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Spectroscopic methods provide information on the spatial localization of biochemical components based
on the analysis of vibrational spectra. Raman spectroscopy and Raman imaging can be used to analyze
various types of human brain tumors and breast cancers. The objective of this study is to evaluate the
Raman biomarkers to distinguish tumor types by Raman spectroscopy and Raman imaging. We have
demonstrated that bands characteristic for carotenoids (1156 cm™!, 1520 cm™'), proteins (1004 cm™!),
fatty acids (1444 cm~!, 1655 cm™!) and cytochrome (1585 cm™') can be used as universal biomarkers
to assess aggressiveness of human brain tumors. The sensitivity and specificity obtained from PLS-DA
have been over 73%. Only for gliosarcoma WHO 1V the specificity is lower and takes equal 50%. The pre-
sented results confirm clinical potential of Raman spectroscopy in oncological diagnostics.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The nervous system tumors are one of the most common types
of cancer in the world. [1] In this paper we analyzed various types
of human brain tumor such as: gliosarcoma [2], meningothelioma,
anaplastic oligodendroglioma [3], pituitary adenoma [4], neurofi-
broma, testicular cancer metastasis to the brain and breast cancer.
[5]
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1386-1425/© 2021 The Author(s). Published by Elsevier B.V.

According to WHO meningotheliomas (Meningioma menig-
otheliale) account for some 15-18% of all intracranial tumors.
Meningotheliomas are the most frequent brain tumors in adults
and they occur more often in female than in male. [6] When
meningotheliomas are benign tumor they carry a good prognosis.
Standard treatment for meningotheliomas is surgical resection. It
is estimated that 80% of meningotheliomas are grade I (mildly
malignant). [7] The main symptoms in patient with meningothe-
liomas are sensory and motor deficits or gait disturbance.|8]

Malignant glioma is the most common type of primary brain
tumor. There are known three subtypes of gliomas such as:
anaplastic astrocytoma (AA), anaplastic oligoastrocytoma (AOA),
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Fig. 1. Microscopy image (A), Raman image (300 um x 300 pm) constructed based on Cluster Analysis method, lipids (blue), proteins (red) (B) and Raman spectra (C) obtained
by Cluster Analysis method in range 400-3300 cm ™' from meningothelioma WHO grade I). Integration time for Raman images 0.5 s in the high frequency region and 1 s in the
fingerprint region. The colours of the lines of the Raman spectra correspond to the colours of Raman image.

Table 1
The tentative assignments of Raman peaks [30,5,33,28,52,53].
Frequency Assignment
[cm ]
750 cytochrome
956 hydroxyproline/Collagen backbone
1004 proteins, phenylalanine
1126 cytochrome
1156 carotenoids
1228 nucleic acids (Try, Ala)/Proteins (Amide III B sheet or

random coil),
Lipid, phospholipid =C—H bend

1307 lipids, phospholipids
CH, twist, collagen, protein amide IIl, DNA
1444 fatty acids, triglycerides, CH, or CHs
1520 carotenoids
1585 cytochrome
1655 unsaturated fatty acids, triglycerides (C=C) str,
2854 lipids
2885 lipids, =CH str
2923 proteins
3164 str (NH), str (OH), amide, water

anaplastic oligodendroglioma (AO), and anaplastic ependymoma.
Anaplastic oligodendroglioma tumors are rare and uncommon;
they constitute 2-7% of primary brain tumors. [9] The standard
therapy for patients with anaplastic oligodendroglioma and the

treatment include a lot of therapies such as: chemotherapy [10],
stereotactic radiotherapies [11], targeted therapy [12], and reoper-
ation. [13] Despite intensive study, the mortality among patients
with malignant glioma is very high. It is estimated that 77% die
within 1 year after diagnosis. [14]

A neurofibroma is a type of nerve tumor. Neurofibromas usually
are benign peripheral nerve sheath usually single and commonly
occur in all parts of the body. A neurofibroma may appear in people
with a genetic disorder (neurofibromatosis type 1) or can arise
with unknown cause. These nerve tumors most often occur in peo-
ple of age 20-40 years. Neurofibromas look like little “rubber balls”
under the skin. They can also protrude from the skin. [15] For the
first time the neurofibroma was described by Von Recklinghausen
in 1882. [16] The morbidity and mortality caused by neurofibro-
matosis depend on the occurrence of complications that involve
any of the body system. [17]

Pituitary adenomas are tumors occurring in the anterior pitu-
itary. Most pituitary tumors are benign and slow-growing. Pitu-
itary adenoma can be classified as microadenoma,
macroadenoma, and giant tumors depending on the tumor size.
Tumors smaller than 10 mm are considered to be microadenomas,
while macroadenomas are tumors larger than 10 mm. In contrast
giant pituitary tumors are larger than 40 mm. [18] For patients
with pituitary adenomas there are available treatment options
such as: surgical excision, medical and radiation therapy.[18]
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Fig. 2. Microscopy image (A), Raman image (230 um x160 pm) constructed based on Cluster Analysis method, proteins (orange and red) (B) and Raman spectra (C) obtained
by Cluster Analysis methods in range 400-3300 cm ™' anaplastic oligodendroglioma WHO grade II). Integration time for Raman images 0.5 s in the high frequency region and
1 s in the fingerprint region. The line colours of the Raman spectra correspond to the colours of Raman image.

When cancer cells spread from their original site to the brain,
metastases occur. The most likely types of cancer which spread
to brain are: lung cancer, melanoma, colon cancer and breast can-
cer, less often testicular cancer. It is estimated that brain metas-
tases occur in 10 to 30 percent of adults with diagnosed cancer.
[19]

Surgery is the most common form of treatment for brain tumor.

For comparison, we studied also another type of cancers which
belong to different class of phenotypes. According to WHO invasive
ductal carcinoma (IDC) is one of the most common types of cancer
among breast cancers. Invasive ductal carcinoma occurs more
often in eldery woman but can affect women at any age [20,21].

One of the main reasons for insufficient progress in brain tumor
and breast cancer diagnostics is related to the fact that most cancer
types are not only heterogeneous in their genetic and biochemical
composition but also reside in varying microenvironments and
interact with different cell types. Until now, no technology has
been fully proven for effective detecting of invasive cancer infil-
trating the extracellular matrix. Nowadays cancer diagnostics is
based on X-rays imaging, such as mammography and computer
tomography, positron emission tomography, single photon emis-
sion computed tomography, magnetic resonance imaging, ultra-
sound imaging and histopathological analysis. None of these
methods are effective in detecting invasive cancer infiltrating the
extracellular matrix due to lack of information on biochemical
composition, limited spectral or spatial resolution and limited
specificity. [22,23,24]

So that, development of novel treatment strategies is needed.
Raman spectroscopy and Raman imaging gives objective informa-
tion on biochemical composition (chemical fingerprint), which is

not available from mentioned above techniques-biochemical infor-
mation. Moreover Raman techniques have high spectral and spatial
resolution. Tashibu presented first results obtained with the use of
Raman spectroscopy in brain tumor analysis. [25] He analyzed the
water content in brain tissues. This preliminary study gave impe-
tus to further investigations. Several groups have used Raman
spectroscopy to diagnosis brain tumors. Abramczyk et all showed
the differences between tumor tissues and healthy tissues.
[26,27,28,29,30] Byrne and colleagues in review presented the
state of the art of Raman applications in the areas of in vivo,
ex vivo and in vitro. [31] The most important achievements Orrin-
ger’s group was application of stimulated Raman scattering during
brain operation. [32] Another groups Gajjar with colleagues pre-
sented the capability to differentiate brain tumors and healthy
brain tissue using Raman spectroscopy. [33] The potential of using
Raman spectroscopy to analyses brain tumor was investigated also
by Kirsch et all [34] and Krafft et all. [35]

The combination of Raman spectroscopy and Raman imaging
offers information about location and distribution of chemical
components inside cancers. Abramczyk et all in numerous papers
have investigated the application of Raman spectroscopy and
Raman imaging to diagnose infiltrating ductal carcinoma.
[26,36,37,27,38,39,40,41] Look inside ductal carcinoma first
reported by Abramczyk et all provided biochemical composition
inside normal and cancerous human duct. It has been demon-
strated that carotenoids, mammaglobin, palmitic acid and sphin-
gomyelin are diagnostic biomarkers for breast cancer prognosis.
[36] Another groups Alfano et all presented the capability to differ-
entiate breast cancers and healthy breast tissue using Raman spec-
troscopy. [42] Stone et all in review presented the complementary



M. Kopec, M. Btaszczyk, M. Radek et al.

A

0.102

B meningoth;elionja‘
WHO gradé I B
0.068

0.034

0.000

1 if L /L iy
= ; 7/ =

ana plastic aligodendrogtioma

0.129 HEH
WHO grade EHI

0.086

Normalized Raman intensity [au.]

0.043

0.000

1000 1500

wavenumber [cm™']

| meningothelioma
WHOgrade | :

0.105

0.070

0.035

0.000

1 i [N i

H 7
anaplastic oligodendroglioma

0132\ 0 grade Ii

0.088

Normalized Raman intensity [a.u.]

0.044

0.000

1000

1f L
3000

1500

wavenumber [cm']

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 262 (2021) 120091

differential spectrum [a.u.]

differential spectrum [a.u.]

o o388% o3 0is 5o 8

n O Oe=e=N 0w © [~ a -

0.08 - ~ QFWF !—\-‘-!-!— o~ ©
0.08 1 ; st .

500 1000 1500 3000
wavenumber [cm'1]
OOR =T oL h ) (5]
3 gENaIdmE 83 ¢

)
&

1000 1500 3000

wavenumber [cm-1

Fig. 3. Average Raman spectrum of meningothelioma WHO grade I (blue line for lipids, red line for proteins) and anaplastic oligodendroglioma WHO grade III (red and orange
line for proteins) in the fingerprint region and in the high-frequency region (A,B); differential spectrum (malignant tumor-mildly malignant tumor) (purple line) in the

fingerprint region and in the high-frequency region (C, D).

advantages of using Raman spectroscopy for cancer diagnostics
[43,44].

Raman spectroscopy and Raman imaging made possible to
monitor distribution of biochemical components in brain tumors
and breast cancers. The components can be divided into subgroups
such as: structural [45], metabolic [46], epigenetic [47], immuno-
logic [48] and genetic [49].

In this paper we present Raman spectroscopy as a tool for dis-
tinguishing various subtypes of human brain tumor and breast
cancer.

2. Materials and methods
2.1. Tissue preparation

The brain tissues were obtained from the material removed
over the operation from Department of Neurosurgery, Spine and
Peripheral Nerve Surgery, University Hospital WAM-CSW, Lodz.
The breast tissue was obtained during routine surgery from the
WWCOIT Nicolaus Copernicus in Lodz. Obtaining samples did not
affects the course of the operation or treatment of the patients.
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Fig. 4. Microscopy image (A), Raman image (40 um x 40 um) constructed based on Cluster Analysis method, proteins (orange and red) (B) and Raman spectra (C) obtained by
Cluster Analysis methods in range 400-3300 cm™' from invasive ductal carcinoma WHO IIL. Integration time for Raman images 0.5 s in the high frequency region and 0.5 s in
the fingerprint region. The line colours of the Raman spectra correspond to the colours of Raman image.

The tissue brain and breast sections after cutting into 16 um thick
slices in microtome were put on CaF, windows (Crystran). For all
experiments we used only human fresh brain and breast tissue.
We do not use the procedure formalin fixation, paraffin-
embedding because of its influence on Raman measurements.
[50] Written informed consent was obtained from patients. All
experiments were conducted in accordance with relevant guideli-
nes and regulations of the Bioethical Committee at the Medical
University of Lodz, Poland (RNN/247/19/KE) and (RNN/323/17/
KE/17/10/2017).

2.2. Raman spectroscopy, Raman imaging and statistical methods

All Raman spectra and Raman imaging presented in this manu-
script were obtained using alpha 300 RSA+ (WITec, Germany) com-
bined with confocal microscope coupled via the fibre of a 50 mm
core diameter with an UHTS (Ultra High Throughput Spectrometer)
spectrometer and a CCD Camera (Andor Newton DU970N-UVB-
353) operating in standard mode with 1600x200 pixels at 60C with
full vertical binning. All experiment were performed using laser
beam (SHG of the Nd:YAG laser (532 nm)) and 40x dry objective
(Nikon, objective type CFI Plan Fluor CELWD DIC-M, numerical
aperture (NA) of 0.60 and a 3.6-2.8 mm working distance). All
Raman experiments were performed using laser with a power 10
mW at the sample position. Every day before Raman measure-

ments the confocal system was calibrated using silicon plate
(520.7 cm™!). Each Raman spectra and Raman imaging were pro-
cessed to remove cosmic rays, smoothing (Savitzky-Golay method)
and background subtraction. Preprocessing was performed using
WITec Plus Software. Raman maps data were analysed using Clus-
ter Analysis method. Detailed description of equipment and
methodology used in the paper is available elsewhere [51,40,36].

The Raman spectra were obtained from 9 patients. Among
patients with brain tumors 1 were diagnosed with testicular cancer
metastasis, 1 with gliosarcoma WHO 1V, 1 with anaplastic oligo-
dendroglioma WHO III, 1 with meningioma WHO II, 1 with
meningothelioma WHO 1, 2 with pituitary adenoma and 1 with
neurofibroma. Breast cancer sample was diagnosed with invasive
ductal carcinoma WHO III. For each patient thousands of spectra
from different sites of the sample were obtained from cluster anal-
ysis. In detail, for sample with testicular cancer metastasis we used
typically 8400 Raman spectra for averaging, for sample with
gliosarcoma WHO IV 6400 Raman spectra, for sample with
anaplastic oligodendroglioma WHO III 9200 Raman spectra, for
sample with meningioma WHO II 3000 Raman spectra, for sample
with meningothelioma WHO I 90,000 Raman spectra, for 2 patients
with pituitary adenoma 15,000 Raman spectra, for sample with
neurofibroma 3600 Raman spectra and for the sample with inva-
sive ductal carcinoma WHO III 1600 Raman spectra, respectively.
Partial Least Squares Discriminant Analysis was performed using
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Mathlab and PLS_Toolbox Version 4.0. Detailed description of
chemometric methods was presented in our previous paper
[38,51].

All results regarding the analysis of the intensity of the Raman
spectra as a function of brain tumor or breast cancer grades are
presented as the mean * SD, where p less than 0.05 (SD—standard
deviation, p—probability value). Raman bands’ intensity were
taken and normalized by vector norm spectra. A significance level
of less than 0.05 was used for all statistical analyses.

3. Results and discussion

The experiments were carried out using Raman spectroscopy
and Raman imaging. Firstly, we focused on the Raman spec-
troscopy analysis for mildly malignant and malignant brain
tumors.

Fig. 1 present the video image, Raman image and Raman spectra
of the tissue of meningothelioma (Meningioma meningotheliale,
WHO grade I). Raman images were performed by using Cluster
Analysis method in the spectral region 400-3300 cm™'.

Fig. 1 shows distribution of main components of mildly malig-
nant tumor brain tissue in Raman image. One can see that the
region is heterogeneous and is dominated by lipids (blue) and pro-
tein (red). In lipid rich region one can see a peak at 2854 cm™!
which is absent in protein rich region. Moreover peak at
1520 cm~! corresponding to carotenoids is more visible in lipid
rich region. From Fig. 1 one can see that spectra of mildly aggres-
sive tumors are dominated by the peaks at 750, 956, 1004, 1126,
1156, 1307, 1444, 1520, 1585, 1655 cm ™' in the fingerprint region
and by the peaks at 2854, 2885, 2923 cm™! in the high frequency
region. Detailed spectral informations for biochemical components
assigned to the Raman vibrations are presented in Table 1.

To compare the biochemical composition of mildly malignant
and highly aggressive brain tumors and we conducted the same
analysis for malignant brain tissue (anaplastic oligodendroglioma
WHO grade III). Fig. 2 presents the video image, Raman image
and Raman spectra of the tumor brain tissue.

From Fig. 2 we can see that spectra of malignant human brain
tumor are dominated by the peaks at 750, 1004, 1126, 1156,
1228, 1307, 1444, 1585, 1655 cm™! in fingerprint region and by
the peak at 2923 cm™! in high frequency region. One can see from
Fig. 2 that in contrast to mildly malignant tumors (Fig. 1) malig-
nant brain tumor show high level of homogeneity. These vibrations
correspond to protein rich region and we do not observe the peaks
characteristic for the lipid rich ones. One can see that both clusters
are almost identical and they differ only with intensity.

Detailed spectral information for biochemical components are
presented in table 1 [30,33,5,53,28].

From Fig. 1 and Fig. 2 one can see that the main differences
between the mildly malignant and malignant brain tumors occur
at 1585 cm™! corresponding to reduced cytochrome c (Fe*?). [52]

In order to understand better the difference between mildly
malignant and malignant brain tumors we compared the average
Raman spectra, presented on Fig. 3. The average spectra results
are based on thousands of spectra obtained from the Cluster anal-
ysis. To determine the significant difference between the mildly
malignant and malignant tumor tissue we present the differential
Raman spectrum (mildly malignant brain tissue subtracted from
malignant brain tissue) in the fingerprint region and in the high-
frequency region (Fig. 3C, D).

Comparing the spectra from Fig. 3A-D more detailed biochem-
ical information about the changes in cancer development is
obtained. One can see that main biochemical differences are
observed in the fingerprint region. When we compare the region
dominated by lipids (blue line) from mildly malignant tissue with

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 262 (2021) 120091

the region dominated by proteins (orange line) from malignant tis-
sue (Fig. 3A) one can see differences. Firstly, in malignant tumor
the Raman intensities of the bands at 1307, 1341, 1371 and
1585 cm~! are higher than in mildly malignant. Secondly the
bands at 750, 1004, 1126, 1156, 1444, 1655, 2854 and
2882 cm ™! are much stronger in mildly malignant brain tissue than
in malignant ones (Fig. 3C). This observation confirms that mildly
malignant tissue in contrary to the malignant one has higher con-
centration of lipids and fatty acid. In contracts, the malignant tis-
sue contains more proteins. Comparing the region dominated by
proteins (red line) from mildly malignant tissue and from malig-
nant tissue (Fig. 3B) one can see also that the peaks at 1307,
1341,1371 and 1585 cm ™! are stronger in malignant tissue. In con-
trary bands at 1004, 1156, 1444 cm~! are much stronger in mildly
malignant brain tissue. In high frequency region we do not
observed peaks at 2854 cm ' (Fig. 3D). We can see that the most
prominent changes that occur due to the development of cancer
are connected with the peak 1585 cm™! assigned to the vibration
of heme group of cytochrome c. [52] The Raman intensity (and con-
centration) of reduced cytochrome c increases with brain tumor
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Fig. 5. The Raman spectra of the invasive ductal carcinoma WHO III (orange),

testicular cancer metastasis (olive), gliosarcoma WHO IV (red), anaplastic oligo-
dendroglioma WHO III (black), meningioma WHO II (blue), meningothelioma WHO
I (green), pituitary adenoma (turquoise) and neurofibroma (magenta) in the
fingerprint (A) and high frequency region (B).
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aggressiveness. The previous studies reported similar observations.
[52]

Spectacular difference is also observed at 1444 cm™!. This band
attributed to the lipids and fatty acids is much stronger in the
mildly malignant tissue. Our results show higher lipid content in
tumors of lower grade of malignancy. Previous studies reported
similar observations [51,28,54].

Bands at 1156 and 1520 cm ™! corresponding to carotenoids are
clearly observed in the mildly malignant tissue in contrast to the
malignant tissue. The band associated to unsaturated fatty acids
at 1655 cm™! is higher in mildly malignant tissue than in malig-
nant tissue. The role of carotenoids and unsaturated fatty acids
was discussed of our previous papers [36,26,41].

Motivated by our recent research that suggest abnormal lipid
metabolism for various cancers [51,55,54] and the results pre-
sented so far in this paper for brain tumors we wanted to check
if this finding is more universal cancer hallmark for another types
of phenotypes.

The correlation between lipid metabolism and cancer invasive-
ness is further explored in breast cancer. To test biochemical com-
position of human breast tissue we performed the same Raman
procedure as for brain for invasive ductal carcinoma WHO IIL
Fig. 4 presents the video image, Raman image and Raman spectra
of the cancerous human breast tissue.

One can see from Fig. 4 that the cancerous breast tissue is dom-
inated peaks 750, 956, 1004, 1126, 1307, 1444, 1585, 1655, 2885
and 2923 cm~!. We do not observe Raman peaks at 1156 and
1520 cm™! attributed to carotenoids that are clearly visible in
mildly malignant tumor (Fig. 1).

From Figs. 2 and 4 which present malignant brain tumor
(anaplastic oligodendroglioma WHO grade III) and malignant
breast cancer (invasive ductal carcinoma WHO III) one can see that
the both clusters (red and orange) in both types of malignancy are
almost identical and different only with intensity. Both the malig-
nant brain tumor and malignant breast cancer show high level of
homogeneity with absence of lipid regions.

To understand in more details the biochemical changes that
occur in tumors we measured and analyzed the Raman spectra in
various types of human brain tumors and compared with breast
cancer. Fig. 5 shows the Raman spectra of the brain tumor tissue
(testicular cancer metastasis, gliosarcoma WHO 1V, anaplastic
oligodendroglioma WHO III, meningioma WHO II, meningothe-
lioma WHO |, pituitary adenoma, neurofibroma and invasive ductal
carcinoma WHO III) in the fingerprint (A) and high frequency
region (B).

Many significant biochemical differences between the various
types of brain tumor can be observed. The most relevant differ-
ences presented on Fig. 5 are related to the vibrations of carote-
noids (1156 cm™!, 1520 cm™'), fatty acids (1444 cm ',
1655 cm™ 1), proteins (1004 cm™!) and cytochrome (1585 cm™!).
First we observe that the band 1444 cm™! assigned to fatty acids

Table 2
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is much stronger in all mildly malignant cancers. In contrast the
band at 1585 cm™! is much stronger in more aggressive brain
tumor tissues. This band has a lower intensity in the mildly malig-
nant brain tissue, indicating that the reduced cytochrome c con-
centration is much lower in the mildly malignant human brain
tumor tissue than in the malignant tissue. Moreover, the bands
of carotenoids (1156 cm™! and 1520 cm™!) are more visible in
mildly malignant brain tumors. The band at 1655 cm™! corre-
sponding to fatty acids has higher intensity in the mildly malignant
brain tumor tissue. From high frequency region (Fig. 5B) one can
see that the band at 2854 cm ™! assigned to lipids show higher lipid
content in mildly malignant human brain tumor tissue.

To access the diagnostic potential of Raman spectroscopy we
calculated the Raman intensity ratios for characteristic Raman
vibrations that can be useful in a stratification of malignancy for
various cancers.

Table 2 and Fig. 6 illustrate the intensity and standard deviation
for the ratios 1585/1655, 1585/1444, 1520/1585, 1156/1585,
1004/1585. The presented results are based on Raman average
spectra for each patient obtained during Raman imaging. The
one-way ANOVA using the Tukey test was used to calculate the
value significance, asterix * denotes that the differences are statis-
tically significant, p Values < 0.05 were accepted as statistically
significant.

One can see from Fig. 6 and Table 2 that presented above ratios
are useful to discriminate the type of human brain tumor. Analyz-
ing the ratios for vibrations of lipids and proteins non-negligible
differences are visible for the less aggressive brain tumor in com-
parison to the malignant brain tumor. The ratios 1585/1655 and
1585/1444 are significantly higher for malignant brain tumor tis-
sue (testicular cancer metastasis, anaplastic oligodendroglioma
WHO III). While for less aggressive human brain tissue
(meningothelioma WHO [, meningioma WHO II, pituitary adenoma
and neurofibroma) the ratios of 1520/1585, 1156/1585 and
1004/1585 are higher. All values of ratio presented on Fig. 6 for
invasive breast carcinoma WHO III are comparable to the ratios
for the gliosarcoma WHO IV. The observed discrimination between
the various types of human brain tumor and breast cancer is based
on Raman intensity ratios.

To better visualize the differences between various human
brain tumors and human breast cancer we used chemometric anal-
ysis by statistical analysis using PLS-DA methods.

Fig. 7 shows the PLS-DA score plot for the Raman spectra of
human brain and breast cancers. Fig. 7 shows evidently that differ-
ences between the cancer subtypes can be revealed.

The plots presented on Fig. 7 confirm the differences between
human brain and breast cancers. The differences and similarities
are visible by grouping the results into separate clusters. Moreover,
Raman spectra for the most aggressive brain tumor (anaplastic
oligodendroglioma WHO III (black colour) and testicular cancer
metastasis (olive colour)) are the most separated from the rest of

Raman intensity ratios, 1585/1655, 1585/1444, 1520/1585, 11561585, 1004/1585 for, testicular cancer metastasis, gliosarcoma WHO 1V, anaplastic oligodendroglioma WHO II,
meningioma WHO II, meningothelioma WHO I, pituitary adenoma, neurofibroma, invasive ductal carcinoma WHO III, SD - standard deviation.

ratio Testicular cancer gliosarcoma Anaplastic meningioma meningothelioma Pituitary Neurofibroma Invasive ductal

metastasis WHO IV Oligodenroglioma  WHO II WHO | adenoma carcinoma WHO III

WHO III

Mean * SD Mean * SD Mean * SD Mean * SD Mean * SD Mean + SD Mean * SD Mean * SD
1585/1655 2.8+0.11 0.8 £ 0.06 4.95 + 0.89 0.44 + 0.02 1.02 + 0.09 0.76 + 0.06 0.7 £ 0.08 0.65 + 0.02
1585/1444 3.04 £0.18 0.9 + 0.07 4.43 + 0.57 0.52 +0.02 09+0.11 0.92 + 0.09 0.81 £0.14 0.74 + 0.03
1520/1585 0.37 £ 0.09 0.04 + 0.01 0.1+ 0.04 0.46 + 0.04 0.8 +£0.19 0.26 + 0.18 0.87 £ 0.08 0.05 + 0.02
1156/1585 0.54 £0.12 0.12 + 0.02 0.34 £ 0.03 0.7 +0.13 1.12 £ 0.27 0.45 £ 0.1 1.12£0.14 0.14 + 0.006
1004/1585 0.4 + 0.06 0.63 + 0.08 0.25 + 0.01 1.05 £ 0.08 0.84 +0.14 0.46 + 0.05 0.94 £ 0.13 0.67 +0.03
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Fig. 6. The intensity ratios and SD for 1585/1655 (A), 1585/1444 (B), 1520/1585 (C), 1156/1585(D), 1004/1585 (E) for testicular cancer metastasis (olive), gliosarcoma WHO
IV (red), anaplastic oligodendroglioma WHO III (black), meningioma WHO II (blue), meningothelioma WHO I (green), pituitary adenoma (turquoise), neurofibroma (magenta),
invasive ductal carcinoma WHO III (orange). The statistically significant results have been marked with an asterix.

cancer subtypes. One can see that the Raman spectra for the most
aggressive brain tumor (gliosarcoma WHO IV (red colour)) are
mixed with Raman spectra for the aggressive breast cancer WHO
Il (orange colour). This result was presented also on Fig. 6 and
Table 2.

To access the diagnostic potential of Raman spectroscopy and
imaging for clinical practice we calculated sensitivity and speci-
ficity. Table 3 presents the value of sensitivity and specificity
obtained from PLS-DA method. The high values for sensitivity
and specificity highlight the importance of Raman spectroscopy
and imaging as a new diagnostic tool.

4. Conclusions

In this exploratory study, we demonstrated that Raman spec-
troscopy, Raman imaging and statistical analysis are useful tools
for human cancer diagnostics. For human brain tumor distinguish-
ing vibrational signatures were primarily responsible for alter-
ations in carotenoids, proteins, fatty acids and cytochrome c.
Presented research suggest that Raman biomarkers in the future
can provide additional insight into the biology of various types of
human brain tumor and breast cancer. We have shown that bands
characteristic for carotenoids, proteins, fatty acids and cytochrome



M. Kopec, M. Btaszczyk, M. Radek et al.

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 262 (2021) 120091

Samples/Scores Plot of y2 B Samples/Scores Plot of y2
T T T T T T T T T T T T T T
T T — /_4—*—__“——\‘_‘\
03} //_/ : \\\ i 03 /,— \\
02} e | "". N E oar 4 ‘:‘8‘ |
/ ’- N\ 01 / e’ ;
ot/ R Lo $5%° TR ) \
X = ® ’
VAL PRI GRS S R
® /
© ? ® d > 01 ¢ Lo (] /
S [* ®%e § - = \ N3 o /
= \ ", / s ° eepese )
5 Y | "y «w®e Y, o 02 \ ® LIPS A
o 02} R ° 0 e, : S N o . <
o N | o / 3 ~ @ i
] . ® i ? 03 e ® o -
» 03} ~ | :..- /.// y 0 S—— e
= — '_ — o
04} e . J
| os .
08f | o 1 06 . . " . . \ L
| 6 14 12 - 08 06 04 02
o6l ; 7 . . i . , . “
08 06 04 02 0 02 04 06 08 1 Seomsion LV 2 (77.90%)
Scores onLV 1 (15.55%) _
C Samples/Scores Plot of y2 D Samples/Scores Plot of y2
08_— ————————————————— $f £
04} . _
. . Q
. e 7 . _Jgee o &3
f}‘; ® e® .‘ E\: 0 POy . P .0 4
2 2 o, 0| ANete ., ¢ od
= ¢ oo LI = %%, o o0 o Sy
T #cp Y S o8t ™ v o
2 - , IS = o °
5 ] L
o ® (2]
g 02f _ g .t . )
3 A
®
04} 4
“O" 2r °® )
L, Y
_ (3
08 sy s e s A i it i R V')
p-————————— e ————
08 : . : N " . . . ; i ; P , ; ;
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Sample Sample

Fig. 7. PLSDA score plot for the average Raman spectra for: Testicular cancer metastasis (olive), gliosarcoma WHO IV (red), anaplastic oligodendroglioma WHO III (black),
meningioma WHO II (blue), meningothelioma WHO I (green), pituitary adenoma (turquoise), neurofibroma (magenta), invasive ductal carcinoma WHO III (orange).

Table 3

The value of sensitivity and specificity for calibration and cross validation procedure from PLS-DA analysis.

Testicular  gliosarcoma Anaplastic

meningioma meningothelioma Pituitary = Neurofibroma Invasive ductal

cancer WHO IV Oligodendroglioma WHO II WHO [ adenoma carcinoma WHO III
metastasis WHO III

Sensitivity (calibration) 0.947 0.950 1.0 1.0 0.900 0.960 0.900 0.947

Specificity (calibration) 0.861 0.497 0.986 0.797 0916 0.616 0.741 0.896

Sensitivity (cross validation) 0.947 0.950 1.0 0.900 0.900 0.960 0.900 0.947

Specificity (cross validation) 0.861 0.497 0.986 0.804 0.916 0.623 0.727 0.903

c are changed in various brain tumors and breast cancer. The ratios
1585/1655, 1585/1444, 1520/1585, 1156/1585, 1004/1585 can be
used as Raman biomarkers for diagnosing human brain tumors
and breast cancer. We have demonstrated that Raman spec-
troscopy combined with statistical analysis would be non-
subjective technique used as a method alongside neuropathology
for brain cancer diagnosis. Raman spectroscopy combined with
Raman imaging can be a powerful method for detecting invasive
ductal carcinoma.
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