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Abstract

In this experimental study the autofluores-
cence of squamous carcinoma cells, stimu-
lated by 6 different excitation wavelengths

CANCER

in the range 280-533 nm, has been com-
pared with the autofluorescence of normal
control keratinocytes. Skin cells were cultivated in vitro, to isolate their characteris-
tic autofluorescence form the more complex one that would be originated by the
complete skin tissue. Autofluorescence spectra in the visible range were comple-
mented by absorption measurements. It was observed that the control cells showed
characteristic emission (and absorption) structures due to typical endogenous chro-
mophores [FAD and NAD(P)H, lipo-pigments, porphyrins], that were severely
dumped in pathological cells. The autofluorescence spectra were then elaborated
by multivariate analysis: after a first exploratory data analysis by means of Princi-
pal Component Analysis, the whole dataset was used to develop classification
models using partial least squares-discriminant analysis, to differentiate between
normal and pathological cells. This permitted us to identify the most suitable fluo-
rescence spectral interval, in the 550-670 nm range, to discriminate between nor-
mal and pathological behavior, independently on the excitation wavelength.

KEYWORDS

autofluorescence, keratinocytes, multivariate analysis, non-melanoma skin cancer,
squamous-cell carcinoma

INTRODUCTION

melanoma skin cancer; PBS, phosphate buffered saline; PCA, principal
component analysis; PLS-DA, partial least squares-discriminant

analysis; SCC, squamous cell carcinoma; VIP, variable importance in

projection.

Optical luminescence for diagnostic purposes in medicine
is a well-developed field [1, 2]. Techniques based on the
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detection of luminescence are fast, noninvasive, and
quantitative. Fluorescence at certain wavelengths can be
typically induced in tissues by treating them with fluores-
cent markers that bind to selected receptors. Besides this,
the study of intrinsic fluorescence [autofluorescence
(AF)] of different bio-molecules is becoming more and
more important. AF of specific cells, matrices and bio-
molecules is strictly related to their morpho-functional
properties. Alterations of these properties, for example,
due to pathologies like tumors, can induce strong modifi-
cation of AF [3-9]. Most important endogenous fluoro-
phores are molecules largely present in living systems,
like structural proteins, aromatic amino acids, enzymes,
flavins, lipopigments, porphyrins, collagen and elastin
fibers, to cite some [1-3, 10]. After excitation with mono-
chromatic light at specific wavelength, these systems emit
characteristic luminescence at higher wavelengths. The
spectral lineshape and intensity of the different spectral
regions depend on the bio-molecules and their concentra-
tion. On the other hand, in most cases the recorded sig-
nals are complicated: not only because the lineshapes of
the specific fluorophores are broad and are partially
superimposed, but also because multiple fluorophores
are typically present, adding up their contributions.

Due to its clear potential, the field is in rapid expan-
sion. Most studies are carried out directly in vivo, where
the signal is complicated further, due to the contribution
of different emitters: fluorophores inside cells, in the con-
nective tissue and from the blood/fluids. Moreover, a
great variability can be found in different individuals or
in different sampled regions of the same individual.
Moreover, a pathological alteration can affect the contri-
butions from the constituents in a different way, making
the analysis intricate.

In the present study we focus our attention on AF
produced by isolated skin cells grown in vitro, comparing
the signal of non-cancerous versus neoplastic keratino-
cytes [squamous cell carcinoma (SCC)]. Non-melanoma
skin cancer (NMSC) is the most common type of skin
cancer in Caucasian people, with an increasing of inci-
dence worldwide [11]. A critical factor for dermatologists
is the early diagnosis, to provide proper treatment. Surgi-
cal excision with clear margins represents the best
approach to reduce the rate of recurrence. AF spectros-
copy would provide a powerful and fast diagnostic tool to
guide the correct early treatment of the affected areas of
the skin [12]. It was recently demonstrated by some of us
that AF spectroscopy can be used as an optical biopsy
tool, for the early detection of NMSC ex vivo [13]. It was
found that the overall intensity of the fluorescence emis-
sion in NMSC tissues reduced sizably compared to tissues
in healthy conditions. The present study extends this
investigation, focusing on the sole contribution of

keratinocytes. This type of study, where single contribu-
tors to luminescence are considered, is still quite rare in
the literature.

AF was measured both on cell pellets and normal
saline cell suspension (PBS) at different wavelengths of
the excitation light. In particular, commercially available
light emitting diodes (LEDs) were adopted as excitation
sources, working at Aex. = 280, 310, 365, 405, 470, and
533 nm.

Multivariate analysis of the emitted fluorescence spec-
tra was then performed to get quantitative information,
to provide a method that clearly disentangles normal and
pathological situations and to emphasize those spectral
regions that appear more meaningful as far as the classifi-
cation between normal and cancerous cells is concerned.
Multivariate analysis-based approaches for the differenti-
ation between AF spectra measured on healthy and can-
cer cells have already been successfully applied in the
literature [14-16]. In the present study, multivariate anal-
ysis of the AF spectra was performed in two subsequent
steps. The first step consisted in an unsupervised explor-
atory analysis performed by calculating principal compo-
nent analysis (PCA) models separately for each group of
AF spectra measured at a given excitation wavelength.
Then, in the second step, all the AF spectra measured at
the six excitation wavelengths were merged in a unique
dataset and subjected to multivariate classification by
means of partial least squares-discriminant analysis (PLS-
DA). Different spectra preprocessing methods were
tested, and the corresponding classification models were
validated by means of an external test set. The perfor-
mance of the best performing classification model was
also further verified by means of a permutation test.

Our group already demonstrated the ex-vivo hypo-
fluorescent aspect of cutaneous neoplasms [13]. However,
several well-known dermal and epidermal chromophores
could give reason of such findings (e.g., hemoglobin, col-
lagen, keratins of the stratum corneum); therefore,
whether cancerous cells specifically could be (or, at least,
partially) responsible for NMSC hypofluorescence
remained to be clarified [5, 17]. The goal of the present
study is to assess AF changes in SCC cells compared to
healthy keratincoytes, in the absence of possible adjacent
tissue interferences.

2 | EXPERIMENTAL SECTION

2.1 | Cell cultures

UPCI:SCC154 cell line was used for in vitro evaluation of
the behavior of tumoral cells from cutaneous squamous
cell carcinoma (SCC).
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Control keratinocytes (primary cells) were obtained
from cutaneous discarded material from different donors
undergoing elective surgery at Dermatologic Surgery
Unit, Modena University Hospital. In particular, 3-donor
pool keratinocytes were initially co-seeded with
mitomycin-treated 3 T3 murine fibroblasts to promote
epithelial cell growth.

Cells were plated into 75 cm? culture flasks at a den-
sity of 10° cells/flask. Trypan blue was used for the
assessment of cell viability. To increase the luminescence
signal form cells and avoid signal contamination due to
the culture solution, AF was measured on cell pellets.
The pellets were then put on a suitable support (see
below) and care was taken in acquiring AF immediately
after removing the cells from the solution, in order to
minimize deterioration.

2.2 | Optical setup

Fluorescence spectra were recorded with an Ocean
Insight QEPRO-FL high sensitivity spectrometer working
in the wavelength range between 348 and 1132 nm. High
power LEDs from Ocean Insight (model LSM LEDs) were
used as excitation sources, with emission wavelengths
centered at 280, 310, 365, 405, 470, and 533 nm, FWHM
<20 nm (36 nm for A = 533 nm). Solarization-resistant
UV-visible optical fibers were used to transport light to

high-pass linear variable
interferometric filter

spectrometer
adjustable
coaxial probe

(A) tilt
platform

high-pass linear variable
interferometric filter

N

A
(B) cuvette spectrometer
FIGURE 1 (A) Scheme of the experimental apparatus used to

measure fluorescence from cells deposited on a Petri dish.
(B) Scheme of the apparatus used to measure fluorescence from
cells in liquid suspension.
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the cell samples and to collect the luminescence signal
and send it to the spectrometer. A sketch of the experi-
mental apparatus is shown in Figure 1A,B. In Figure 1A
the configuration used to measure luminescence from
the cell pellets is reported. A solarization-resistant coaxial
reflection/backscattered probe was used. Cell pellets were
deposited on a Petri plastic transparent dish with a black
light-absorbing paper placed on the back, to reduce lumi-
nescence contributions from scattered light on the dish
support. The support was custom designed to allow for a
variable tilt angle between the impinging/collection direc-
tion and the Petri plate, to avoid a direct reflection of the
incident excitation light in the collection channel and
reduce possible AF phenomena from the optical fiber
itself. A system to control precisely the probe height with
respect to the sample was also implemented, to reproduce
strictly the sampling geometries for the different replicas
of the cell samples. Care was taken to disentangle the
luminescence signal of the cells from the possible contri-
bution of the support. Different supports were therefore
tested (plastic Petri dishes, Eppendorf test tubes, multi-
wells), at different incidence and detection angles. Petri
transparent dishes, with the black light-absorbing paper
positioned at the back and at a tilt angle of 30° were seen
to provide the best results in terms of negligible incident
light backscattering and negligible luminescence from the
sample holding system. An interferential, high pass, linear
variable filter (Ocean Insight, model LVF-H) was also used
to cut the excitation wavelength in the measurement
channel and to avoid saturation of the spectrometer.

Figure 1B illustrates the configuration adopted to
measure the luminescence of suspended cells in normal
saline solution (0.9%). In this case, quartz optical cuvettes
were used and light was collected at perpendicular direc-
tion with respect to the impinging beam.

Transmission spectra were also recorded to flank the
luminescence results, using a balanced deuterium and
tungsten halogen source (DH-2000-BAL Light Source
from Ocean Insight) and a miniature spectrometer
(USB4000-XR1 from Ocean Insight). Cells supported on a
transparent Petri dish were used for transmission
experiments.

2.3 | Multivariate analysis
The set of AF spectra measured over a period of 7 months
on cells deposited on Petri dishes, which were considered
due to the higher signal-to-noise ratio with respect to the
spectra measured in solution, was subjected to multivari-
ate analysis.

Each spectrum contains the intensity values mea-
sured at 1044 wavelengths in the range between 348 and
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1132 nm. The dataset includes all the spectra acquired
using the six different excitation wavelengths; in particu-
lar, eight spectra (four on healthy samples and four on
NMSC samples) measured for each one of the 280, 310,
and 365 nm excitation wavelengths, and seven spectra
(four on healthy samples and three on NMSC samples)
measured for each one of the 405, 470, and 533 nm exci-
tation wavelengths.

2.3.1 | Separate PCA models for each
excitation wavelength

As a first step, each group of spectra measured at a given
excitation wavelength was explored separately from the
others by means of PCA, which is an unsupervised tech-
nique used to reduce the data dimensionality while pre-
serving the original structure of the dataset. In the
present work, PCA was used to evaluate whether, for
each excitation wavelength, the pattern of the corre-
sponding emission spectra of healthy samples was some-
how different from the pattern of the spectra measured
on NMSC samples, thus without forcing any separation
between the two classes.

To this aim, for each group of spectra measured at a
given excitation wavelength, two PCA models were cal-
culated, corresponding to two variable preprocessing
methods: mean centering and autoscaling. Mean center-
ing consists in transforming each variable by subtracting
its mean value from all the observations, while autoscal-
ing consists in mean centering and then dividing by the
variable standard deviation.

In addition to assessing whether differences were
observable between healthy and NMSC samples, PCA
also allowed to investigate which excitation wavelengths
led to the best separation between the two classes, and to
identify the most relevant spectral regions.

2.3.2 | PLS-DA classification models on the
whole dataset

The second step of multivariate analysis consisted in cal-
culating classification models on the whole dataset of
spectra, in order to evaluate the possible presence of com-
mon spectral regions for all the excitation wavelengths
where the AF spectra present different patterns for
healthy and NMSC cells. The whole dataset, including
24 spectra measured on healthy cells and 21 spectra mea-
sured on NMSC (SSC) cells, was analyzed by means of
PLS-DA. To this aim, the dataset was first randomly
divided in a training set including 30 spectra and in a test
set including the remaining 15 spectra, taking care to

include spectra for each excitation wavelength and each
class in both the training and the test set, as reported in
Table S1 (provided as supporting information).

The training set was then used to calculate two PLS-DA
models, one considering mean centering and one consider-
ing autoscaling as preprocessing method. The optimal
dimensionality of each PLS-DA model, that is, the number
of Latent Variables (LVs) leading to the minimum classifica-
tion error, was selected by random cross validation, which
was performed subdividing the training set samples in five
deletion groups and repeating the crossvalidation for 20 itera-
tions. Both the models were then validated by means of the
test set samples. The classification performance of the PLS-
DA models was evaluated considering their classification effi-
ciency (EFF), calculated as the geometric mean of sensitivity
(SENS) and specificity (SPEC). SENS is the percentage of
samples of the modelled class correctly accepted by the class
model, SPEC is the percentage of objects of the other classes
correctly rejected by the class model, and EFF is the geomet-
ric mean of SENS and SPEC. Since for a two-class PLS-DA
model like in the present case (healthy and NMSC classes)
the SENS value of class 1 is equal to the SPEC value of class
2, and the SPEC value of class 1 is equal to the SENS value
of class 2, the EFF value for both the classes is the same. The
EFF, SENS, and SPEC parameters were computed consider-
ing the values calculated on the training set (EFFcar, SEN-
Scar, SPECcar), those estimated in crossvalidation (EFFcy,
SENScvy, SPECcy), and the values predicted for the test set
(EFFpren, SENSpreD, SPECprED).

Considering the relatively limited number of AF spec-
tra available to perform multivariate classification, to fur-
ther verify the statistical significance of the PLS-DA model
showing the best overall performance, a permutation test
was also implemented. The permutation test essentially
consisted in repeatedly and randomly reassigning the sam-
ples to the two classes, both for the training and for the
test set. For each one of the 100 permutations considered
in the present work, a PLS-DA model was calculated on
the training set considering the same number of LVs of
the correct model and the same crossvalidation procedure,
and then it was applied to the test set. For each permuta-
tion, the values of EFFca1, EFFcy, and EFFprpp Were cal-
culated. Finally, the distributions of the EFFca1, EFFcy,
and EFFprgp values of the 100 permutations were com-
pared with the corresponding values of the correct model,
using a one-tailed ¢ test to verify whether its EFF values
were statistically significant (p = 0.05).

The PCA and PLS-DA models were calculated using
the functions available in the PLS-Toolbox ver. 8.9.2
(Eigenvector Research Inc., Manson, WA, USA) running
in the Matlab ver. 9.10 (R2021a) environment (The Math-
Works Inc., Natick, MA, USA). The permutation test was
calculated using a Matlab function written ad hoc.
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3 | RESULTS AND DISCUSSION

31 | AF spectra

AF spectra were recorded for different batches of the nor-
mal and SSC cells. In spite that extreme care was taken

50f12
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in reproduce accurately the same experimental condi-
tions, an intrinsic variability of the signals was observed
when measuring different batches from the same cells.
While the major spectral characteristics were preserved
comparing samples with equivalent number of cells, the
spectral intensities could vary from sample to sample. To
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FIGURE 2 AF spectra taken at different excitation wavelengths on three batches (each batch is measured in the same day and under

identical experimental conditions) of normal and SCC cultivated cells. All batches refer to 5 million cultivated cells.
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give an idea, in Figure 2 we compare the AF spectra of
three virtually identical batches of normal and SCC cells
samples excited at the different wavelengths. Although
the intensity variations can be quite considerable from
batch to batch, comparing the normal and SCC signals
within the same batch at a given excitation wavelength,
it can be observed that SCC cells are in general less emit-
ting than normal cells, at all emission wavelengths. Inter-
estingly, above 400 nm of excitation wavelength, the
adopted linear interferential filter is not capable to cut
completely the frequency of the excitation radiation and
some degree of backscattering is observed as peaks
appearing at 405, 470, and 533 nm in Figure 2D-F,

respectively. Although the analysis of the backscattered
radiation is not the objective of the present work, it can
be seen that the backscattering signal within the same
batch in general also reduces for SCC cells compared to
normal ones.

In spite of the intrinsic variability, an overall distinc-
tive behavior of normal and neoplastic cells is observed.
In Figure 3A the most representative spectra are
reported, referred to 5 million cultivated cells, both for
normal and SSC keratinocytes (batch 1 of Figure 2). In
this case, the backscattering contribution in the spectra
taken at Aey. > 400 nm has been removed, to highlight
only AF emission. Normal cells show well defined

85UB017 SUOWILIOD BAIFeR1D 3|t |dde 8y} Aq pausenob a1e Sapiie O ‘88N JO SaIN1 10} ARG 8UIIUO A1 UO (SUORIPUOD-PUR-SLLBY WD A8 | 1M ARRIq 1 BUIIUO//SHNY) SUORIPUOD PUe SWS L 8L} 88S *[£202/20/20] U0 A%iqI aUIIUO AB]IM ‘elfelUeIyp0D Aq T9E002202 010/200T 0T/I0p/Wod" A3 | 1M AeIq 1 U1 IUO//SARY W14 papeo|umMoqd ‘0 ‘890v98T



GARBARINO ET AL.

OURNAL OF

features which appear more distinct when excited in the
UV spectral range (Aexe = 280, 310, and 365 nm). The
lineshape results progressively less structured as long as
the excitation energy decreases (the wavelength
increases). In all investigated cases and for all excitation
wavelengths the SCC cells present a drastic reduction of
AF in all regions with respect to the normal cells. The
spectral features are also less defined.

In Figure 3B the AF spectrum excited with photons at
Aexc = 310 nm, where spectral features appear more evi-
dent, has been decomposed with multiple Gaussian peaks
in a least-squares fitting. Major contributions in normal
cells can be associated to characteristic luminescence
from coenzymes nicotinamide adenine dinucleotide
(phosphate) NAD(P)H, centered at about 440 nm, and
flavin-adenin dinucleotide (FAD), at about 530 nm,
which can be influenced by metabolic alterations [1,
2, 12, 18]; higher wavelength structures can be associated
to lipo-pigments, with maximum at 580 nm, and to por-
phyrins, at 650 nm and above 700 nm [19]. It is impor-
tant to notice that all contributions are strongly
depressed in the cancerous cells. This is in general agree-
ment with observations also made in vivo [6, 13, 20, 21].
FAD and NAD(P)H are metabolic coenzymes involved in
the electron transport chain which are very sensitive to
neoplastic alterations [22]. Their luminescence reduction
in cancer cells is compatible with a change in the coen-
zymes redox state. While NAD(P)H is luminescent in the
reduced state, flavins are luminescent in the oxidized
state. The conversion of FAD to its reduced form has
been previously reported during cancer progression
in vivo [18], which results in luminescence reduction. On
the other hand, NAD(P)H oxidation typically occurs in
neoplastic cells with increased metabolism, due to its
involvement in ATP and energy production [1, 22]. This
also contributes to the reduction of the luminescence.
Regarding the signal of porphyrins, the decrease observed
in this work seems to contrast the observations made
in vivo, where an increase was sometimes measured [19].
This effect could be related to the more complex scenario
that is present in skin tissues in vivo, where more compo-
nents contribute to the luminescence. The role of blood
drainage in skin tissues for example could play a funda-
mental role in this respect [19]. The decomposition of the
spectra acquired at the other excitation wavelengths, or
for SCC cells, is not shown here, since these spectra
appear generally less structured compared to those of the
normal cells excited with UV light. This may be related
to the fact that UV radiation is more efficient in the exci-
tation of the luminescent chromophores [1, 2, 8, 12].
Although, we are not interested here in the relative inten-
sities of the different components recorded at the differ-
ent excitation wavelengths. Instead, the decomposition of

7 of 12
PHOTONICSJ—

500 —

N

o

)
|

300 —

200 — Aeye =405 nm

Intensity (arb.units)

Aoy = 365 Nnm

exc

Aoy =310 Nm

exc

FIGURE 4 Luminescence spectra acquired on cells suspended
in saline solution. Continuous lines refer to normal cells and
broken lines to SSC cells. The signal backgrounds, obtained with no
cells in the physiological solution, are also reported as a thin
continuous line. Labels “S” refers to scattered radiation of the
excitation beam.

Figure 3B is mostly informative on the main chromo-
phore species contributing to the signals in the different
spectral regions and, indeed, all spectra taken at higher
wavelength than 310 nm present broad emission in inter-
vals covered by these chromophores.

The spectra shown in Figures 2 and 3 were obtained
by separating the cells from the saline solution, so to
increase the density of emitters in the probed area of the
impinging beam and therefore increase the lumines-
cence. To validate the results, further luminescence spec-
tra were also taken with the cells still in saline solution,
exploiting the experimental setup shown in Figure 1B.

AF spectra acquired from the cells in saline solution
are reported in Figure 4. Although the overall lumines-
cence signal is much lower with respect to the spectra of
Figures 2 and 3 at all the probed excitation wavelengths,
the same general trend is confirmed. At all excitation
energies, the luminescence of the normal cells is always
stronger than the pathological ones. Some excitation pho-
tons (i.e., at Aexe = 365 and 405 nm) seem to induce a
stronger luminescence intensity in the normal cells in the
AF spectral region around 500 nm with respect to the
other used photons, but this would need further
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FIGURE 5 AT/T spectra acquired on normal and cancer cells
at comparable cell density. AT/T = (Tpeti + cells — Tpetri)/ Tpetri- A
scheme of the transmission experiment is shown in the inset. T
refers to the measure of the ratio between the beam intensity I after
passing the sample and the I, intensity (with no sample), as a
function of the wavelength.

confirmation and it is not the subject of the present
study. Although attenuated by the linear interferential fil-
ter, some amount of scattered light, labeled “S” in
Figure 4, is observed for A above 400 nm. It can be
noticed that again the scattered light from normal cell is
much higher than the pathological counterparts. The rea-
son for the augmented scattering in normal cells may be
complex to explain, being related to the size as well to
the refractive index of the cells and their constituting ele-
ments [23]. This is outside the scope of the present work
and would deserve a separate study. On the other hand,
this clear behavior could be also be used to recognize nor-
mal versus pathological cells.

Last but not least, absorption experiments in trans-
mission have been performed on a continuous and uni-
form layer of normal and SSC cells supported (grown) on
a plastic Petri dish at comparable cell density. The results
are shown in Figure 5.

To highlight the contribution of the absorption of the
cells, the spectra are shown in AT/T mode, that is sub-
tracting the transmission Tpey; of the clean Petri from the
transmission Tpeyi 4+ cenis Of the cells + Petri and dividing
by the transmission of the clean Petri. Again, in Figure 5
the cells show a distinctive behavior: in particular the con-
trol cells present definite absorption features that can be
related to flavins and porphyrins [2, 12] that are almost

—
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a
o
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Intensity (a.u.)

400 500 600 700 800 900 1000 1100

Healthy
Cancer | |

Intensity (a.u.)

700 800 900 1000 1100
A (nm)

FIGURE 6
analysis, colored according to the different excitation wavelength

Dataset of AF spectra subjected to multivariate

(A) and according to the class of samples (B).

absent, or strongly depressed, in SSC cells. Moreover, the
differential transmission of normal cells in the region 500-
600 nm and below 400 nm shows an overall more pro-
nounced slope, which can be related to a generalized
higher absorption with respect to SCC cells. These findings
support further the results of luminescence discussed
above, claiming for a reduction of NAD(P)H, FAD and fla-
vins/porphyrins contribution in the cancerous cells.

3.2 | Multivariate analysis of AF spectra

The above reported results seem to indicate a distinctive
behavior of normal versus pathological cells that is rela-
tively independent on the excitation wavelength. But
since the AF spectra are indeed affected by some level of
intrinsic variability, as noted above, we adopted an
approach based on multivariate analysis to address the
possibility to distinguish unambiguously solely from the
luminescence signals normal cells from pathological
cells. To this aim, the AF spectra acquired using the
instrumental setup depicted in Figure 1A (cells deposited
on Petri dishes) were considered, since it led to overall
luminescence signals much higher than those recorded
on cells suspension. The whole set of AF spectra is
reported in Figure 6, colored both according to the differ-
ent excitation wavelengths (Figure 6A), and according to
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PC1-PC2 score plot (A) and loading plot (B) of the AF spectra measured at Aoy = 310 nm, and PC1-PC2 score plot (C) and

loading plot (D) of the AF spectra measured at Ay = 533 nm. The blue arrows in plots (A) and (C) represent the direction along which

healthy and cancer (NMSC) cells can be separated from each other.

the class of samples (Figure 6B). As it was clearly
expected, the spectral signatures differ mainly due to the
different excitation wavelengths. It should be noted that
the spectra presented in Figure 6 also include some con-
tributions (peaks) due to the backscattered excitation
wavelengths, whenever these fall in the spectral range
measured by the spectrometer (348-1132 nm) and the
interferential, high pass, linear variable filter is not able
to completely suppress them. These peaks were in any
case included in the multivariate analysis, since they also
seem informative of the nature of the cells, as noted
above.

3.2.1 | PCA of the AF spectra from single
excitation wavelengths

Firstly, an exploratory data analysis was conducted by
calculating separate PCA models on the groups of spectra

measured at each excitation wavelength, in order to fur-
ther verify that, based on an unsupervised approach, the
patterns of spectra measured at a given excitation wave-
length on healthy cells differ from those measured on
cancer cells. As an example, Figure 7 reports the
PC1-PC2 score and loading plots of the PCA models cal-
culated on the mean centered spectra measured at
Aexc = 310 nm and at A = 533 nm.

Both the PC1-PC2 score plots (Figure 7A,C for
Aexc = 310 and 533 nm, respectively) show that the AF
signals acquired on the NMSC cells are separate from the
healthy cells; the two blue arrows have been added to
highlight the directions along which the two groups can
be separated from each other. Moreover, it can be
observed that the AF signals of healthy cells are more
spread with respect to those measured on NMSC cells,
which indicates that the signals measured on healthy
cells show a greater variability with respect to those mea-
sured on NMSC cells. The corresponding loading plots
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TABLE 1 Results of the PLS-DA models calculated on the whole dataset of AF spectra considering the 550-850 nm range
Preprocessing
method LVs SENScaL SPECcar EFFcar SENScv SPECcy EFFcy SENSpreD SPECpreDp EFFprep
Mean center 3 100.0% 68.8% 82.9% 93.2% 65.3% 78.0% 100.0% 87.5% 93.5%
Autoscale 4 100.0% 75.0% 86.6% 95.0% 66.9% 79.7% 100.0% 87.5% 93.5%

Note: The Sensitivity (SENS) and Specificity (SPEC) values are referred to the class of the cancer (NMSC) cells, while classification efficiency (EFF) is the

geometric mean of SENS and SPEC.

reported in Figure 7B,D show the spectral regions that
mainly contribute to the separation between the two groups.
A similar behavior was observed, either in the PC1-PC2 or in
the PC1-PC3 space, for all the excitation wavelengths (data
not reported for conciseness reasons). In general, excluding
the lower wavelength spectral regions, where contributions
from some of the excitation wavelengths are present in some
cases, the region common to all the AF spectra where the
PCA loading vectors showed the highest absolute values was
the one between 550 and 850 nm. This is a relevant region
also for applications, since for measurements in vivo, this
offers the opportunity to use, for excitation, photons in the
visible range, which can be more practical. We stress, in any
case, that the emission region above 550 nm appears to be
the informative one for all datasets, including those obtained
with excitation in the UV.

3.2.2 | PLS-DA classification of the AF

spectra

Since for each separate group of spectra measured at a
given excitation wavelength PCA confirmed the differ-
ence between the patterns of healthy and cancer cells, in
particular in the region between 550 and 850 nm, and
given that this difference seemed relatively independent
on the excitation wavelength, multivariate classification
was then performed to verify these findings, regardless of
the specific excitation wavelengths. To this aim, the
region between 550 and 850 nm was therefore considered
for the calculation of two PLS-DA models, one on mean
centered variables and one on autoscaled variables, and
considering the whole set of spectra as described in
Section 2.3.2. The results of the two PLS-DA models are
reported in Table 1. Furthermore, the plots of the average
classification error calculated in crossvalidation versus
the number of LVs, used to define the optimal model
dimensionality, are also provided as supporting informa-
tion in Figures S1 and S2 for the models calculated on
mean centered and on autoscaled variables, respectively.
Both the classification models showed satisfactory
performances. Slightly better values were obtained in cal-
ibration and in crossvalidation with the model calculated

2.5 ——VIP Scores - PLS-DA mean center
= = =Significance Threshold
——VIP Scores - PLS-DA autoscale
>
S
7
o
o
o
w
o
>
600 650 700 750 800 850
A (nm)
FIGURE 8 VIP scores of the PLS-DA models calculated on

mean centered variables (green line) and on autoscaled variables
(blue line)

considering the autoscaled variables, while the same
results were obtained for the prediction of the test set
samples, where only one healthy sample measured at
Aexe = 470 nm was misclassified in both the models. The
SENS values, indicating the ability to correctly identify
the NMSC samples, were always very high, while the
SPEC ones were always lower, indicating that the largest
part of misclassifications were due to the incorrect attri-
butions of healthy samples to the NMSC class.
Interestingly, both the PLS-DA models showed very
similar values of the variable importance in projection
(VIP) scores [24, 25], as reported in Figure 8. The VIP
scores allow to estimate the importance of each variable
used in a PLS model: the variables with VIP values
higher than a fixed limit (usually set equal to 1) are con-
sidered significant for the model. The LVs of the two
PLS-DA models are also provided as supporting informa-
tion in Figures S3 and S4 for the models calculated on
mean centered and on autoscaled variables, respectively.
Furthermore, in Figures S5 and S6 of the supporting
information file are also reported the plots of percentage
of y captured variance versus the number LVs for the two
models. For both the models, the VIP scores suggest that
the spectral region significantly contributing to the
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Comparison of the classification efficiency values obtained for the best PLS-DA model (full squares) with the corresponding

values obtained with the permutation test (empty circles). The plot on the left reports the EFFca;, values (blue); the central plot reports the

EFFcy values (green), and the plot on the left reports the EFFprgp values (red)

TABLE 2 Results of the one-tailed ¢

Permutations One tailed t test
test performed on the EFFc41, EFFcy,
and EFFpggp values reported in Best model m s terir® tcarc P(tcarc)
Figure 8 EFFcaL 0.866 0.646 0.089 1.660 2.459 7.84 x 103
EFFcy 0.797 0.472 0.086 1.660 3.761 1.43 x 1074
EFFpren 0.935 0.488 0.160 1.660 2.789 3.17 x 1073

*p = 0.05; df = 99.

discrimination between NMSC and healthy cells is
between 550 and 670 nm. The two peaks, centered at
about 590 and 650 nm, are very close to the peaks of lipo-
pigments (580 nm) and of porphyrins (650 nm), respec-
tively, as it was previously discussed in the comments to
Figure 4B. Furthermore, the high values between
550 and 570 nm could be ascribable to the peak of FAD,
which has a maximum centered at about 530 nm.

Finally, the statistical significance of the best per-
forming classification model, that is, of the PLS-DA
model calculated on the autoscaled variables, was further
checked by means of a permutation test. Figure 9 shows
the results of the permutation test, where the EFF values
of the correct model (full squares) and of the permuta-
tions (empty circles) are reported as a function of the per-
centage of matching between the correct -class
assignation and the randomly shuffled one.

To evaluate whether the EFF values obtained for the
correct model (i.e., the best PLS-DA model) were statisti-
cally significant, they were compared with the distribu-
tion of the corresponding EFF values from permutations,
using a one-tailed ¢ test.

Table 2 reports the EFF values obtained with the best
PLS-DA model, the mean (m) and standard deviation (s)
of the EFF values obtained with the permutation test,
and the corresponding results of the one-tailed ¢ tests.
The results confirm that the significance of the EFF

values obtained with the best PLS-DA model is much
lower than 0.05, that is, that the good performance of the
selected classification model is not due to chance.

4 | CONCLUSION

AF excited with different wavelengths was used to discrimi-
nate between normal and NMSC (SCC) cells cultivated
in vitro. AF was measured on cells both suspended in their
saline solution or on cell pellets. For all excitation wave-
lengths a coherent and distinctive picture is obtained, where
normal cells clearly show characteristic features that are
associated with typical chromophores [FAD and NAD(P)H,
lipo-pigments, porphyrins] that are severely attenuated and
smeared out in pathological cells. This is particularly evident
in the AF spectra acquired using UV excitation wavelengths.
Since the overall AF intensity signal can vary significantly in
different replicas of the same type of samples, and with the
idea of making AF a fast and reliable method for fast diagno-
sis of NMSC, multivariate analysis was performed on a series
of datasets obtained on different freshly prepared replicas of
control and SCC cells samples. The multivariate classification
models calculated using PLS-DA allowed us to distinguish
between the two families of AF curves related to healthy and
pathological cells, independently on overall spectral intensity
and excitation wavelength. Due to the relatively limited
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number of available samples, the best classification model
was further tested by means of a permutation test, whose
results were then verified by a one-tailed ¢ test that confirmed
its statistical significance (p = 0.003 for the prediction of the
test set samples). In particular it was possible to identify
between 550 and 670 nm the AF spectral region which is
more meaningful to separate the two families. Indeed, this is
the region where contributions from FAD, lipo-pigments
and porphyrins show up. We believe that these findings,
where the signal of the cells is isolated from the rest of the
matrix, can give valuable contribution to the understanding
of the complex AF signal originated in normal and cancer-
ous skin tissues. This could provide a further tool toward the
application of AF in fast and noninvasive diagnosis of skin
cancer.
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