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Novel spectroscopic biomarkers are applicable in non-invasive early detection
and staging classification of colorectal cancer
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Colorectal cancer (CRC) remains a significant threat to human health because of the lack of awareness of physical exami-
nation or the limitations of an early diagnostic level. Despite the improving standard of modern medicine, mortality from
CRC is still remarkably high and the prognosis remains poor in many cases because of disease detection at advanced clinical
stages. Raman spectroscopy yields precise information, not only regarding the secondary structure of proteins but also
regarding the discrimination between normal and malignant tissues. We investigated whether this method can be used for
the diagnosis of CRC including initial stages. To acquire more detailed structural information, we tested a novel diagnostic
approach based on a suitable combination of conventional methods of molecular spectroscopy (Raman and Fourier trans-
form infrared) with advanced, highly structure-sensitive chiroptical techniques as electronic circular dichroism (ECD) and
Raman optical activity (ROA) to monitor the CRC pathogenesis relating compositional, structural and conformational
changes in blood biomolecules, some of which may be caused by pathological processes occurring during cancer growth,
also at the beginning of the disease. Sixty-three blood plasma samples were analyzed using the combination of ECD and
ROA supplemented by Raman and Fourier transform infrared (FT-IR) spectroscopies. The obtained spectra were evaluated
together by linear discriminant analysis. The accuracy of sample discrimination reached 100% and the subsequent leave-
one-out cross-validation resulted in 90% sensitivity and 75% specificity. There were also found the differences between
the patients according to the clinical stage. The achieved results suggest a panel of promising biomarkers and indicate
that chiroptical methods combined with conventional spectroscopies might be a new minimally invasive powerful tool
for producing high-quality data, obtaining an accurate diagnosis of colorectal cancer through a peripheral blood sample,
which is also able to determine the extent of this pathology. Further work needs to be carried out for these techniques to be
implemented in the clinical setting.
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Colorectal cancer (CRC) is the third deadliest and the
fourth most diagnosed cancer in the world, with 1.8 million
new cases and almost 861 000 deaths in 2018 [1]. Incidence
has been steadily rising worldwide, especially in developing
nations. Cancer arises, when certain cells of the epithelium
of the large intestine develop a series of genetic or epigenetic
mutations that confer on them a selective advantage [2]. With
abnormally heightened replication and survival, these hyper-
proliferative cells give rise to a benign adenoma, which may
then evolve into carcinoma and metastasize over decades [3].

Although it progresses slowly over a long period of time,
it is often detected at advanced stages when the prognosis
is already poor. CRC often develops without obvious early
symptoms, and a substantial proportion of the at-risk

population does not take advantage of screening offers.
Colonoscopy, today s gold standard for the early detection
and removal of precancerous lesions, is sometimes refused by
the patients due to its invasiveness and discomfort, it requires
oral bowel cleansing preparation and it might cause colon
perforation [4]. Established non-invasive tests, such as fecal
occult blood tests, have high specificity but limited sensitivity,
especially with respect to the detection of precursors of CRC,
such as adenomas. Biopsy or tumor histopathology after
resection is used to screen the precancerous and cancerous
lesions of colorectum as a gold standard technique with gross
limitations [5-7], which is destructive, time-consuming and
depends on the visual observation of pathologists, although
it is cost-effective, well-targeted, and high quality [8]. There-
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fore, there is a need for the discovery of novel minimally
invasive methods and biomarkers that are objective, rapid,
and highly accurate, which can identify colorectal cancer and
its precursors in easily accessible biospecimens in the early
and curable stage [9].

New diagnostic methods based on molecular spectros-
copy analysis of cancer tissues or biofluids have been inves-
tigated. Vibrational spectroscopic techniques such as Raman
spectroscopy and infrared spectroscopy (IR) have great
potential for the analysis of biological specimens. Raman
spectroscopy is a powerful label-free modality that measures
scattered light and can provide valuable structural informa-
tion about materials and biological samples [10]. Its ability
to detect variance related to DNA/RNA, proteins, and lipids
have made it an excellent tool for quantifying changes on the
cellular level, as well as differentiating between the various
cell and tissue types [11]. The collection of Raman spectra
from biological samples produces a “fingerprint” repre-
senting the molecular vibrations specific to chemical bonds,
thus yielding information of a sample’s biochemical compo-
sition [12]. Therefore, the Raman spectroscopy has immense
potential for medicinal applications and by this method, we
can detect specific molecular anomalies in biological tissues,
body fluids, and even single cells. Due to this advantage,
Raman spectroscopy is especially interesting for diagnostic
purposes. This method has already demonstrated its poten-
tial capabilities in the identification and objective classifica-
tion of biochemical changes related to carcinogenesis. There
have been few studies of vibrational spectroscopic techniques
for the advancement of colorectal cancer diagnostics based
on the analysis of blood serum [13, 14].

Because biomolecules in human biofluids are already
routinely used to determine the biomarkers of several
diseases [15], blood plasma seems to be useful also for the
screening of CRC. Blood plasma is easy to obtain, with
minimal invasiveness and simple sample preparation.
Combining these features with relatively cheap, fast, and
reagent-free spectroscopic methods may enable the identi-
fication of disease-specific molecular signatures based on
the spectral pattern recognition [16, 17]. Changes in spectral
patterns are usually caused by variations in molecular struc-
ture. In the case of plasmatic biomolecules, these structural
alterations are triggered by several pathological processes
that occur during the pathogenesis of disease [18].

Unfortunately, few of the currently used diagnostic tools
can provide information about the structure of plasmatic
biomolecules. Similarly, the use of conventional spectro-
scopic methods, such as Raman or infrared spectroscopy, has
many limitations. The high number of fluorescing entities
and low concentrations of molecules of interest represent
major drawbacks in the spectroscopic analysis of biofluids
[16, 17]. Nevertheless, many bodily biomolecules and poten-
tial biomarkers are chiral. Thus, their structure and behavior
are suited to be monitored by chiroptical spectroscopy,
which is inherently sensitive to the 3D arrangement of chiral

molecules and, thus, better able to identify any subtle confor-
mational changes [19, 20].

Spectroscopic chiroptical methods are widely used in
structural and conformational analysis of biomolecules
including proteins, polysaccharides, nucleic acids, and even
intact viruses. Involving these methods into the investiga-
tion of complex biological samples like biofluids would
provide new insight into the molecular diagnosis of protein
misfolding diseases. Chiroptical methods are among the few
methods inherently sensitive to the 3D structures of chiral
biomolecules. We suppose that they have a potential for
the detection of slight conformational and stereochemical
changes in the secondary and tertiary structure of biomol-
ecules caused by pathological processes occurring during
several diseases, such as cancer [21]. The process of carci-
nogenesis leads to detectable alterations and deranging of
native biological molecules and supramolecular complexes.
These chemical and disorder changes could be recognized by
modern spectroscopic and chiroptical methods.

In this study, we combine the structure-sensitive methods
of chiroptical spectroscopy (ROA and ECD) complemented
by conventional Raman and FT-IR spectroscopies, to compare
the spectral patterns of plasma peptides/proteins and other
blood biomolecules like glycoproteins, lipids, carbohydrates,
and carotenoids of patients suffering from CRC with those
of subjects in a control group. We believe that this approach
allows us to identify alterations that may be synonymous
with CRC and suggest a panel of promising biomarkers for
reliable detection of CRC as well as early-stage detection and
detection of colorectal cancer recurrence.

Patients and methods

Subjects. For this study, 30 patients with CRC and 33
healthy control subjects were recruited from the Department
of Oncology of the General University Hospital and the First
Faculty of Medicine, Charles University in Prague, Czech
Republic. The average age of CRC patients and controls was
65 (median 66) and 52 (median 55) years, respectively.

The patients with CRC were included in the study after
the examination according to diagnostic standards using
colonoscopy with confirmed histological verification of
colorectal carcinoma (by a histopathologist) and the image
diagnostic method Computed tomography (CT) scan of the
whole body, which is necessary for staging, the determination
of the extent of cancer, which reveals cases of pathological
changes including tumor spread or metastases. Patients with
rectal carcinoma underwent magnetic resonance imaging
(MRI) of the pelvis, which is a basic imaging diagnostic
method for the locoregional staging of rectal tumors. If
the patients have undergone the surgery at the 1* Surgical
Department of the General University Hospital and the First
Faculty of Medicine, Charles University in Prague, the blood
was collected just before this treatment. Then the patho-
logical staging was completed according to the definitive
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histological examination of the removed tissue — the tumor
and the lymph nodes. Patients’ characteristics including the
conventional histopathological examination of the tumor
and clinical or pathological staging are summarized in
Table 1 and 2.

The 30 patients who provided samples for the study were
20 males and 10 females. Locating in the caecum (n=3; 10%),
ascending colon (n=4; 13%), transverse colon (n=6; 20%),
descending colon (n=1; 3%), sigmoid colon (n=7; 23%),
rectosigmoid (n=8; 27%) or rectum (n=1; 3%), all the cancers
were classified histologically as adenocarcinoma with various
grade of differentiation. Two patients (7%) had well-differen-
tiated adenocarcinoma (grade 1), twenty-one patients (70%)
had moderately differentiated adenocarcinoma (grade 2) and
adenocarcinoma of seven patients (23%) was poorly differen-
tiated (grade 3). Tumor stages according to the UICC (Inter-
national Union Against Cancer) were as follows: stage I (n=2;
7%), stage II (n=9; 30%), stage III (n=6; 20%), and stage IV
(n=13; 43%). The patients were also subdivided into 2 groups
according to the stage and the results of these 2 groups were

Table 1. Patients and tumor characteristics (n=30).

compared to each other and to the healthy controls. The 1%
group included patients of stage I+II (n=11), which repre-
sents early stages with no presence of regional lymphadenop-
athy or distant metastases. The 2™ group comprised patients
with the tumor spread to regional lymph nodes or to the
other parts of the body (stage III+IV; n=19).

A group of healthy controls represents individuals, who
underwent preventive screening colonoscopy with a negative
result, moreover, the healthy subjects were included in the
study after a thorough evaluation of their history and clinical
examination with no pathological finding. The age of the
control group was comparable to the patient group.

Also, from the group of patients, we selected 5 patients
who have undergone curative therapy (surgery +/- adjuvant
chemotherapy) and after this treatment, they have been 2
years in remission. That means, that they have no signs of
cancer relapse according to clinical, laboratory, and imaging
methods. We called them “healthy patients” and their spectra
were after 2 years repeatedly evaluated and compared with
their first results and with the control group.

Age

Tumor

No (years) Sex location Morphological type T N M Stage
1 63 male sigmoid adenocarcinoma grade 2 pT2 pNla MO IIIA
2 77 male rectosigmoid adenocarcinoma grade 2 pT3 pNO MO 1A
3 72 male sigmoid adenocarcinoma grade 2 pT4b pN2a MO IC
4 60 male rectosigmoid adenocarcinoma grade 2 pT4a pNlc M1 v
5 63 male rectosigmoid adenocarcinoma grade 2 pT3 pNO MO IIA
6 37 male rectosigmoid adenocarcinoma grade 3 pT3 pNO MO IIA
7 47 male sigmoid adenocarcinoma grade 1 pT3 pNO Mo ITA
8 80 female sigmoid adenocarcinoma grade 2 pT3 pNO Mo ITA
9 64 female ascending adenocarcinoma grade 2 pT3 pNO Mo 1A
10 62 male transverse adenocarcinoma grade 3 pT3 pNO MO 1A
11 66 female sigmoid adenocarcinoma grade 2 pT4b pN2a M1 v
12 52 female caecum adenocarcinoma grade 2 pT3 pN1b Mo 11IB
13 67 male caecum adenocarcinoma grade 3 pT3 pNla Mo I11B
14 55 male sigmoid adenocarcinoma grade 2 pT1 pNO Mo I
15 77 female caecum adenocarcinoma grade 2 pT2 pNO Mo I
16 86 female ascending adenocarcinoma grade 3 pT3 pNO MO 1A
17 66 male ascending adenocarcinoma grade 2 pT3 pN1b Mo I1IB
18 75 male transverse adenocarcinoma grade 2 pT3 pNO Mo IIA
19 49 female transverse adenocarcinoma grade 2 pT3 pNO MO IIA
20 46 male transverse adenocarcinoma grade 3 T4 N1 M1 v
21 67 female rectosigmoid adenocarcinoma grade 2 T3 N1 M1 v
22 76 female transverse adenocarcinoma grade 3 pT4a pNla M1 v
23 62 female sigmoid adenocarcinoma grade 2 pT3 pNla Ml v
24 71 male rectosigmoid adenocarcinoma grade 2 T4 N1 M1 1Y
25 74 male ascending adenocarcinoma grade 2 pT4 pN2a M1 v
26 59 male rectosigmoid adenocarcinoma grade 1 pT2 pNla M1 v
27 70 male rectosigmoid adenocarcinoma grade 2 T4a NO M1 v
28 60 male transverse adenocarcinoma grade 3 pT4a pN1b M1 v
29 59 male rectum adenocarcinoma grade 2 pT2 pNO M1 v
30 75 male descending adenocarcinoma grade 2 T3 N1 Ml v
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Blood samples were collected from both studied groups
and subjected to a routine biochemical test along with the
assessment of human serum albumin, total protein, fasting
plasma glucose, and C-Reactive Protein. Cancer biomarker
levels (Ca 19-9 and CEA) were measured for both groups
(Table 3). The levels of all parameters were much more
pathological in patients with CRC than in the control group.

Ethics statement. The study was approved by the Ethics
Committee of the First Faculty of Medicine and the General
University Hospital, Prague. Written informed consent was
secured from all subjects.

Blood plasma. Whole venous blood (9 ml) was collected
by venipuncture from the fasting participants, on an empty
stomach and without the use of cigarettes and coffee, and
before the administration of a morning medication. The
blood samples were obtained at the Department of Oncology,
First Faculty of Medicine, Charles University and the General
University Hospital in Prague using the sterile anticoagulant-
treated blood collection tubes (with K;EDTA-tripotassium
salt of ethylene diamine tetraacetic acid, BD Vacutainer
Systems, Plymouth, UK). Plasma fractions were gained by
centrifugation at 1500xg in the temperature 25°C for 10
min, immediately frozen and stored at -75°C. Before each
analysis at the Department of Analytical Chemistry, Univer-
sity of Chemistry and Technology, Prague, the frozen plasma
samples were thawed at room temperature and filtered
through a polyvinylidene difluoride (PVDF) membrane
filter with 0.45 um sized pores (Grace, Chicago, IL, USA) at
13,000xg and 15°C for 10 minutes to remove any residual
particulates.

Infrared spectroscopy. A Nicolet 6700 (Thermo Scien-
tific, USA) infrared spectrometer with Fourier transforma-
tion (FT-IR) was used to measure the sample spectra in
the spectral range of 4000-600 cm™. Because of the strong
absorption of water, attenuated total reflection (ATR)
technique with a ZnSe crystal was used. The filtered samples

Table 2. Patients and Tumor characteristics - Summary (n=30).

Age 64.6 (37-86) years
Sex
Male 20 (66.7%)

Female 10 (33.3%)
Tumor location
10 (33.3%)

20 (66.7%)

Right colon
Left colon

Tumor morphology

Adenocarcinoma grade 1 2 (6.7%)
Adenocarcinoma grade 2 21 (70.0%)
Adenocarcinoma grade 3 7 (23.3%)
Stage
I 2(6.7%)
11 9 (30.0%)
II1 6 (20.0%)
v 13 (43.3%)

(10 pl) were analyzed without any additional pre-treatment.
Five hundred and twelve scans were collected to create each
individual spectrum with a resolution of 4 cm™'. Water and
water vapor spectra measured under identical conditions
were subtracted from all sample spectra. Linear baseline
correction was performed in the OMNIC 32 program, ver.
8.2 (Thermo Scientific, USA).

Raman optical activity and Raman spectroscopy. The
Raman optical activity and Raman spectra were measured
simultaneously using the ChiralRaman-2X™ spectrom-
eter (BioTools, Inc., USA) equipped with Laser Quantum
MPC6000 Opus 2W (Stockport, UK) with a 532 nm excita-
tion. The filtered plasma samples (100ul) were measured
in a 4x4x10 mm optical cell with an antireflective coating
(BioToolsInc.,USA),whichwasplacedinahome-made Peltier
cell holder to control sample temperature (15 °C). The resolu-
tion of the ROA spectrometer is about 7 cm™'. The 4x4 mm
quartz cell (BioTools, Inc., USA) was tempered to 15°C. The
filtered plasma (100 pl) was treated by 10 mg of Nal for the
suppression of undesirable fluorescence background. The
total exposure time for the ROA spectra was kept at 24 hours.
Real laser power on the sample was monitored by an Optical
power meter 1916-R with 818-P sensor (Newport, USA).

Electronic circular dichroism. The ECD spectra were
measured on a J-815 spectrometer equipped with a Peltier
unit CDF-426S/16 (Jasco, Japan) to control sample tempera-
ture. The filtered plasma was diluted four-times by phosphate
buffer and measured in a 0.01 mm Suprasil quartz cuvette
(Hellma, Germany) in the 280-185 nm spectral range. Six
scans with a data pitch of 0.1 nm were accumulated for each
sample and averaged in the Spectra Analysis module of the
Spectra Manager program, ver. 2.6.0.1 (Jasco, Japan).

Statistical data evaluation. To discriminate between the
patients with colorectal carcinoma and healthy controls, the
obtained spectral data sets were evaluated by linear discrimi-
nant analysis (LDA) in the XLSTAT software (Addinsoft,
France). A statistical model was created for selected spectral
regions that include significant information about the struc-
ture of plasmatic proteins and other biomolecules. Sensi-
tivity and specificity of the mathematical model were deter-
mined. The detrended Raman spectra and spectra from other
methods (ECD, FT-IR, ROA) were processed using principal
component analysis (PCA); and according to loadings,
significantly contributing bands were selected. These bands
were used for the discrimination of the control group and the
group of patients by linear discriminant analysis (LDA). The
further optimization of band selection was based on correla-
tion coefficients, standardized canonical discriminant coeffi-
cients, and overall success in cross-validation.

Results and discussion

Infrared spectroscopy. The average FT-IR spectra are
presented in Figure 1A. It shows two dominant bands with
their maxima at 1649 and 1547 cm™ belonging to the vibra-
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Table 3. Selected biochemical parameters assessed from blood of patients with colorectal cancer and healthy controls.

Albumin Total protein CRP Glucose CEA CA 199
(g/1) (g/l) (mg/1) (mmol/l) (ug/l) (KIU/1)
Patient 21.4-45.6 46.8-74.1 1.0-223.9 4.7-19.5 0.5-353.4 2.1-9700.6
(moderate level) (37.58) (59.73) (44.88) (8.42) (31.20) (685.74)
Control 44.7-55.5 65.1-86.0 1.0-20.4 2.7-7.4 0.8-7.1 2.0-20.1
(moderate level) (49.32) (74.61) (4.60) (4.27) (1.83) (6.20)
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tion of amide I and amide II, respectively. The intensity
and shape of the 1649 cm™ band localized in the amide I
region are significantly influenced by the type and content
of the protein secondary structure [22]. The second band at
1547 cm™ arises from out-of-phase N-H in-plane bending
and Ca-N stretching of the peptide bond, the so-called
amide II [22]. Lower intensities of both bands in the spectra
of patients with colorectal carcinoma may again indicate
variations in the secondary structure of plasmatic proteins.
The band at 1448 cm™ arose from the deformation vibrations
of CH; and CH, groups in the side chains of proteins mixed
with phospholipids. The 1260-1390 cm™ spectral region
coheres with the stretching vibration of protein carboxyl
groups (phospholipids overlapping with cholesterol and
COO- stretch of proteins) [23]. To compare both subgroups
of patients, the bands of patients with early-stage CRC (stage
I-II) are remarkably similar to patients with advanced-stage
(ITI-1V)).

Raman spectroscopy. The average Raman spectra
(Figure 1B) show 3 pronounced bands corresponding
primarily to the C-C and C-C vibrations of carotenoids
(1006, 1156, and 1517 cm™") [24-26]. Although carotenoids
are only present in blood plasma at low concentrations [27],
a resonance enhancement of their band intensities occurs
with excitation in the visible spectral range (532 nm) [24,
28]. We observed significant changes within the carotenoid
bands, in comparison with the control group, a significant
intensity decrease of carotenoid bands was observed for the
patients with CRC with all stages. Moreover, in some stage IV
samples, exceptionally low intensity or even no carotenoid
bands were observed. These findings suggest that carotenoids
may play a role in the development and progress of CRC.
Exhibiting strong antioxidant properties, carotenoids are
apparently used to diminish the destructive impact of oxida-
tive stress building up in the proximity to the growing tumor
[27]. Other important bands at 1657 cm™ (amide I), 1270,
and 1285 cm™ (amide III) are related to proteins and vibra-
tions of their peptide bonds. Spectral differences between
the patients with CRC and healthy controls were detected

Figure 1. Average Fourier transform infrared spectra (A), Average Ra-
man spectra (B), Average Raman optical activity spectra (C), and Aver-
age ECD spectra (D) of human blood plasma samples from patients with
CRC stage I-II (green; n=11), patients with CRC stage ITI-IV (red; n=19)
and healthy controls (blue; n=33).
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Figure 2. Graphical results of LDA for individual spectral methods, ECD (A), Raman (B), ROA (C), FT-IR (D); e control group, A patient group.

in the extended amide III region, arising from the combi-
nation of N-H and Ca-H bending vibrations of the peptide
bond [29-31], the bands at this region were less intense for
the patients than for controls. It indicates a major change in
protein secondary structure and may point to partial protein
misfolding and the loss of their correct biological function
in the case of CRC. As expected, only minimal intensity and
shape variations were observed at the 1657 cm™ band in the
amide I region representing the C-O stretch of the peptide
bond. Further spectral bands can be assigned to vibrations
of glycoprotein moieties (960 cm™), side chain CH; and CH,
groups overlapping with phospholipids (1450 cm™), trypto-
phan, and phenylalanine residues (1588, 1196, and 1006 cm™!
overlapping with carotenoids) [29]. Changes within the
majority of these bands most likely reflect the differences
between the metabolic status of the patients with CRC and
that of the healthy controls.

Raman optical activity. Figure 1C shows the average ROA
spectra of blood plasma of the control and patient groups.
There are several bands in the amide I (1630-1680cm™;
C-O stretch of the peptide bond) and extended amide IIT
(1230-1350 cm™; in-phase combination of in-plane N-H

and Ca-H bends with a small contribution of Ca-N stretch
of the peptide bond) regions [29-31]. The positive bands
in the extended amide III region are especially sensitive to
molecule geometry provided by the coupling between N-H
and Co-H vibrations [30]. Changes in the intensity and
ratio of these bands can be also observed in this case. The
negative-positive amide I couplet at -1645 and +1674 cm™
is characteristic for proteins with prevailing a-helical confor-
mation [30, 32, 33]. The intensity and/or pattern changes of
other spectral bands were also observed, for example, within
positive bands at 898 and 945 cm™' that confirm the prevailing
a-helical conformation of plasmatic proteins, a negative
1248 cm™' band reflecting more p-components or a negative
band at 1442 cm indicating aliphatic side chains [30, 34].
The variations of these bands may demonstrate the disrup-
tion of serum albumin folding mechanism and/or structure.
The prominent positive bands at 1156 and 1517cm™ can
be assigned to plasma carotenoids, which overlap with the
bands of aromatic amino-acid residues [29].

Electronic circular dichroism. The average ECD
spectra (Figure 1D) are dominated by a single positive
band (192 nm) and 2 partially overlapping negative bands
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Table 4. Confusion matrices for the LDA cross-validation results showing an agreement between clinical diagnosis (rows) and spectroscopic analysis

(columns) obtained from individual spectral methods.

ECD spectroscopy Raman spectroscopy
From/to Cancer Control Total Correct (%) From/to Cancer Control Total Correct (%)
Cancer 23 7 30 77 Cancer 21 9 30 70
Control 5 28 33 85 Control 9 24 33 73
Total 28 35 63 81 Total 30 33 63 71%
ROA spectroscopy FT-IR spectroscopy
From/to Cancer Control Total Correct (%) From/to Cancer Control Total Correct (%)
Cancer 21 9 30 70 Cancer 22 8 30 74
Control 7 26 33 79 Control 6 27 33 81
Total 28 35 63 74 Total 28 35 63 77

(209, 222 nm), the slightly decreased intensities of which
were observed in the case of the patients with CRC. These
bands represent electronic transitions of the peptide bond
in proteins [19], and their intensities and band shapes vary
depending on the peptide backbone geometry [35, 36]. The
overall spectral pattern is typical for alfa-helical proteins,
due to ~60% content of albumin (34-47 g/l of albumin per
70-75 g/l of total proteins) in the blood plasma of healthy
persons [15]. Thus, lower band intensities may correspond
with partial albumin misfolding or the decrease in albumin
level during the development of colorectal cancer. The main
changes between the control and patient group are partly in
the intensity of bands and partly in the relative ratio of the
bands at 209 and 222 nm. The decreased intensity of these
bands correlates with the biochemical data, the patient group
had a lower ratio of albumin to total protein in the blood
plasma than controls (Table 3).

Statistical analysis. To detect all differences included
in the spectra, some of which could not be easily observed
by the naked eye, the obtained data sets were processed
by means of statistical evaluation. Linear discriminant
analysis (LDA) was performed using spectral bands that
reflect primarily protein secondary structure. For LDA, we
combined 27 bands: 4 bands from FT-IR (1244, 1400, 1547,
and 1639cm™), 8 bands from Raman (1270, 1285, 1341,
1357, 1391, 1450, 1517, and 1586 cm™), 12 bands from ROA
(833, 956, 1264, 1295, 1301, 1311, 1345, 1442, 1604, 1645,
1665, and 1674 cm™) and 3 bands from ECD (192, 209, and
222 nm). Most of these bands belong to proteins or other
compounds described previously (e.g. carotenoids, phospho-
lipids) in this article. The band selection was based on the
evaluation of correlation and covariance matrix. The main
aims of LDA were to differentiate the patients with CRC from
healthy controls by spectral pattern recognition, to assess the
sensitivity and specificity of the spectroscopic methods used,
and to establish the reliability of our statistical model. The
next aim was to differentiate the patients according to the
stage of the CRC and by this method to determine the tumor
load. Moreover, we evaluated spectra of 5 patients from the
patient group, who have been undergone curative therapy
and were 2 years with no signs of recurrence of the CRC

according to the clinical, laboratory, and imaging methods.
We checked if their results were similar to healthy controls.

Because the highly structure-sensitive chiroptical
spectroscopy provides additional information to the
conventional vibrational spectroscopy, we created a statis-
tical model that combines spectral data of all techniques
used (FT-IR, Raman, ROA, and ECD). The spectra of each
spectral method were statistically evaluated individually and
compared (Figure 2). To emphasize the differences between
individual samples and groups of samples, the LDA results
are plotted in squared Mahalanobis distances [37]. Clearly,
the control and the patient group were partly discriminated
in each spectral method, but both groups overlapped.

The overall classification ability of models reached
81-87%. In addition, each spectral model was also processed
by leave-one-out cross-validation (LOOCYV), see Table 4.

According to LOOCYV, ECD spectroscopy exhibited the
highest sensitivity (77%) and specificity (85%), whereas the
lowest sensitivity was observed in both ROA and Raman
spectroscopy (70%). However, the lowest specificity (73%)
was obtained from Raman spectroscopy, while in the case of
ROA it reached 79%. The statistical evaluation of ECD data
yielded the highest overall accuracy (81%) after LOOCYV,
whereas the lowest level (71%) was reached by Raman
spectroscopy. Usually, the misclassified samples differed
for each spectroscopic method. Each spectroscopy is sensi-
tive to different properties of the studied biomolecules/
samples. While ECD is sensitive to the electronic transitions
of chromophores and their chirality, ROA is based on the
change of the polarizability of functional groups and their
chirality. Raman spectroscopy deals with the change of the
polarizability of functional groups and FT-IR with the change
of the dipole moment of functional groups.

Therefore, the obtained results were significantly
improved by evaluating all spectral methods together, for
compensating the inadequacies in the classification of
certain samples by individual spectroscopic methods. The
combined statistical model leads to significant classification
improvement in comparison with individual techniques.
After this combination, both the investigated groups were
well separated (Figure 3A). The discrimination ability in
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this case achieved 100%. The achieved results were verified
LOOCYV, where sensitivity and specificity reached 90% and
75%, respectively. 8 samples from the control group and 3
samples from the patient group were misclassified (Table 5).
The overall accuracy for LOOCV was 83%.

As a next step in the spectral analysis, we divided the
patients according to the clinical stages. The overall accuracy
for LOOCV was 82% for the discrimination of the stage I+II,
64% for the discrimination of the stage III+IV, and 75% for
the control group. Figure 3B illustrates the graphical result
of LDA for the combination of FT-IR, Raman, ROA, and
ECD spectroscopic data and separation of the control group,
patients with clinical stages I-II and patients with clinical
stages III-IV. As shown, there still were overlaps between
different classifications. We have chosen 5 patients in clinical
remission (“healthy patients”), which means, that they have
undergone curative treatment and have got 2 years of no signs
of cancer disease according to conventional clinical, labora-
tory, and imaging methods. The 4 patients were according to
the spectroscopic methods evaluated as healthy controls, 1
patient (Patient 12 healthy) was assigned to a group of CRC
patients with clinical stage III-IV. In this case, we have got
suspicion on the cancer relapse also according to the imaging
methods and we will check her early in the future. Figure 3C
represents 3D graphical results of LDA for the combination
of all spectral methods.

In conclusion, using a unique combination of chirop-
tical and vibrational spectroscopies for the analysis of blood
plasma, we have successfully identified the spectral regions
that are most likely affected by the pathological processes

Table 5. Cross-validation results obtained from LDA of all spectral methods.

of CRC. According to our observations, the most signifi-
cant spectral differences between the blood plasma of CRC
patients and healthy controls occur in spectral regions
primarily reflecting the changes in protein secondary struc-
ture. Moreover, the very low intensities of carotenoid bands
in the Raman spectra of CRC patients might be related to the
disease progression and thus considered a spectral biomarker
of CRC.

In this paper, we showed that chiroptical spectroscopy
can be used in the combination with Raman and FT-IR
spectroscopies for the discrimination of the control group
from patients with CRC, moreover for the discrimination
of the patients with CRC according to the tumor load. The
detailed results of LDA showed that each spectral method
(FT-IR, Raman, ROA, ECD) has limited ability to discrimi-
nate the control group from patients, but the best results were
achieved for their combination. In this case, the discrimina-
tion ability achieved 100%. The mathematical model was
sequentially confirmed by leave-one-out cross-validation,
where sensitivity and specificity reached 90% and 85%
respectively. The overall accuracy for the leave-one-out
cross-validation was 83%. Regarding the discrimination
among the control group vs. patients with limited-stage I-
IT and patients with advanced-stage III-IV (with regional
lymphadenopathy or metastatic disease), the results were
also promising. The overall accuracy was 82% for discrimi-
nation of the patients with CRC stage I-II, 64% for discrimi-
nation of the patients with CRC stage III-1V; and 75% for the
control group. The achieved results indicate that chiroptical
spectroscopy might be a new rapid supporting method in
the clinical diagnosis of CRC based on the analysis of blood
plasma, which is minimally invasive for patients and which
also offers potentially early detection for CRC patients when

From/to Cancer Control Total Correct (%) there is no regional lymphadenopathy or metastatic disease
Cancer 27 3 30 90 presented. It might have a significant impact on reducing the
Control 8 25 33 75 incidence and improving the survival rates of CRC. Above
Total 35 28 63 83 that, this innovative method can predict cancer remission,
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according to our results with an accuracy of 80%. Our future
work will focus on the sample set extension, data validation,
and testing the interference with other diseases.
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00229) and project PROGRES Q28/LF1.
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