumption by humans makes them to accumulate in skin and adipose tissues. Carotenoids have the
capability to scavenge free radicals therefore interrupting their harmful oxidation of potentially important cell
molecules %%, which suggest that carotenoids have anti-carcinogenic effects in multiple epidemiological studies
while others indicate pro-oxidation effects in oxidative stress conditions 1,

o PB-carotene can be found in the skin, blood stream, liver, and adipose tissues. Adipose cells are believed
to contain more than 80% of B-carotene reserves %®. Under normal conditions, B-carotene and retinol
uptake happens in the intestines, circulate in the blood, and are delivered to the liver, adipose cells, and
gradually distributed to other parts of the body %6718, In skin, B-carotene accumulates in subcutaneous
fat and stratum corneum tissues, giving a distinct yellow color, especially in regions like the palm of the
hand and the sole of the foot where the stratum corneum is more pronounced %171, B-carotene was
considered an important absorber in studies of oral cancer 172, vessel plaque detection 1’3, and adipose
tissue of human breast Y4718, Previous studies suggest that B-carotene may exhibit limited antioxidant
protection or to act as a pro-oxidant under oxidative stress conditions 1%, B-carotene has characteristic
absorption peaks at 450 and 480 nm when diluted in hexane 18! (table 7.10). Still, the B-carotene
absorption depends on its solvent and, thus, can be different between in vitro and intracellular molecular
environments, as illustrated by Bydlon et. al. ¥*” in the 25-nm broadening of the 480 nm absorption peak
and pronounced decrease on absorption in the 450 nm peaks for B-carotene dissolved in lipid/adipose
cells compared to that dissolved in hexane.

o Lycopene as tomato byproduct has been suggested to have antioxidant, hypolipidemic, and
anticarcinogenic effects based on in vitro and in vivo studies ¥%183, In general, lycopene is distributed to
fatty tissues, testes, adrenal glands, liver prostate and other organs after ingestion. Lycopene absorption
peaks can be found at 443 nm, 471 nm, and 502 nm when dissolved in hexane **’.

Bilirubin is a yellowish pigment mainly found in spleen and liver fluids. Bilirubin is formed as a result of the
breakdown of red blood cells and is excreted out of the body via bile under normal conditions. Bilirubin can
accumulate in skin and other organs due to liver or bile duct problems, as liver has excessive bilirubin secretion
which causes it to flow into the blood stream. This accumulation (hyperbilirubinemia) results in a yellow skin
appearance and is associated with diseases such as Hemolytic jaundice, Gilbert's disease, physiological jaundice
and Crigler-Najjar syndrome, Dubin-Johnson syndrome, and biliary obstruction. Hyperbilirubinemia affects 60-
70% of term infants and nearly all premature infants *#*, Bilirubin is toxic and its high concentrations may cause
brain damage (reason newborns receive therapy for jaundice via light therapy or blood transfusion in severe cases
185,186 | addition, bilirubin is the responsible for the yellow color of old bruises, as hemoglobin is broken down by
macrophages recruited to the wounded area by chemicals released upon local trauma. Macrophages phagocytize
both whole erythrocytes and hemoglobin molecules and catabolize the hemoglobin using the heme oxygenase
system 187-190

Bile is a dark-green-to-yellowish-brown fluid produced by the liver and stored in the gallbladder. Bile has a number
of functions including:

o Digestion: complete digestion of fats, and, indirectly, proteins and carbohydrates via bile salts which
reduce fat surface tension via their emulsification, activate lipases, promote action of lipases by offering
one solvent for both lipids and lipases, i.e., lipid-splitting enzymes)

o Absorption: increasing the solubility of hydrophobic substances and reducing the surface tension of lipids
and epithelium membranes enables larger permeability of lipids through the absorbing epithelium

o Excretion of bile, bacteria, toxins, copper, zinc, mercury, and other substances
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Peristalsis stimulation
Cholagogue Action: Bile contains its own production stimulant, i.e., cholagogues in bile salts, which are
absorbed in the intestines, transported to the liver and stimulate bile secretion.
o Maintenance of suitable pH of duodenal contents
o Lubricant: bile contains mucin which acts as a lubricant and buffer.
o Neutralization of gastric acidity via regurgitation into the stomach which may prevent damage on the
gastric mucosa
Since bile is abundant in bile ducts, it is an important absorber in liver and intestinal tissues. It may also be a
biomarker for liver metastasis 1°%. Bile consists of a mixture of several components including other chromophores.
Its composition includes about 95% water, bilirubin phospholipid, cholesterol, porphyrins, vitamins, steroids, bile
salts, amino acids, enzymes, heavy metals, exogenous drugs, xenobiotics and environmental toxins 1°%19, It is
worth noting that bile scatters light. When using spectral fitting to extract tissue chromophore concentrations
and scattering properties, bile scattering would be considered as part of the tissue scattering. Using bile
absorption spectra with scattering included should not change the estimation of its concentration, tissue
scattering properties such as the fraction of Rayleigh scattering, and the Mie scattering power estimated by
spectral fitting may vary if these properties are different between bile and tissue.
Biliverdin is a green pigment of bile and is produced during the heme catabolism. Biliverdin gives the green color
of some bruises. Heme oxygenase generates biliverdin, which produces bilirubin after conversion by biliverdin
reductase so that bilirubin can be removed by the lymphatic system (in case of injured sites) and excretion into
the bile.
Hemosiderin is an iron-storage brown pigment produced from breakdown of heme within macrophages, which
form hemosiderin by partially digesting ferritin and lysosomes. Upon accumulation of this pigment, tissues may
appear to have yellow, brown, or black stains, which usually appear on the lower leg. Hemosiderin may be found
in tissue- resident macrophages for months after traumas 87190194,
Collagen is a structural protein found in connective tissues, skin, eye and various organs of the cardiovascular
system. Collagen is a major component of the extracellular matrix (ECM) which holds cells together in organs and
holds different organs in place. The ECM also provides cellular communication through a structural lattice to send
chemical signals between cells and tissues, especially during biological processes such as neoplasia and
angiogenesis. A number of collagen types exist. Collagen type | is the most abundant and one of the main
components of the interstitial matrix. Type | collagen exhibits both optical scattering and endogenous
fluorescence properties used for noninvasive estimation of changes in the ECM *°. The mechanical stability of
tissues and tissue-engineered models is typically enabled by collagen fibrils and elastin stabilized by covalent
cross-links based on aldehyde formation 9. Measuring fibrous collagen absorption spectrum (as it would mostly
be found in vivo) is hindered by its inhomogeneous structure due to gaps exist between fibers, whereas
denaturing the collagen may change its absorption spectrum. Taroni et al. measured the absorption coefficient of
collagen between 600-1100 nm and to spectrally fit dense breast tissue measurements 1% Nachabé et al.
collected the collagen absorption spectrum from 500-1600 nm and investigated its concentration in brest tumor
200
Elastin a key tissue constituent of the extracellular matrix of connective tissues, highly elastic tissues and organs
such as skin, arteries, ligaments, tendons, cartilage and lungs 2°1. Elastin gives elasticity to tissues, which changes
under pathological conditions such as breast cancer 22729, Also, the ratio between collagen and elastin is often
used as a measurement of skin aging and early pathologies, especially with ultrasound, elastography, supersonic
shear wave imaging and magnetic resonance imaging techniques detecting tissue differences due to larger tissue
rigidity when collagen is predominant and elasticity when elastin is predominant 2%,
Cytochrome Cis a mitochondrial protein which is essential for the electron transport chain, and, therefore, in the
energy production and storage processes within cells. Cytochrome C is a biomarker of mitochondrial content,
which could potentially be useful to investigate a bigger picture of tissue metabolism together with parameters
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of aerobic and anaerobic cell respiration (such as redox ratios, concentrations of bound and free NADH or FAD
provided by fluorescence measurements). Accurately estimating cytochrome C can be challenging due to its
strong overlap with HbO, absorption spectrum, as HbO; tends to be a predominant absorber in in vivo tissues
(whose metabolism is interesting to uncover, as opposed to metabolism of ex vivo tissues or cells in vitro). Still,
an example of inclusion of cytochrome C in a spectral fitting model is illustrated by Lindbergh et al. 27 for diffuse
reflectance spectroscopy (DRS) measurements of calves’ myocardium during heart surgery. According to the
authors, the spectral fitting was improved from 540-620 nm compared to a model without cytochrome c.
Melanin refers to a group of natural pigments found in most organisms. It is one of the most versatile biological
pigments and exhibits a variety of chemical functions which result in a broad set of physiological properties and
responses 2%, Melanin chemical functions include radiation protection 2%, thermoregulation 2°, metal chelation
211,212 and structural coloration 2*3). Melanin is produced by melanocytes through melanogenesis, which consists
of oxidation of the tyrosine aminoacid followed by polymerization to result protein-polymer complexes acting as
pigments of different colors. Melanin types include:

o Black-to-brown eumelanin typically alkali insoluble and found in human skin and hair

o Red-to-yellow pheomelanin typically alkali soluble and also found in human skin and hair. Pheomelanin is
a cysteine-derivative containing polybenzothiazine portions 21425,

o Black-to-brown Neuromelanin found in brain. Neuromelanin has been investigated to understand the
molecular origin of neurodegenerative disorders, as well as its functions in neuron disruption, dopamine
sequestration and release for chemical memory, and induction of Parkinson's disease 26,

o Black-to-dark-brown allomelanin generally found in fungi. Allomelanin is a nitrogen-free melanin.

o Red-to-brown pyomelanin (also known as alkaptomelanin) commonly produced by several fungal and
bacterial species. Pyomelanin is a nitrogen-free melanin.

In skin, melanin is found within epidermal melanosomes 27 typically in form of granules. Melanin absorbs over
99.9% of ultraviolet (UV) radiation and its broad absorption band ranges from the UV to near-infrared (NIR)
wavelengths 1>, This absorption and melanin concentration determines the apparent skin color and melanin-
related properties. Melanin absorption rapidly decreases as a function of wavelength, leading to a number of
researchers modeling its absorption as a power function and typically proportional to A~34¢ 218 For instance, by
considering that the melanin absorption coefficient is g, = 225 m~! at 694 nm for fair, sun protected
Caucasian skin, the absorption spectrum of such skin could be calculated by #1%22;

_, (694nm\>*°
tam = 225 m7t (<)

214,215

Thyroglobulin is an iodo-glycoprotein of ~70 tyrosine residues produced by follicular cells of thyroid gland to
synthetize the thyroid hormones T3 (triiodothyronine) and T4 (thyroxine), which regulate cell/tissue metabolism,
body temperature, and heart rate. lodination of tyrosine residues of thyroglobulin happens once it is transported
from thyrocytes to the follicular lumen of the thyroid gland through secretion. This iodination forms mono-
iodotyrosine (MIT) and/or di-iodotyrosine (DIT) which lead to preferential formation of T4 synthesized via
oxidative coupling between two DIT side chains primarily at a conserved site near the amino terminus, and
synthesis of T3 via coupling between one MIT donor and one DIT acceptor at conserved sites at the carboxy
terminus. Thyroglobulin concentration varies between 3-40 nanograms/milliliter in healthy patients. High
thyroglobulin concentrations can be associated with thyroid cancer, especially if such concentration increases
after complete removal of the thyroid gland ?2%. Thyroglobulin is one of the main constituents of thyroid tissue
and account for 10-20% of its concentration in rat thyroid 2227224,

lodine is a trace element present in some foods and an essential component of the thyroid hormones T3 and T4
through the formation of MIT and DIT, as described above. lodine has also been used to assess the average chain
length of glucans such as glycogen and amylose, as this length is proportional to the wavelength of maximum
absorption at the iodine spectrum %2>, Lower than average iodination may indicate glycogen-branching enzyme
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226] 226-228
’

deficiency in cats glycogenosis/amylopectinosis and associated diseases in humans and
amylose/amylopectin ratio in plant tissues 2%,

e Tyrosine is a nonessential aminoacid which can be obtained by the body through the metabolism of the aminoacid
phenylalanine. Tyrosine is involved in a number of functions including hormone regulation in thyroid (as
previously discussed), adrenal, and pituitary glands, as well as production of neurotransmitters in brain (such as
epinephrine, norepinephrine, and dopamine) and melanin in hair and skin. L-tyrosine (biologically/enzymatically
tyrosine produced in our body) is also present in the structure of nearly every protein and, for this reason, tyrosine
is used as a chromophore to study the structure of proteins with techniques involving UV—-Vis spectroscopy,
fluorescence spectroscopy, resonance Raman spectroscopy, and circular dichroism 230231,

e Other chromophores include pyrimidines and pyrines of nucleic acids, which absorb light primarily at UV
wavelengths (typically shorter than 300 nm), as well as flavins, vitamins and porphyrins, which are weak absorbers
in UV and visible wavelengths and/or or are present in very low concentrations in tissues to have significantly
accountable absorption. When investigating biofluids directly or measuring signals within blood vessels or internal
body structures, chromophores such as cholestherol, cholesteryl oleate, cholesteryl linoleate, glucose, lactate,
sucrose, urea to name a few may be of relevant to biological research.

In addition to the description of biological chromophores, the change in chromophore concentrations is shown in
Table 7.11 to shown evidence on application-specific changes expected for differentiation between benign and malignant
tissues such as those covered in subsequent chapters of this thesis and which may be covered by future applications of
developed optical systems (as a result of the thesis work). It is worth noting that chromophore concentration increases
and decreases due to tissue malignancy are not consistent across the literature (even for the same tissue types). Therefore,
detecting and diagnosing cancer by using one chromophore-associated parameter is not accurate, and multivariate
analysis is suggested to be a better approach for cancer detection and delineation, as it will be shown in Chapters 12-14
(Papers 1-3).
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7.3.2 Sources of mid- and far-infrared absorption in biological media

Mid- and far-infrared absorption is primarily associated with transitions between vibrational states instead of
transitions between electronic states induced by ultraviolet, visible and near-infrared light. In biological media, absorption
at mid- and far-infrared wavelengths is associated with vibrational modes of molecular bonds of biomolecules. The
association between energy levels of vibrational states and such absorption makes it complementary to information
obtained from Raman scattering, which is also related to molecular vibrational modes. The main difference is that infrared
(IR) active modes only occur when the vibration changes the molecular dipole moment, whereas Raman active modes
occur when the vibration alters the molecular polarizability. Especially for small molecules, mathematical group theory
can used to theoretically predict the number of vibrational bands, qualitative description of normal modes associated
with these bands, their polarization and shape 232, Such theory is based on the symmetry element of molecular structures
for classification by a point group, which relate to a set of compactible symmetry operations (and thus to
symmetric/asymmetric vibrations and polarizability). In general, IR active modes could be most easily recorded for polar
groups, and out-of-phase or asymmetric vibrations, while Raman active modes could be most conveniently probed for
nonpolar groups, in-phase or symmetric vibrations 23, Still, calculating IR and Raman active modes for biomolecules can
be complex when they are long and can exhibit numerous constitutional Isomers, tautomers, stereoisomers,
diastereomers and enantiomers. This complexity is further increased by the dynamic molecular environment of biological
media, which can change rapidly over time and originate multiple biomolecules interlinked by numerous metabolic
pathways.

With the above in mind, the only way to narrow down biomolecules which could be associated with wavenumber
ranges is identifying common functional organic groups and inorganic compounds associated with IR and Raman bands
as well as their strength and broadness 24, By matching characteristics of those bands with those of specific organic groups
found in biomolecules 23, it is possible to assign wavenumbers 2° (Tables 7.12 and 7.13) and bands ¢ (figure 7.1) to
molecules such as lipids, proteins, carbohydrates, and nucleic acids. A more detailed description of the correspondence
between IR absorption wavenumbers and secondary structural elements of proteins is given in Table 7.13. In addition,
Table 7.14 indicates the infrared band/wavenumbers which intensities can be used for calculation of ratios of lipid-to-
protein, protein-to-lipid, DNA-to-protein, nucleic-acid-to-protein, and mineral-to-protein in biological samples.
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Infrared (IR)

Ultraviolet  Visible |Near-infrared (NIR):| Mid-infrared (MIR):|Far-infrared (FIR):

(Uv) (VIS) 700-2500 nm 2500 nm-25 pm 25-500 um
— |
C=C, C=N,
- -H, C- N=0, C-C, C-N
O-H, N H,’ CH X=C=Y (where Few | C=0 stretch C=C, N
stretching . C-0, C-Cl, N=0,
(Lipids) Xand Y can be | bands (Proteins) C=N, P-0
N=0 ..
CON,S) (Phospholipids,
DNA, RNA)
4000 cm ™! 2500 cm™~! 2000 cm~! 1800 cm~! 1650 cm~! 1550 cm™! 450 cm™!
Wavenumber (cm™1)
2500 nm 4000 nm 5000 nm 5556 nm 6060.6 nm 6451.6 nm 22222.2 nm
Wavelength (nm)
Mid-IR (4000 — 400 cm™1): Mid-IR (4000 — 400 cm™1): Double bond region Fingerprint
O-H stretching (3700 — 3600 cm™'),  C=C stretching (2300 — 2050 cm™'), (2000 — 1500 cm™1): (1800 — 600 cm™1):
N-H stretching (3400 — 3400 cm™1), C=N stretching (2300 — 2200 cm™1). C=C, C=N, C=0 Bending and skeletal
C-H stretching (from aliphatic vibrations of C-C, C-N, C-O,
compounds: 3800 — 2850 cm™? or C-Cl, N=0, P-0

if adjacent to double bond or
aromatic ring: 3100 — 3000 cm™1),

Figure 7.1: Infrared wavelength/wavenumber range options available for spectroscopy of biological media and main
vibrational modes of chemical bonds with absorption in the mid-infrared range.

Finally, it is worth noting that information on IR bands and their measurements via transmission Fourier-transform
infrared (FTIR) spectroscopy or Attenuated Total Reflection (ATR) FTIR, as well as information on Raman bands (data
collected via Raman spectroscopy; to be discussed in chapter 18) are registered in multiple commercial reference spectra
databases. These databases contain data collected from respected institutions or companies for high confidence results
and include spectra of thousands of compounds separated by applications such as biomedical (biochemical category),
forensics, pharmaceuticals, solvents, aldehydes and ketones, polymer and polymer additives, alcohols and phenols, etc.
Searches can be particular to sample preparation, instrument accessories, analysis conditions and other factors. Examples
of databases include the ©’:

e SDBS FTIR Transmission databases (more than 21,140 spectra)

e Aldrich Database (18,513 ATR FTIR spectra)

e |Chem database (12,706 ATR FTIR spectra)

e Elsevier FT-Raman and FTIR polymer database

e National Institute of Standards and Technology (NIST) IR database
e Others

7.3.2.1 Mid- and far-infrared absorption in biological tissues

General IR absorption bands for tissues (especially brain tissues) have been reviewed by Caine at al. 2%, who
attributed the 3050 - 2800 cm™ range to symmetric and antisymmetric C—H stretches of lipid and proteins, the ester
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carbonyl band between 1745 - 1725 cm™ to lipids, absorption bands between 1700 - 1500 cm™ to amide | and Il groups
of peptide bonds in proteins, a minor band of amide Ill from 1350-1200 cm™ to proteins, the symmetric and antisymmetric

C—0 and P—O vibrations between 1235 - 1080 cm™ to phospholipids, deoxyribonucleic acid (DNA), ribonucleic acid (RNA),
and vibrational bands between 1150 -1025 cm™ to carbohydrate such as glucose, fructose and glycogen. The accuracy of
band assignment depends on the accuracy of peaks and bands of the previously mentioned international databases.
Pathological conditions cause intensity, ratiometric, wavenumber translational changes in these peaks/bands due to
molecular alterations in biological tissues.

Mid-IR and far-IR absorption is often obtained by using Fourier Transform Infrared (FTIR) spectroscopy (i.e., the
most used modality of IR spectroscopy). Similar to Raman spectroscopy (Chapter 8, section 8.2.4) discussed in section 7.2,
FTIR spectroscopy is often used to compare FTIR signals between positive controls and diseased tissues, i.e., compare
FTIR signals of diseased tissues with either signals of normal tissues surrounding such diseased tissues or normal tissues
on the contralateral (anatomical) side from the same diseased patients, if anatomical symmetry and access to the
contralateral side is possible. However, studies rarely compare FTIR signals of normal tissues from healthy patients (i.e.,
negative control measurements) with diseased tissues of diseased patients, and rarely perform populational studies
comparing samples of the same patients before and after these patients become diseased. Negative control
measurements are required to develop technologies targeting multiple applications including screening, monitoring
tissue/organ function and viability, delineating diseased regions (e.g., delineating cancer margins; Chapters 12-17), and
robust diagnosis (i.e., diagnostic applications based on robust pattern finding on a large variety of patients with data
analysis methods such as machine learning, discussed in Chapter 10).

In populational studies focusing on monitoring individual health status, it is important to monitor features of
absorption bands corresponding to the healthy status of a certain individual and look for spectral changes corresponding
to a diseased state. If changes indicating diagnostic or prognostic biomarkers are constant for each individual (i.e., if
individual relative changes in IR absorption follow a particular trend), patient stratification would be possible by
monitoring changes in individual IR absorption spectra. If changes in data analysis metrics (Chapter 10) such as absolute
IR absorption (or IR absorption spectra normalized by the IR absorption value at a fixed wavenumber) are sufficient large
to differentiate the entire population of healthy from the entire population of diseased individuals and/or to find all
individuals with a better prognosis after specific treatment, these changes can be used to identify diagnostic or prognostic
biomarkers without need to prior monitoring individual changes in FTIR spectra. A similar rationale can be applied to
biofluids. In addition, biofluid analysis can be used for disease screening purposes.

It is important to note that decreasing the variability of FTIR spectroscopic signals with negative controls and
populational studies is essential to increase the detection accuracy in every targeted application compared to Raman
spectroscopy. Decreasing FTIR signal variability by external factors helps identifying biomarkers more specifically, given
that FTIR signals (generated by the absorption by IR active molecular vibrational modes) are broadened by multiple
molecular rotational states, and given that FTIR signals are heavily contaminated by water absorption. For instance,
populational studies avoid taking the variability generated by neglecting the intraindividual differences when comparing
two study groups, i.e., by comparing normal samples of group A and diseased samples of group B into data analysis
methods to predict normal and diseased states. Instead, populational studies compare between normal and diseased
samples of the same individual before and after becoming diseased, and hence corresponding measurements are taken
for groups A and B. By considering only intraindividual variations, the measurement specificity increases. This specificity
facilitates identifying IR active vibrational modes and biomolecules involved in the transition between normal and
diseased states. Still, one should note that performing populational studies requires laborious work of collecting data
from patients who might or might not develop diseases, who might have a worse or a better prognosis after a specific
treatment, who might or might not have organ rejections and others. The uncertainty of collecting useful data for every
study volunteer slows the data collection process and, hence populational studies are more suitable for more mature and
cost-effective technologies such as FTIR spectroscopy instead of Raman spectroscopy. Also, populational studies require
collecting data from a larger population compared to other study settings, which makes them more suitable when biofluid
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applications are involved rather than tissue applications (typically limited by the number of patients in need for clinical
intervention).

7.3.2.2 Mid- and far-infrared absorption in biofluids

With the above in mind, the maturity and cost-effectiveness of FTIR spectroscopy facilitates the measurement of
biofluids in numerous scenarios. Easier measurements also imply that more data is available for mid-IR and far-IR
absorption of biofluids, including IR band assignments (to vibrational modes and corresponding molecules) of typical
absorption bands of plasma samples (Table 7.16, Appendix 10.2) %7, saliva samples (Table 7.17, Appendix 10.2) *}, blood
samples (Table 7.19, Appendix 10.2) *3, urine samples (Table 7.20, Appendix 10.2) *3, and normal human cerebrospinal
fluid samples (Table 7.21, Appendix 10.2) 2%, In addition, Table 7.18 (Appendix 10.2) shows the IR vibrational mode
assignments and molecular signatures using FTIR spectroscopy for saliva-based disease diagnosis of diabetes 323, Finally,
data collected in the tables reproduced from previous studies has been collected by using attenuated total reflection FTIR
(i.e., ATR-FTIR) spectroscopy, which quantifies the attenuation of an internally-reflected IR beam, once this beam comes
into contact with a sample deposited on the top of a high refractive index crystal (such as diamond, zinc selenide (ZnSe),
and germanium (Ge) crystals). By focusing the IR beam onto the crystal at a set angle on one side of the crystal, the
resulting internal reflections produce a transient wave reaching beyond the outer surface of the crystal (i.e., reaching
approximately between 0.5-5 pum within the sample). The wavelength-resolved (or wavenumber-resolved) spectrum is a
result of the attenuated energy from transition waves as a function of wavelength, which can be measured as each wave
is guided back to the original IR beam that leaves on the other side of the crystal and is sent to a spectrometer.

In addition to making measurements more specific by performing populational studies (section 7.3.2.1), FTIR data
collection of biofluids has an advantage compared with data collection on biological tissues. Despite the FTIR signal
contamination by water, obtaining sharper peaks in the fingerprint region (from 600-1800 cm™) is possible by
concentrating biofluid components and eliminating non-bound water (i.e., water molecules bound to biofluid proteins,
carbohydrates, and other components) by letting the biofluid droplets to dry on the ATR-FTIR crystal prior to
measurements. However, one should note that the drying process introduces physical and chemical inhomogeneity to
analyzed samples, as drying follows the coffee ring effect, generate gelation and cracking patterns %24 Sample
inhomogeneity may make sample measurement protocols irreproducible and non-repeatable without proper validation
studies 2*1. With this in mind, building drying substrates with specific shapes to deposit biofluid droplets and/or controlling
the drying process based on ambient humidity, temperature and other variables may help increasing the measurement
reproducibility.

Another sample preparation step which may help in ATR-FTIR signal analysis is separating biofluid components prior
to analysis. A simple separation method is biofluid fractionation by centrifugation, which has been shown to improve the
quantification of low molecular weight biomarkers 2*2 such as glucose and glycine in whole human serum 241,

Finally, we can use liquid based cytology to find biofluid biomarkers based on cell ratios and cellular composition
together with biofluid analysis, since cells can be separated from biofluids by using centrifugation. Liquid based cytology
(also known as ex vivo spectroscopic cytology) is commonly used to analyze exfoliated oral cell samples, which can be
easily collected non-invasively and without disturbing the clinical workflow 2%, In this case, the analysis of cell pellets could
potentially be conducted similar to biofluid ATR-FTIR analysis, whereas FTIR microspectroscopy focuses on understanding
changes in cell biochemistry in normal, benign and/or diseased states by monitoring biological processes within cells.
Information from these biological processes may provide information about the molecular origin of diseases.

Similar to using Raman spectroscopy to investigate biofluid biomarkers (section 7.2.2), applications involving mid-
and far-infrared absorption should consider biofluid composition, molecular sensitivity of measurement techniques (such
as FTIR and ATR-FTIR), technology maturity and adoption aspects, and potential for clinical translation (i.e., how
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technology can be introduced and adopted in a long-term without disturbing the clinical workflow and/or patients’ lives).
While most of the necessary information has already been discussed in section 7.2.2, applications below have been
discussed based on studies reviewed by 32424 and separated for each biofluid:

Blood: FTIR spectroscopy has been used to detect a wide variety of diseases including infectious diseases 243 244 245 246

247 248 289 cancer 2°9 251 252 brain disorders 2°3 24, renal failure, jaundice and rheumatoid arthritis 2°°27, while having
potential to be used to monitor the risk to develop diseases associated with Very-low-density lipoprotein (VLDL),
cholesterol, glucose, and triglycerides 242>, and being useful to assess individual nutritional status and hydration state
260 261 Detecting infectious diseases is an especially important application with the increased global burden during
pandemics and epidemics in which infectious agents emerge rapidly. In this context, FTIR spectroscopy is a candidate
for disease real-time, cost-effective and non-invasive diagnostics, with potential for high-throughput analysis.
Attenuated total reflection (ATR) FTIR spectroscopy (or ATR-FTIR) has been used to determine the stages of malarial
infection by using PLSR chemometrics of FTIR spectra 2** with a 0.00001% limit of detection of parasetemia for ring
staged parasites. In 2018, Wood et. al. patented the use of FTIR spectroscopy for detection of malarial parasites based
on their lipid signals 2**. By using mid-infrared spectroscopy combined with logistic regression, malarial parasites could
be detected in blood spots dried in filter papers with 92% accuracy for Plasmodium falciparum infections and 85%
accuracy for Plasmodium ovale infections 2*°. In terms of disease screening and diagnostic applications, ATR-FTIR of
blood serum was used to classify healthy patients, HIV patients and patients with AIDS or HIV/HCV co-infections with
97.67% accuracy **, as well as to discriminate healthy control samples from HIV-infected untreated samples and HIV-
infected treatment-experienced by using PLS-DA and OPLS-DA 2%, Discrimination between control and infected
samples was based on spectral bands with peaks around 3010 cm™, 1600-1652 cm™and 1299-1498 cm™ corresponding
to lipids, protein and carbohydrates, respectively. By using ATR-FTIR combined with PCA-LDA, GA-LDA and SPALDA
classification, zika, chikungunya and dengue viruses (which have been causing emerging arbovirus infections globally)
can be detected with ~100% specificity and sensitivity when separating healthy from dengue and chikungunya infected
samples, and ~90% specificity and sensitivity when separating healthy from zika infected samples 28, In addition, FTIR
spectroscopy of frozen dried blood sera combined with PCA-LDA could classify dengue infected from healthy control
samples with 85% sensitivity and 95% specificity 2*°. In terms of cancer detection, ATR-FTIR of blood serum has been
combined with RBF-SVM to detect gliomas (a type of brain tumor) with 93.75% sensitivity and 96.53% 2°°. In addition,
colorectal cancer patients could be classified based on their blood plasma samples with 100% precision and accuracy
by using FTIR and PLS-DA %!, whereas basal cell carcinoma patients could be classified with 97.6% accuracy by analyzing
whole blood samples with ATR-FTIR spectroscopy 2. In terms of brain disorders, ATR-FTIR spectroscopy has been used
to assess schizophrenia, dementia, and bipolar disorders. Evaluation of spectral characteristics of blood plasma using
PLS-DA could generate models to classify schizophrenic, bipolar and control samples with up to 100% sensitivity and
100% specificity when using the full wavenumber range from 500-4000 cm™ 233, By extracting and analyzing white
blood cells and plasma from isolated blood samples, FTIR spectroscopy combined with PCA-LDA could classify
Alzheimer patients and healthy subjects with 67-82% sensitivity, 79-90% specificity and 75-85% accuracy 2°*
Quantification of blood cholesterol, VLDL, glucose and triglycerides was also reported by using ATR-FTIR combined with
PLS, PCA and LDA %82 |n addition to quantifying blood substances, ATR-FTIR spectroscopy could also evaluate
individual hydration state, nutritional status and associated illnesses by quantifying proteins in human whole blood
and/or blood serum in which immunoglobulin G (1gG), globulin and albumin were spiked %° 21, More specifically, ATR-
FTIR spectroscopy estimated total immunoglobulin, albumin, globulin concentrations, and the albumin/globulin ratio
in blood sera samples to have results compared with capillary electrophoresis results as ground truth for accuracy
determination and assessment of potential for point-of-care diagnostics 2%° 262,

Cerebrospinal Fluid (CSF): FTIR spectroscopy of CSF suggested that healthy subjects and Alzheimer’s disease (AD)
patients could be differentiated based on signals associated with decreased levels of beta-Amyloid protein and
increased levels of tau protein in AD patients (compared with healthy subjects) with high sensitivity and specificity >%°7.
Other abnormalities associated with neurodegenerative disorders could potentially be identified by monitoring
albumin and lactate as biomarkers 2°2 due to their characteristic spectral bands.
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Fecal Material (stool or feces): FTIR spectroscopy can be used to rapidly analyze fecal material in clinical routine tests
with little influence of water absorption in the signal. Monitoring IR absorption of fecal material components has been
shown with both FTIR spectroscopy and Near-Infrared Reflectance Spectroscopy (NIRS) . In particular, FTIR
spectroscopy can be used to diagnose and monitor steatorrhea with precision comparable to the conventional
methods 2. Hence, FTIR spectroscopy and NIRS could potentially identify diagnostic and/or prognostic biomarkers of
interest as rapid, cost-effective methods for analysis of fecal material samples. It is worth noting that validation with
clinical studies is required, especially to identify biomarkers with less personal and situational variation responsible for
biochemical changes of fecal material. Personal variation could be mitigated with monitoring intrapatient variation
periodically, while situational variation in fecal composition would require long-term clinical studies.

Saliva: ATR-FTIR spectroscopy studies have found spectral characteristics corresponding to lipids, aminoacids, proteins,
carbohydrates, and nucleic acids changing due to diseases including SARS-CoV-2, cancer, psoriasis, diabetes mellitus,
chronic kidney disease (CKD), systemic diseases, as well as potential cofounding factors associated with gender, age
and behavioral factors (such as tobacco smoking and periodontitis) 667>76:239.263-272 However, as per section 7.2, saliva
composition depends on its collection and processing methods, which can affect the sensitivity and specificity achieved
by clinical studies using vibrational spectroscopy. For instance, FTIR microscopy coupled with PLS-DA showed that
lipids, proteins, aminoacids, nucleic acids, and carbohydrates in saliva change (1) between stimulated and non-
stimulated saliva samples, (2) between centrifugated and non-centrifugated samples, and (3) between drying passively
or by vacuum centrifugating samples 73 supernatant collection by cotton after centrifugation could be lead to
more reproducibility for carbohydrate-based analyses/assays, whereas not collecting supernatant by cotton saturation
could be more reproducible for aminoacid-based assays?’3. In addition, lipids and proteins in the 2800-3000 cm™
wavenumbers have been considered saliva biomarkers for periodontitis diagnosis using ATR-FTIR spectroscopy 4% To
identify tobacco smoking, thiocyanates have been identified as saliva biomarkers 2%, whereas FTIR spectral bands
between 950-1180 cm™ (assigned to glycogen and glucose) and at 1546 cm™ and 1655 cm™ (assigned to amide | and
I1) were considered saliva biomarkers for diabetes 23264,

Semen (or seminal fluid): Compared with Raman spectroscopy, FTIR spectroscopy is a less expensive alternative
involving shorter measurement times and a more mature technology (i.e., with more portable and user-friendly
instruments). Combined with the non-invasiveness offered by vibrational spectroscopy, FTIR spectroscopy of semen
could be clinically translated in shorter times. Semen has characteristic lipid, protein and phosphate spectral peaks that
can differentiate semen from other biofluids #8627 while allowing for FTIR analysis of cells, aminoacids, citrate,
enzymes, seminal plasma and other components
Tears: FTIR spectroscopy has been used to identify meibum and tear lipids to enable addressing dry eye issues
associated with the presence of these substances .

Urine: ATR-FTIR has been used to find diagnostic biomarkers of ovarian cancer, cystinuria and renal disease
Preliminary studies showed that spectra regions corresponding to protein and nucleic acid bands could discriminate
between healthy individuals and ovarian cancer patients 277,

Vaginal fluid (or vaginal discharge): Similar to Raman spectroscopy, FTIR spectroscopy has been used to find
characteristic spectral peaks of vaginal fluid for preliminary evaluation for biofluids in forensic applications (prior to
labor-intensive and more detailed analyses) and to propose clinical applications benefitting from FTIR molecular
sensitivity, rapid, and non-destructive analysis. By identifying characteristic spectral peaks corresponding to vaginal
fluid amides, carbohydrates and epithelia *°, FTIR spectroscopy is capable of differentiating vaginal fluid from
menstrual blood and seminal fluid. This identification is based on amide groups, methyl groups and phosphoric acid
149 1n addition, automated FTIR analysis of vaginal fluid cells could enable early detection of HPV, cervical cancer and

274
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bacterial infections .
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7.4 Sources of fluorescence in biological media

Fluorescence has been widely exploited in terms of its wavelength- and time-dependent properties of biological
tissues and biofluids. Wavelength-resolved fluorescence spectra (WRFS or FS) has been extensively used to obtain
information mainly on tissue biochemistry and occurrence of chemical reactions (e.g., redox ratios) based on relative peak
intensities, spectral shape, Stokes shift, fluorescence quenching, photobleaching, estimation of fluorophore
concentrations via spectral fitting with fractions of pure fluorophore spectra or multi-Gaussian fittings. On the other hand,
time-resolved fluorescence spectroscopy (TRFS) has been used to determine tissue biochemical changes which could not
be determined with wavelength-dependent measurements such as the discrimination between chemical species with
similar wavelength-dependent spectra (e.g., free and bound NADH, free and bound FAD) and determination of the local
tissue microenvironment (e.g., pH, [0z], [Caz+]) 2’%. The challenge of TRFS measurements relies on the accurate extraction
of fluorescence lifetime of more than 3 fluorophores given that the fluorescence decay of fluorophores is exponential and
typically overlaps significantly with fluorescence emission of other fluorophores over time. This overlap hinders the
accurate determination of the concentration and lifetime of multiple fluorophores if TRFS measurements do not have
sufficiently high signal-to-noise ratio, were not acquired for sufficiently long times (to fit for long lifetime molecules)
and/or the instrument response function cannot be measured accurately. Despite this limitation, extraction of
concentrations and fluorescence lifetime of multiple fluorophores have been researched with a wide range of algorithms
including multiexponential fittings, Legendre- and Laguerre-deconvolution methods, phasor analysis, phase-modulation
analysis of frequency-domain data, to name a few.

Determination of tissue biochemistry for a wide range of applications using FS and TRFS is possible via non-invasive
extraction of characteristics of multiple endogenous tissue fluorophores such as

e structural proteins (e.g., collagen, elastin and keratin)

e metabolites and coenzymes (e.g., nicotinamide adenine dinucleotide (NADH), nicotinamide adenine dinucleotide
phosphate (NADPH), flavins coenzymes such as flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN))

e lipids, lipopigments and lipid sources (e.g., lipofuscin, ceroids, advanced glycation end-products (AGE)

e porphyrins

e pigments (e.g., melanin, neuromelanin and mucin)

e vitamins (e.g., Vitamin B12, Vitamin K, Vitamin D, Vitamin C, Vitamin B6 or Pyridoxine (PN)), vitamin precursors
and co-factors (e.g., 4-Pyridoxic acid, pyridoxal, pyridoxamine, pyridoxal 5'-phosphate, 4-Pyridoxic acid, pterins
(xantoperins), biopterins, neopterins, 6-carboxypterins (used for folic acid assay), B-Carotene)

e aminoacids (e.g., tryptophan, phenylalanine, histidine, tyrosine, tetraglycine, triglycine, glycyl-aspartic acid, glycyl-
serine, histidyl-histidine, glycyl-asparagine, hydroxylysine, glycyl-asparagine, glycyl-proline)

whereas specific applications involving local accumulation of biomarkers (such as determination of the monitoring
treatment efficacy, delineation of cancer margins, finding remaining pathological features after surgical/clinical
procedures, and surface/liquid decontamination) can be exploited by applying and detecting the fluorescence of
exogenous fluorophores such as:

e fluorescent proteins (e.g., genetically engineered fluorescent protein reporters including cyan-, green-, yellow-,
orange-, red- and far-red fluorescent proteins)

e near-infrared probes (e.g., indocyanine green and biodegradable nanoparticles)

o fluorescent dyes/photosensitizing agents (e.g., c-aminolevulinic acid (ALA), protoporphyrin IX, chlorins,
bacteriochlorophylls, benzoporphyrins, purpurins, phthalocyanines, naphthalocyanines, texaphyrins, meso-
tetra(hydroxyphenyl)chlorin (mTHPC, Foscan®))

e phospholipid markers including cell-membrane-specific probes such as 1,6-diphenyl-1,3,5-hexatriene or DPH

e organelle, membrane, or ion-sensitive probes
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e probes for pH, temperature, glucose, oxygen, reactive-nitrogen or reactive-oxygen-species sensing

e metal-based nanoparticles (typically used for theranostics due to combined properties allowing for photothermal
therapy or photodynamic therapy along with diagnostics).

e upconverting nanoparticles

In terms of endogeneous fluorophores, NAD(P)H and FAD are some of the most known metabolic biomarkers in cancer
diagnostics. NADH is the reduced form of the coenzyme nicotinamide adenine dinucleotide, NADPH is the reduced
nicotinamide adenine dinucleotide phosphate, and FAD is the oxidized form of flavin adenine dinucleotide. NADH and
NADPH contribute to most of the UV-excited fluorescence in biological tissues and play a key role in numerous biological
processes involving oxidative phosphorylation (in mitochondria 27°), cell signaling, aging and apoptosis.

NADH is an electron carrier in oxidative phosphorylation, whereas NADPH acts as an electron carrier in antioxidant
processes and anabolic reactions (e.g., the Calvin cycle and lipid / nucleic acid syntheses). Metabolic differences due to
NAD(P)H are indicated by the ratio between reduced NADPH and NADH, which is five times lower in healthy cells
compared with cells under oxidative stress (e.g., cancer cells) in brain and liver. 2% [f quantifying this ratio in
mitochondria, one should consider that the contribution of NADPH to NAD(P)H fluorescence is much lower than the
contribution of NADH, since the NADH quantum vyield is about 1.25-2.5 higher than the quantum yield of NADPH %2, In
overall tissue, the contribution of NADPH is typically negligible. However, this is not true for NADH, which has an increased
quantum yield of 4 times for its bound state (bound NADH) compared to its free NADH 283, despite the quantum yield of
free NADH being lower than the quantum yield of riboflavin (vitamin B2) 284,

Another biomarker for oxidative stress and metabolic changes is the ratio between free NAD(P)H and bound NAD(P)H.
Since the wavelength-resolved fluorescence spectra (Chapter 8, sections 8.1.1 and 8.2.5) of free and bound NAD(P)H are
similar and their fluorescence lifetimes differ (Table 7.22, Appendix 11.1), this ratio is typically quantified by comparing
the amplitude of biexponential components of time-resolved fluorescence (Chapter 8, section 8.1.4 and 8.2.5) of NAD(P)H.
In cell studies, the free-to-bound NAD(P)H ratio has been proposed to refer to NADH/NAD+ reduction/oxidation pair 28>28
and a biomarker to estimate metabolic oxidative state through metabolic redox imaging targeting time-resolved NAD(P)H
fluorescence. is widely studied for estimation of metabolic oxidative state and thus for metabolic redox imaging. An
additional way of detecting the free/bound ratio of NAD(P)H is potentially monitoring the spectral shift of the NADH
absorption spectrum, which has been reported to happen when lactic dehydrogenase binds to NADH, possibly altering
the structure of NADH #7729  Finally, the free/bound ratio of NAD(P)H can also be measured by using fluorescence
anisotropy 2°°, as NADH binding to proteins increases the fluorescence anisotropy decay time 22,

The FAD coenzyme is part of a category of compounds called flavins (also known as isoalloxazines), which are ubiquitous
redox carriers in mammal metabolism. This category includes the flavin mononucleotide (FMN). Both FAD and FMN are
derivates of vitamin B2 (riboflavin). Most biological system flavins are bound to proteins and act as their cofactors. Hence,
flavins are often referred to as flavoenzymes and flavoproteins. FAD is involved with oxidoreductases which require FAD
as a prosthetic group for electron transport. The NADH/FAD ratio changes in cancer due to the Warburg effect 29272%,
which describes the higher rates of glycolysis (involving energy production with NAD+/NADH reduction/oxidation pairs
only) than oxidative phosphorylation rates (involving both NAD+/NADH and FAD/FADH, pairs in energy production) in
cancer cells compared with normal (healthy) cells. Glycolysis rates tends to be higher the more aggressive cancers are,
since uncontrolled accelerated tumor growth requires producing energy quicker than rates enabled by oxidative
phosphorylation. NADH/FAD ratio are known as the optical reduction-oxidation (redox) ratio and are typically measured
by the ratio between fluorescence intensities of NADH and FAD, or by the amplitude contribution of NADH and FAD to the
fluorescence decay in time-resolved fluorescence spectroscopy (Chapter 8, section 8.1.4). Ratios of free/bound FAD may
isolate the contribution of oxidative phosphorylation in the total cell energy production, which is not possible to measure
with free/bound NADH ratios due to the NADH involvement in both glycolysis and oxidative phosphorylation. Isolating
this contribution can be useful to monitor the mammal cell status (which tends to have higher oxidative phosphorylation
rates when closer to the healthy status). Since the free/bound FAD contribution is particular to mammals, comparison
with free/bound NADH can be useful as an assessment of recovering rates of infection and/or wound healing by
monitoring the ratio between mammal and other types of cells (e.g., bacteria and fungi). The ratio between free/bound
FAD can be measured by the reduction of fluorescence lifetime of FAD+ upon protein binding (from 2.8 ns to less than 0.4
ns, respectively) 2°3% which has been attributed to the presence of aromatic residues close to the protein binding group,
including tyrosine and tryptophan 3.
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The formation of FAD depends on the enzymatic conversion of riboflavin into FMN (by riboflavin kinase), and the
conversion of FMN into FAD (by flavin mononucleotide adenylyltransferase) 3%2. The association between FAD and FMN
with flavoproteins controls cellular processes including energy production, DNA repair, protein folding, chromatin
remodeling, light emission, detoxification, neural development, and apoptosis. FAD is about 10 times less fluorescent
compared to riboflavin and FMN, which are the most intensely fluorescent flavins 3%. Even though the fluorescence
quantum vyield and lifetime of riboflavin varies with the pH, solvent and presence of nearby amino acids 3%, in general
flavins absorption maximum occurs around 450 nm and maximal fluorescence emission falls between 520-530 nm (Table
7.22, Appendix 11.1). Deviations from expected emission (e.g., wavelength shifts, fluorescence lifetime changes, etc) could
be biomarkers of intracellular pH increase, if other factors causing potential deviations remain constant over the
investigation time (e.g., experiment duration, time monitoring tissues, and times between patient visits in case changes
are monitored over time for the same patient).

In addition to riboflavin (vitamin B2), other vitamins can provide information on tissues health status or prediction of
long-term organ function, since they act as both catalysts and participants in biochemical reactions. Vitamins are essential
for cell function, growth, and development. In case of local or systemic vitamin deficiency (potentially measured either in
tissues or in biofluids, respectively), vitamins can be replenished through normal diet or dietary supplements mainly to
prevent long-term effects of such deficiency. Most vitamins have aromatic ring structures with delocalized electrons and
thus exhibit endogenous fluorescence (Table 7.22, Appendix 11.1). Vitamin A is fluorescent in both retinol (vitamin A
alcohol) and retinol palmitate (vitamin A palmitate) forms 3%, Retinol palmitate excitation band occurs between 325-330
nm, its emission ranges from 505-510 nm, and it has a fluorescence lifetime of 2.17 ns %, Similar to B2 being precursor
of FAD and FMN, B3 vitamins can be found as nicotinamide (niacinamid) and niacin, which are precursors to NADH and
NADP. Also, niacin is a precursor to NAD+/NADH and NADP+/NADPH, and therefore plays an indirect role in previously
mentioned cell metabolic rates.

Another fluorescent vitamin with a major role in metabolism is vitamin B6. The active form of vitamin B6 (i.e., pyridoxal
5’-phosphate) is a coenzyme in more than 140 enzymatic reactions of glucose, aminoacid and lipid metabolism (with
majority of reactions involving aminoacid biosynthesis and catabolism, as well as fatty acid biosynthesis). It is worth noting
that this active form is dependent on FMN (and hence on riboflavin or vitamin B2 indirectly). Despite vitamin B6 deficiency
being rare, genetic defects can cause epileptic seizures in infants. In adults, symptoms of vitamin B6 deficiency vary from
drownsiness, peripheral neuropathy, and inflammation with or without rash around mouth and eyes. The excess of
vitamin B6 is degraded in the liver and eliminated as 4-pyridoxic acid in urine. Therefore, biofluid analysis can potentially
be used to detect this excess. Detection can be performed by using excitation at ~315 nm and monitor the emission around
425 nm (Table 7.22, Appendix 11.1). The relevance of vitamin B6 excess detection is not only due to its potential long-
term metabolic effects, but also due to the induction of UVA phototoxicity 3% by vitamin B6 compounds, since these
compounds are skin photosensitizers 3. These compounds have been hypothesized to induce DNA damage by
photoinduced electron transfer reaction to DNA bases and amino acids 3%, Finally, diseases such as cirrhosis, renal disease,
and cancer are associated with vitamin B6 metabolism defects %°. Vitamin B6 (pyridoxine) and its constituents (i.e.,
pyridoxinic compounds) have excitation peaks between 315-350 nm, emission maxima between 380-425 nm 3%, and
fluorescence lifetimes between 0.6-8.4 ns 3% (Table 7.22, Appendix 11.1). Among these constituents, pyridoxamine and
4-pyridoxic acid exhibit the highest quantum yield and longer lifetime. At 25°C in neutral aqueous solution, the quantum
yields for pyridoxal, pyridoxamine, and pyridoxamine-5-phosphate are 0.048, 0.11, and 0.14, respectively 3%, It is
important to note that the fluorescence spectral properties of vitamin B6 (pyridoxinic) compounds are sensitive to their
molecular microenvironment, including pH, temperature and other factors. Further investigation is needed to understand
the changes in these properties and evaluate whether vitamin B6 levels could be monitored by optical techniques
potentially adaptable to real-time and high-throughput screening and diagnostic tests.

Vitamin B9 (also known as folate, folic acid, pteroylglutamate and pteroyl-L-glutamic acid) is involved in the
biosynthesis, repair and methylation of nucleic acids and aminoacid metabolism in cell division. Accurate intake of vitamin
B9 is important to reduce the risk of many diseases and defects. First, low vitamin B9 levels are a major cause of neural
tube defects (NTDs) in babies, as NTD rates have decreased by 28% since mandatory vitamin B9 supplementation began
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in the United States in 1998 31, Currently, either mandatory or voluntary fortification of certain foods with vitamin B9 is
used in more than 80 countries to decrease NTD rates 312, However, guidelines of when to vitamin B9 are not adequate
because vitamin B9 supplementation is advised “during the periconceptional period before a woman might be aware that
she is pregnant” when a large portion of pregnancies are unplanned (~50% in the United States and similar statistics are
followed for many countries around the globe). Excess of vitamin B9 is not ideal, since long-term supplementation with
reasonably large amounts of vitamin B9 can mask vitamin B12 deficiency. For men, this excess increases the risk of
prostate cancer 313, On the other hand, vitamin B9 deficiency may result in anemia, shortness of breath, heart palpitations,
fatigue, changes in the color of the skin or hair, and open sores on the tongue. Therefore, timely management of vitamin
B9 can potentially reduce NTDs and long-term excess or deficiency symptoms in adults and children. Since vitamin B9
contains is pterin group in its molecular structure (consisting of para-aminobenzoic acid (PABA), a pteridine attached to
PABA amino end, and a carboxyl group in the a-amino group of glutamic acid), one can monitor the fluorescence emission
of 6-carboxypterin to determine the concentration of vitamin B9 3. Even though monitoring pterin fluorescence is an
indirect measurement, it allows for more cost-effective instrumentation aiming for lower limit of detection (LOD)
requirements, given that vitamin B9 has a much lower quantum yield compared with pterins 3153 |t is important to note
that the molecular specificity of pterin detection, either by separating specific pterin types through analytical chemistry
techniques or by ensuring fluorescence emission is captured from the particular pterin types, is essential to associate
pterin concentrations with those of vitamin B9. This is because pterins participate in biochemical reactions of multiple
biological processes, including generation of natural pigments, activation of the cell-mediated immune system, and others.
Pterin excitation and emission occur at 350 nm and 450 nm, respectively. Biopterin fluorescence lifetimes are dependent
on the phosphate concentration 37,

Vitamin B12 (also known as cobalamin) is an essential cofactor in methylation reactions metabolized in liver and liver
extract 38, a cofactor in fatty acid and amino acid metabolism, as well as DNA synthesis. Symptoms of vitamin B12
deficiency include limb neuropathy, and pernicious anemia, which causes fatigue, headache, lightheadedness,
breathlessness, pins and needles sensations, loss of appetite, muscle weakness, severe joint pain, changes in mobility,
decreased level of consciousness, memory problems, brain fog, and many others.3'. In infants, untreated vitamin B12
deficiency may lead to anemia and neurological damage and anemia. 3%. In developed countries, vitamin B12 deficiency
is most commonly caused by impaired absorption due to loss of a glycoprotein (also known as the gastric intrinsic factor
or GIF) which must be bound to vitamin B12 for absorption to occur. 321, The second most common cause is the age-related
or therapy-related decrease of acid production in stomach (achlorhydria), which is necessary to free the protein-bound
vitamin 322, Therapy-related decrease is associated with medicines for proton-pump inhibition, H2 blockage and other
antacids. 3% Also, appropriate vitamin B12 intake is typically not provided by vegetarian and vegan diet, which may need
to be followed by dietary supplementation. Monitoring vitamin B12 levels is essential to prevent long-term effects of its
deficiency. Among fluorescent vitamins, vitamin B12 has the shortest excitation and emission wavelength maxima, i.e.,
275 nm and 305 nm, respectively (Table 7.22, Appendix 11.1).

The endogenous fluorescence of other vitamins such as A (also known as retinol or B-carotene), C (ascorbic acid), D, K
have been characterized (Table 7.22, Appendix 11.1) but less deeply investigated up to date. A quantitative antioxidant
assay has been proposed by Ohara et. al. 32* based on a preliminary assessment of fluorescence-based detection of
synthetized vitamin K and dilution in ethanol. Finally, vitamin A fluorescence is expected to be similar to those of
carotenoids, which exhibit emission at ~538 nm upon 325 nm excitation 3%,

Another main category of endogenous fluorophores is structural proteins. These proteins form a 3D molecular
network known as extracellular matrix (ECM) in biological tissues and organs, and are responsible for cell morphology and
behavior such as migration efficiency. The ECM provide biochemical and structural support to the surrounding cells,
helping them to communicate with and attach to nearby cells, and influencing cell growth, movement, and others. Since
ECM is involved in many biological processes, it is usually changed during pathological conditions such as those involving
angiogenesis and neoplasia. These changes can be detected by label-free fluorescence spectroscopy and imaging
measurements 3% of major ECM constituents, i.e., collagen and elastin (which have been discussed in section 7.3.1). Elastin
and collagen fibrils are stabilized by covalent cross-links based on aldehyde formation °®. Mature collagen cross-links
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occur connective tissues after biochemical linkage induced by advanced glycation end products (AGE) 3%°3% such as

pentosidine (i.e., an AGE which forms cross-links between lysine and arginine residues of collagen). AGE accumulation is
a result of extended exposure to monosaccharides leading to spontaneous nonenzymatic protein glycation (i.e., binding
between a protein residue and a reducing sugar). AGEs endogenous fluorescence may change spectral characteristics of
AGE induced collagen cross-linking. The tyrosine and dityrosine of collagen cause its blue fluorescence emission, whereas
its yellow-green fluorescence has been attributed to pentosidine 3°%327, Normal collagen and elastin cross-links exhibit
fluorescence from either hydroxylysyl pyridinoline (HP) or lysyl pyridinoline (LP) and have excitation maxima ~325 nm, and
emission maxima ~400 nm (Table 7.22, Appendix 11.1). Fluorescence detection of pathological conditions is feasible
because collagen cross-linking is:

e reduced in photodamaged skin, which decreases collagen synthesis and the collagen fluorescence lifetime in vitro
328

e increased in diabetic corneas upon induction by AGEs (confirmed by increased pentosidine content) 3%°

e increased aging of human skeletal muscle upon induction by AGEs 32°

e increased skin pepsin digestable collagen cross-links (340 nm excitation) upon aging and no difference on skin
collagenase digestable collagen cross-links (360 nm excitation) on chronically aged and UVB exposed photoaged
mice 34-38 week old *°. Collagen was measured in the epidermal and dermal skin layers.

e increased skin collagen upon aging (monitored by wavelength-resolved fluorescence emission at 385 nm and 440
nm following 335 nm and 370 nm excitation, respectively), and no correlation with body weight, sex or type of
vascular pathology on 26 human subjects between 42 to 78 years old 331,

Also, collagen content increases in breast tumors (detected with second harmonic generation; SHG) 3%2, whereas it
decreases in skin melanoma 3%, It is worth noting that the elastin/collagen ratio determines the ECM functional properties
and can be used to assess the quality of engineered replacement tissues in terms of expected mechanical properties close
to native tissue 34 To differentiate collagen and elastin fluorescence while still monitoring their cross-linking (e.g., in
tissues/organs with different collagen/elastin ratios), one typically separates them by fluorescence lifetime, since they
have similar excitation and emission wavelength-resolved characteristics (Table 7.22, Appendix 11.1).

Keratin is another fluorescent structural protein. Numerous skin diseases change the keratin expression (and hence
keratin concentration) 3%, which is associated with reduced migration of cancer and epithelial cells 33¢. This change led
keratin profiling to be used as a diagnostic, prognostic and risk stratification biomarker for epithelial-based tumors 3%,
Changes in keratin post-translational modifications (i.e., adding chemical functional groups immediately after producing
the keratin protein from translating genetic codons from mRNA to a sequence of aminoacids) can be related to regulation
of cell growth, cell migration and regulation of cell architecture 3¢, These modifications occur in different types of keratin
separated by either type | (more acidic with isoelectric point (pl) between 4.5-6.0 and smaller protein size of 40—65 kDa)
and type Il (more basic/neutral with pl between 6.5-8.5 and larger protein size of between 50-70 kDa), or by their protein
folding into predominantly a-helix or B-sheet structures 3%. Therefore, if diseases and/or tissue and organ function
impairment involve changes in keratin chemical functional groups, protein folding or ratios between keratin types,
alterations in tissue composition and/or molecular microenvironment may potentially change the fluorescence intensity,
fluorescence lifetime or cause a spectral shift on fluorescence excitation or emission spectra. Skin epithelial cell plasticity
is changed by the phosphorylation of keratins K4, K5 and K6 3%, Cell growth in epithelial wound healing is stimulated by
interaction between keratin K17 and 14-3-3 33¢, Glycosylation of the head domain (Ser30, Ser31,and Ser49) of keratin K18
prevents injury of epithelial cells 3%, Keratin phosphorylation processes which affect cell motility are believed to be
associated with cancer cell migration and metastasis 343%2, Depending on cell stimulus and cell type, Keratin K8
phosphorylation can inhibit or promote of cell migration, 3, decreasing the migration of oral squamous carcinoma cells
but increasing that of pancreatic and gastric cells. Furthermore, time-resolved fluorescence spectroscopy (Chapter 8,
section 8.1.4) can identify endogenous melanin and keratin to evaluate accumulation of intrahair dye, and to monitor
intratissue diffusion of cosmetic and pharmaceutical formulations along hair shafts 3*. Also, Wu, Y. and Qu, J. Y 3%
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described autofluorescence changes during keratinization of oral epithelial tissues, as well as esophageal and cervical
tissues. In hair and skin, keratin has shown to exhibit fluorescent lifetime of 1.4 ns 3*

For each endogenous fluorophore, properties may vary due to the molecular bonds, states and microenvironment,
which can be associated to diseases, organ function and viability, systematic or local metabolic changes, etc. Examples of
that are the change of proportions and states of NADH and FAD components in cancer compared to normal tissues, which
gives a meaning to redox ratio and/or wavelength-band shifts calculated from the NADH and FAD intensity of FS and TRFS
measurements, bound/free ratios obtained from TRFS measurements, among other tissue parameters. A similar rationale
can be applied collagen and elastin cross-links, predominance of certain aminoacids or aminoacids at proteins with specific
structures (due to different protein folding), presence of excess/lack of lipopigments, vitamins, and vitamin precursors.

A more detailed description of the above can be found below and a review of fluorescent characteristics is shown in
Tables 7.22 and 7.23 (Appendix 11.1 and Appendix 11.2, respectively).
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Fluorescent probes administered externally to the tissue are known as exogenous fluorophores. These fluorophores
are typically used to target specific molecules, cells and tissues (i.e., “labeling” them) to detect them with much higher
sensitivity compared to conventional medical methods or those involving only sensing of endogenous fluorophores (label-
free detection methods). Advantages of exogenous fluorophores include:

Higher fluorescence intensity upon systemic/local distribution the fluorophore and before its excretion out of the
body.

More accurate location via intensity-based point or imaging measurements (microscopic and macroscopic).

Can be combined with therapeutic drugs for photothermal, photodynamic, sonodynamic and other therapies as
well as synergic treatments.

Higher limit of detection compared to molecular-sensitive methods.

Detection sensitivity is not limited by the tissue composition and biophotonics application: decreases the
requirement of sophisticated equipment typically used to compensate for low sensitivity of biomolecules found
at low concentrations. Sensitivity can be increased to the extent that background fluorescence does not hinder
the detection of the targeted fluorophore, the fluorophore concentration is administered within FDA
requirements, below cytotoxicity, and within the biological uptake limit of the fluorophore. It is important to note
that enhanced sensitivity does not enable single molecule measurements in biological tissues and biofluids by
using conventional methods.

Potentially more molecular specificity.

May be used to monitor treatment efficacy based on fluorophore photobleaching upon tissue/biofluid/sample
illumination.

whereas limitations involve:

More invasive compared to label-free detection methods (administration through injection or topical application)
Pre-operative preparation may be required

Large number of studies are required to establish an optimized protocol

Any fluorophore parameter is based on its concentration and molecular specificity, which may vary from patient
to patient due to fluorophore distribution, diffusion, microenvironment, and other factors.

Detection, monitoring, guidance of procedures and other applications are limited by the time the drug is
systemic/local distributed and reached the site of detection.

Inhomogeneous distribution hinders the prediction of the tissue depth where signals are collected from.

If photosensitizers are used the sensitive of the patient’s organs to light may increase for some time after
photodynamic therapy (PDT).

Involves larger costs for ordering and disposing chemicals.

Living cells cannot handle the reactive potential of a number of fluorophores (except by fluorescent proteins,
fluorophores used for light-induced therapy, or histology and cytometry kits) by prolonged periods of time,
limiting clinical diagnostics applications %°.

Significantly change cell homeostasis and typically exhibit various major physiological alterations
Might lead to post-operative side effects (even though a tremendous effort has been made into designing non-
invasive/minimally-invasive probes to justify it administration to patients).

Clinical approval for medical procedures humans was obtained for only a limited number of exogenous
fluorophores.

280

Exogenous fluorophores can be divided into (1) non-targeting probes, (2) molecular-targeting probes, (3) event-
targeting / activable probes, (4) genetically-produced probes (i.e., fluorescent proteins), (5) theranostics probes (i.e.,
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photosensitizers), (6) quantum dots, and (7) nanoparticles. Some examples of these fluorophores are included in Table

7.24.

Take home messages

Chapter 7 provides a guide on the physical elements generating scattering, absorption, and luminescence. A list
of these elements is shown in Appendices 3 to 11. If the amount of scatterers, their proportions, refractive indexes
and particle sizes (shown in Tables 7.1 to 7.4, from Appendices 3 to 6) are known for biological media one would
like to simulate, and these media can be considered approximately homogeneous, one could estimate the
scattering of such media by using Mie theory (Chapter 4, section 4.5 Rayleigh and Mie scattering). The reduced
scattering coefficient ug’ could be estimated by taking into account the anisotropy factor g of the medium in
question, since ug’ = (1 — g) * ug. Similarly, one could calculate absorption and luminescence properties of a
medium based on pg,, €, pym and T, of each chromophore or luminophore, and their proportions in the
medium. Chromophore absorption, and fluorophore absorption, excitation and emission characteristics are listed
in Tables 7.10 to 7.24 from Appendices 8 to 11. Main components of scattering, absorption, and fluorescence are
used for modeling expected experimental measurements through forward Monte Carlo simulations of light
propagation in tissues to build reflectance or fluorescence emission databases (Papers 3 and 4, and Chapters 14
and 15) and extracting tissue scattering properties, chromophore and fluorophore concentrations based on
diffuse reflectance spectroscopy (DRS) and fluorescence spectroscopy (FS) measurements.

If tissue constituents in terms of chromophores and scatterers are known by methods (e.g., invasive and time-
consuming biochemical methods such as High-performance liquid chromatography; HPLC) other than optical
methods, expected DRS signals can be simulated to check the feasibility of measuring the concentration of certain
biomolecules and scattering properties non-invasively before building an optical instrument. Similarly, by knowing
such biomolecular concentration and scattering properties, one could estimate signals to be obtained by
biochemical methods. Also, biochemical methods may measure concentrations of different biomolecules
compared with optical methods. Therefore, optical methods with the aim of structural and biochemical
characterization of tissues (such as those of Papers 3 and 4) could complement biochemical methods.

The variation between tissue structural and biochemical characteristics upon the development of diseases is still
scarcely studied. Then, comparison of these characteristics between studies using similar experimental conditions
including sample preparation (e.g., drying time, transport, storage), time between specimen devascularization and
measurements, optical instrument parameters and data analysis is also scarce in the literature. Currently, one
could guess what the expected tissue structural and biochemical variation would be only if experimental
conditions are similar compared with previous studies. Increasing the number of measurements taken at each
experimental conditions will enable building a database for future optical instrument design based on expected

development of tissue responses for each disease, treatment progression, and other conditions #+162:163,294,295,346
431
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