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Differentiation of malignant skin neoplasms using Raman spectroscopy
with an excitation wavelength of 532 nm in the High-Wavenumber region
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Confocal scanning Raman and fluorescence microspectroscopy are structure-sensitive optical techniques that
allow for the non-invasive analysis of biomarkers in skin tissue. Distinct spectral differences were observed in the
Raman spectra of basal cell carcinoma and squamous cell carcinoma compared to healthy skin and papilloma.
Our analysis of Raman and fluorescence spectra at an excitation wavelength of 532 nm enabled us to propose two
spectral criteria: intensity ratios for the bands at 2880 and 1445cm™", and for the bands at 2930 and 1445cm™".
These criteria are based on differences in cell membrane lipid fluctuations, which serve as biomarkers. They allowed
for the differentiation of healthy skin from basal cell carcinoma, squamous cell carcinoma, and papilloma with a
sensitivity and specificity of more than 90%, demonstrating high clinical significance in the differential diagnosis of

skin neoplasms.
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Introduction

Skin cancer morbidity is growing every year. Morbidity
growth is probably connected with ultraviolet exposure,
increased outdoor activities, changing style of dress, increase
in life expectancy, depletion of ozone layer, genetics, etc.

Basal cell skin carcinoma (BCC) and squamous cell
skin carcinoma (SCC) are the most widespread types of
nonmelanoma malignant neoplasms in the world, therefore
their early non-invasive diagnostics is a socially important
issue. BCC is the most frequent type which usually grows
slowly and is locally invasive. SCC is the second most
frequent type of nonmelanoma skin cancer that accounts
for about 20% to 30% cases [1-3].

Histopathology of the removed material is a traditional
»gold standard® of cancer detection. Disadvantages of
the method include invasiveness, stringent requirements for
medical personnel qualification and time expenditures [4-7].
Non-invasive examination methods, ie. dermatoscopy,
confocal microscopy, multispectral visualization and optical
coherent tomography, have certain restrictions [8-10].

Dermatoscopy is a non-invasive visual examination
method that is useful to detect skin malignancies at early
stages. Sensitivity and specificity of the technique are 93.7%
and 87.8%, respectively. Limitation of the technique include
a shallow visualization depth (deris level), image reso-
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lution and high personnel qualification requirements [11].
Confocal reflection microscopy provides images with high
resolution that is close to histologic resolution, but is limited
to a depth of 200—300 um (corresponding to the papillary
dermis) [12].

Multispectral visualization uses a portable scanner that
makes 10 digital multispectral images in the visible to
near IR wavelength range (430—950nm), the emission
penetrates the skin to about 2.5 mm. The technique has high
sensitivity — 98.3%, but low specificity — 9.9%, therefore,
it is used as pre-biopsy examination [13].

Optical coherent tomography based on low-coherent near-
IR wavelength interferometry (700—1300 nm), ensures skin
visualization with high (close to histologic) spatial resolution
equal to several micrometers and a penetration depth of
1-3mm. The technique provides structural visualization
of bio-tissues, blood microcirculation visualization without
using contrast agents, therefore it is of high demand in
a number of medical applications [14]. However, the
technique does not distinguish individual cells [15-17].

Multimodal methods demonstrate high sensitivity and
specificity performance. For example, [18] offers a machine
learning algorithm based on the classification data on vari-
ous types of BCC and benign neoplasms in vivo (obtained
using a multimodal screening method that combines dif-
fuse reflectance spectroscopy, optical coherent tomography
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and high-frequency ultrasound). The algorithm ensures
a sensitivity of 70.6 £ 17.3%, specificity of 95.9 £ 2.5%,
accuracy of 72.6 + 14.2%. For differentiation of basalioma
and benign neoplasms without considering the clinical form,
the technique achieves a sensitivity of 89.1 + 8.0% and
specificity of 95.1 £ 0.7%.

The Raman scattering spectroscopy (RS) has the potential
to detect and study the evolution of human malignancies
both in vitro and in vivo in esophagus, stomach, lungs,
prostate, arteries and on skin [19-22]. The method has
high sensitivity and specificity (95%) for skin neoplasm
detection [23]. The RS confocal spectroscopy analyses
the material at various depths. Thus, [24] investigates
melanin distribution in skin by the RS microspectroscopy
at excitation wavelengths of 785 and 671 nm and a depth
up to 60 um. In [25], water content in pig skin at a depth
up to 200 um is investigated ex vivo by the confocal RS
microspectroscopy at an excitation wavelength of 671 nm.

Laser emission at various wavelengths has various skin
penetration depths, that is also useful for the analysis of
tissue composition at various depths [26]. In [27], in vivo
examination of skin neoplasms was carried out using a
785nm portable RS spectrometer by means of analysis
of RS spectra combination and near-IR autofluorescence
(AF) (300—1800cm™!). Spectroscopy data analysis was
conducted using PLS-DA. The use of RS signal together
with AF demonstrate the best results in melanoma and
pigmented neoplasm differentiation (seborrheic keratosis
and nevuses: sensitivity and specificity are 90% and
26%, melanoma and seborrheic keratosis: sensitivity and
specificity are 90% and > 40%, as well as malignant and
benign neoplasms: sensitivity and specificity are 90 and
32). Accuracy of this approach is lower than for deep-freeze
instruments and or experience dermatologists, but increases
accuracy for general practitioners and resident physicians.

Surface-enhanced RS spectroscopy is being widely de-
veloped for biomedicine applications. For example, [28]
describes a ratiometric surface-enhanced RS spectroscopy
(SETRS) method for in vivo non-invasive localization and
perioperative navigation of deep sentinel lymph node in
living rats. Ultra-bright SERS-active nanoparticles are used
for RS signal enhancement. The method provides accurate
measurement of phantom damage in rat tissues ex vivo
with mean absolute error 11.8% and achieves accurate
localization of a popliteal lymph node of a rat at a depth
of 6 mm.

In our previous study [29], we have investigated the
RS and fluorescent (FL) microspectroscopy method at
excitation wavelengths 532, 785 and 1064nm for in vitro
detection of various skin malignancies. Clear differences
in RS spectra were detected in the range from 900 to
1800cm~! BCC and SCC compared with normal skin.
We had offered two new spectral criteria that do not
depend on the wavelength (intensity ratios for 1302 and
1445cm™~!, 1745 and 1445 cm~! bands) and are associated
with characteristic stretching of membrane lipids that was
confirmed by the multivariate curve resolution (MCR)

RS band explanation within 2850—3061 cm ™!

Wave Assignment Reference
number, cm ™! No.

2850 Symmetric [30]
CH,-stretching
of lipids and fatty acids

2876—2919 Asymmetric [30]
CH,-stretching

of lipids and proteins

2929—-2940 Symmetric [33]
CH;-stretching primarily of

proteins and lipids

3005 Stretching of water molecules,
closely connected with hydrogen
(DAA—OH, single
donor, double acceptor)

3059—-3061 CH stretching of aliphatic [34]
and olefinic

groups of lipids

method. The criteria were used to differentiate normal skin,
BCC and SCC with sensitivity and specificity more than
95%.

In the above mentioned study, analysis was carried
out in the spectral range of 900—1800cm~! — a so-
called ,fingerprint“ region. A spectral range of higher
wavelengths 2800—3100cm~! provides additional infor-
mation and also may be of practical interest for tissue
examination and biomarker search. Herein, we used the
RS/FL microspectroscopy method to test the spectral range
of 2800—3100cm™~! for characteristic biomarkers for in
vitro examination of malignant and benign neoplasms.

Experimental

Fresh tissue samples were taken from patients during
surgical operations. Immediately after tumor tissue removal,
small tissue fragments up to 3 x 3 mm in size, that included
a tumor area within the surrounding non-damaged tissue,
were taken from the samples. The samples were placed in
tightly sealed tubes with saline and unique number. The
test material was taken in such a way as to avoid distortion
of their further histologic examination. The period from
the time of sampling to the start of spectra recording was
maximum 1.5h.

The study analyzed RS/FL spectra gathered by scanning 7
BCC samples, 5 SCC samples (for each tumor sample, a sig-
nal from the surrounding normal tissue was also recorded),
3 papilloma samples (benign neoplasm) and 15 normal skin
samples from different patients (approximately equal to the
number of men and women aged 30—60). According to
the microscopic biopsy data, all BCC and SCC cases were
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Figure 1. Initial RS/FL spectra at an excitation wavelength of 532 nm for normal skin (a), BCC (b), SCC (c) and papilloma (d).

classified as early-stage tumors (cancer stage: G1 (well
differentiated) and G2 (moderatelly differentiated)).

The RS/FL sample spectra were recorded by 2D
RS/FL scanning confocal microspectroscopy using Con-
fotec MR520 spectromicroscope (SOL instruments, Minsk,
Belarus) with a excitation wavelength of 532nm at room
temperature (25°C). Laser emission was focused on the
sample surface by N Plan 50/0.50 lens (Leica, Germany),
backscatter was collected by the same lens. The spectra
were recorded at exposure time 2 s, laser emission power in
the sample plane was lower than 20 mW, beam diameter
was ~ luym. In order to cover the maximum sample
area, RS/FL spectra with 10—20 independent areas of each
sample were taken.

FL contribution in the range of 900—3100cm~! was
subtracted from the initial spectra based on the Vancouver
algorithm that is the best one for biomedical samples. Each
spectrum was smoothed by the Savitzky-Golay method.
Then all RS spectra with removed FL in the range from
900 to 3100 cm~! were normalized to the 1442 cm~! band
intensity that corresponds to CH, stretching of proteins and
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lipids and is more stable, because different groups of patients
have different substance concentration in tissues.

Results and discussion

Spectral range of large wave numbers 2800—3550 cm ™!
contains CH stretch of proteins and lipids in the range
of 2700—-3100cm~! , symmetric NH stretch of pro-
teins is at 3329cm~! , OH stretch of water is at
3350—3550cm™! [30]. Detail ed explanation is given in
the table. This range relies less on the FL contribution than
the , fingerprint“ range.

RS/FL spectrum provides information about morpho-
logical structure of tissue. Figure 1 shows initial RS/FL
spectra within 900—3100cm~! for normal skin, BCC,
SCC and papilloma samples at an excitation wavelength of
532 nm. RS spectral bands correspond to various molecular
components of skin. Wave numbers of RS base bands in
a high wave number range from 2500 to 3100cm™~! for
normal skin: 2721, 2850, 2881, 2928, 3004, 3062 cm ™!, for
BCC: 2721, 2850, 2876, 2929, 3063 cm ™!, for SCC: 2722,
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Figure 2. Initial RS/FL spectrum, FL signal spectrum and RS spectrum at an excitation wavelength of 532nm for normal skin (a),

BCC (b), SCC (c) and papilloma (d).

2846, 2869, 2928, 3059cm~! and for papillomas: 2850,
2879, 2931, 3058 cm 1.

The spectra recorded at an excitation wavelength of
532nm have high FL level that must be subtracted for
correct data analysis. The Vancouver algorithm is most
widely used for FL signal subtraction in biological tissue
measurements [31]. After FL signal subtraction, the spec-
trum was normalized to the 1445cm~! RS band intensity.
The 1445 cm™! band associated with CH, strain of proteins
and lipids [30] is relatively nonsensitive to conformation, is
typical for RS spectra of both normal skin and neoplasms,
therefore it was offered as an intensity standard. An example
of FL signal subtraction using the Vancouver algorithm
and recorded RS spectra smoothed by the Savitzky—Golay
method and normalized to the 1445 cm™! band intensity are
shown in Figure 2.

RS spectra within 2700—3100cm~! after FL signal
subtraction, smoothing and division by the 1445 cm~! band
intensity are shown in Figure 3. RS spectra represent a
set of superimposed stretch bands mainly of CH groups of
proteins and lipids.

In contrast to the tumor samples, in the normal skin
spectrum, 2850 cm~! stretch corresponding to CH, stretch
of lipids and fatty acids is resolved [29], as well as
3004 cm~! stretch is present that corresponds to the
water molecule stretching closely connected with hydrogen
(DAA—OH) [25,31].

In RS spectra of SCC and papillomas, 2928 and
2931 ¢cm™! bands corresponding to CH, stretch of proteins
and lipids are resolved [32]. In RS spectrum of BCC, 2876
and 2929 cm™~! stretch bands corresponding to asymmetric
CHjstretching of lipids and proteins are resolved. The
2850 cm™! band corresponding to fats is weakly resolved.
All four samples also have 3059—3061 cm~! bands corre-
sponding to CH stretching of aliphatic and olefinic groups
of lipids [34].

Thus, the RS spectra of normal skin and tumors differ in
the band intensity ratio corresponding to CH, stretching of
proteins and lipids and in the presence of water molecule
stretch closely connected with hydrogen (DAA—OH) with
a wave number of 3004cm~! in the normal skin spec-
trum [25,31].

Optics and Spectroscopy, 2024, Vol. 132, No. 1
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Normalized RS spectra with standard deviation (gray
regions) are shown in Figure 4. Wider standard deviation
intervals in particular ranges indicate higher variability of
individual properties of samples taken from different patients
and property distribution across each sample. The widest
standard deviation intervals are observed for the RS spectra
of normal skin for 2850, 2881 and 2928cm~' and of
BCC for 2850, 2876 and 2929 cm~!. standard deviation
for the RS spectrum of BCC is higher than for normal
skin. The RS spectra of SCC and papillomas demonstrate
smaller standard deviation intervals for 2846, 2869, 2928
and 2850 cm™!, 2879 and 2931 cm™!, respectively.

Spectral criteria for differential
diagnostics

Differences in RS spectra of normal skin and tumors al-
low to differentiate these tissues using the RS/FL microspec-

troscopy. Herein, we offer a method for differentiation of
various skin tumors based on the spectral criterium of RS
spectral band intensity ratio of various tissue components.
Since the combination of RS and FL signal spectra was
reported to increase the sensitivity and specificity of tumor
detection, criteria were calculated for the RS spectra with
FL signal and spectra without FL signal subtraction and
results were compared. In this case, the following spectral
criteria were chosen: ratio of |2880/1445 and |2930/1445 that
are defined as RS intensity peak in 2875—2885cm™! and
2925-2935cm™! to RS intensity peak in 1440—1450 cm™!:

1288071445 = 12880/ 1 1445 and 12930/1445 = 12930/ 1445.

The spectral bands were chosen in accordance with
the RS spectrum of normal skin. These ratios in
coordinatesl 2330/1445 and |2930,1445 demonstrate dot clusters
for normal skin, BCC, SCC and papilloma. The 1445cm™!
band corresponding to strain CHjstretch of proteins and

Optics and Spectroscopy, 2024, Vol. 132, No. 1
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lipids is not sensitive to conformations, is present in all
tissue samples and is assumed as intensity standard. The
2880 cm~! band is assigned to symmetric CH, stretch of
lipids and proteins. The 2930cm~! band is assigned to
CH,; stretch of lipids and proteins.

Classification performance was assessed using the cross
check setup in MATLAB Classification Learner (R2022b,
MathWorks, Natick, Massachusetts, USA) and was repre-
sented by classification matrices and ROC curves. This
allowed the similarity and difference between the tissue
samples to be assessed and the sample to be separated using
the discriminant analysis.

Figure 5,a shows the spectral criteria distribution and
calculated boundaries between normal skin, benign (papillo-
mas) and malignant skin neoplasms (BCC and SCC). ROC
curves for four classes of tissue samples (Figure 5, b) reflect
the ratio of true positive results and false positive result
for each class. In addition, ROC AUC data (area under
curve) were calculated as performance indicator. Thus,
ROC AUC values for quadratic discriminant analysis of
normal skin, BCC, SCC and papillomas were equal to 0.99,
0.90, 0.95 and 0.97. Classification rates using the quadratic
discriminant analysis of normal skin was equal to 96.2%, for
SCC — to 72.7% and or papilloma — to 95.2%. For BCC,
the indicator was substantially lower and equal to 52.6%,
and, therefor, separation of BCC and normal skin tissue is
hindered.

From the expert point of view, it is interesting to assess
the accuracy of classification of all tumors compared with
normal skin. Sensitivity and specificity of the quadratic
discriminant analysis were equal to 96% and 90% that is
a very good result for differential diagnostics o tumors.

Conclusion

Herein, RS analysis in vitro of normal skin, BCC, SCC
and papilloma was carried out using the RS and FL
scanning at an excitation wavelength of 532nm within
2800—3100cm~!. After unified procedures for baseline
correction and smoothing, the recorded RS spectra looked
quite alike, their principal strong bands corresponded
to various membrane lipid vibration modes selected as
biomarkers. Their intensity ratio demonstrated clear differ-
entiation between normal skin, malignant and benign skin
neoplasms.

In particular, using the 532 nm excitation wavelength, we
achieved reliable identification of normal skin, BCC, SCC
and papillomas for which the classification rates were equal
to 96.2, 52.6, 72.7 and 95.2%, respectively. Sensitivity
(96%) and specificity (90%) during detection of all tumors
(compared with normal skin) were equivalent to the results
obtained by expert dermatologists in differentiation of
tumors and by other methods (thermometry, ultrasonic skin
scanning, cross-polarized optical coherence tomography,
terahertz spectroscopy and visualization).

Optics and Spectroscopy, 2024, Vol. 132, No. 1
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