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Colorectal cancer is one of the most abundant causes of cancer deaths in the world. At an early stage,
the established clinical procedures have low reliability and sensitivity. Therefore, we tested a novel
approach based on chiroptical methods such as electronic circular dichroism (ECD) and Raman optical
activity (ROA). These methods are suitable for detecting slight changes in the 3D structure of chiral bio-
molecules, some of which may be caused by pathological processes occurring during cancer growth.
Fifty-five blood plasma samples were analyzed using the combination of ECD and ROA supplemented by
conventional Raman and FT-IR spectroscopy. All obtained spectra were evaluated together by linear dis-
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criminant analysis. The accuracy of sample discrimination reached 100% and the subsequent leave-one-
out cross-validation resulted in 93% sensitivity and 81% specificity. The achieved results indicate that chir-
optical methods supplemented by Raman and FT-IR spectroscopy might be new supporting and mini-
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Introduction

In 2012, about 694 000 deaths worldwide were caused by colo-
rectal cancer." Unfortunately, the number of deaths is growing
every year.” The current diagnostic approach involves screen-
ing by Fecal Occult Blood Test (FOBT) followed by colono-
scopy. However, FOBT has very low reliability and sensitivity
and is able to detect only 25% of cancer cases.’ In spite of a
higher level of accuracy colonoscopy is sometimes refused
by patients due to its invasiveness and discomfort. In addition,
the investigation by colonoscopy might cause colon perforation.’

To avoid the relatively inaccurate colonoscopy or histo-
pathology, new diagnostic methods based on molecular spectro-
scopy analysis of cancer tissues or biofluids have been
investigated.®””

In comparison with tissues, few spectroscopic studies deal
with the blood plasma or serum®™® of colon cancer patients
although they are more easily accessible and their spectroscopic
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mally invasive tools in the clinical diagnosis of colon cancer.

analysis has the potential to serve as a standard screening tool
in clinical laboratory practice, since it measures the chemical
variations of the structure and composition at the molecular
level and is fast, minimally invasive and reagent-free. Focusing
on the variations of molecular structure of plasmatic bio-
molecules, we selected chiroptical spectroscopy that is among
the few methods inherently sensitive to the 3D structure of
chiral biomolecules.'*"* We presume that chiroptical methods
have the potential for the detection of slight conformational
and stereochemical changes in the structure of biomolecules
caused by pathological processes occurring during several dis-
eases, such as cancer or others."* To the best of our knowledge,
we are the first group to have measured real biofluids by chir-
optical spectroscopy.">™® Our previous studies showed that the
human blood plasma can be successfully measured by both
ECD and ROA spectroscopy.'®"” Therefore in this study, we
used ECD and ROA supplemented by conventional Raman and
FT-IR spectroscopy as tools for the investigation of blood
plasma samples of colon cancer patients and healthy controls.

Materials and methods
Blood plasma samples

Fifty-five samples of blood plasma including 28 samples from
patients with colon cancer were selected for this study.
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The samples involved all clinical stages from incipience stage I
to stage IV with disseminated carcinoma (including metastases
in other organs), comprising different degrees of grading from
well differentiated (Grade 1) to poorly differentiated (Grade 3).
The predominant types of samples were stages II and III, ie.
without metastases or metastases just in lymphatic nodes, and
Grade 1 and 2 carcinoma. The patients were between 37 and
86 years old with an average of 65 and a median of 66 years.
The diagnosis of all patients was verified by histopathology.
The control group consisted of 27 samples without any form
of cancer. The age of the control group was comparable to the
patient group. The individuals from the control group were
between 25 and 82 years old with an average of 52 and a
median of 55 years.

The whole blood of all individuals was collected by veni-
puncture and anticoagulant-treated with K3EDTA (tripotass-
ium salt of ethylenediaminetetraacetic acid, BD Vacutainer
Systems, Plymouth, UK). For plasma separation, the blood was
centrifuged at 1500¢ and 25 °C for 10 minutes'®'” at the
Department of Oncology, First Faculty of Medicine, Charles
University and General University Hospital in Prague. The
obtained plasma fraction was immediately frozen and stored
at —75 °C. Before each analysis, the frozen plasma samples
were thawed at room temperature and filtered using a
centrifuge filter with a 0.45 pm PVDF membrane (Grace,
Chicago, IL, USA) at 13 000g and 15 °C for 10 minutes."”

All optical cells were cleaned prior to and after the spectral
measurements using “Starna CellClean” solution (Starna
Scientific Ltd, Essex, UK), repeatedly rinsed with deminera-
lized water and methanol, and finally dried.

The study was carried out according to the principles
expressed in the Declaration of Helsinki; the study was
approved by the Ethics Committee of the First Faculty of Medi-
cine and the General University Hospital, Prague. A written
informed consent was secured from all subjects.

Electronic circular dichroism

The ECD spectra were recorded on a J-815 spectrometer
equipped with a CDF-426S/16 Peltier unit (Jasco, Japan) to
control the sample temperature. The filtered plasma was
diluted four-times with phosphate buffer (pH = 7.4, NaCl
137 mM, KCl 2.7 mM, KH,PO, 1.5 mM, Na,HPO, 8 mM) and
measured in a 0.01 mm Suprasil quartz cuvette (Hellma,
Germany) in the 280-185 nm spectral range. The following
parameters were used: 2 nm bandwidth, 50 nm min~" scan-
ning speed, 2 s data integration time, Peltier unit set to 23 °C.

The spectra represent the average of 5 accumulations.

Raman optical activity and Raman spectroscopy

Raman optical activity/Raman spectra were recorded simul-
taneously on the ChiralRaman-2X spectrometer (BioTools,
Inc., USA) equipped with a 532 nm laser system Opus 2W/
MPC6000 (Laser Quantum, UK), and a homemade Peltier cell
holder to control the sample temperature. The resolution of
the ROA spectrometer is about 7 cm™". The 4 X 4 mm quartz
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cell (BioTools, Inc., USA) was tempered to 15 °C. The filtered
plasma (100 pl) was treated with 10 mg of Nal for the sup-
pression of undesirable fluorescence background by the pro-
cedure described in our previous work.'” The reduction of
the fluorescence background was supported by “bleaching”
in a laser beam (280 mW) for 12 hours. Then, the laser power
was set to 250 mW and the illumination period was set
according to the optimal working range of the CCD detector
(from 1 s to 2.5 s depending on individual samples). The
total exposure time for the ROA spectra was kept at 24 hours.
The real laser power on the sample was monitored by using
an Optical power meter 1916-R with an 818-P sensor
(Newport, USA). A residual distorted baseline in the raw ROA/
Raman spectra was corrected by a procedure described in the
literature.'”"*°

Infrared spectroscopy

A Nicolet 6700 (Thermo Scientific, USA) infrared spectrometer
with Fourier transformation (FT-IR) was used to measure the
sample spectra in the spectral range of 4000-600 cm .
Because of a strong absorption of water, an attenuated total
reflection (ATR) technique with a ZnSe crystal was used. The
measurements were performed collecting 512 scans with a
resolution of 4 cm™" for each sample. Before each measure-
ment, a new background was measured and the ATR crystal
was cleaned following the same process as with the optical
cells. The obtained spectra were corrected by subtracting the
spectrum of water as a background and the spectrum of water
vapor.

Finally, the spectra were smoothened by using a Gaussian
filter with a segment size of 5 and aligned by linear baseline
correction in the Unscrambler X (Camo, Norway) software.

Data processing for multivariate analysis

The Raman spectra were processed by a detrending function
(3" order polynomial) in the Unscrambler X software (Camo,
Norway). The detrended Raman spectra and the spectra from
other methods (ECD, FT-IR, ROA) were processed using princi-
pal component analysis (PCA); and according to loadings, sig-
nificantly 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 correlation coeffi-
cients, standardized canonical discriminant coefficients and
overall success in cross-validation.

Results and discussion
Spectral analysis

The average ECD spectra of patients with colon cancer and
healthy controls are presented in Fig. 1. The bands at 209 and
222 nm belong to n-n* and that at 192 nm to n—r* transitions
of the peptide bond in proteins.”® In both cases, the spectral
pattern is typical for mainly a-helical proteins, due to ~60%

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Average ECD spectra of human blood plasma samples: control
group (dotted line) and colon cancer patients (solid line).

content of albumin (34-47 g L™" of albumin per 70-75 g L™" of
total proteins) in the blood plasma of healthy persons.>" The
most obvious changes between the control and patient groups
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 in the patient group cannot be explained only
by the potential variation of pathlengths during the ECD ana-
lyses using a demountable 10 pm cuvette. We performed
additional experiments measuring the ECD spectra of one
sample, which was prepared independently three times (indi-
vidual sample preparation, cuvette filling, measurement, etc.).
The results clearly demonstrate that the variability in ECD
intensities is almost negligible within one sample (see Fig. S1
in ESIt). However, the decreased intensities of these bands in
the patient spectra can be at least partly explained by the bio-
chemical data of the samples obtained from Department of
Oncology, First Faculty of Medicine, Charles University and
General University Hospital in Prague. The average content of
albumin for patients was 36.7 + 8.4 ¢ L' and total protein was
60.7 + 8.5 g L', and for controls 48.8 + 3.1 ¢ L' and 73.4 +
6.4 g L™, respectively. The ratios of albumin to total protein in
the blood plasma for patients and controls were 0.59 and 0.66,
respectively. However, the differences in the ECD (as well as
ROA) intensities are much larger, probably not only due to the
difference in the protein concentration, but also due to a
higher content of less ordered structures (probably random
coil) in the patient group.

Fig. 2 shows the average Raman spectra for patients and
healthy controls. The most intense Raman bands at 1006,
1156 and 1517 cm™" can be assigned to carotenoids.”'>**2°
Although their concentration in blood plasma is low,**?” the
observed high intensities are caused by the resonance
enhancement due to laser excitation at 532 nm."”**?® In com-
parison with the control group, a significant intensity decrease
of carotenoid bands was observed for the patient group. This
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Fig. 2 Average Raman spectra of human blood plasma samples:
control group (dotted line) and colon cancer patients (solid line).

observation is in agreement with the study of cancer tissues by
Raman spectroscopy.”*>*?° Other important bands at
1657 em™' (amide I), 1270 and 1285 cm™' (amide III) are
related to proteins and vibrations of their peptide bonds."" In
the amide III region, other significant changes between the
control group and patients can be observed. The bands at 1270
and 1285 cm™~ " were much more intense for the control group
than for patients. In addition, the band at 1285 cm™" was
more intense in the control group than the band at 1270 cm™,
whereas the intensity was comparable in the patient group.
Other bands associated with the proteins, 879 cm™" and partly
1450 ecm™" (due to aliphatic side chains), overlap with phos-
pholipids."”> Amino acids phenylalanine and tryptophan show
specific bands at 1588, 1196 cm™' and also a band at
1006 cm™' (phenylalanine, overlapped with carotenoids).
Lastly, the spectra show a band of carbohydrates at 960 cm™".
A more detailed interpretation of the particular spectral fea-
tures in Raman/ROA was published previously in our work."?
Other differences between the patients and controls in the
Raman spectra were especially visible after processing by
multivariate analysis.

Fig. 3 shows the average ROA spectra of samples from the
control and patient groups. The overall spectral pattern is
typical for predominant a-helical proteins represented by a
negative-positive couplet at (-)1645 and (+)1674 cm™'
(amide 1).""?°3!' The positive bands at 1295, 1311 and
1345 cm™" (extended amide III region)'"*" are especially sen-
sitive to the secondary structure of proteins.'' Changes in
the intensity and ratio of these bands can be also observed
in this case. The positive bands between 870 and 960 cm™"
confirmed the observation from ECD - the overall spectral
pattern of blood plasma corresponds to mainly a-helical pro-
teins and their content is lower in the patient group. A band
at 1248 cm™' and its spectral pattern relate mostly to a
higher contribution of particular p-structure conformations,

Analyst, 2015, 140, 2287-2293 | 2289
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Fig. 3 Average ROA spectra of human blood plasma samples: control
group (dotted line) and colon cancer patients (solid line).
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Fig. 4 Average FT-IR spectra of human blood plasma samples: control
group (dotted line) and colon cancer patients (solid line).

the detailed structure of this band can be found in the
literature.""3?

Lastly, the average FT-IR spectra are presented in Fig. 4.
Two dominant bands at 1649 and 1547 cm™' belong to the
vibrations of amide I and amide II, respectively. The most sig-
nificant changes in the FT-IR spectra were observed in the
intensity and ratio between the amide I and amide II bands.
The band at 1448 cm™" arose from the bending vibrations of
CH; and CH, groups in the side chains of proteins mixed with
phospholipids. The 1260-1390 cm™" spectral region coheres
with the symmetric stretching vibration of protein carboxyl
groups.” However in this fingerprint area, many bands overlap
and a deeper interpretation is almost impossible with such a
complex matrix as blood plasma.

2290 | Analyst, 2015, 140, 2287-2293
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For Raman, ROA and FT-IR spectroscopy, we also per-
formed the same experiment as for ECD, ie. three inde-
pendent measurements of one sample (Fig. S2-S4 in ESIY).
Raman and FT-IR spectroscopy showed small differences
between repeated measurements. In the case of ROA, we
observed relatively large changes in comparison with other
used spectroscopies. However, the changes are within the
naturally higher noise level of ROA spectra.

Statistical analysis

The spectra of each spectral method were processed by PCA to
obtain significant bands for further evaluation by LDA (for the
results of PCA see Fig. S5-S8 in ESIT). The LDA results for indi-
vidual spectral methods (Fig. 5) are presented in squared
Mahalanobis distance.*® Clearly, the control and patient
groups were partly discriminated in each spectral method, but
both groups overlapped. The overall classification ability of
particular models reached 81-87%. In addition, each spectral
model was also processed by leave-one-out cross-validation
(LOOCV), see Table 1.

According to LOOCV, ECD spectroscopy exhibited the
highest sensitivity (79%) and specificity (89%), whereas the
lowest sensitivity was observed in both ROA and Raman
spectroscopy (71%). However, the lowest specificity (74%) was
obtained from Raman spectroscopy, while in the case of ROA
it reached 81%. The statistical evaluation of ECD data yielded
the highest overall accuracy (84%) after LOOCV, whereas the
lowest level (73%) was reached for Raman spectroscopy.
Usually, the misclassified samples differed for each spectro-
scopic method. Each spectroscopy is sensitive to different pro-
perties of the studied biomolecules/samples. While ECD is
sensitive to 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 sig-
nificantly improved by evaluating all spectral methods
together, for compensating the inadequacies in the classifi-
cation of certain samples by individual spectroscopic
methods. After this combination, both the investigated groups
were well separated (Fig. 6). The discrimination ability in this
case achieved 100% overall accuracy. The quality of the com-
bined statistical model was confirmed by LOOCV, where sensi-
tivity and specificity reached 93% and 81%, respectively. Only
5 samples from the control group and 2 samples from the
patient group were misclassified (Table 2). The overall accu-
racy for LOOCV was 87%.

For LDA, we combined 27 bands: 3 bands from ECD (192,
209 and 222 nm), 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 4 bands from FT-IR (1244, 1400, 1547 and
1639 cm™"). Most of these bands belong to proteins or other
compounds (e.g. carotenoids, phospholipids) described pre-
viously in this article.

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Graphical results of LDA for individual spectral methods, ECD (A), Raman (B), ROA (C), FT-IR (D); @ control group, A patient group.

Table 1 Confusion matrices for the LDA cross-validation results showing an agreement between clinical diagnosis (rows) and spectroscopic analy-

sis (columns) obtained from individual spectral methods

ECD spectroscopy

Raman spectroscopy

From/to Cancer Control Total %~Correct From/to Cancer Control Total %~ Correct
Cancer 22 6 28 79% Cancer 20 8 28 71%
Control 3 24 27 89% Control 7 20 27 74%
Total 25 30 55 84% Total 27 28 55 73%
ROA spectroscopy FT-IR spectroscopy

From/to Cancer Control Total %~ Correct From/to Cancer Control Total %~ Correct
Cancer 20 8 28 71% Cancer 21 7 28 75%
Control 5 22 27 81% Control 4 23 27 85%
Total 25 30 55 76% Total 25 30 55 80%
Conclusion limited ability to discriminate the control group from patients,

In this paper, we showed that chiroptical spectroscopy can be
used in the combination with Raman and FT-IR spectroscopy
for the discrimination of the control group from patients with
colon cancer. The detailed results of LDA showed that each
particular spectral method (ECD, ROA, Raman, FT-IR) has

This journal is © The Royal Society of Chemistry 2015

but the best results were achieved from their combination. In
this case, the discrimination ability achieved 100%. The math-
ematical model was sequentially confirmed by leave-one-out
cross-validation, where the sensitivity and specificity reached
93% and 81%, respectively. The overall accuracy for the leave-
one-out cross-validation was 87%. The achieved results indi-

Analyst, 2015, 140, 2287-2293 | 2291
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Fig. 6 Graphical result of LDA for the combination of Raman, IR, ROA
and ECD spectroscopic data; ® control group, A patients group.

Table 2 Cross-validation results obtained from LDA of all spectral
methods

From/to Cancer Control Total %Correct
Cancer 26 2 28 93%
Control 5 22 27 81%
Total 31 24 55 87%

cate that the chiroptical spectroscopy has the potential to
become a new supporting method in the clinical diagnosis of
colon cancer based on the analysis of blood plasma, which is
minimally invasive for patients. Our future work will focus on
the sample set extension, data validation and testing the inter-
ference with other diseases.
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