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Can Fourier transform infrared spectroscopy at higher
wavenumbers „mid IR… shed light on biomarkers
for carcinogenesis in tissues?
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Abstract. Fourier transform infrared microspectroscopy �FTIR-MSP�
has shown promise as a technique for detection of abnormal cell
proliferation and premalignant conditions. In the present study, we
investigate the absorbance in the sensitive wavenumber region be-
tween 2800 and 3000 cm−1, which has been known to be due to the
antisymmetric and symmetric stretching vibrations of CH2 and CH3
groups of proteins and lipids. We report common biomarkers from this
region that distinguish between normal and malignant tissues and cell
lines. Based on our findings, we propose that the wavenumber region
around 2800 to 3000 cm−1 in the FTIR spectra of cells and tissues
could provide valuable scientific evidence at the onset of premalig-
nancy and may be used for ex vivo and in vitro detection of carcino-
genesis. To further examine the utility of these markers in cancer di-
agnosis and management, they are tested successfully in monitoring
the changes occurring in leukemia patients during chemotherapy.
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1 Introduction
Changes in the biochemistry of cells and tissues have been
studied by utilizing Fourier transform infrared �FTIR�-
spectroscopy and FTIR-microspectroscopy.1–4 The occurrence
of different cancers has been attributed to various causes, and
thus their diagnosis and prevention have different approaches.
It is therefore highly desirable to search for natural intrinsic
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parameters, which can have universal diagnostic capacities
irrespective of the type of cancer or its manifestation. In this
regard, FTIR spectroscopy shows promise, as it is dependent
not on single specific molecules but gives detailed informa-
tion on gross changes that are common to different forms of
cancer, such as abnormal growth and metabolism.

The differences in the absorbance spectra in the mid-IR
region between normal and abnormal tissues have been shown
to be a possible criterion for detection of cancer.5,6 However,
1083-3668/2005/10�5�/054017/10/$22.00 © 2005 SPIE
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the utility of lipids and phospholipids as biological markers
for cancer in FTIR-microspectroscopy �MSP� has not been
probed into in detail, though there was a mention of the
changes in the absorbance due to CH2 and CH3 vibrations
during carcinogenesis.7,8 The phospholipids/lipids/
triglycerides and proteins predominantly absorb in the wave-
number region from 2800 to 3000 cm−1,9 with minor contri-
butions from carbohydrates and nucleic acids. The
lipoproteins are involved in the formation of the membrane of
cells, and thus they are an important component in the cell
cycle. Absorbance in the region between 1700 and 1750 cm−1

has been attributed to the lipoproteins present in the cells and
tissues.10 However, this region has low intensities and is often
noisy, making it difficult for utilization in diagnosis. Thus,
there should exist a similarity in the variation between normal
and cancerous tissues of different organs with reference to the
lipoproteins, which is observable in the FTIR spectra. Previ-
ous work in this laboratory had identified important feature
combinations in the region between 2465 and 2963 cm−1 for
utilization in artificial neural networks �ANNs� for distinction
of cancer, normal and polyps, in colonic tissues.5

Earlier works done on the distinction of normal and abnor-
mal tissues based on spectral differences in the mid-IR region
have focused on the wavenumbers from 600 to
1800 cm−1.11–13 However, it is also obvious that the altered
rate of multiplication of cancer cells will result in the alter-
ation of lipid profiles and total biochemical composition in the
tissues, as these are constituents of the membranes and cell
organelles that divide during cancer.14,15 Some workers have
reported variations in intensities in the region 2800 to
3200 cm−1 in studies of cell/tissues, and derived parameters
from these intensities for their studies,16,17 among which the
CH3/CH2 ratio is prominent.

In the present work, we use data from colon and cervical
biopsies as well as normal and transformed cell lines to sub-
stantiate our observations that certain changes in biochemical
compositions are global features during carcinogenesis and
can be monitored through FTIR spectroscopy. The cell lines
are not subjected to biochemical processes like the biopsies,
and hence would help to account for any artifacts in the lipid
profile arising due to the treatment of biopsies by formalin,
xylol, and paraffin during their standard treatment. We also
study the reverse process in white blood cells �WBCs� of
child leukemia patients, who are successfully treated by che-
motherapy, to show that the same parameters are also valid
and may indicate the return of the WBC population to normal
once the leukemia is successfully treated. Thus, we aim to
prove that the biochemical variations during carcinogenesis
may give a remarkable universal feature in the higher wave-
number region, and therefore can be used for disease identi-
fication.

2 Materials and Methods
2.1 Sample Preparation
Biopsies were retrieved with the consent of cancer patients
from the histopathology files of Soroka University Medical
Center, Beer-Sheva �SUMC�. The biopsies were processed
following routine methods of pathological laboratories.
Samples were carefully selected to include both normal as

well as cancer regions on the same biopsies or different biop-
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sies from the same patient by an expert pathologist to avoid
individual variations. Consecutive sections of 10-�m
thickness5 were prepared from biopsies for FTIR-MSP and
histopathological studies and were practically identical. The
first slide was deparaffinized using xylol and alcohol and was
used for FTIR measurements. The second slide, after similar
processing along with the first slide, was stained with haema-
toxylin and eosin for online parallel histology review by an
expert pathologist, who also assigned the cancer stage when-
ever necessary.

Balb/c 3T3 murine fibroblasts were transfected with H-ras
oncogene cloned into the selectable plasmid pSV2neo.18 The
resultant clones were tumorigenic in vitro and had altered
morphology. Control cell lines that were transfected with vec-
tor plasmid were not tumorigenic and showed normal mor-
phology in vitro.19 Tissue culture media, fetal calf serum
�FCS�, trypsin, and antibiotics were purchased from Biologi-
cal Industries �Beth Haemek, Israel�. Cells were grown in an
incubator at 37°C, 95% humidity and 8% CO2, in Dulbecco’s
modified eagle medium �DMEM� supplemented with 10% fe-
tal calf serum �FCS�, glutamine �2mM�, and antibiotics �peni-
cillin 100 �g/ml, streptomycin 100 �g/ml, and gentamycin
50 �g/ml�. The details of these studies, such as synchroniza-
tion of cell lines at G1 phase by sodium butyrate treatment20

and the monitoring by FTIR-MSP, are detailed in an earlier
report.21

Primary rabbit cells obtained from the bone marrow of
1.5-kg rabbits were grown at 37°C in Roswell Park Memorial
Institute �RPMI� medium supplemented with 10% newborn
calf serum �NBCS� and the antibiotics penicillin and strepto-
mycin. Clone 124 of TB cells chronically releasing Moloney
MuSV-124 was used to prepare the appropriate virus stock.
The normal rabbit bone marrow fibroblasts were designated as
BM cells, and those transformed by MuSV as BMT cells. The
cells were synchronized separately at the G1 phase by sodium
butyrate treatment.20

A monolayer of NIH/3T3 cells grown in 9-cm2 tissue cul-
ture plates was treated with 0.8 mg/ml of polybrene �a cat-
ionic polymer required for neutralizing the negative charge of
the cell membrane� for 24 h before infection with the virus.
Excess polybrene was then removed, and the cells were incu-
bated at 38°C for 2 h with the infecting virus �MuSV-124� at
various concentrations in RPMI medium containing 2% of
NB. The unabsorbed virus particles were removed, fresh me-
dium containing 2% NBCS was added, and the monolayers
were incubated at 37°C. After 2 to 3 days, the cell cultures
were examined for the appearance of malignant transformed
cells. The cells were studied by FTIR-MSP as detailed in
earlier reports.21 Both normal and transformed cells were
washed in normal saline to remove any debris or extraneous
material from the media. Then they were spotted on the zinc
selenide slides and allowed to air dry in a laminar air flow.
The air dried samples were used for FTIR-MSP.

The blood samples were collected from child leukemia pa-
tients with consent of their parents and from an adult leuke-
mia patient with his consent. Blood from volunteers were col-
lected with their consent to serve as control. The WBCs were
separated within 2 h22 of the collection of the blood samples
from patients/controls. The cells and the WBCs were washed

with normal saline to remove any adhering media and extra-
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neous materials. They were then placed on zinc selenium
slides and allowed to dry for several hours in a laminar air-
flow chamber to remove any extra water. These air-dried
samples were used for microscopy. In parallel, normal HE
staining was done for the previous cell lines and WBCs to
morphologically assess their condition as normal or trans-
formed.

3 FTIR Microspectroscopy
At least five randomly selected spots were measured on biop-
sies, cell lines, or WBCs fixed on zinc selenide slides using
the FTIR microscope IRscope II with a liquid nitrogen cooled
mercury-cadmium-telluride �MCT� detector, coupled to the
FTIR spectrometer �Bruker Equinox model 55/S, OPUS soft-
ware, Bruker Optics� in a circular area of 100 �m diam in
transmission mode. The band pass was 4 cm−1. Background
spectra obtained from a remote region of the slide were used
to automatically subtract background spectra from any contri-
bution and artifacts residing on the slide during processing. To
achieve high signal-to-noise ratio �SNR�, 128 co-added scans
were collected in each measurement in the wavenumber re-
gion 600 to 4000 cm−1. The average spectrum of the different
sites was calculated and used for further processing. To elimi-
nate any background contribution, the spectra were selected in
the region 2800 to 3000 cm−1 and baseline corrected using a
24-point rubberband method using OPUS software. The aver-
age spectra for different samples were then normalized to the
CH2 antisymmetric absorbance band at �2920 cm−1 �min-
max normalization�, followed by offset correction and were
used for subsequent calculations and analyses. Vector normal-
ization for the cut spectra was also tested and did not signifi-

Table 1 Changes in the CH3/CH2 ratio from normal to cancer/transfo
tions is 3.9 and still significant for the 5.88 value of colon t-test.

Tissue/cell Type

N

re

Colon Normal

Cancer

Cervical Normal

Cancer

NIH3T3 Normal

MuSV transformed

Mouse skin fibroblasts Normal

H-ras transformed

Rabbit bone marrow primary cells Normal

MuSV transformed

White blood cells �human� Normal

Leukemia
cantly alter the results obtained using the min-max normaliza-
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tion. The same method of analysis was carefully followed
throughout, giving higher accuracy in the deduced spectral
parameters. The dataset employed in the present study is sum-
marized in Table 1. In the case of colonic tissues, circular
crypts were measured,5 and in the case of cervical tissues, the
measurements were made in the intermediate layer,23 as de-
scribed earlier. Measurement in these regions had shown en-
couraging results for FTIR-MSP-based diagnosis. For cervical
tissues, the measurements in the intermediate layer were un-
dertaken close to the superficial layer or close to the lumen of
the cervix, as in many instances the superficial layers were
absent and thus the measurements were performed at the next
outermost layer near the lumen. �In most cases under study,
the common clinical symptoms were excessive bleeding in
women, and thus, the presence of the superficial layer was
very limited.� Moreover, the intermediate layers are, most of
the time, homogeneous in composition23 unless there is a con-
tamination with blood. The contaminated areas can be easily
avoided by studying the parallel hematoxin-eosin �HE� slide.
In the case of cell lines and WBC, assuming a homogeneous
preparation, randomly selected spots were measured. The val-
ues for the calculation of intensities from the second deriva-
tive �after nine points smoothing� were obtained by a method
similar to Shen et al.24: CH3 asym ��2969,2956 cm−1�, CH2
asym ��2922,2915 cm−1�, CH3 sym ��2879,2871� cm−1,
and CH2 sym ��2857,2842� cm−1.

4 Effect of Paraffin
The tissue samples in the present study were prepared for
measurements from paraffin-embedded biopsies. The paraffin
can have significant absorbance in the region of interest. Thus,

conditions. The corresponding value from second derivative calcula-

t test
�p� .05�

Variance
�10−3

Mean
value

Percent of change
of mean value

5.88 22.8 0.35 66.73

36.3 0.59

4.02 13.79 0.36 61.11

33.72 0.58

6.01 2.4 0.60 8.33

1.75 0.65

6.75 1.46 0.59 18.65

1.07 0.70

4.42 3.21 0.61 14.75

2.45 0.70

4.94 0.42 0.67 26.86

12.66 0.85
rmed

umber
of

cords

100

100

65

65

75

75

25

25

30

30

45

40
a careful experiment was done to study the effect of paraffin
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in the tissues, and also verify its successful removal in the
deparaffinized samples. A colonic biopsy was selected and a
10-�m slice of the paraffin-embedded tissue was mounted on
a zinc selenide slide �a consecutive section was placed on a
glass slide�. The colonic crypts are visible as circular entities,
though not very clear when embedded in paraffin. The back-
ground of the slide was measured in a clear region. Then, the
spectra at five different spots of the tissue with the paraffin
itself were measured. Similarly, spectra of pure paraffin layers
were measured. The slides were then washed with xylol �10-
min wash with three changes� with mild shaking to hasten the
removal of paraffin. At each step of the washing, the slide was
removed, allowed to dry, and then selected areas were mea-
sured, including the areas where only pure paraffin was
present in the initial section. Each time, the background was
measured in a clear region. After this process, the slides were
washed briefly �30 min� in alcohol and another set of mea-
surements was taken. The slide was then left in 70% alcohol
overnight �12 h� and the next day the measurements were
done again. The data were analyzed to verify the complete
removal of paraffin from tissues. The glass slide was pro-
cessed and stained to see the tissues and absence of any par-
affin �residual paraffin would prevent proper HE staining of
tissues�. Spectra were carefully examined for indication of the
slightest absorbance from paraffin �at wavenumbers from
1426 to 1483 cm−1� and were found to be devoid of such
impurities.

5 Results
The spectrum in the presence of traces of paraffin show strong
absorbance peaks at wavenumbers where paraffin absorbs
�wavenumbers 1426 to 1483 cm−1, Fig. 1�a��. In addition, the
region between 2800 and 3000 cm−1 has a very high absor-
bance for paraffin due to CH2 and CH3 stretching vibrations
�Fig. 1�b��. The spectra of the tissue section embedded in
paraffin are shown for comparison, to indicate the dominance
of signals in the region 2800 to 3000 cm−1 when paraffin is
present. It is noted that when the sections are treated with
xylol, the paraffin is rapidly removed, and after two washes,
there is complete paraffin removal. The changes are nonsig-
nificant after a third wash, showing further that there is no
residual paraffin. At this point, the signals at �1737 cm−1

also become clear, indicating that the signals of lipids are
from the constituents of the tissues �Fig. 1�a��. There are mi-
nor differences due to washing with alcohol and also decrease
in signals at �1737 cm−1, which may be due to the removal
of some more lipids, especially those soluble in
alcohol/formalin.25 At the same time, signals in the region
between 800 and 1800 cm−1 that are due to paraffin vanish in
the spectra, giving a consistency in the intensities between
1426 and 1483 cm−1, which indicates the removal of paraffin.
The changes in the region 900 to 1185 cm−1 due to washing
with alcohol could be due to removal of the xylol and some
sugars that are dissolved. This in turn would also partly con-
tribute to minor changes observed in the region 2800 to
3100 cm−1 due to alcohol effects �Fig. 1�b��.

The histological studies of HE stained slides showed that
the tissues were not greatly damaged and showed clear out-
lines of cells, indicating the integrity of structures and pres-

ence of lipids in complex forms �membranes�, even after pro-
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cessing with xylol and other reagents. The representative
spectra of normal and cancerous colonic tissues in the mid-IR
region are presented in Fig. 2�a�. The expanded region 2800
to 3000 cm−1 from the same patients are displayed in Fig.
2�b� along with the second derivative spectra in Fig. 2�c�. The
spectra are baseline corrected, normalized to the CH2 asym
stretching peak at �2922 cm−1. It is seen that the cancer
tissue has different absorbance patterns than the normal tis-
sues. The four relevant bands are labeled and assigned by
numbers such as peaks 1, 2, 3, and 4 for further discussions.
Similar results were also observed in the case of cervical can-
cer tissues compared to the respective normal tissues �data not
shown�. It can be noted that these two patients were selected
to represent a small difference �patient 18� and a large differ-
ence �patient 20� between normal and cancer for the ratio
studied, as shown in Fig. 3�a�. This indicates that the variation
in the ratio is dependent on individual differences between

Fig. 1 Area normalized spectra of colonic sections treated with xylol
and alcohol during processing of biopsies for FTIR measurements to
show the removal of paraffin: �a� region between 600 to 1800 cm−1

and �b� region between 2700 to 3700 cm−1. The labels indicate E as
the paraffin embedded section, X1 is after the first wash with xylol, X2
is after the second wash with xylol, X3 is after the third wash with
xylol, A1 is after the first wash with alcohol, and A2 is after the second
wash with alcohol. Note that the very high absorbance of paraffin in
the embedded sections has made the other peaks relatively very small
and thus not clearly visible.
patients.
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Fig. 2 �a� Spectra of colonic tissues in the mid-IR region 800 to
1800 cm−1 after baseline correction and normalization to the amide 1
band. The spectra were obtained from different regions of the same
biopsy of two patients represented in Fig. 3 �patients 18 and 20�. �b�
Expanded region between 2800 to 3000 cm−1, indicating the promi-
nent bands observed in the spectra �inset: after rubberband baseline
correction for this region�. �c� Second derivative spectra displaying
the minima and the wavenumbers selected for calculation of the
parameters.
Journal of Biomedical Optics 054017-
Fig. 3 �a� Variations in absorbance due to CH3 and CH2 �total of
symmetric and antisymmetric stretching vibrations� of lipids in normal
and malignant colonic tissues. �b� Variations in the absorbance due to
symmetric and antisymmetric CH2 stretching vibrations of normal and
cancerous tissues. Each histogram is the average ratio of ten different
measurements on the same biopsy. The error bars indicate the stan-
dard error within a biopsy. �c� Spectra of the colonic tissues consid-
ered as normal and cancerous region by the pathologist from patient
16 �N1,C1� compared to a representative spectra �N2, C2� and spectra
of red blood cells �dotted line� on the same slides.
September/October 2005 � Vol. 10�5�5
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The spectra from biopsies of 20 colon cancer patients show
that there is an increase in absorbance ratio due to total sym-
metric and antisymmetric vibrations of CH3 groups compared
to total of CH2 groups in cancer tissues �Fig. 3�a��. The ratio
presented in the figure gives the absorbance intensity ratio at
the specified channels �wavenumbers�. The figure indicates
that there is a significant consistent alteration in the lipid me-
tabolism in the cancer tissues. Figure 3�b� displays the absor-
bance intensity ratio CH2 sym/CH2 asym for the same group
of colon cancer patients. In this case, the ratio for cancer is
consistently lower than the ratio for the corresponding normal
tissue from the same patient. The absorbance at �2852 cm−1

has been ascribed mainly to the changes in membrane lipid
levels.4,26,27 Thus, we derive two parameters based on the
spectral intensities ratios �Figs. 3�a� and 3�b��, which can be
tested as biological markers to distinguish between normal
and cancerous tissues. These ratios were statistically different
between the cancer and normal colonic tissues as seen from
the paired t-test values listed in Table 1. The CH3/CH2 ratio
was increased by 8 to 66% in cancerous tissues compared to
the corresponding normal tissues as seen from Table 1. The
mean values for this ratio when derived from the second de-
rivatives were also significantly different at 95% level of con-
fidence, though the t-value was smaller respectively when the
second derivative method was used. In the case of direct in-
tensities and baseline subtraction, it was 5.88, while the sec-
ond derivative gave only 3.9 �Table 1�. The outlier cases of
patients 15 and 16 were reinvestigated to understand the de-
viation from the normal trend. The spectra in the higher re-
gion were grossly different from those of normal colonic tis-
sues. One possible reason could be the presence of
contaminant material like blood �hemoglobin�, which would
be difficult to identify in the ZnSe slide. The second HE
stained slide was re-examined and there were large patches of
red blood cells in the tissues. To verify if such contamination
could result in alteration of the spectra, the spectra of regions
in the slide without colonic tissues but only blood �red blood
cells� were measured. The spectra showed that inclusion of
red blood cells could markedly affect such measurements, as
seen from Fig. 3�c�. Thus, it is necessary to avoid such re-
gions in the FTIR measurements by careful study of the his-
tology in parallel. In the case of patient 16, even the normal
tissues had contamination with blood and gave a different
type of spectra in the higher region. Moreover, location of
cancer and normal tissues were in close proximity in these
cases, possibly leading to very small differences in the spec-
tral features in FTIR, as seen in Fig. 3�c�. We include these
results to show the possible sources of error that may arise
during such measurement of the spectral data.

Similar trends were obtained for 13 sets of cervical tissues
�Table 1�. The results indicate that the cancer tissue has a
higher absorbance ratio of CH3/CH2 but a lower ratio for the
CH2 sym/CH2 asym. The decrease in absorbance of CH2 sym
and a concomitant increase in CH3 are possibly responsible
for these remarkable features �changes in both ratios�. It is
evident from the figure that in the case of cancer, lipid me-
tabolism is greatly altered. The decrease in the ratio of the
total absorbance due to symmetric and antisymmetric CH2

stretching vibrations is an indication of decreased membrane
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lipid content in cancer compared to the normal lipid content
�Fig. 3�a��.

The lipids form an important source of energy as well as
part of the membrane, whose permeability is important for
easier transportation of metabolites during rapid cell growth
and division. If these arguments are valid, the same feature
should also be present in the case of cell lines when they are
transformed to be carcinogenic. The ratios obtained for nor-
mal NIH 3T3 cells and those transformed with murine sar-
coma virus �MuSV� are presented in Figs. 4�a� and 4�b�. Simi-
larly, the CH3/CH2 ratio increases for the cancerous
�transformed� cells with respect to controls, and the CH2
�sym�/CH2 �asym� decreases in cancer, as observed earlier in
the cases of colon and cervix, though the magnitude of the
differences became less, as discussed later. In some cases, the
difference was not very large as expected, and this could be

Fig. 4 �a� Variations in absorbance due to CH3 and CH2 �total sym-
metric and antisymmetric stretching vibrations� in NIH 3T3 cell line
and MuSV transformed cell lines, as calculated from the region 2800
to 3000 cm−1. The histograms represent the normal and the trans-
formed cells. �b� Variations in absorbance due to symmetric and an-
tisymmetric CH2 stretching vibrations. Each data point represents the
average ratio of ten different measurements, and the individual
sample number represents replications on different days. The error
bars indicate the standard error.
due to either incomplete transformation or slight variation in
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the growth stage of the cells, as shown by Mourant et al.4 The
other possibility is that both normal and transformed cells are
perpetually growing �considering both as immortal or abnor-
mal and fast growing�, the lipid composition would not vary
strongly in some instances as expected, leading to a lowering
of these differences. Nevertheless, in the majority of cases
�9/15�, we found this trend indicating abnormal cells could
give rise to these patterns observed in tissues.

To further verify these features, other cell lines were stud-
ied. Fibroblasts cells that are transfected with H-ras oncogene
were compared with normal fibroblasts. Indeed, the ratio of
H-ras transfected mouse fibroblasts showed similar trends
�Table 1�. The same observations are also seen in the case of
the primary rabbit bone marrow cells, which extend the ob-
servations to other mammalian systems �Table 1�. The previ-

Fig. 5 �a� Spectra of WBCs in the region between 2800 to 3000 cm
vibrations in lipids �phospholipids� at different days of the chemothera
compared with an age-matched control �dotted line�, �b� CH3/CH2, and
the treatment response for an adult, and the black circles and line rep
from the second derivative spectra. Each data point was the average of
obtained for the group of control persons. The error bars are the stand
ous results indicate that during carcinogenesis, the metabo-
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lism is altered, and this can manifest as changes in the FTIR
spectra in the wavenumber 2800 to 3000 cm−1, indicating the
possible universality of these features.

It is most interesting also to examine the inverse process,
namely, when the reverse happens and the process of carcino-
genesis is stopped and cells/tissues return to normal, the prior
parameters should also return to normal values. This is an
additional stringent test that such universal features are valid.
In the case of a successful leukemia treatment, especially in
children, the final WBC population returns to a normal con-
dition. Thus, monitoring the WBC population during the treat-
ment of children as a model system would prove that this
parameter is indeed a valid fingerprint of carcinogenesis in
cells and tissues. It has already been shown that the WBCs in

ing the absorbance due to symmetric and antisymmetric stretching
atment of a ALL child �T-cell type� undergoing treatment for leukemia
H2 sym/CH2 asym. The �gray� circles and lines �in �b� and �c�� indicate
a child. �d� The CH3/CH2 values obtained with intensities calculated
fferent sampling measurements. The open circles represent the values
ror.
−1 show
py tre
�c� C

resent
five di
a leukemia patient are different from those in a normal
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person.28 Figure 5�a� presents the WBC spectra from a child
patient on four different days of treatment �days 0, 1, 7, and
12�, where day 0 represents the spectra before induction of
chemotherapy. The dotted line shows the spectra of a healthy
person for comparison. Similarly, the values obtained from
averaged FTIR spectra of WBCs from healthy persons were
compared with WBCs of the leukemia patients �child and
adult� on different days of treatment �Figs. 5�b� and 5�c��.
During treatment days, most values of CH3/CH2 are above
the normal level, and most values for the CH2 �sym�/CH2
�asym� are below. It is observed that indeed the CH3/CH2
ratio returns to a normal level after chemotherapy for most
patients and becomes at par with those for the healthy persons
�represented by the dashed horizontal lines in Fig. 6�. The
values obtained from the second derivative also displayed the
same pattern, indicating that the contribution of the baseline
correction procedure to the data was negligible �Fig. 5�d��.

The CH3/CH2 parameters calculated for additional chil-
dren undergoing successful treatment for leukemia are dis-
played in Fig. 6. The figure illustrates the differences before
and after treatment. The values obtained from a control group
of nine healthy volunteers are presented to show the effi-
ciency of the treatment and the disappearance of leukemia for
patients C1 through C8. Figure 6 illustrates that the successful
treatment of leukemia is indicated by the return to normal
ratios of CH3/CH2 and CH2 �sym�/CH2 �asym�. Patients C1
and C4 did not respond favorably and were under further
treatment.

To further show that even unsupervised methods give simi-
lar conclusions, cluster analysis �Fig. 7� of the spectra in the
region 2835 to 3000 cm−1 using Ward’s algorithm was per-
formed to show the return of normalcy in the child patient on
day 12 when the above ratios �Figs. 5�b� and 5�c�� reach the
range of the normal group. Figure 7 indicates that as expected,
the spectrum on day 12 �labeled LD12� is grouped together
with the controls, whereas earlier days are grouped in a dis-
tinct cluster. Other techniques �cytogenetic and fluorescence
activated cell sorter �FACS�� were used to confirm the status
of the disease in these patients and they were taken just before

Fig. 6 Variation in CH3/CH2 ratio in seven children and one adult
patient before and after treatment compared with controls. �Patients
C1 and C4 are still under treatment.�
the induction of chemotherapy.
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6 Discussion
In the diagnosis of cancer using FTIR spectroscopy, the re-
gion between 2800 and 3000 cm−1 was largely ignored be-
cause of the interference of water and also because other me-
tabolites like phosphates and carbohydrates �the principal
absorbing molecules� were considered to be of more diagnos-
tic potential.12,13 Though there was a mention of the changes
in the absorbance due to CH2 and CH3 vibrations of lipids
during carcinogenesis,6,7 spectral absorbance in the 2800 to
3000 cm−1 region has not been probed into in detail. Four
prominent absorbance bands are located in this region:
�2852 cm−1 �symmetric CH2 stretching� of the methylene
chains mostly in membrane lipids; �2922 cm−1 �antisymmet-
ric CH2 stretch�; 2960 cm−1 �antisymmetric stretching CH3�;
and �2872 cm−1 �symmetric CH3 stretching�.27,28 We define
two possible universal biomarkers in the FTIR-MSP spectra
of various cancers �with different origin and character� for
both diagnostic purposes as well as for development of imag-
ing systems for in vivo �using methods to remove the influ-
ence of water, which can be developed in future� or ex vivo
applications. The first is the CH3/CH2 ratio and the second is
the CH2 �sym�/CH2 �asym� ratio.

Earlier works have revealed that the lipid profile and cell
permeability were altered due to carcinogenesis.29 The lipo-
proteins are involved in the formation of the membrane of
cells and thus play an important role in the permeability of
cells. Thus, the uptake of nutrients from surrounding cells and
tissues by the rapidly proliferating cancer cells is enhanced.
The observed phenomena of increased CH3/CH2 reflect the
formation of shorter fatty acid chains in cancer. Short-chain
fatty acids are reported to promote cell migrations in colonic
crypts30 that can lead to abnormal crypt proliferation, a pre-
cursor of colon cancer. The relative magnitude of CH3 and
CH2 vibrations would thus be affected, as shorter fatty acids

Fig. 7 Dendrogram of the WBCs of control and child on different days
using the spectral region shown in Fig. 5 and Ward’s minimum vari-
ance method of cluster analysis. LN indicates normal WBCs from con-
trols and the number indicates the sequential number of control, and
LD indicates WBC from a child leukemia patient at different days
indicated by the numbers. Note the spectrum of day 12 �LD12� is
clustered with the normal group rather than the diseased cluster.
would have a larger CH3/CH2 ratio, as actually observed in
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Figs. 3�a�, 4�a� and 6. This would be especially true in tissues
where the surrounding regions would have longer fatty acids,
providing a contrast with cancer.

Interestingly, the same features, though more uniform in
cell lines, are less enhanced between transformed and control
cell lines. This may arise from the similar divisional behavior
of both �normal and cancer� cell lines. Both can be denoted as
“immortalized” cells that can be cultured indefinitely. Thus,
differences due to the effect of transformation do exist but are
less pronounced. Moreover, these parameters are more uni-
form in the case of cell lines due to the better homogeneity of
the samples compared with tissue samples, which contain ex-
tra cellular components where there is a chance of deposition
of migrating lipids. In the case of tissues in spite of all pre-
cautions taken, there is a probability of some amount of con-
tamination from the surrounding regions of sampling and due
to the transport of molecules.

The lipids may be present inside or outside the cells in the
tissues; however, we ascribe these changes to metabolism
within the cells, as both cells and tissues show similar trends.
Thus, altered lipid metabolism and increased ratio of CH3/
CH2 within the cells and tissues seems to be a common fea-
ture of all carcinomas. Correlation between types of fatty ac-
ids and cancer has been well documented.31 Fatty acids have
also been shown to vary the chemo sensitivity of the trans-
formed cells.32 Accumulation of diacylglycerol during hepati-
tis and subsequent hepatoma in rats, which can influence this
parameter, have been reported.33 Thus, the utilization of the
absorbance in higher wavenumbers in the FTIR spectra of
tissues can be an important parameter while studying malig-
nancies by advanced optical techniques like pseudocoloring
and image analysis.

The absorbance in the higher region can be used in addi-
tion to the absorbance in the lower regions like 900 to
1800 cm−1, indicating complementary diagnostic capabilities
through spectroscopic methods. The phenomenon of “en-
hanced permeability and retention effect,” observed in cancer
tissue for macromolecules and lipids and coined the “EPR
effect,” takes into account that most macromolecules are re-
tained in the cancerous tissues. The tissue histology in the HE
stained slides shows clear cell features, indicating intactness
of cell membranes after processing. Thus, the lipids and mac-
romolecules are not removed during the process of fixation
and processing, enabling their detection in tissues and the
utilization of such information for diagnosis. The levels of
lipids are also affected by lipid mobilizing factors34 during
tumor growth and cancer, which should manifest as variations
in the absorbance between normal and malignant cells/tissues,
as observed in the present work. Most solid tumors are known
to exhibit highly enhanced vascular permeability, similar to or
more than the inflammatory tissues, and it is well known that
both proteins and lipids constitute the membranes that are the
barriers affecting cell/tissue permeability.

Currently, different markers are being used for different
cancers. It is therefore desirable to define scientific parameters
that may have universal diagnostic capacities irrespective of
the type of cancer or its manifestation. This would help in
designing infrared-based probes for ex vivo/in situ diagnosis
of cancer with a universal application possibility without de-
pending on specific markers or reagents. In the present study,

for the first time we look into the variation in lipids and phos-
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pholipids of cancer tissues �colon and cervical� in FTIR spec-
tra, focusing on the region between 2800 and 3000 cm−1. The
similar trends observed in this study in both cells and tissues
reflects that the earlier observations are not due to any arti-
facts, such as contamination of surrounding fluids, and prob-
ably suggest a universal feature of altered lipid metabolism
and less rigid cell membrane organization during carcinogen-
esis. This is the scientific basis of our observation, which may
have a powerful diagnostic potential. Though the absorbance
in this region can be due to contributions from many macro-
molecules, the relative contribution of lipids is maximum, and
therefore we assign these changes mainly to altered lipid me-
tabolism. Moreover, the differences obtained for cervical can-
cer are less compared to colon cancer �Table 1�, and it is well
known that glycogen, which is abundant in normal cervical
epithelium �intermediate and superficial layer�, is absent in
cancerous conditions, letting us conclude that the contribution
from carbohydrates, if any, would be minimum. Similarly, the
intensity of the amide 2 band was not significantly different
between normal and cancerous tissues when normalized to the
amide 1 band �Fig. 2�a��. It indicates that we were possibly
dealing with equivalent amounts of proteins in both types of
tissues, while larger differences were seen in the lipids, in the
region 2800 to 3000 cm−1, and in the CH2, CH3 bending
region between 1300 and 1500 cm−1. The processing of tis-
sues could, of course, result in a differential extraction of
small, easily removable lipids between normal and cancer tis-
sues in the short time that they are exposed to xylol, and this
could also be a minor factor contributing to the better diag-
nostics observed in tissues compared to cell lines. In sum-
mary, we evaluated common parameters derived from the
mid-IR absorbance for understanding biochemical alterations
during carcinogenesis, and for diagnosis of malignant and
normal tissues, cell lines, and WBCs as common indicators of
cancer. To further establish the utility of these ratios in cancer
diagnosis and management, the same parameters have been
tested to monitor the changes occurring in leukemia patients
during chemotherapy. The results are encouraging, and indi-
cate the possibility of identifying cancer cells in a tissue by ex
vivo or in vitro studies, and the future use of imaging tech-
nologies to utilize these few simple parameters for diagnostic
purposes.35,36 Nevertheless, it becomes important that the de-
paraffinization process is checked carefully before such analy-
sis to eliminate any contribution from residual paraffin, which
may influence the spectra in this region. In addition, it is also
noticed that contamination of samples by RBC in the ZnSe
slide can be cross-verified from the higher region, and such
spectra can be discarded for further analysis, since the pres-
ence of significant amounts of RBC �hemoglobin� can alter
spectral features.
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