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BCC (basal cell carcinoma) and SCC (squamous cell carcinoma) account for the vast majority of cases of
non-melanoma skin cancer (NMSC). The gold standard for the diagnosis remains biopsy, which, however,
is an invasive and time-consuming procedure. In this study, we employed spatially offset Raman spec-
troscopy (SORS), a non-invasive approach, allowing the assessment of deeper skin tissue levels and col-
lection of Raman photons with a bias towards the different layers of epidermis, where the non-melanoma
cancers are initially formed and expand. Ex vivo Raman measurements were acquired from 22 skin biop-
sies using conventional back-scattering and a defocused modality (with and without a spatial offset). The
spectral data were assessed against corresponding histopathological data to determine potential prognos-
tic factors for lesion detection. The results revealed a positive correlation of protein and lipid content with
the SCC and BCC types, respectively. By further correlating with patient data, multiple factor analysis
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(MFA) demonstrated a strong clustering of variables based on sex and age in all modalities. Specifically for
the defocused modality (zero and 2 mm offset), further clustering occurred based on pathology. This
study demonstrates the utility of the SORS technology in NMSC diagnosis prior to histopathological
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Introduction

The incidence of non-melanoma skin cancers (NMSCs), which
are the most common human malignancies, is rising globally.
The prevalent forms of NMSC are the basal cell carcinoma
(BCC), followed by the squamous cell carcinoma (SCC).
However, few studies have evaluated the incidence of BCCs
and SCCs separately, because, in the majority of European
countries, distinct forms of NMSC are not separated in their
national cancer registry data.” Although their incidence rates
and aetiologies differ significantly, their overall occurrence
rate is increasing. This is probably related to increased
exposure to the sun and artificial tanning devices, as well as to
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more efficient registration methods. Due to insufficient skin
pigmentation, Caucasian populations have a significantly
higher risk of developing skin cancer, which is exacerbated by
excessive UV exposure.

Even though NMSCs have low mortality rate, they usually
appear on the head and neck, posing a substantial impact on
the quality of life while introducing a sizeable financial
burden on health care systems.** The danger of metastasis
linked with NMSC is low, especially for BCC. In contrast, SCC
has a relatively low but recognised rate of metastasis (0.3%-—
3.7%), accounting for 20% of skin cancerrelated deaths.’
NMSC lesions propagate in all directions affecting the integrity
of the adjacent skin tissue especially after a postponed or
inadequate therapy. Moreover, a known history of NMSC
increases by ten-fold the likelihood of a second NMSC.°
Although an invasive and time-consuming procedure, histo-
pathological evaluation remains the gold standard approach
for assessing the pathology of surgically removed skin tissues.
The study of the excised tissue is performed ex vivo with light
microscopy by qualified physicians, who provide a biochemical
tumour assessment. Raman spectroscopy has been suggested
as a complementary histopathological tool in terms of time
management as well as workload issues.” The biochemical
profile of the deep layers of the lesion can also provide lesion
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vascular characteristics that can be used to diagnose the type
of BCC.® If a technology could reliably and non-invasively
assess a specimen and possibly provide biochemical infor-
mation from the tissue layers, where the NMSCs initially form
and expand, that would assist surgeons to diagnose the malig-
nancy with greater accuracy.

Reflectance confocal microscopy (RCM), optical coherence
tomography (OCT), and ultrasonography have emerged as
alternative non-invasive techniques to assess skin lesions.
However, limited spatial resolution, penetration depth and
contrast hinder their diagnostic capability. In fact, the pene-
tration depth of RCM and OCT is restricted to the first milli-
metre, due to intense photon scattering in the skin and the
mismatch of the refractive index of the inhomogeneous
tissue.® Similarly, ultrasound contrast is often restricted due to
the inability to distinguish hypoechoic skin lesions from
normal hypoechoic skin components.’

Raman spectroscopy is a form of molecular spectroscopy,
which relies on the inelastic scattering of photons, exchanging
energy via vibrational modes of molecules. Raman-active mole-
cules, featuring anisotropic polarizability, provide spectro-
scopic signals with significant chemical and compositional
information. In turn, Raman spectra contain chemical bond-
specific bands and provide a “molecular fingerprint” of the
material under study. Raman spectroscopy can detect subtle
biochemical changes in biological samples since it does not
interfere with water, it is non-invasive, and requires minimal
sample preparation. The methodology has been utilised as a
reliable approach for the in situ detection of malignancies at
the tissue level and the investigation of the subcellular mole-
cular composition of tissues.' In addition, it has been used in
ex vivo studies of various skin pathologies'! and in in vivo skin
measurements for real-time skin cancer screening,"? as well as
in the detection of the stages of tumour growth, and in the
assessment of the effectiveness of radiation therapy.’®
Depending on the type of skin cancer, the origin of the cancer
can be found in different depths of the tissue. Yet, the majority
of recent Raman studies have focused on confocal measure-
ments, which allow for improved resolution and, consequently,
malignancy discrimination at shallow sub-surface depths.™

Deep Raman spectroscopy, and especially spatially offset
Raman spectroscopy (SORS), is a relatively new technique that
provides, non-invasively, the biochemical profile of the skin by
collecting Raman photons with a bias toward deeper skin layers
where cancer initially develops. In SORS measurements, the
excitation and collection signals on the surface of the material
are decoupled and their distance (i.e., offset) corresponds to the
depth of Raman photon origin,"> which can reach up to a few
centimeters,” revealing the chemical composition of sub-
surface components that are covered by superficial, turbid
layers. Although SORS has been employed in a number of bio-
medical applications, such as transfusion blood"”° and breast
cancer,>*! studies on skin are still limited to wound assess-
ment on rodents®* and salmon skin assessment.>*

To our knowledge, our group is the only one to have
employed a spatially offset mode to investigate skin-deep layer
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profiles of healthy human skin,>* and with this study we aim
to extend the application to skin cancer biopsies. Alternative
approaches have been suggested to achieve deeper penetration
depths of up to 100 um,*>>® or even higher, with OCT-com-
bined systems.”” These methods include defocusing the exci-
tation beam, utilizing a depth-sensitive microscope approach,
and coupling it with spatially separated collection fibers.”®
However, these methods have limitations in terms of depth
signal collection, which restricts flexibility and increases
measurement acquisition time and power usage. In contrast to
breast cancer studies, in which SORS has been effectively
deployed to retrieve a signal of calcifications in tissue depth,>*
it is currently uncertain but promising, as demonstrated by
preliminary studies, that the deep Raman modality can assist
in skin cancer diagnostics.

In this study, we employed conventional and spatially offset
Raman spectroscopy to explore the diagnostic potential of the
technique on a number of biopsies as part of the standard
clinical protocol. We then compared the different modalities
to identify the one that leads to the most efficient discrimi-
nation between BCC and SCC. We further employed multi
factor analysis to demonstrate that despite sex and age
variability in our samples, biochemical information acquired
from deeper layers through SORS measurements results in a
more accurate (compared to superficial conventional measure-
ments) pathology-based classification between the non-mela-
noma cancer subtypes. Given the biochemical information
revealed by deep Raman spectroscopy for the differences in
the composition of BCC and SCC tissue, this study demon-
strates that Raman spectroscopy could support the develop-
ment of a screening tool for future non-invasive skin cancer
applications.

Materials and methods
Human tissue samples

22 skin tumour biopsy samples removed from 20 patients were
provided by the Pathology Department of the University
Hospital of Ioannina, following standard clinical protocols.
The samples were rinsed with saline to remove excess blood
and then positioned on a stainless-steel substrate at the top of
aluminum foil in a Petri dish for measurement acquisition. To
ensure that the biopsy lesion was properly illuminated, circum-
ferential and lesion-specific measurements were taken.
Following Raman measurements, the biopsy samples were sec-
tioned, hematoxylin and eosin (H&E) stained (Fig. 1) and eval-
uated by an expert histopathologist. Only Raman spectra from
cases verified as basosquamous, nodular or micronodular
BCC, and SCC of high or medium grade were subjected to
further analysis (Table SIt). Samples removed from the hair-
line or with an extremely uneven surface were excluded from
the analysis. The results were compared to corresponding his-
topathological data to determine potential prognostic factors
for lesion detection.
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Fig. 1 HG&E staining of skin tissue showing microscopic features of (a) nodular BCC and (b) SCC.

Raman setup

Ex vivo Raman measurements were acquired from the lesion
areas of 22 skin tissue biopsies using the conventional mode
(back-scattering) and the SORS mode of a custom-built Raman
system, previously optimized on skin tissue phantoms with

e

geometry and optical properties similar to skin (Fig. 2).** A
785 nm laser (Mini-Benchtop Stabilized Laser, Coherent, Santa
Clara, CA, USA) was focused on the sample through a multi-
mode fiber (M43L01, Thorlabs), which was in turn coupled to
a standard probe with a 4 cm long and 11 mm working dis-
tance probe tip (Wasatch Photonics, Morrisville, NC, USA). A

-

«_ | Conventional modality

Fig. 2 Raman setup in the conventional (excitation indicated with red solid arrow) and SORS (excitation with red dashed arrow) configurations. The
yellow solid arrow indicates the collection probe. A translational XY stage was used to move the collection (magenta arrow) away from the external
excitation path and a vertical Z stage to adjust the working distance of the conventional/collection probe.
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second fiber (M29L01, Thorlabs) was coupled to the same
probe to collect the Raman scattered photons in a back-scatter-
ing conventional mode. The collection fiber was coupled to an
/1.3 Raman spectrometer (WP 785 ER Raman Spectrometer,
Wasatch Photonics). The laser spot size employed in conven-
tional modality was 170 pm. For the SORS measurements, a
second excitation probe (BAC102, B&W TEK) was instead
coupled to the laser delivering a beam at a 45° angle with
respect to the sample (Fig. 2). The incident beam on the
sample surface was elliptical, with the shorter radius being
2 mm and the longer 3 mm, essentially consisting of a defo-
cused excitation beam with much lower confocality compared
to the conventional mode. The excitation probe employed for
the SORS measurements was mounted on an individual XY
translational stage (Thorlabs, Inc., Newton, NJ, USA) to adjust
the spatial offset.

Raman measurements

Each Raman spectrum was collected using 5 accumulations of
5-10 s depending on the CCD saturation levels. Dark noise was
recorded prior to each measurement and automatically
removed by the software (Enlighten Spectroscopy software,
Wasatch Photonics). The system was calibrated using Raman
bands of an aspirin tablet (acetylsalicylic acid). All samples
were measured with 50%-100% laser power (150-300 mW) on
the sample. In the SORS mode, the spatial offset employed was
0 and 2 mm using a diffuse laser beam. A visual examination
of the tissue revealed no heat degradation due to the laser
beam as (i) the sample was kept hydrated between measure-
ments with saline and (ii) the large volume of each tissue
sample (compared to tissue sections) allowed for efficient heat
dissipation. 62 Raman spectra were collected from 20 biopsies
using the conventional back-scattering modality. 66 Raman
spectra were collected from 21 and 22 biopsies using the zero
and 2 mm offset modality, respectively.

Data analysis

All data were exported through the Enlighten Spectroscopy
software (Wasatch Photonics) and preprocessed using Python
3.7. Preprocessing of the obtained spectra involved the
removal of cosmic rays and spikes using a custom-made algor-
ithm built around the signal.find_peaks method of Scipy
(1.7.3), Savitzky-Golay smoothing using a 3rd degree poly-
nomial in a 15-point window, background removal using the
SNIP algorithm®® (15 iterations), and unit vector normalization
after the spectra were cropped in the 400-1800 cm™" finger-
print region. For principal component analysis (PCA), the pre-
processed data were used without further processing.

For the statistical analysis of the data, multiple factor ana-
lysis (MFA)***! was performed in order to evaluate the statisti-
cal relationships and similarities between heterogeneous vari-
ables from the same set of patients. The analysis was carried
out on Matlab (version 2021a). MFA is an extension of the
common principal component analysis (PCA) that is able to
handle a mixture of different types of variables (quantitative
and qualitative) collected on the same observations. In this

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

study, the quantitative data used were the Raman spectra
(400-3600 cm ™" spectral range) from the skin samples of the
patients, and the qualitative data were the cancer type, sex,
and age of the patients. For the quantitative data, PCA was per-
formed to obtain the first eigenvalue of the dataset. Then, the
dataset was normalized/weighted by dividing all of its
elements by the square root of the first eigenvalue. For the
qualitative data, an indicator variable was associated with each
category (e.g. 1 for male, 0 for female), followed by a multiple
correspondence analysis (MCA). Age groups were defined by
less or more than 77 years old. Similar to the quantitative data,
the qualitative data were weighted by dividing all elements by
the square root of the first eigenvalue obtained from the MCA.
The separate weighting of the quantitative and qualitative data
allows for the merging of the data into a weighted dataset, in
which a global PCA was performed to obtain a set of principal
factor scores for the observations (patients) and principal
factor loadings for the variables (Raman, cancer type, sex, and
age). Furthermore, we performed an eigenanalysis of the spec-
tral data correlation matrix, which showed that only the first
four eigenvectors exhibited eigenvalues greater than 1. These
three eigenvalues express more than 99% of the variability in
the spectral dataset. Nevertheless, the factors from the eigen-
vector matrix are orthogonal and uncorrelated.’ Thus, we per-
formed oblique rotations, specifically Promax rotations,* in
order to allow factors to be correlated and simplify the
interpretation of the findings.

Ethical approval

All experiments were performed in compliance with the guide-
lines of the Declaration of Helsinki and approved by the
Institutional Ethical Review Committee of the University
Hospital of Ioannina, which confirmed the proposed protocol
and the anonymity of the donors (reference number: 8(17)/
14.04.2021).

Results and discussion
PCA analysis in the fingerprint region

Due to the lack of strong visual differences between BCC and
SCC Raman spectra,® we employed PCA to uncover them.
Principal components were evaluated on the basis of success-
ful discrimination between BCC and SCC. Pathology discrimi-
nation (BCC vs. SCC) was explored in terms of the spatial
offset. Two of the principal components were chosen for each
mode (conventional, zero and 2 mm offset), based on the best
discrimination achieved and their scores were plotted for each
spectrum in Fig. 3.

In the PCA scatter plot of the biopsy samples (Fig. 3), BCC
and SCC are discriminated mainly across principal component
1 (PC1) and 2 (PC2), the loadings of which explain a total of
80%-85% of the spectral variance, depending on the measure-
ment mode (Fig. S1f). The separation of the pathological
groups is more evident in the defocused beam (0 and 2 mm),
and occurs primarily over PC2. The calculation of the
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Fig. 3 PCA scatter plots for skin biopsies measured in (a) the conventional back-scattering mode, and (b) zero and (c) 2 mm offset modes. The

shaded regions represent the 95% covariance ellipse of each class.

Euclidean distance (0.213 in the conventional vs. 0.248 and
0.261 in zero and 2 mm offset, respectively) confirmed this
observation. Furthermore, loadings corresponding to PC1 and
PC2 are almost identical for the 0 and 2 mm offsets (Fig. 4),
implying the same physical basis for the separation in both
modes. For both PC1 and PC2 in the 0 and 2 mm modes, the
corresponding loadings are positively associated with bands
assigned to SCC (Fig. 4). Those bands include 937, 1003, 1125,
1339 and 1640 cm™" and are moving in the opposite direction
from 507, 631, 772, 870, 1076, 1189, 1268, 1300, 1435, 1531,
1650 and 1743 em ™', which are assigned to BCC typical bands
negatively associated with the loading for PC2.

To confirm the physical basis of the PCA separation, mean
BCC and SCC spectra were subplotted with loadings 1 and 2
for the 0 (Fig. 4a) and 2 mm (Fig. 4b) offsets. As shown in the
PCA scatter plots, certain spectral features separating the two
subtypes include bands assigned to phenylalanine (1003 and
1339 cm™'), skeletal (937 cm™") and amide I (1640 cm™") col-

4390 | Analyst, 2023, 148, 4386-4395

lagen vibrations, which are more prominent in the SCC type.
Spectral bands moving the opposite way (negative) in PC2
loading (Fig. 4) are assigned to tryptophan (772 cm™"), lipids
(1076 cm™", 1300 cm ™" and 1650 cm™") and proteins (amide III
at 1268 cm ™" and hydroxyproline at 870 cm™") and are promi-
nent in the BCC group, as previously reported in the
literature.>®>%3¢

Specifically for the spectral bands at 1339 cm™
1076 cm™', they have been previously assigned to nucleic
acids, bases (adenine) and backbone as well as lipids and
proteins."*® However, as the strongest nucleic acid contri-
bution (785 ¢cm™) is not discernible in our data and other
bands assigned to nucleic acids (i.e. 1531 cm™') are relatively
stable in the processed spectra, we assume that 1076 cm™" is
assigned to lipids (v(C-C), »(C-0)) and 1339 cm™' to either
lipids or phenylalanine. The latter is in line with the trend of
the characteristic phenyl ring band at 1003 cm™", which is also

more prominent in the SCC spectra as confirmed by Silveira

1 and
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Fig. 4 PC1 and 2 loadings of biopsy samples measured with (a) zero and (b) 2 mm SORS, subplotted with the mean Raman spectra of BCC and SCC

tissues measured at each mode.

et al. previously.®* This band can be attributed to phenyl-
alanine, but also to keratin as the phenyl ring structure is
abundant in the keratin molecule.?” Furthermore, SCC has
been shown to positively correlate with phenyl ring content
due to the presence of hyperkeratosis,*® which is in agreement
with our findings.

We also noticed a stronger contribution of the 1743 cm™
band in the BCC spectra. Although this may be due to lipid con-
tribution from the C=O0 stretching mode of the ester groups in
the glycerol heads of TAG in the adipose tissue underneath the
dermis,***° it may also imply an increased amount of melanin
due to more pigmented skin in the BCC patient group.*®

By further studying the lipid contributions in PC2 loadings
(Fig. 4), we noticed that spectral features of lipids are included
in both the BCC and SCC groups. More specifically, PC2 load-
ings present negative peaks (characteristic of the BCC group)
at 1080 cm™', 1260-1310 cm™" and 1659 cm™' assigned to
unsaturated lipids and mainly triolein from adipocytes, as well
as positive peaks (characteristic of the SCC group) at
1128 cm™" and 1283 cm ™" assigned to saturated fatty acids of
ceramides from the epidermis and phospholipids sphingo-
myelin and phosphatidylcholine from the cell membrane.**
Estimation of the ratio of characteristic bands from unsatu-
rated (1080 cm™') and saturated (1128 cm™") lipids revealed
statistically significant differences between the 2 pathology
groups in all measurement modes (Fig. 5a).

1

This journal is © The Royal Society of Chemistry 2023

A negative correlation between BCC and ceramide has
already been reported by Tunnell et al.>® A comparison of the
two groups has demonstrated a higher abundance of ceramide
in SCC tissue and lower in triolein, although the results were
not as statistically strong.

In terms of collagen content, PCA (Fig. 4) indicates an
increased contribution of bands at 937 ecm™" and 1640 cm™?,
which are assigned to the proline and hydroxyproline back-
bone and the amide I vibrations of collagen, respectively,® in
the SCC spectra compared with the BCC spectra. The differ-
ence is shown to be statistically significant when collagen
(1640 cm™') is normalized to protein content (1339 cm™)
(Fig. 5b). Although the abundance of collagen in non-mela-
noma cancers is not well-studied yet, the negative correlation
of collagen with BCC has been confirmed by a small number
of studies supporting the low abundance of connective tissue
and therefore collagen in BCC sites.*"*

Multivariate factor analysis (MFA)

In order to correlate spectral results with age and sex sample
parameters, we employed MFA to assess each mode separately.
MFA is an extension of PCA and is able to analyse quantitative
(Raman data) and qualitative variables (sex, age, and cancer
type) on the same patients by projecting them into a high-
dimensional space (Fig. 6).
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Fig. 7 Factor score 2 spectra obtained from MFA plotted against wavenumber in the case of (a) zero and (b) 2 mm offset modes.

In Fig. 6, factor loadings are plotted together for each of the
modes, where the size of the circles represents factor 3 and
circle colour factor 4. MFA and plotting of factor loading
values provide an assessment of the spectral variability
between the different pathologies of all patients. In all cases
(conventional, 0 mm and 2 mm), we noticed a very strong clus-
tering of variables according to sex (female or male) and age
(older or younger than 77 years old). The factor loading values
for each distinct group are so similar that an extreme magnifi-
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cation is required to observe the individual variables as they
highly overlap. Comparing the data with the corresponding
histopathological imaging, we noticed that there is no cluster-
ing due to the pathology observed in the MFA scatter plot of
the conventional mode (Fig. 6a). In contrast, the variables in
the conventional mode seem to rather separate along factor
loading 2 according to age. In spatial offset modes (Fig. 6b
and c), apart from the extremely tight age and sex clustering,
the MFA scatter plots also exhibit loose variable separation

< \3

>
o

Fig. 8 Average factor loadings (normalised and scaled) from MFA. Error bars indicate the standard deviation of the mean.
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along factor 2 loading based on tissue pathology (BCC or SCC).
As no separation occurs across factor 3 and factor 4, their
scores are not analysed further.

Focusing on the two spatial offset cases (Fig. 6b and c),
where clustering of different pathology-groups is observed, we
noticed that data separation occurred across factor 2. Factor 2
loadings are plotted in Fig. 7, indicating that the main discri-
minating features in both cases are 875, 1076, 1268, 1300,
1435, 1745, 2850 and 2892 cm™" bands, which correlate posi-
tively with the BCC subtype and 937, 1003, 1339, 1640, 1671
and 2948 cm™" bands (characteristic of SCC).

We noticed that the spectral bands in the fingerprint region
in factor loading 2, which are responsible for the separation in
MFA analysis, are identical to those of PC2 loading, causing
BCC-SCC separation in PCA (Fig. 3 and 4). In terms of the
high wavenumber region, MFA indicated contributions of
lipids and proteins in both pathology groups, which in turn
implies the involvement of lipids and proteins in the patho-
genesis of both BCC and SCC.

In order to explore the contribution of each factor loading
to different measurement modalities, we calculated the aver-
aged factor loading values for all patients (Fig. 8). The factor
loading values indicate the strength of the relationship
(Pearson correlation) between each modality and the respective
factor. Although the factor loadings between different modal-
ities are not directly comparable due to different sampling
volumes and measurements, we observe that factor loading 1
(Fig. S27) is the one that correlates the most with all modalities
(although as noted earlier is not responsible for the separ-
ation) and decreases slightly with depth. Factor loading 2
(plotted in Fig. 7), which is responsible for pathology discrimi-
nation, increases in the 2 mm mode compared to the zero
mode.

Conclusions

In this study, we explored the application of SORS technology
in non-melanoma cancer diagnosis (BCC and SCC). Our find-
ings highlight spectral separation based on collagen, phenyl
ring and lipid vibrations between non-melanoma subtypes.
More specifically, we show that bands assigned to protein
content (phenylalanine and proline/hydroxyproline in col-
lagen) are more abundant in the SCC type, whereas lipid
vibrations are more abundant in the BCC type. A statistically
significant difference in unsaturated (triolein) vs. saturated
(ceramide) lipid spectral ratio has also been observed in our
measurements. The results are in agreement with those of pre-
vious studies®® whereas the lack of ceramide in the skin is
thought to result in the mutation of basal cells in the epider-
mis and initiation of BCC growth.*® It should be noted that
components such as lipids and water vary significantly
between individuals, as well as between anatomical sites of the
same individual, and could therefore
conclusions.

influence our
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While the utilization of the confocal modality results in a
more precise sampling volume and, subsequently, a better dis-
crimination, we propose that a larger (i.e., deeper) measuring
volume could potentially mitigate interpatient variability by
increased Raman sampling of skin layers. Additionally, this
approach could enable the acquisition of biochemical infor-
mation from deeper skin layers. Similar studies have utilized a
defocused beam to look into a 100 pm depth of skin malignan-
cies, demonstrating that classification accuracy decreases with
depth,”® and have eventually chosen an extremely shallow
depth measurement in subsequent studies.>®

Here, by employing multivariate factor analysis, we con-
clude that despite a strong impact of patient sex and age,
differences in biochemical compositions between BCC and
SCC as they are reflected on Raman spectra are significant
enough to lead to a pathology-based separation. Our prelimi-
nary data demonstrate that Raman spectroscopy in a defo-
cused mode (either 0 or 2 mm) is able to overcome the interpa-
tient variability and therefore constitutes a promising
approach for non-melanoma screenings in clinics. We believe
that the results of our study will put forward the SORS
approach, which will pave the way for an automated and non-
invasive skin cancer clinical screening prior to histopathologi-
cal imaging.
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