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Breast cancer is one of the leading causes of cancer-related deaths in a global scenario. In the
present study, biochemical changes exerted upon Pentoxifylline (PTX) treatment had been ap-
praised in human breast cancer cells using Raman spectroscopy. There are no clinically approved
methods to monitor such therapeutic responses available. The spectral profiling is suggestive of
changes in DNA, protein and lipid contents showing a linear relationship with drug dosage.
Further, multivariate analysis using principal-component based linear-discriminant-analysis
(PC-LDA) was employed for classifying the control and the PTX treated groups. These findings
support the feasibility of Raman spectroscopy as an alternate/adjunct label-free, objective
method for monitoring drug-induced modifications against breast cancer cells.
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1. Introduction

Cancer is the leading cause of worldwide deaths. It
is a micro-evolutionary process based on its ability
to render genetic alterations, compete and confer
unlimited replication potential to the cells.! One of
the main reasons for cancer-related deaths is the
dissemination of tumor cells to different target sites,
a process referred to as metastasis. Breast cancer
accounts for the second most leading cause of

cancer-related deaths.”? The treatment regimen
encompasses surgery, radiotherapy followed by
chemotherapy. Metastatic breast cancer poses a big
challenge for treatment owing to limited therapeu-
tic interventions.

Therapeutic switching or finding newer uses
of currently available drugs is one of the most
challenging and exciting areas of research in the
pharmaceutical industry.® Pentoxifylline (PTX),
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Fig. 1. Structure of Pentoxifylline, a tri—substituted xanthine
derivative designated chemically as 1-(5-oxohexyl)-3,7-
dimethylxanthine.

1-(5-oxohexyl)-3,7-dimethyl-xanthine  (structure
shown in Fig. 1) belongs to a class of hemorrheologic
agents. It is being used in the treatment of periph-
eral vascular diseases.” Being a phosphodiesterase
inhibitor, it elevates the levels of c-AMP thereby
affecting various aspects of cellular behavior asso-
ciated with metastasis. However, various c-AMP
elevators such as forskolin, IBMX, dibutryl cAMP
are excluded from chemotherapeutic regimens due
to their toxicity.” Recently, PTX has been shown to
exert anti-metastatic activity in MDA-MB-231
human breast cancer cells.® At sub-toxic doses
(1, 2.5 and 5mM), PTX affects cellular prolifera-
tion, cellular invasion and migration. It induced a
cell cycle block at G1 phase followed by apoptosis.
However, alterations in the biochemical design/
structure in breast cancer cells upon PTX treat-
ment needs to be sought out. The biochemical
framework comprises of proteins, carbohydrates,
lipids and nucleic acid. It is the combinatorial
endeavours of these biomolecules that form and
regulate the functioning of living organization.
Thus, investigation of the changes in the intracel-
lular milieu of breast cancer cells upon PTX treat-
ment will explore its targeted action.

PTX has shown to affect protein catabolism and
suppress protein levels promoting hepatoprotective
effects.”® It causes a decrease in oxidized lipid pro-
ducts and alters membrane fluidity.”"!! Further, it
also regulates homologous recombination repair and
carbohydrate metabolism.!?'® Various modalities
such as use of complex cellular techniques, immuno-
histological analysis for determining drug associated
changes are relatively less sensitive and preclude the
complete scenario of the associated effects.'* Hence,
newer techniques that surpass these drawbacks and
limitations need to be explored.

Raman spectroscopy, an analytical technique
based on vibrational spectroscopy is sensitive
to biochemical variations and provides molecular
fingerprints. It has been applied to a variety of
applications ranging from medicine to forensic sci-
ences.'” '® A typical Raman spectrum is the result of

inelastic scattering leading to a shift in the frequency
of the incident excitation light. The wavelength shift
is specific and thus can provide information about
chemical and structural state of a biomolecule. The
greatest benefit of this technique is its label-free na-
ture and noninvasive perception.'” It has the ad-
vantage of having minimum interference from water
bands which makes it more appropriate for biomed-
ical applications?’ and provides an easy, chemical-
free and nondestructive method for studying cells in
vitro, cell drug interactions as well as for distin-
guishing neoplastic from normal tissues.?' ™2

Each tumor is composed of several distinct cell
populations and thus the potential and efficacy of
chemotherapy is largely governed by the presence of
most chemosensitive or rather least resistant cell
populations. Identification of a resistant/sensitive
phenotype in cancer cells from the patients can
enhance the efficacy of therapy. Various studies on
identification of multi-drug resistant phenotypes in
ovarian and leukemic cells had demonstrated the
prospective of Raman spectroscopy as an objective
and label-free cell sensor.?>?%3* Along the similar
lines, we have extended our approach to assess the
biochemical alterations in breast cancer cells upon
PTX treatment at sub-toxic doses.

2. Materials and Methods
2.1. Cell line and culture conditions

MDA-MB-231, human breast cancer cell line was
procured from National Centre for Cell Sciences
(NCCS), Pune, India. Cells were maintained in
Dulbecco’s modified, Eagle medium (DMEM, GIBCO)
supplemented with 10% heat inactivated fetal bo-
vine serum (FBS) (GIBCO) and antibiotics (100 U/
mL penicillin and 100 pg/mL streptomycin). Cell
cultures were maintained at 37°C in 5% CO,
humidified atmosphere.

2.2. Cell viability assay

Briefly, 5000 cells/well were seeded into a 96-well
plate format. After 24h, PTX (1-30mM) was
added in complete medium and incubated for an-
other 24 h. 10 uL. KineticBlue™ solution was then
added into medium and incubated at 37°C over-
night. Optical density was recorded at 570-600 nm
for the plate and the blank intensity was deducted
from the test samples. The results were plotted in a
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Fig. 2. Raman microprobe employed for acquiring spectrum from cell pellets. (a) Schematic Representation, (b) Photographic

representation.

logarithmic scale where the z-axis represents %
viability and the y-axis represents concentration of
PTX (mM).

2.3. Preparation of cells for Raman
spectroscopy

Cells were seeded in 100mm plates (BD Bios-
ciences) containing complete medium (DMEM with
serum). When the cells reached a confluency of
about 70-80%, plain medium (DMEM without
serum) was added for synchronizing cells. Nutri-
tional elimination (by removing serum) is a com-
monly used method for cell synchronization and
causes the cells to accumulate in G1 phase of the cell
cycle. Following this, different doses of PTX (0, 1
2.5 and 5 mM) were added to each of the plates and
incubated for 24 h. Cells were washed twice with
phosphate buffered saline (PBS) and then removed
using saline-EDTA. Cells were later harvested by
centrifugation at 1500 rpm for 5 min and cell pellets
were collected. Plates were taken in duplicates for
control as well as for PTX treated groups and the
experiments were repeated thrice.

2.4. Spectral acquisition

Raman spectra from cell pellets, placed on a calcium
fluoride (CaF,) window, were acquired using fiber-
optic Raman microprobe system (Horiba-Jobin-
Yvon, France). Briefly, the system consisted of a

laser of 785nm wavelength (PI-ECL-785-300-FC,
Process Instruments) as an excitation source, HE
785 spectrograph (Horiba-Jobin-Yvon, France)
coupled with CCD (1024x256-BIDD-SYN, Syn-
apse) as dispersion and detection elements, respec-
tively. Optical filtering of unwanted noise, including
Rayleigh signals was executed through “SuperHead”,
the auxiliary component of the system. Optical fibers
were employed to connect the excitation and de-
tection systems. Raman microprobe was assembled
by coupling a 50X microscopic objective (Nikon,
NA 0.8) to the “SuperHead”. The spectrograph was
equipped with a fixed grating of 950 gr/mm and
spectral resolution as per the manufacturer’s speci-
fication was ~ 4 cm~!. Photographic representation
of the instrument is shown in Fig. 2. A total of 204
spectra were acquired with the following para-
meters: laser power-40 mW, integration time-10s
and averaged over six accumulations.

2.5. Spectral pre-processing
and multivariate analysis

Spectral pre-processing of Raman spectra from the
control and PTX treated cells was performed using
Labspec 5.0 software (Horiba-Jobin-Yvon) as per
the standard protocol described earlier.?”%° In the
first step, the wavelength dependency of the detec-
tor and the polarization dependence of the optical
elements were measured using a calibration stan-
dard (standard reference material number -2241;
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Fig. 3. Cell viability assay. Cells were seeded in 96-well format
and different doses of PTX (1-30 mM) were added for 24h.
After, overnight incubation on adding Kinetic blue, absorbance
was recorded at 570-600 nm. Results were plotted in log scale
where z-axis represent % Viability and y-axis corresponds to
PTX concentration (mM).

NIST, Gaithersburg, MD, USA). The measured
Raman spectra were divided by spectrum associated
with the instrument response. Spectral contribution
of optical elements i.e., the background signals were
obtained by acquiring spectra of CaF, window
without the sample under similar conditions. The
response corrected background spectrum was then
subtracted. In order to remove the influence of slow-
moving fluorescence background, first derivative
spectrum was computed using Savitzky—Golay filter
mechanism (window size-3). Correction for spectral
differences due to relative intensity changes was
performed by vector normalization. First derivative
and vector normalized spectra were interpolated in
800-1800 cm ! region!6:2%:20:28:31733 and used as
input for multivariate analysis by principal com-
ponent-linear discriminant analysis (PC-LDA). PC-
LDA models were then validated by leave-one-out
cross-validation (LOOCYV). Algorithms for these
analyses were implemented in MATLAB-(Math-
works Inc., USA) based software using in-house
codes.?”

The average spectra were computed from the
background subtracted spectra prior to derivatiza-
tion. This was performed by averaging the y-axis
variations, keeping the z-axis constant for each
class and the baseline corrections by fitting a 5th-
order polynomial function. These baseline corrected
spectra were used for spectral comparisons across all
groups. Difference spectra was generated by sub-
tracting the average spectra of cells treated with
different sub-toxic concentrations of PTX viz. 1, 2.5
and 5mM, from the control cells.

3. Results and Discussion

3.1. PTX affects cellular viability
and proliferation

The foremost step to elucidate the cytotoxic effects
of PTX was to perform a cell viability assay. As
shown in Fig. 3, a dose-dependent decrease in cell
viability was observed with approximate 100% cell
death at 20 mM. Inhibitory concentrations, (ICs)
i.e., the concentration required to kill half the
population of cells was observed to be approxi-
mately 8 mM. A famous axiom in toxicology by
Paracelsus states, “The dose makes the poison”. As
per the doctrine, it is the dose that determines the
outcome of a biological process. In our study, we
have therefore evaluated the effects of PTX at sub-
toxic doses i.e., doses exhibiting a maximal of 30%
toxicity or till ICs,. Higher doses have been ex-
cluded from the same in purview of this rationale.
Based on these observations, doses within sub-toxic
range were selected i.e., 1, 2.5 and 5 mM for Raman
studies. In an independent study, these sub-toxic
doses of PTX have shown to minimally affect the
normal or nontumorigenic HaCaT cells. The sur-
vival fraction of the normal cells at these sub-toxic
doses was found to be around 90%.%% In view of
reported facts, the sub-toxic doses used in our study
were found to be more detrimental against the
breast cancer cells compared to normal cells.

PTX affects cellular proliferation which is evi-
dent by the viability curve. In our earlier work we
had shown that PTX caused a G1 cell cycle block
inducing apoptosis in breast cancer cells.® This ob-
servation is in accordance to the earlier reports that
describe an increase in c-AMP, upon phosphodies-
terase inhibition thus inducing a G1 block. c-AMP
is 3'-5'-cyclic adenosine monophosphate that func-
tions as a secondary messenger. It is known to alter
gene expression by its effect on c-AMP response
element-binding protein (CREB).

Being a transcription factor, CREB thus reg-
ulates gene expression by binding to a DNA
sequence (5-TGACGTCA-3') referred to as the
c-AMP response elements (CRE).?” In light of this,
we propose a similar mode of action for PTX.

3.2. Analysis of Raman spectral profiles

Several studies have conclusively demonstrated that
wavelength of 660 nm or above do not induce pho-
todamage.’’~*? In accordance to these observations
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Fig. 4. Mean spectra of MDA-MB-231 cells: control (solid line), PTX treated (broken line) (a)-1mM, (b)-2.5mM, (c)-5mM.
Comparison of difference spectra across control and treatment groups (d): Control — 1 mM PTX treatment, (e): Control- 2.5 mM

PTX treatment and (f): Control — 5mM PTX treatment.

in the present study, breast cancer cells treated with
PTX that were exposed to 785 nm excitation do not
show any photodamage. Therefore, the observed
differences in the spectra could be attributed to
differential drug treatment regimens.

The mean baseline corrected Raman spectra in
the range of 800-1800cm ™! for the control (solid
line) and PTX treated (broken line) MDA-MB-231
cells for 24h are shown in Figs. 4(a)-4(c). Differ-
ences in Raman bands associated with DNA back-
bone, DNA ring bases, lipids and protein vibrations
were observed. The band at 1094 cm ! is considered

as an internal standard for DNA content and has
been assigned to the symmetric stretching vibration
mode of PO?~ backbone in DNA. As can be seen
from Figs. 4(a)—4(c), intensity of the peak at
1094cm ™! is less in PTX-treated groups in com-
parison to the controls, suggesting changes in the
DNA content due to drug intervention. This ob-
servation is also supported by a similar variation
observed in the guanine band at 1576 cm~!. Cells
treated with 5 mM PTX showed low DNA content
as compared to control and the other treatment
groups. A linear increase with drug dosage was
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observed for the bands around 1280 cm~! (= CH
bending of lipids) and 1305 cm~! (CH3/CH, bend-
ing of phospholipids) suggesting changes in lipid
profile upon PTX exposure.**” This is in concor-
dance with already mentioned reports on PTX af-
fecting membrane fluidity by altering lipids.” !
Minor changes in free amino acids indicated by the
bands around 950cm~! (proline), phenylalanine
(1008 cm 1), 1620cm~! (tryptophan), suggesting
changes in overall protein content after drug
treatment were also observed. This is further sup-
ported by the decrease in the intensity of amide I
band around 1660 cm~—!. Alterations in these bands
serve as a probe for the conformational variability,
which could arise due to drug treatment. The in-
tensity of the band at 1660 cm ™! decreases linearly
with drug dosage in the treatment groups with re-
spect to control, suggesting a decrease in the protein
content upon drug treatment.

In the next step, to highlight the spectral differ-
ences between the control and treatment groups
distinctly, difference spectra were computed. The
subtraction of mean spectra.is one of the conventional
ways of identifying spectral differences over a selected
spectral range. It can provide the information re-
garding moieties being altered. The mean spectra of
cells treated with 1, 2.5 and 5mM PTX were sub-
tracted from that of the control group. The positive
bands characterize the control group while the neg-
ative bands represent PTX-treated groups. A re-
duction in the protein and DNA content marked by
positive amide I (1660 cm~!) and DNA (1094 cm 1)
bands was observed, Fig. 4(d). These differences
were more pronounced in cells treated with higher
doses of PTX i.e., 2.5 and 5mM. Changes in lipid
profile due to drug treatment, evident by the negative
bands around 1280 and 1305cm ™!, were also ob-
served. As shown in Figs. 4(e) and 4(f), the intensity
of positive DNA band (1094, 1574 cm ') was highest
for the cells treated with 5 mM drug, indicating that
the cells treated with 5 mM PTX have the lowest
DNA content. This observation was consistent with
the other two doses as well. These changes can be
attributed to the fact that increase in c-AMP, upon
PTX treatment, leads to differential regulation of
CRE sequences of DNA. This sequence consists of
guanine nucleotides and thus can be designated as a
point for this distinctive execution. PTX has been
earlier shown to inhibit DNA content of neuroblas-
toma cells.!! Further it decreases cells in S phase
(duplication phase) which is also indicative of

decrease in DNA content. Positive bands at phenyl-
alanine, CH, (1450 cm 1), and amide I suggest that
cells treated with PTX exhibited decrease in overall
protein content in comparison to the control group.
Overall, major changes in DNA, protein and lipids
were observed upon drug treatment. These changes
do appear to have a linear relationship with drug
concentration i.e., cells treated with highest dose of
5 mM exhibits maximal changes followed by 1 and
2.5 mM dosage, respectively.

3.3. Multivariate analysis

The next step of classification between control
and treated cells was explored using the PC-LDA
method. PCA is a routinely used method for data
compression and visualization. It describes data
variance by identifying a new set of orthogonal
features known as principal components (PCs) or
factors. For visual discrimination, we project each
of the spectra in the newly formed co-ordinate space
of selected PCs. While PCA aims to identify fea-
tures that represent variance among complete data,
LDA provides data classification based on an opti-
mized criteria leading to better class separation. In
LDA, the classification criterion is identified using
the scatter measure of within class and between
class variance. LDA can be used in companion with
PCA to increase the efficiency of the classification.
For this, PCA scores obtained using a set of sig-
nificant PCs with maximum variance amongst data,
are used as input data for LDA-based classification.
It has an advantage of eliminating or minimizing
noise from the data and concentrates on variables
important for classification. In our analysis, signifi-
cant PCs (p < 0.05) were selected as input for LDA.
In order to avoid over-fitting of the data, as a
thumb rule, total number of factors selected for
analysis were less than half the number of the
spectra in the smallest group.**" First derivative
and vector normalized spectra were fed in to
MATLAB-based algorithm and PC-LDA using 15
factors with ~73% classification efficiency was
performed. Profiles of PCs also known as factor
loadings can provide vital clues on biochemical
variations among different classes. Loading plots of
factor 1 and 2 that lead to delineation among con-
trol and treated groups are presented in Fig. 5.
Corroborating spectral variability suggested by
difference spectra loading plots also suggest differ-
ences in protein and lipid content of control and
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Fig. 5. Loading plots of factors used for classification (a) Factor 1 (b) Factor 2.

treated group. The first PC (PC1) has two major
bands that correspond to CHs/CH; bending modes
of phospholipids and CH, stretching modes, re-
spectively. In the second component (PC2) the
main peak features correspond to = CH bending of
lipids and amide I, in addition to smaller bands
similar to PC1.

The scatter plot generated using score of factor 1
and factor 2 is shown in Fig. 6. It can be seen that
the spectra of cells treated with 1mM drug ()
showed an overlap with control cells (A) while

separate clusters belonging to the spectra from
other two groups i.e., 2.5 (mm) and 5mM (e) were
obtained. This observation can be best explained as
per the fact that, as 1 mM corresponds to the lowest
sub-toxic dose, it might have a minimal effect on the
biochemical environment of cells in comparison to
cells treated with other two higher sub-toxic doses.
The same results are presented in Table 1. As can be
seen, 39/53 spectra of control cells were correctly
classified. A total of 14 spectra were misclassified, of
these 10 were with cells treated with 1 mM drug
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Fig. 6. PC-LDA of control cells (A) and the cells treated with 1 (¢), 2.5 (mm), and 5 mM drug doses (o). (a) Scree plot (b) Scatter

plot.
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Table 1. Summary of classifcation after PC-LDA and
LOOCYV between control and PTX-treated MDA-MB-231 cells
(diagonal elements are true positive predictions and ex-diagonal
elements are false positive predictions).

Untreated 1 mM 2.5 mM 5mM

Untreated 39/53 10 1 3
1mM 7 37/53 6 3

2.5 mM 2 5 33/47 7
5mM 3 1 8 39/51
Leave-one-out-cross validation

Untreated 29/53 17 3 4
1mM 10 32/53 7 4

2.5 mM 7 8 23/47 9
5mM 5 1 14 31/51

dose and remaining 4 with other two doses i.e., 2.5
and 5mM. A similar trend was observed for cells
treated with 1 mM drug dose, here 37/53 spectra
were correctly classified (70%) and maximum mis-
classifications were observed with control cells. This
can be explained on the basis of previously de-
scribed fact that cells treated with 1 mM dose might
not have acquired enough changes in their bio-
chemical milieu with respect to control or untreated
cells. Further, a dose of 1 mM exerts mere 10% cy-
totoxicity and therefore misclassification with con-
trol cell population is expected. In case of cells
treated with 2.5 mM or the median drug dose, 33/47
spectra were correctly classified (70%). Here of the
14 misclassifications, 7 were with cells treated with
5mM drug dose. Only two spectra were mis-
classified with control group. Similarly, in case of
cells treated with 5mM drug dose, 39/51 spectra
were correctly classified (76%). Of the 12 mis-
classifications, 8 were with cells treated with 2.5 mM
drug dose and only 1 spectrum was misclassified
with the control cells, suggesting that cells had
undergone biochemical changes reflected by the
decreased misclassification with the control group.
In addition, we had employed LOOCYV, a commonly
used method for the validation of results of super-
vised analysis, in the absence of an independent test
dataset. As can be seen from Table 1, 29 of the 53
spectra from control groups were correctly classi-
fied; of the 24 misclassification, 17 blend with cells
treated with minimal drug dose i.e., 1mM. Simi-
larly, of the total 53 spectra acquired from cells
treated with 1 mM drug, 32 were correctly classified
and among 21 misclassifications, 10 were with the
control group which was consistent with our earlier

observations. Further, of the total 47 spectra of
cells treated with 2.5 mM, 23 were correctly classi-
fied. A closer view of Table 1 reveals that the mis-
classifications were distributed across all the groups
with minimal numbers contributed by the untreated
group. About 31 out of 51 spectra from cells treated
with 5mM drug dose were correctly assorted. Most
importantly, only 5 and 1 spectra were misclassified
with control and cells treated with 1 mM dose, re-
spectively. Overall findings indicate that control
and treated cells can be categorized but with a
varying efficiency. The differential sensitivity of
cells in a pellet toward PTX treatment could be a
plausible explanation for such misclassifications.
It should be noteworthy that most of the mis-
classifications are among groups harboring over-
lapping features. Further, the doses used in our
studies i.e., 1, 2.5 and 5 mM are relatively sub-toxic
and far below the cytotoxic dose of the drug. The
maximal toxicity undertaken in the present study at
5mM dose is around 30%. Thus, overlaps and
misclassifications are expected within the different
doses under investigation. At higher toxic doses,
such misclassifications may be minimal but such
high doses shall be deleterious for cells. These high
doses are generally avoided from therapeutic point
of view and thus had been excluded in the present
study as well.

Additionally, it is important to note that Raman
spectra in the present study were acquired using cell
pellets rather than single cells. As per the manu-
facturer specifications, the laser spot size of the
setup is ~ 5—10 pym and the probing volume is ~ 500
cubic microns suggesting that in a pellet, the
probing beam can encounter a stack of heteroge-
neous population of cells (drug sensitive or resis-
tant) raising a possibility that the probed area could
be at many different cellular components as well as
many cells.

4. Conclusions

Earlier studies on cell pellets had demonstrated the
potential of Raman spectroscopy in classifying sin-
gle cell type among a mixed cancer cell population,
HPV detection, discrimination of wild and multi-
drug resistant cell types.???334512 In the present
study, we had explored the usage of cell pellets to
identify the cellular changes impinged upon PTX

treatment. Mean and difference spectra suggest
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major changes in DNA, lipid and protein profile of
cells due to drug treatment, which is consistent with
existing literature. These changes appear to have a
linear relationship with drug dosage. Variations in
DNA content can be primarily due to increase in
c-AMP level that regulates the action of CREB
protein, a transcription factor that affects the CRE
of DNA. Multivariate analysis PC-LDA demon-
strated the feasibility of categorizing control and
treated groups. Overlaps among spectra of cells
treated with different drug doses can be ascribed to
differential activity of the drug on cells, selection of
relatively sub-toxic doses and presence of hetero-
geneous (sensitive/resistant) cell populations. The
findings of the study supports the applicability of
Raman spectroscopic method as a valuable real
time, label-free cell sensor in assessing PTX induced
differential changes in breast cancer cells.
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