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1 Introduction

Abstract. Fourier transform infrared microspectroscopy (FTIR-MSP) is
potentially a powerful analytical method for identifying the spectral
properties of biological activity in cells. The goal of the present re-
search is the implementation of FTIR-MSP to study early spectral
changes accompanying malignant transformation of cells. As a model
system, cells in culture are infected by the murine sarcoma virus
(MuSV), which induces malignant transformation. The spectral mea-
surements are taken at various postinfection time intervals. To follow
up systematically the progress of the spectral changes at early stages
of cell transformation, it is essential first to determine and validate
consistent and significant spectral parameters (biomarkers), which
can evidently discriminate between normal and cancerous cells. Early
stages of cell transformation are classified by an array of spectral
biomarkers utilizing cluster analysis and discriminant classification
function techniques. The classifications indicate that the first spectral
changes are detectable much earlier than the first morphological signs
of cell transformation. Our results point out that the first spectral signs
of malignant transformation are observed on the first and third day of
postinfection (P1) (for NIH/3T3 and MEF cell cultures, respectively),
while the first visible morphological alterations are observed only on
the third and seventh day, respectively. These results strongly support
the potential of developing FTIR microspectroscopy as a simple,

reagent-free method for early detection of malignancy. © 2007 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.2717186]
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Apart from the conventional methods of cancer diagnosis,
there is a need to develop new approaches that are safe, non-

Fourier transform infrared (FTIR) microspectroscopy (MSP)
has emerged as a powerful tool for chemical analysis because
of its ability to provide detailed information on the spatial
distribution of chemical composition at the molecular level."
In applications requiring qualitative and quantitative analysis,
the potential of IR spectroscopy to identify chemical compo-
nents via fingerprinting analysis of their vibrational spectrum
is unsurpassed. When this capability is coupled to an IR mi-
croscope, microspectroscopy of um size samples and high
contrast microscopy of 2-D samples based on chemical map-
ping become possible. Its applications cover a range of disci-
plines including material science, forensics, biochemistry,
biomedical science, and geochemistry, comprising both basic
and applied research goals.z’6
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invasive, and effectively detect malignancy at earliest stages.
Early detection of cancer is a guarantee in most cases of an
effective treatment and in some cases for a complete cure.
FTIR-MSP has shown encouraging trends in the field of can-
cer diagnosis in the last decade.” The differences in the absor-
bance spectra in the mid-IR region between normal and ab-
normal tissues have been shown to be a possible criterion for
detection and characterization of various types of cancers
such as: colon,s_lo breast,” leul<ernial,12’l3 cervical,m_20
colorectal,21 skin,zz’23 brain,24 prostate,25 26 and also neck and
head tumors.”’” Cell cultures are advantageous and more con-
venient for basic research,”® compared to “real” tissues due
to their homogeneity and the ability to control important cul-
ture parameters such as growth and malignant transformation
rate. Moreover, malignant metamorphose can be monitored by
light microscope, in parallel to the spectral measurements.
Thus, cell cultures provide an ideal model for detecting early
cellular changes during cell transformation.
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In the present work, we used two different cell cultures:
murine fibroblast cell line (NIH/3T3) and mouse embryonic
fibroblast (MEF, primary cells) as a model system to study
early spectral changes induced by cancerous transformation.
For this purpose, we first validated consistent spectral biom-
arkers that were found in previous studies as good biomarkers
for detection of malignan(:y34_37 using completely transformed
fibroblast cell lines. These biomarkers were then utilized for
the follow up of malignant cell transformation progression as
a function of postinfection time.

2 Materials and Methods
2.1 Cells and Viruses

Murine fibroblast cell lines (NIH/3T3, long-term in vitro) and
mouse embryonic fibroblast cells (MEF, primary cells) were
grown at 37°C in Roswell Park Memorial Institute (RPMI)
medium supplemented with 10% newborn calf serum (NBCS)
and the antibiotics penicillin, streptomycin, and neomycin.

Clone 124 of TB cells chronically releasing the Moloney
murine sarcoma virus (MuSV-124) was used to prepare a vi-
rus stock that contained an approximately 30-fold excess of
MuSV particles over Moloney murine leukemia virus (MuLV)
particles.38 MuLV and MuSV used in this research were
grown on NIH/3T3 cells. The virus concentration was deter-
mined by counting the number of foci (ffu-focus-forming
units).

2.2 Cell Infection and Determination of Malignant
Transformation

Monolayers of NIH/3T3 and MEF cells were grown in 9-cm?
tissue culture plates and treated with 0.8 wg/ml of polybrene
(a cationic polymer required for neutralizing the negative
charge of the cell membrane) for 24 h before infection with
the virus. Free polybrene was then removed, and both types of
cells were incubated at 37°C for 2 h with the infecting virus
(MuSV-124) at various concentrations in RPMI medium con-
taining 2% of NBCS. The unabsorbed virus particles were
removed, fresh medium containing 2% NBCS was added, and
the monolayers were incubated at 37°C. After various time
intervals, the cell cultures were carefully examined for the
appearance of malignant transformed cells by the following
methods in parallel:

1. morphological observations

2. growth on soft agar’’

3. FTIR-MSP measurements.

2.3 Sample Preparation for Fourier Transform Infrared
Microscopy Measurements

Since ordinary glass slides exhibit strong absorption in the
wavelength range of interest, zinc sellenide crystals, which
are highly transparent to IR radiation, were used. Cell cultures
were washed with a physiological saline solution and picked
up from the tissue culture plates after treatment with trypsin
(0.25%) for 1 min. The cells were pelleted by centrifugation
at 1000 rpm for 5 min. Each pellet was washed twice with
saline and resuspended in 100 ul of saline. The number of
cells was counted with a hematocytometer, and all tested
samples were pelleted again and resuspended in an appropri-
ate volume of saline to give a concentration of 1000 cells/ ul.
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A drop of 1 ul of each sample was placed on a certain area on
the zinc sellenide crystal, air dried for 1 h, and measured by
FTIR microscopy. The radius of such 1-ul drop was about
1 mm, producing a monolayer of cells with about 10 wm.
Figure 1 displays characteristic sites for measurements as ob-
served by a light microscope for normal [Fig. 1(a)] and com-
pletely transformed [Fig. 1(b)] murine fibroblast cell line
(NIH/3T3).

2.4 Fourier Transform Infrared Microspectroscopy
and Data Acquisition

Measurements on cell cultures were performed using the
FTIR microscope IR scope 2 with a liquid-nitrogen-cooled
mercury-cadmium-telluride (MCT) detector, coupled to the
FTIR spectrometer (Bruker Equinox model 55/S, OPUS soft-
ware). To achieve high signal-to-noise ratio (SNR), 128 co-
added scans were collected in each measurement in the wave-
number region 800 to 4000 cm™~!. The measurement site was
circular with a diameter of 100 wm and spectral resolution of
4 cm™! was used. To reduce cell amount variation and guar-
antee proper comparison between different samples, the fol-
lowing procedures were adopted.

1. Each sample was measured at least five times at differ-
ent spots.

2. Analog to digital converter rates were empirically cho-
sen between 2000 to 3000 counts/sec (which allows us to
measure areas with similar cellular density).

3. The obtained spectra were baseline corrected using the
rubberband method with 64 consecutive points and normal-
ized using min-max normalization in OPUS software.”

2.5 Statistical Analysis

The obtained parameters (biomarkers) were classified using
the cluster analysis according to Ward’s method® and the dis-
criminant classification function (DCF) method.*"** The dif-
ferences were considered significant at P <<(.05.

3 Results

3.1 Spectral Differences between Normal
and Malignant Cell Lines

The main objective of this research is to identify and study
early changes during malignant transformation using FTIR-
MSP. As a first step, it was important to find spectral biomar-
kers that can discriminate between normal and completely
malignant cells.

We analyzed FTIR spectra of 50 different samples of both
normal (NIH/3T3) and completely transformed murine fibro-
blast cell lines (NIH/3T3/MuSV). Two regions with signifi-
cant and consistent differences were identified at
3000 to 2820 cm™! and 1145 to 1000 cm™'. For an effective
comparison, these regions were cut from the entire spectra,
baseline corrected and normalized.

The results in the region 3000 to 2820 cm™!, presented in
Fig. 2(a), show four prominent absorbance bands: near
2852 cm™! (due to the symmetric stretching of the methylene
chains in membrane lipids); at 2923 cm™' (due to the anti-
symmetric CH, stretch); at 2958 cm™! (due to antisymmetric
stretching of the methyl groups of both lipids and proteins);
and at 2871 cm™! (arising from the symmetric CHj stretching
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Fig. 1 Photomicrograph of (a) normal NIH/3T3 cell line and (b) completely transformed fibroblast cell line (NIH/MuSV).

mode)." The average absorption intensities of normal and
transformed fibroblast cell lines are distinctive at 2852-cm™!
and 2958-cm™! bands [Fig. 2(a)]. It was found that the best
discriminating values were obtained by deriving the intensity
ratio of these two vibrational modes (i.e., Ajgss/ Aogsy OF Uy
CH;/v, CH,).

The dimensionless ratio eliminates artifact, which may
arise due to the baseline contribution underneath each band.
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Table 1 summarizes the statistical values of the previous ratio
for the normal and malignant cell line. The t-value of the two
groups is 11.25 (Table 1). Therefore, this ratio may be con-
sidered as a satisfactory biomarker to follow the progress of
malignant transformation.

In the second region at 1145 to 1000 cm™" [Fig. 2(b)],
there are plenty of overlapping vibrational modes associated
with absorbance of macromolecules such as proteins, nucleic
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Fig. 2 FTIR spectra in the regions: (a) 2820 to 3000 cm™', (b)
1000 to 1145 cm™', and (c) the second derivative at
1000 to 1145 cm™' of the normal murine fibroblast cell line (NIH/
3T3) and of the completly transformed murine fibroblast cell line
(NIH3T3/MuSV). Spectra are the average of 50 samples and five mea-
surements of each sample after baseline correction and normalization.

acids, carbohydrates, and phospholipids. The bands at 1082
and 1056 cm™! correspond to absorbance of the v, PO; of
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phosphodiesters of nucleic acids' and the O-H stretching
coupled with C-O bending of C—OH groups of carbohydrates,
respectively.” Other bands at 1121 and 1015 cm™ can be
clearly seen in the second derivative spectra [Fig. 2(c)]. Pre-
vious works have shown that A, arises from RNA absor-
bance, whereas the 1015 cm™! shoulder is due to DNA B

From this region it is possible to derive two additional
spectral biomarkers with outstanding statistical characteris-
tics: Aj121/A g5 ratio (assigned as RNA/DNA ratio) and the
wavenumber shift due to v, PO,” (relative to 1082 cm™).
Even though the variability of these biomarkers is high due to
overlapping absorbance, the average values of normal are still
significantly different compared to malignant cells (Table 1).

3.2 Early Stages of Malignant Cell Transformation

Both primary cells (MEF) and murine fibroblast cell lines
(NIH/3T3) were infected with MuSV (1 ffu/cell) and exam-
ined at various postinfection times for morphological and
spectral changes. Figure 3 shows the expanded spectra of both
cell cultures in the two wavenumber regions. This figure
clearly demonstrates the gradual spectral variations following
cell infection. Dramatic changes are observable in the case of
MEEF transformation, where the band at 1056 cm™! decreases
gradually and the band at 1082 cm™! is shifted systematically
to higher wavenumbers versus infection time [Fig. 3(d)].
Thus, it is possible to determine the first spectral signs of
malignancy according to the alterations in the calculated val-
ues of the previously discussed biomarkers. The observed
spectral changes in malignant cells compared to control cells
are summarized in Table 2. As can be seen in Table 2, the first
morphological changes confirmed by microscopical observa-
tions and growth on soft agar appear considerably later than
the first spectral signs. For example, the first spectral identi-
fication is possible on the first day (A;j2;/A 15 biomarker),
while morphologically it can be discerned on the third day in
the case of NIH/3T3 cell transformations (Table 2). In the
case of MEF primary cells, the spectral changes induced by
cell transformation were even more significant compared to
those induced in the NIH/3T3 transformation [Fig. 3(b)]. Also
in MEF primary cells, the first spectral signs appeared signifi-
cantly earlier than the morphological changes (on the third
day compared to the seventh day).

4 Statistical Analysis
4.1 Cluster Analysis

Cluster analysis was used to classify the infected cells at each
postinfection day into cancerous or normal groups. For this
classification we utilized a vector array of spectral biomark-
ers, which were set as follows:

Agosg/ Aggsa
Arii/Ajors
shift of vy PO;
The postinfection days of transformations were characterized
using the average values of previously derived spectral
biomarkers.

The results presented in Fig. 4 show that cluster analysis
can indeed classify the infected cells into the cancerous group
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Table 1 Statistical analysis of the biomarkers derived from FTIR spectra of normal and transformed murine fibroblast cell lines.

Wavenumber shift due to v,

A2958/A2852 A'| 121 /A'|0'|5 POE (re|0ﬁve to 1082 Cm_1)
Normal Abnormal Normal Abnormal Normal Abnormal
Mean 1.09 1.27 1.69 4.26 1.75 3.3
SD 0.05 0.06 0.37 0.61 0.21 0.75
Tvalue 11.25 16.2 8.87
P-value 1.10°10 1.2.10°13 1.9.10°8
Max value 1.18 1.37 2.4 5.53 2.13 4.5
Min value 1.02 1.19 1.21 3.25 1.43 2.12
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Fig. 3 FTIR spectra of (a) NIH/3T3 and (b) MEF cells at various intervals of postinfection time in the region 2820 to 3000 cm~". FTIR spectra of (c)
NIH/3T3 and (d) MEF cells in various intervals of postinfection time in the region 1000 to 1145 cm™'. Spectra are the average of (a) and (c) 20
transformations of NIH/3T3 cell lines and (b) and (d) 12 transformations of MEF cells.
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Table 2 First signs of malignant transformation.

First spectral detection of each biomarker (postinfection day and

Type of the percentage changes compared fo the control cells) First
cells in morphological
culture Asoss/ Argso Ao/ Avors shift due to v, PO3 signs
NIH/3T3 day 2/8.25+2.7% day 1 /53.8£11% day 2/43.2+19% Day 3
MEF day 5/32.3+8% day 3/99.4+23% day 5/54.3+21% Day 7

already at the first postinfection day in case of NIH/3T3 cells
and at the fifth postinfection day in case of MEF transforma-
tion. We note that in both cases, the classifications were sig-
nificantly earlier than the morphological identification of the
malignant cells.

4.2 Discriminant Classification Function

Discriminant classification function (DCF) is a statistical tool
that enables us to improve discrimination between malignant
stages by representing an adequate quantitative follow up of
transformations versus time. DCF generates a classification

KHME NIH/3T3 (a)
7 days }
2 days
1 day Cancerous classification

3 days :|
5 days

NIH/3T3 ml Normal classification

3 hours H

0 1 2 3 4 5 6 7
Heterogeneity
MEF/MuSV, MEF (b)
7 days ]
9 days Cancerous classification
5 days
MEF
3 hours
1day Normal classification
2 days
3 days
0 1 2 3 4 5 6

Heterogeneity

Fig. 4 Cluster analysis of (a) NIH/3T3 and (b) MEF cells at various
intervals of postinfection. Cluster analysis is based on the average
values of three biomarkers. Each postinfection day of transformation is
represented using array of an average value of three biomarkers:
(As958/ Asss2, A1121/Aq015, and the shift of v, PO3).
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score for each postinfection day, which is a linear combina-
tion of previously derived array of biomarkers with weight
coefficients,””® as can be seen in the following equation:

S=cH+wi-x;+wy- X4 ... W, X+ ...,

where w,, is the weight coefficient, x,, is biomarker value, and
S denotes the resultant classification score.

The weight coefficients were determined empirically in
such a way that they nullify the average classification score of
NIH/3T3 array (normal cell score) and yield 100 score (can-
cerous score) for the average NIH/MuSV array. The same
weights were applied also to the MEF transformation. From
the DCF analysis, we obtained a classification of the transfor-
mations that correspond to a sigmoid fit (Fig. 5). The abnor-
mality can be distinguished as early as the first day in the case
of the NIH/3T3 transformation [while first morphological
identification is possible on the third day, Fig. 5(a)]. Similarly,
Fig. 5(b) shows that the abnormality in the case of MEF trans-
formation is apparent on the third postinfection day (while the
first morphological identification is possible on the seventh
day). In both cases, the infected cells reach an upper level
plateau after full transformation (score of 100 for NIH/3T3
and score of 137 for cancerous MEF, Fig. 5).

5 Discussion

In the present work, we implemented FTIR-MSP to study the
spectral changes of cancerous transformation in vitro and fo-
cused mainly on early detection of malignancy. For this pur-
pose we utilized an array of spectral biomarkers (Asgsg/ Asgso,
Aj151/A g5, and the wavenumber shift due to v, PO3). The
obtained results revealed that three FTIR spectral indicators
consistently altered during the malignant transformation and
can discern malignancy before morphological changes can be
observed. Such spectral alterations were considerably higher
and significant in the transformations of primary MEF cells
compared to NIH/3T3 cell line transformations. Most of the
biological characteristics of primary cells are completely dif-
ferent from those of cell lines; they replicate slowly in culture
and are very sensitive to the environmental conditions com-
pared to the cell lines. In fact, primary cells are very similar to
the normal organism cells in most of their characteristics,
while cell lines have some similarity to malignant cells. The
gradual changes in these biomarkers during the transforma-
tion processes can arise from several cellular activities.

5.1 Ajgss/Asgsy (vas CH3/vg CHy)

The phospholipids/lipids/triglycerides and proteins absorb in
the wavenumber regions from 2800 cm™! to 3000 cm™!."*

March/April 2007 « Vol. 12(2)



Bogomolny et al.: Early spectral changes of cellular malignant transformation...

140 — r+ 1+ T+ T T 1 T 1 T T T 1
£  (a) NIH/3T3 ]
J| S——— SR
g Cancerous score(100) I l
2 L
8 eof E
[ L First morphologacal signs
2 60
a L _
K L
(%]
o “Or -
g’ L
o 0 E
> L
< LA
B Normal cells score (0) T
'20 T T T T T T T T
0 1 2 3 4 5 6 7 8
Post infection days
Wr—7 T T T T T T T T T T T T T
g 150 - Cancerous MEF score (137) T
- S S ILLY: SIS S
7]
S 100 -mmmmmmmmm o m e N e -
- Cancerous NIH/3T3
8 score(100)
‘B sof First morphologacal signs |
7]
L
o
[l R R A T —— .
g’ Normal NIH/3T3 cells score (0)
E i
Normal MEF score (-51)
PR NN TN T N NN T ST U ST I S S R S

1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Post infection days

Fig. 5 Discriminant classification function of (a) NIH/3T3 and (b)
MEF cells at various intervals of postinfection. Each postinfection day
of transformation is represented using an array of average values of
three biomarkers: (Ay9s8/Asg52, Aq121/ A1, and the shift of v, PO3).

Previous studies*®*’ with rat fibroblast cell lines showed that

lipids have more predominant absorbance relative to other
biomolecules, including proteins, at the 2800- to 3000-cm™!
region. Also, changes in the absorbance due to v, CH, and v,
CHj; vibrational modes of lipids during carcinogenesis were
found.”* Our results showed remarkable increment in this
ratio in malignant cells compared to normal cell cultures.
Similar behavior of this biomarker was observed in
leukemia,5 0 cervical, colon, and colorectal cancer,5 as well as
in murine fibroblast cell lines and rabbit bone marrow primary
cells transformed by MuSV or H-Ras.”® In addition, the
CH;/CH, ratio was found to increase as a function of the
progress in malignant lymphoma grade.52

Lipids are considered as important components of the cel-
lular membrane, which significantly affect its permeability
and metabolites transportation during carcinogenesis,5 * and
they also form an influential source of energy that might be
essential for malignant metabolism. Moreover, the evidence
that transformed cells differ in their average cellular volume
compared to the normal cells (Fig. 1) may also contribute to
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the observed changes seen in the previous ratio.

5.2 Ay121/A015 (RNA/DNA) and Wavenumber Shift
due to v, PO;

The region between 900 to 1200 cm™! has many overlapping
bands that correspond to the nucleic acid absorbance. ™ Dif-
ferences in DNA isolated from cancer and normal cells/tissues
using FTIR spectroscopy have been the basis of a number of
studies for diagnosis of cancer.”>° A statistical comparison of
the FTIR spectra of DNA obtained from prostate cancer and
from normal prostate tissues of healthy younger men revealed
a broad array of differences in base structures (e.g., N-H and
C-0) as well as in vertical base-stacking interactions and in
the phosphodiester-deoxyribose backbone.” Also, structural
disorders in the pancreatic tumor DNA were detected in the
phosphodiester-deoxyribose spectral region.56

Our results showed significant increment in the
Aq121/ A5 ratio and v PO peak shift to higher wavenum-
bers in malignant cells compared to normal cell cultures. The
utilization of these spectral indicators was widely reported in
previous studies.”'*!1#!31920345757 The same tendency was
observed for A5/ A g5 ratio in melanoma,”® leukemia,'*"
cervical,lg’20 and colon,’” 057 cancers as well as murine fibro-
blast cell lines transformed by MuSV or H-Ras*® and
lymphoma.’™ In the case of v, PO3, it was found that the
phosphodiester group shifted to higher wavenumbers in vari-
ous malignant cell cultures such as human primary fibroblast,
mouse primary fibroblast, murine fibroblast cell line (NIH/
3T3), etc.”” This shift has been also seen in breast cancer,60
cancerous stomach tissues,”’ and neoplastic human gastric
cells.”?

It was suggested that the pivotal role of these biomarkers
stems from nucleic acid absorbance. The change in the absor-
bance and conformation of nucleic acids (which can cause a
shift in the absorbance of the phosphodiesters group) during
carcinogenesis arises from a sharp increment of the prolifera-
tion and metabolic activity in the transformed cells and from
the high levels of retrovirus DNA and RNA production in the
infected or transformed cells. Also, these changes could arise
from a variation in the nuclear volume of the transformed
cells as previously reported.®*** Cell transformation progres-
sion in time can be well described by a sigmoid function that
was obtained using a discriminant classification function. In a
short interval of postinfection time (meaningfully shorter than
the cell cycle), there are no detectable spectral differences
between infected and control cell cultures. Then the spectral
values of the infected cell cultures gradually approach the
spectral values of the fully transformed cells (as can be seen
in Fig. 5). After obtaining first signs of morphological trans-
formation (as confirmed by microscope and growth on soft
agar), all spectral indicators showed identical values to those
of the fully transformed cells.

The results presented in this study prove the superiority of
FTIR spectroscopy over the conventional technique used for
detection of malignant cells in culture. Thus, FTIR-MSP in
tandem with proper statistical tools may offer a promising
technique for the detection of early stages of malignancy and
for monitoring their progression.
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