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Breast cancer and melanoma cell line identification
by FTIR imaging after formalin-fixation and
paraffin-embedding

M. Verdonck,7® N. Wald, 2 J. Janssis,® P. Yan,” C. Meyer, A. Legat,© D. E. Speiser,*
C. Desmedt,® D. Larsimont,® C. Sotiriou® and E. Goormaghtigh*?

Over the past few decades, Fourier transform infrared (FTIR) spectroscopy coupled to microscopy has been
recognized as an emerging and potentially powerful tool in cancer research and diagnosis. For this
purpose, histological analyses performed by pathologists are mostly carried out on biopsied tissue that
undergoes the formalin-fixation and paraffin-embedding (FFPE) procedure. This processing method
ensures an optimal and permanent preservation of the samples, making FFPE-archived tissue an
extremely valuable source for retrospective studies. Nevertheless, as highlighted by previous studies, this
fixation procedure significantly changes the principal constituents of cells, resulting in important effects
on their infrared (IR) spectrum. Despite the chemical and spectral influence of FFPE processing, some
studies demonstrate that FTIR imaging allows precise identification of the different cell types present in
biopsied tissue, indicating that the FFPE process preserves spectral differences between distinct cell
types. In this study, we investigated whether this is also the case for closely related cell lines. We
analyzed spectra from 8 cancerous epithelial cell lines: 4 breast cancer cell lines and 4 melanoma cell
lines. For each cell line, we harvested cells at subconfluence and divided them into two sets. We first
tested the “original” capability of FTIR imaging to identify these closely related cell lines on cells just
dried on BaF; slides. We then repeated the test after submitting the cells to the FFPE procedure. Our
results show that the IR spectra of FFPE processed cancerous cell lines undergo small but significant
changes due to the treatment. The spectral modifications were interpreted as a potential decrease in
the phospholipid content and protein denaturation, in line with the scientific literature on the topic.
Nevertheless, unsupervised analyses showed that spectral proximities and distances between closely
related cell lines were mostly, but not entirely, conserved after FFPE processing. Finally, PLS-DA statistical
analyses highlighted that closely related cell lines are still successfully identified and efficiently
distinguished by FTIR spectroscopy after FFPE treatment. This last result paves the way towards
identification and characterization of cellular subtypes on FFPE tissue sections by FTIR imaging,
indicating that this analysis technique could become a potential useful tool in cancer research.

emerging tool for histopathological studies.® This technique
provides spatially resolved information on the chemical
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composition of the sample based on the vibrational signature of
the tissue components.* Because of its potential to probe
chemical constituents without dyes or specific reagents, FTIR
imaging could become a powerful tool in diagnosis to comple-
ment the existing methods.? In cancer research, FTIR imaging
has proven its worth in the study of a large panel of different
cancers: cervix,® breast,® prostate,” lung,*® colon,* skin,™ liver,"
oesophagus™ or brain cancer.**

Histological analyses performed by pathologists are mostly
carried out on biopsies that undergo a fixation process followed
by staining.> The standard tissue processing method is the
formalin-fixation and paraffin-embedding (FFPE) procedure.*
The FFPE procedure allows durable and optimal preservation of
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the structure of the biopsied tissue required for histopatho-
logical analyses. By blocking autolysis and by crosslinking the
primary and secondary amine groups of proteins, this fixation
process allows long-term conservation.'® More precisely, the
FFPE process involves a first step of fixation by formalin, fol-
lowed by a second step of dehydration with increasing ethanol
concentrations and finally addition of xylene to create a
hydrophobic environment before paraffin embedding. Paraffin
plays the role of a support needed to cut tissue sections of a few
micrometers which can then be deposited on a microscope
slide.” These FFPE-archived tissues, which are easy to handle
and economical to store, are an extremely valuable source of
samples for retrospective studies. For these practical reasons,
most histological studies performed worldwide are made on
FFPE tissues.*®

Nevertheless, it is well documented that the formalin-based
fixation has significant effects on the biochemical composition
of cells and tissues.” FFPE potentially impacts all the major
constituents of the cells (proteins, lipids, RNA, DNA...).'82%2
This fact raises some questions both for biologists and spec-
troscopists.””** Previous studies have been carried out in order
to describe the influence of formalin-based fixation and paraffin
preservation on spectral features of tissues and cells with both
infrared and Raman spectroscopy.'®**>*-** While some studies
report only a slight impact of formalin fixation on the
spectra,>***3° other studies observed important modifications
concerning the cellular lipid and protein content.'%**?>>*
Pleshko et al. also demonstrated in 1992 an effect of ethanol on
amide I and II of proteins.** Despite these chemical modifica-
tions, this technique allows precise identification of the
different cell types present in biopsied tissues,>*' indicating
that the FFPE process preserves spectral differences between
distinct cell types.

In this study, we attempt to determine whether the FFPE
process preserves spectral differences between very similar cell
lines. To address this question, we analyzed spectra acquired
from 8 cancerous epithelial cell lines: 4 breast cancer cell lines
and 4 melanoma cell lines. We first tested the “original” capa-
bility of FTIR imaging to identify these closely related cell lines,
on cells just dried on BaF, slides. We repeated the test after
submitting the cells to the FFPE procedure. We finally discuss
the discriminatory power and FFPE-induced spectral
modifications.

Materials and methods
1 Cell culture

The 4 human breast carcinoma cell lines (MCF7, MDAMB231,
SKBR3, and T47D) were acquired from the American Type
Culture Collection (ATCC, Manassas, VA). Melanoma cell lines
(Me260, Me275, T50B, and T1353A) were acquired from
metastases from patients with cutaneous melanoma at the
Ludwig Center of Cancer Research in Lausanne, Switzerland.
They were extracted from fresh surgery samples using
mechanical and enzymatic dissociation. The Me275 and T50B
cell lines come from two separate surgeries of the same patient
with 12 years of interval.** All the cell lines were grown at 37 °C
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in a constant humidified atmosphere of 5% CO, in air. The cell
lines were cultured to 80% confluence in RPMI 1640 medium
supplemented with 10% FBS, 1% r-glutamine and 1% peni-
cillin/streptomycin. Only for the melanoma cell lines 1% non-
essential amino acid was added to the medium. Cell culture
medium, FBS and antibiotics were purchased from Lonza
(Verviers, Belgium). Cell cultures were tested for mycoplasma
infection every other week using PlasmoTest (InvivoGen,
France). Each culture was executed twice, at distinct times, in
order to duplicate the complete experiment.

2 FFPE procedure and dried fixation

Once the cells reached subconfluence i.e. ca. 80% confluence,
they were detached from their culture support by means of a 5
minute treatment with trypsin (0.5 g 17")/EDTA (0.2 g 1) buffer
(Lonza, Verviers, Belgium). Culture medium was added to stop
the action of trypsin and the cells were pelleted by a 2 minute
centrifugation (231 x g). The cells were then washed three times
with an isotonic solution of NaCl (0.9%) to completely remove
trypsin and culture medium. After this step, a part (1/8) of the
cells was deposited on a BaF, slide and air-dried before infrared
measurements. For the other parts of the cells, the FFPE treat-
ment was followed. After a 4 hour incubation at room temper-
ature in 4% formalin solution (QPath, Labonord SAS, France),
cells were packed in paper provided for that purpose before
being immersed in a series of baths as described in Table 1. The
cell pellet was then embedded in paraffin and 3 pum thick
sections were cut and mounted on BaF, slides. Paraffin was
removed with a 10 minute incubation of the sample in xylene.

3 FTIR measurements

The IR data were collected using a Hyperion 3000 IR imaging
system (Bruker Optics, Ettlingen, Germany), equipped with a
liquid nitrogen cooled 64 x 64 Mercury Cadmium Telluride
(MCT) Focal Plane Array (FPA) detector. The data were collected
in transmission mode. The size of an image covers an area of
180 x 180 um® composed of 4096 pixels of 2.8 x 2.8 um>. It
must be noted that spatial resolution is significantly lower than
the pixel size, depending on the wavelength, i.e. 5 pm at 2000
em™'and 10 pm at 1000 cm ™. It took about 5 minutes to record
256 scans at a spectral resolution of 8 cm™". Ten images were
recorded for each sample. Spectra were therefore acquired on
several hundreds of cells for each cell line in each condition
(dried or FFPE).

Table 1 FFPE procedure of the cell lines: solvents, times and incubation
temperatures
Concentration  Incubation  Incubation
Chemical (%) time (h) temperature (°C)
Buffered formalin 10 2 37
(PH 7)
Ethanol 70 1 37
Ethanol 97 2 37
Isopropanol 100 3 37
Xylene 100 3 37
Paraffin 100 2.5 59
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4 Data analysis

4.1 Preprocessing. All spectra were preprocessed as
follows. Water vapor contribution was subtracted as described
previously**** with 1956-1935 cm ™" as the reference peak and
the CO, peak was flattened between 2450 and 2250 cm ™. The
spectra were baseline-corrected. Straight lines were interpolated
between the spectral points at 3620, 2995, 2800, 2395, 2247,
1765, 1724, 1480, 1355, 1144 and 950 cm™* and subtracted from
each spectrum. Spectra were normalized for equal area between
1725 and 1481 cm ™' (amide I and II peaks). The signal to noise
ratio (S/N) was then systematically checked on every spectrum.
It was required to be greater than 300 when noise was defined as
the standard deviation in the 2000-1900 cm™' region of the
spectrum and the signal was the maximum of the curve between
1750 and 1480 cm ™ after subtracting a baseline through these
two points. Finally, some rare spectra with normalized absor-
bance lower than —5 (negative lobe) and a maximum above 120
(saturation) were discarded. To avoid abrupt refractive index
changes we always selected areas of the sample with contiguous
cells. Visual inspection of spectra as well as systematic
screening for negative lobes on the left hand side of the ester
carbonyl did not reveal significant dispersive artifacts. There is
an ongoing debate about dispersive artifact correction, with
different methods and softwares being used, e.g. ref. 35-37. As
these corrections rely on simplified models and as dispersive
artifacts were minor in the present work, we preferred not to
apply such a correction.

4.2 Difference spectra. Difference spectra allow empha-
sizing the spectral variations between two distinct conditions.
Difference spectra were built by a subtraction of the mean
spectrum of the dried cells from the mean spectrum of the FFPE
preserved cells.

4.3 Statistical analyses. In order to observe the intrinsic
proximities and distances within the dataset and to group
spectra according to their similarity, some unsupervised anal-
yses were achieved. Hierarchical cluster analyses (HCA) using
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Fig. 1 Mean IR spectra of the 4 melanoma and 4 breast cancer cell lines, indi-
cated in the right margin, in the dried (solid lines) and FFPE (dotted-lines)
conditions. Each spectrum is the average of ca. 10 000 spectra. Spectra are offset
for visual clarity.
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Ward's algorithm, as already described,®*® and principal
component analyses (PCA) were performed. Supervised analysis
was also conducted on the dataset. Partial least squares
discriminant analysis was done to extract latent variables of the
dataset that enable the construction of a factor capable of pre-
dicting a class.

Correction of the spectra for water vapor contribution,
baseline subtraction and normalization, hierarchical classifi-
cation, principal component analysis and partial least squares
discriminant analysis were carried out by Kinetics, a custom
made program, running under Matlab (Matlab, Mathworks
Inc).

Results

Epithelial cancerous cell lines, including 4 breast cancer (MCF7,
MDAMB231, SKBR3, T47D) and 4 melanoma cell lines (T1353,
T50B, Me275, Me260) were grown to subconfluence, resus-
pended in 0.9% NaCl, pelleted by centrifugation and either
simply dried on BaF, windows or formalin-fixed, paraffin-
embedded, cut in 3 um thick slices and de-waxed, as described
in the Materials and methods. For each of the 8 cancerous cell
lines considered, 20 infrared images were recorded for both the
dried and the FFPE conditions. A field of view of an infrared
image was covered by approximately 40 cells. In a first step, after
preprocessing, the FTIR spectra obtained from each IR image
were averaged to obtain one mean spectrum, as illustrated in
Fig. 1. Examination of those spectra indicates that, for one given
cell line, the mean IR spectra are quite similar for both condi-
tions. Yet, the FFPE treatment induced some minor but
noticeable changes.

1 Does the FFPE treatment induce similar spectral changes
for different cell lines?

In order to highlight the spectral modifications brought by the
FFPE procedure, difference spectra were computed. Difference
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Fig.2 Difference spectra of the 8 epithelial cancerous cell lines. The spectra were
obtained by subtracting, for each cell line, the mean IR spectra of the dried cells
from the mean IR spectra of the FFPE processed cells. The various cell lines are
indicated in the right margin. Spectra are offset for visual clarity.
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spectra, illustrated in Fig. 2, were obtained by subtracting, for
each cell line, the mean spectra of the dried cells from their
FFPE counterparts.

As shown in Fig. 2, the difference spectra present a high
degree of similarity over the whole spectral region, irrespective
of the cell line. This suggests that, in this study, the FFPE
treatment influences the IR spectra of the various breast cancer
and melanoma cell lines in a similar way.

A closer look at the difference spectra indicates that most
differences could be hypothetically assigned to the loss of
phospholipids. In particular, we observe a group of negative
peaks in the 3000-2800 cm ' region that can be assigned to
methyl (2960 cm™ ') and methylene (2925, 2850 cm ™ ') stretching
vibrations associated with lipid acyl chains, a negative band
around 1750-1735 cm ' corresponding to the carbonyl
stretching absorption of lipid esters as well as several negative
peaks in the phosphate absorption region (1200-900 cm ™ 1).2%#!

Fig. 2 underlines another spectral characteristic shared by
the majority of the difference spectra, consisting of a negative
peak around 1655 cm ™' and a positive peak near 1630 cm ™.
This particular pattern could reasonably be assigned to a
change in the protein secondary structure upon FFPE treat-
ment. Indeed, this spectral feature could be explained as a shift
in the maximum of the amide I peak from near 1655 cm™ ' to
1630 cm ™', reminiscent of a transition from a-helix structures
into B-sheet structures.*»** Interestingly, this conformational
change is not observed for all cell lines, in particular for 3
melanoma cell lines. This was found to be related to the
melanin content and will be discussed later.

To test the hypothesis that FFPE processing results in the
loss of phospholipids and protein conformational change, a
“synthetic” difference spectrum, illustrated in Fig. 3, was built
by linear combination of the IR spectrum of a protein rich in
a-helices (hemoglobin), the spectrum of a protein rich in
B-sheets (concanavalin A) and the spectrum of a phospholipid,
dioleoylphosphatidylcholine (DOPC). The weight of each of the
three components was computed to best fit the SKBR3

SKBR3

Synthetic
spectrum

Absorbance

310030002900 1800 1600 1400 1200 1000

cm 1

Fig. 3 Difference spectrum of the SKBR3 breast cancer cell line (FFPE — dried)
(above) and synthetic spectrum (below) constructed by linear combination of the
IR spectrum of a protein rich in a-helices (hemoglobin), the spectrum of a protein
rich in B-sheets (concanavalin A) and the spectrum of a phospholipid (DOPC). The
weight of each of the three components was computed to obtain the best fit of
the SKBR3 difference spectrum in the least squares sense. Spectra are offset for
visual clarity.
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difference spectrum in the least squares sense (Fig. 3). The
synthetic difference spectrum generally shows a high degree of
similarity with the cell line difference spectrum.

2 Are spectral proximities and distances between closely
related cell lines conserved after FFPE processing?

While it is known that the FFPE process preserves spectral
differences between highly distinct cell types (i.e. lymphocytes,
epithelial cells, erythrocytes and fibroblasts) on biological tissue
sections,* it has not been clearly established yet whether the
FFPE procedure maintains spectral differences and distances
that could exist between closely related cellular subtypes.
Hierarchical Cluster Analysis (HCA) and Principal Component
Analysis (PCA) group spectra according to their similarity and
allow the intrinsic proximities and distances within the dataset
to be observed.

Fig. 4 illustrates hierarchical cluster analyses obtained for
the mean IR spectra of the breast cancer (Fig. 4A) and mela-
noma cell lines (Fig. 4B). Both analyses were performed on the
two combined 3000-2800 and 1800-900 cm ™" spectral regions,
which include the IR absorption bands of main biological
molecules. As can be seen in Fig. 4A, the principal segregation is
related to the treatment (dried or FFPE). Examination of the
dendrogram under both conditions reveals that cell line spectra
that cluster in the dried condition (i.e. SKBR3, MDAMB231, and
MCF7) also cluster after FFPE treatment and the cell line
spectrum that was the most distant in the dried condition (i.e.
T47D) was also the most distant in the FFPE condition. HCA of
the melanoma cell lines (Fig. 4B) also shows clustering
according to the treatment. Even though the dendrogram
patterns within the two conditions (dried and FFPE) are
significantly different, the spectra of the two cell lines that
originate from the same patient (i.e. T50B and Me275) cluster in
both conditions. This unsupervised statistical analysis thus
indicates that the spectral proximities and distances between
dried cell lines are not totally conserved after the FFPE proce-
dure. Nonetheless, general trends are maintained.

Fig. 5A reports a PCA score plot for the first two principal
components (i.e. PC1 versus PC2). As revealed by the cluster
analysis (Fig. 4), the cell lines mainly cluster according to the
condition (dried or FFPE). Interestingly, when scores on the PC3
and PC4 principal components of the PCA are examined
(Fig. 5B), the spectra rather group as a function of the cell line,
irrespective of the treatment. This indicates that PC1 and PC2
extract common spectral changes related to FFPE processing
while PC3 and PC4, illustrated in Fig. 5B, reflect variability
related to the nature of the cell line. The latter observation
indicates that spectral features specific to each cell line are
likely to be conserved even after the major alteration by the
FFPE treatment.

In Fig. 4 and 5, the PCA and HCA are performed on the mean
IR spectra of each cell line.

Those analyses therefore do not bring any information about
the statistical significance of the classification obtained. There
is in fact a significant degree of overlap when presenting indi-
vidual spectra on the HCA or PCA plot. This reflects the fact

This journal is © The Royal Society of Chemistry 2013
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Fig.4 Hierarchical cluster analyses of the mean IR spectra presented in Fig. 1, of the two combined 3000-2800 and 1800-900 cm ™" spectral regions. (A) Hierarchical
cluster analysis of the mean IR spectra of the breast cancer cell lines, (B) hierarchical cluster analysis of the mean IR spectra of the melanoma cell lines.
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Fig. 5 Principal component analyses of the mean IR spectra presented in Fig. 1, of the 1800-900 cm~" spectral region. (A) PCA score plots for the first two principal
components (i.e. PC1 versus PC2), for the breast cancer (left) and melanoma cell lines (right). (B) PCA score plots for the principal components PC3 and PC4, for the breast

cancer (left) and melanoma cell lines (right).

that, when considering the entire dataset, unsupervised anal-
yses do not perfectly separate the different cell lines and
conditions (approximately 300 000 individual spectra are
obtained). Furthermore, the huge amount of data would result
in highly overlapping clouds of dots in the case of principal
component analyses and dendrograms with a colossal number
of branches getting muddled up, in the case of hierarchical
cluster analyses. On the other hand, when statistical analyses
were performed on the mean spectra of each cell line in each
condition, taking into account the individual spectra, highly
significant differences between the means were found (not

This journal is © The Royal Society of Chemistry 2013

shown). A MANOVA analysis indicated that the differences
between the means are always very significant with alpha values
<0.01% for any pair of means. For this reason, to visualize the
relative distance between the means, we present HCA and PCA
on these means.

3 Is supervised discrimination power between cell lines
conserved after FFPE processing?

Principal Least Squares Discriminant Analysis (PLS-DA), a
supervised statistical analysis, was applied to all individual
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Table 2 Validation of the cell line recognition models: confusion matrices obtained for the PLS-DA supervised statistical analyses on the two combined 3000-2800
and 1800-900 cm™" spectral regions. For each cell line, in both conditions (dried or FFPE), a first batch of spectra including two thirds of the IR spectra was used to train
the model (training set); the remaining third was included in a second batch of spectra and used to test the model (test set). The percentages found in the confusion
matrices represent the capability of the model to predict the second batch of spectra. At least 7600 IR spectra were considered per cell line and condition. One
confusion matrix (i.e. validation of PLS-DA models) was obtained using approximately 40 000 IR spectra. Percentages in the matrices indicate the rate of correct
assignment of the spectra to the cell line. The error on the percentage corresponds to the standard deviation obtained after 40 bootstrapping iterations. (A) Confusion
matrices obtained when applying the cell line recognition models for the breast cancer (left) and melanoma (right) cell lines in the dried condition. (B) Confusion
matrices obtained when applying the cell line recognition models for the breast cancer (left) and melanoma (right) cell lines in the FFPE condition

Dried cell Predicted as Dried cell Predicted as
lines MCF7 Mg’;‘}WB SKBR3 | T47D lines TI353A | TSOB | Me275 | Me260
MCF7 98.5+0.2 0.6+0.1 0.9+0.1 0.1+0.0 T1353A | 97.1+£0.2 | 0.8+0.2 0.2+0.1 1.9+0.2
of oAl | 03£01 | 976403 | 00200 | 20+03 g TSOB | 03201 | 993401 | 02+0.1 | 02+0.1
E SKBR3 | 1.6+0.3 0.0+£0.0 |98.1+0.3 | 0.3+0.1 = Me275 04+0.1 | 0.1+£0.1 | 99.5£0.1 | 0.0+0.0
T47D 0.2+0.1 0.1+0.0 0.9+02 [98.7+0.2 Me260 0.1+£0.0 | 0.2+0.1 | 0.0+0.0 | 99.6+0.1
FFI.’E cell MD:I\r;gicted as FF?E cell Predicted as
lines MCF7 231 SKBR3 T47D lines T1353A TS0B Me275 Me260
MCF7 98.3+£0.3 1.5+0.2 0.2+0.1 0.0+0.0 T1353A | 98.0+0.2 0.4+0.1 1.6£0.2 | 0.1+£0.0
o "oaMB | 02401 | 994£01 | 02401 | 03201 g TS0 | 32:03 | 1002 | 00z00
E SKBR3 | 0.120.1 | 07%0.1 |99.0%02 | 0.120.1 ||~| Me275 | 02401 | 01400 |99.7+0.1 | 0.0+0.0
T47D 0.0+£0.0 0.0+0.0 0.3£0.1 | 99.7+0.1 Me260 0.1+£0.0 0.1+0.0 6.5+04 | 93.3£0.4

spectra obtained from IR images to account for the spectral
diversity existing within one cell line. For every cell line in each
condition (dried or FFPE), two thirds of the IR spectra recorded
were used to train the classification model and the remaining
third was used to test the model. The confusion matrices
resulting from this validation are shown in Table 2. In these
tables, the percentages indicate the rate of correct assignments
of the spectra to the group (i.e. cell line) and the error on the
percentage corresponds to the standard deviation computed
after 40 bootstrapping iterations of the model.

As can be seen from Table 2A, the percentages of correct
assignments of the IR spectra to each cell line are particularly
high in the dried condition. Indeed, for both breast cancer and
melanoma cell lines, percentages range between 97.1 and
99.6%, which indicates a very efficient identification. Similarly,
Table 2B illustrates the confusion matrices obtained for the IR
spectra of FFPE cells. The percentages of correct assignments
obtained in this condition are also very high, ranging from 93.3
to 99.7%, revealing efficient recognition after the FFPE treat-
ment of cells.

Discussion

In cancer research, most biological tissues stored for histolog-
ical studies are formalin-fixed and paraffin-embedded. As
detailed the Introduction, FFPE specimens present
numerous advantages, making the archived tissues an

in
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extremely valuable source of samples for retrospective
studies.'**®2° Nevertheless, this fixation method has shown to
impact the biochemical content and thus the infrared spectra of
cells.'18:192172325.2643 previous studies indicate that different cell
types present on a FFPE tissue section are still successfully
identified by their IR spectra.*** It remained to be demon-
strated that FTIR imaging can distinguish the minor differences
that exist between cellular subtypes. Here, very similar cell lines
were examined before and after FFPE processing.

The cell lines used in this study were chosen because of their
particular similarities. They are all well characterized cancerous
epithelial cell lines. As indicated by the American Type Culture
Collection (ATCC) from where they were purchased, the 4 breast
cancer cell lines present similar DNA profiles. The melanoma
cell lines all originate from melanoma metastases, and were
extensively characterized.*>** Furthermore, 2 of the 4 melanoma
cell lines were obtained from two biopsies carried out on the
same patient.

In order to mimic the effects of FFPE processing used for
tissues, the incubation times of the cell lines in the different
solvents and paraffin were those usually applied to tissues, ie.
much longer than strictly required for the fixation of cells alone.
This implies that the spectral modifications observed in Fig. 1
and 2 might be even more important than the changes occur-
ring in the IR spectra of cells embedded inside a tissue.

Fig. 1 indicates that the spectrum of a cell line in the dried
condition is only slightly different from its FFPE counterpart,

This journal is © The Royal Society of Chemistry 2013



implying limited spectral changes due to the FFPE treatment.
These results are in line with numerous previous studies which
report only slight modifications of the spectra after formalin
fixation'®*?3262%3% hut contradict few others which attribute
large spectral changes to fixation protocols.”>*” Various studies
indicate that other fixation methods used for the preservation of
biological tissues influence similarly or even more the cell IR
spectra. For instance, fixatives like acetone or ethanol are shown
to influence more considerably the IR spectra of cells than
formalin-fixation.'>*#?*? Interestingly, any other sample fixa-
tion method, including fresh-frozen tissues, usually considered
as a reference of native state, or air drying, has an impact on the
IR spectra of cells.>**¢

As indicated in Fig. 2 and 3, the FFPE procedure induces
similar modifications in the IR spectra of all cell lines. These
spectral modifications could potentially be explained in terms
of protein denaturation and a decrease in the phospholipid
content. Yet, the particular shape of the difference spectra
illustrated in Fig. 2 and 3 could also hypothetically correspond
to a modification of the phosphate groups from the nucleic
acids (the FFPE procedure is known to induce modifications on
the RNA and DNA),"**"*” combined with a loss of triglycerides.
However, a closer examination of the difference spectra of Fig. 2
and 3 highlights arguments for a loss of phospholipids. For
instance, the band at 1172 cm ™" is observed in the IR spectrum
of DOPC but not in the RNA or DNA spectrum (not shown).
Furthermore, the 1090/1060 cm ™" ratio is superior to 1 for the
difference spectra as well as for the spectra of DOPC, whereas it
is inferior to 1 for RNA or DNA spectrum (not shown). The cause
of protein conformational change remains undetermined.
Numerous studies have shown that formalin affects only
moderately the IR spectra of biological samples."**** Conse-
quently, any other solvent used in the FFPE process, alone or
combined with another, is potentially responsible for the effects
highlighted in the IR cell spectra. For instance, ethanol has
been shown to impact the shape of amide I and II and xylene
affects numerous peaks of the IR spectra of cells.**** Finally, the
heating step (ca. 59 °C) experienced during paraffin embedding
could play a role in the protein denaturation observed on FFPE
treated cells.

As shown in Fig. 2, the IR spectra of three melanoma cell
lines containing melanin (i.e. T50B, Me275 and Me260) were
differently affected by the FFPE process when compared to the
amelanotic melanoma cell line T1353A or the breast cancer cell
lines. It can be hypothesized that the presence of large amounts
of melanin pigment is responsible for the difference. In general,
the FFPE-induced spectral modification in the amide I region
can be associated with a change in the protein secondary
structure, from helical to sheet structures upon FFPE process-
ing. This change was not observed for melanin-containing
T50B, Me275 and Me260 cell lines. It could simply be masked by
another modification of melanin overlapping the former one.
Alternatively, the large positive band present around 1677 cm ™
in these difference spectra could be associated with the pres-
ence of newly formed beta-turns and random coil structures.*>**

In Fig. 4 and 5, we decided to analyze the two datasets (breast
cancer and melanoma cell lines) separately for greater clarity.

This journal is © The Royal Society of Chemistry 2013

All cell lines (breast cancer and melanoma) used in this study
are human epithelial cancer cell lines. These cell lines are
intrinsically very similar and, when considered together for
statistical analyses, data from both datasets tend to overlap,
particularly when applying unsupervised statistical analyses.

The results presented in Table 2, indicating a correct iden-
tification of the cell types despite spectral modifications due to
the fixation process, are in accordance with the literature. This
report together with previous studies shows that spectral
changes observed following formalin fixation are smaller than
those due to biochemical changes associated with disease-
induced effects or different cell types.>*%>°

In conclusion, FFPE processing is responsible for limited but
significant modifications of the IR spectrum of cells. Nonethe-
less, distinctions between IR spectra of cellular subtypes are as
accurate as before FFPE processing. These results suggest that
FTIR imaging of FFPE tissue sections could become an efficient
tool to distinguish very similar cells and classify cancer cells
according to minute variations.

Abbreviations

DOPC Dioleoylphosphatidylcholine;

FPA Focal Plane Array;

FFPE Formalin-Fixation Paraffin-Embedding;
FTIR Fourier transform infrared;

HCA Hierarchical Cluster Analysis;

IR Infrared;

MCT Mercury Cadmium Telluride;

PCA Principal Component Analysis;

PC Principal Component;

PLS-DA Partial Least Squares Discriminant Analysis;
S/N Signal to Noise.
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