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Observation of Biochemical Imaging Changesin Human
Pancreatic Cancer Tissue using Fourier-transform Infrared
M icrospectr oscopy

Ying-Jen Chen, MD; Yih-Dih Chengt, PhD; Hsin-Yi Liu, M&; Paul-Yann Lin®, MD;

Chia-Siu Wang*, MD

Fourier-transform infrared (FT-IR) microspectroscopic mapping can be used to distin-
guish between different tissue structures, and to increase the image contrast between normal
and cancerous regions of a given tissue sample. This study demonstrates the biochemical
changes associated with a consistent link between cancerous tissue and various molecular
changes in the IR spectra of human pancreatic cancer tissue using FT-IR mapping. Tissue
samples were obtained immediately after resection in a patient who underwent a distal pan-
createctomy including the pancreatic body and tail. The biochemical imaging changes of
lipids, proteins, and nucleic acids in human pancreatic cancer tissue were analyzed via FT-
IR microspectroscopy, using imaging, mapping, and line scan techniques. The intensities
and frequencies of the absorption bands in the IR spectra of human pancrestic cancerous tis-
sue were markedly reduced and shifted, particularly in the amide bands of protein and CH2
and CHs stretching vibrations of lipids. The cancerous tissue contained significant protein
content, and the distributions of DNA and lipid were very low, indicating low amounts of
nucleic acids and lipids in human pancreatic cancer tissue. The analytical results indicate
that these FT-IR microspectroscopic biochemical images reflect the distribution of cell com-
ponents, which could be correlated with stained tissue in adenocarcinoma in pancreatic tis-
sues. This study with samples of honcancerous and cancerous pancreatic tissues has clearly
demonstrated that FT-IR microspectroscopy using the mapping method can be used for diag-
nosis. (Chang Gung Med J 2006;29:518-27)
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Pancreatic cancer remains a major public health
problem in the United States and other developed
countries. In the U.S. in 2004, it was estimated that
31,860 new cases of pancreatic cancer would be
diagnosed, with 31,270 people dying from the dis-
ease.?) Pancreatic cancer is the fourth leading cause
of cancer-related death for both men and women,
and is responsible for 6% of all cancer-related
deaths.® In Taiwan, there were 35,201 cancer deaths

in 2003, accounting for 27% of al deaths. Pancreatic
cancer was the tenth most prevalent cause of cancer-
related deaths, being responsible for some 3% of all
cancer-related deaths.®

Patients' survival depends on the extent of the
disease and the performance status on diagnosis. The
extent of disease is best categorized as resectable,
locally advanced, or metastatic. Owing to diagnostic
difficulties, the aggressiveness of pancreatic cancers,
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and a lack of effective systemic therapies, less than
5% of patients with adenocarcinoma of the pancreas
generally survive more than five years following
diagnosis.®® Current treatments are based on recent
advances in studies of the molecular mechanisms
involved in tumorigenesis. The precise interaction of
the increasingly complex molecular alterations
described to date in pancreatic carcinogenesis
remains unclear. Novel therapies designed to correct
molecular alterations may produce new treatment
strategies and enhance understanding of the relative
roles of these changes in pancreatic cancer biology.
Numerous tumor-related antigens have been investi-
gated in patients with pancreatic cancer. These sub-
stances are generally high-molecular-mass glycopro-
teins produced by either tumor cells or the surround-
ing tissues in response to the presence of tumors.®
This study uses FT-IR microspectroscopic mapping,
imaging, and line scan techniques to observe the bio-
chemical imaging changes and the chemical function
distribution of protein bands in human pancrestic tis-
sue.

IR microspectroscopic imaging techniques
recently have been applied in various biological and
medical studies, including cell visualization, detec-
tion of lipids, proteins, and nucleic acids, detection
of polytene chromosomes in cells and tissue, and
drug analysis of human hair.¢® The applications of
IR microspectroscopic mapping and imaging have
also been extended to problems involving cellular
structure and morphologic changes occurring in vari-
ous diseased and cancerous tissues.®*™ The strengths
and adaptability of IR microspectroscopic imaging
derive not only from the ability to determine chemi-
cal compositions and component distribution within
a sample, but also from the ability to extract local-
ized molecular information related to the sample
architecture. For example, IR spectra are sensitive to
changes in secondary and tertiary protein structure.
Spectral shifts thus can be used to image the distribu-
tions of specific structural moieties within a biologi-
cal sample, in contrast to simply measuring an over-
all distribution of a general class of molecules.

Since the IR spectra represent the fingerprint of
a particular molecule, spectra from the image cube
are used to uniquely and unambiguously identify
sample components. Furthermore, biochemical IR
mi crospectroscopic imaging also enables the identifi-
cation and chemical distribution of cellular materials
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and tissue components, information essential to
understand biological activity. This study was the
first to examine the biochemical imaging changes
and protein conformational changes of human pan-
creatic cancer tissue, and observe the distribution of
lipid, protein, and DNA in cancerous tissue using IR
microspectroscopic imaging, mapping, and line scan
analysis techniques.

CASE REPORT

Patient

A 51 year-old woman was diagnosed with can-
cer of the body and tail of the pancreas. On April,
2002, the patient received a distal pancreatectomy at
Chang Gung Memorial Hospital - Chiayi. The pan-
creatic tissue measured 8 X2.7X2 cm. An illed-
defined, firm tumor measuring 3.3X2.2X 1.5 cm
was identified 0.5 cm away from the resection mar-
gin. Sections displayed moderately differentiated
ductal adenocarcinoma of the pancreas with marked
tissue desmoplasia and mild tumor necrosis.
Extensive perineural invasion was also observed.
There was focal tumor cell involvement in the resec-
tion margin of the pancreas. A peripancreatic lymph
node with metastatic adenocarcinoma was observed.

Tissue preparation

Tissue samples were obtained immediately fol-
lowing resection. Sections were obtained from both
the cancerous mass and noncancerous mass 5-10 cm
away from the tumor, frozen in liquid nitrogen, and
stored at -80°C until use. The frozen tissue was cut
in a microtome at -20°C, and two 10-um-thick sec-
tions were taken from each tissue sample. One tissue
section was mounted on an aluminum foil-coated
microscope slide for infrared microspectroscopic
studies, while the other was fixed in formaldehyde,
and stained with hematoxylin and eosin (H & E) for
histological examination. The composition of each
tissue section was scored blindly as a percentage of
malignant and normal segments. This technique
enabled close monitoring of the histological compo-
sition of each tissue section through spectroscopic
examination.

Infrared spectral analysis
The infrared spectrum of the cancerous and non-
cancerous tissue was obtained using a Perkin-Elmer



Spectrum One FT-IR spectrometer (Perkin Elmer
Ltd., Buckinghamshire, UK) equipped with a Perkin-
Elmer AutolMAGE IR microscope, a liquid nitro-
gen-cooled mercury-cadmium-telluride (MCT)
detector and a zinc selenide attenuated total
reflectance (ATR) prism. For each spectrum, 128
scans were performed at a spectral resolution of 4
cm?, with anormal range from 4000 to 700 cm'. For
the microscopic mapping, a square region (200X 200
pm) of tissue was chosen and mapped using 10-um
steps in the X and Y directions (resolution 4 cm?,
aperture 40 pm X 40 pum, 16 scans). The second-
derivative spectra were also used to confirm the peak
positions and assignments of the IR spectra.

Infrared spectral characteristics of human pan-
creatic tissue

Human pancreatic cancerous and noncancerous
tissues were determined by comparing with photomi-
crographs obtained from the hematoxylin-eosin-
stained tissue. Fig. 1 illustrates the typical IR spectra
of the cancerous and noncancerous tissue. The infor-
mation contained in this IR absorption spectrum
originates from many different types of biomolecules
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in the tissue, including proteins, lipids, carbohy-
drates, and nucleic acids. Fig. 1 shows that the spec-
tral patterns in the cancerous tissue differed from
those in the corresponding noncancerous tissue. The
most significant changes occurred in the absorbance
regions from 3800 to 3100 cm?, 3100 to 2800 cm,
1800 to 1500 cm, and 1500 to 1200 cm™. Other
changes could also be observed at a wavenumber
between 1200 and 900. Particularly in the frequency
region of the amide bands, the intensities of the
amide A band, near 3296 cm?*, and the amide B
band, near 3085 cm™, in cancerous tissue were
decreased owing to the N-H stretching vibration
change in the peptide bond of the protein amide band
compared with the noncancerous tissue.®** The
intensity and frequency of the amide | band around
1659 cn' in cancerous tissue was reduced and shift-
ed compared to noncancerous tissue, mainly owing
to the C = O dgtretching vibration change in the pro-
tein backbones.®>*» Moreover, the intensity and fre-
quency of the amide Il band at around 1547 cm’ in
cancerous tissue were significantly reduced and
shifted from noncancerous tissue, mainly owing to
the N-H bending coupled with the C-N stretching
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1800 1600 1400 1200 1000
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Fig. 1 Typical FT-IR spectra of noncancerous tissue (black line) and cancerous tissue (red line) in the human pancreas.
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mode changing the peptide bond.®* The intensity of
the amide 111 band in noncancerous tissue was also
significantly reduced in cancerous tissue, and the fre-
guency was shifted to 1232 cm' in cancerous tissue
owing to the combination of changesin N-H bending
and C-N stretching in the peptide group.®*

The intensities of the absorption bands near
2959 and 2924 cm™ in cancerous tissue were
markedly decreased compared to the noncancerous
tissue owing to C-H antisymmetric stretching of the-
CHs groups and > CHz groups of lipids, respective-
ly.®*¥ The intensities of the absorption bands at 2873
and 2854 cm* in cancerous tissue were also signifi-
cantly decreased compared to noncancerous tissue
owing to C-H symmetric stretching of the-CHs
groups and > CH: groups of lipids, respectively.®**
The intensity of the absorption band at around 1734
cm* due to C = O stretching vibration of the car-
bonyl ester of phospholipids in cancerous tissue was
gradually reduced in noncancerous tissue.®119
Around 1232 cm, superimposed bands typical of
different > P = O double-bond antisymmetric stretch-
ing vibrations of the phosphodiester free phosphate,
and monoester phosphate functional groups in can-
cerous tissue were observed, and the intensity and
frequency were reduced and shifted compared to the
noncancerous tissue.®*® Symmetric phosphate
stretching vibration modes of the phosphodiester
groups were aso observed near 1084 cm* in cancer-
ous tissue, while the intensity change was not obvi-
ous in noncancerous tissue.®9 The absorption
band at around 970 cm* in cancerous tissue resulted
from the symmetric mode of dianionic phosphate
monoesters of phosphorylated proteins and nucleic
acids,*® and the intensity was slightly reduced com-
pared to the noncancerous tissue. In cancerous tissue,
the bands at 1457 and 1400 cmr* were characteristic
of the symmetric and antisymmetric CHs bending
modes of methyl groups in proteins,®*® and the
intensity of both bands was significantly decreased
compared to noncancerous tissue. A band at 1172
cmr® appeared in cancerous tissue, corresponding to
the C-O stretching mode of the C-OH groups of
amino acid in cell proteins and to the C-O groups of
carbohydrate, 5" but it did not appear in noncancer-
oustissue.

Histological and infrared line scanning images
of human pancreatic tissue
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Fig. 2 shows the FTIR microscopic visible
image of H & E stained pancreatic cancer tissue (Fig.
2A) and the infrared line scanning image of
unstained cancer tissue (Fig. 2B). Fig. 2B illustrates
that similar pathomorphological parts displayed sim-
ilar spectral characteristics, indicating spatial bio-
chemical homogeneity, and that different pathomor-
phological parts displayed heterogeneity in the can-
cer tissue. The intensities and frequencies of the
absorbance bands changed markedly, particularly in
the amide bands of protein and CHz and CHs stretch-
ing vibrations of lipids, reflecting differences in tis-
sue structure differentiation. The changes in chemi-
cal function between the spectral features 3100 and
2800 cm* were dominated by absorption bands of
the antisymmetric and symmetric C-H stretching
vibrations of -CHs and > CHz methylene groups con-
tained in fatty acidsin cellular membranes.®** These
vibrations could serve as sensitive monitors of the
state-of-order of the membrane lipid matrix. The
spectral region between 1800 and 1500 cm* was
shaped mainly by the > C = O stretching absorption
band of ester carbonyl (near 1734 cm?) and the
amide bands of the proteins.*** The conformational
change of amide | band components noted between
1700 and 1600 cm* was conformation-sensitive, and
could be used to differentiate the protein secondary
structures a-helix, B-sheet, B-turns, and unordered
structures.®** The amide Il band between 1600 and
1500 cm* was more complex than the amide | band
in the same region. The strongly absorbing amide 11
components of the a-helix and [3-sheet components
displayed perpendicular and parallel dichroism,
respectively.®** Conformational change in amide I11
was also noted in the region of 1330 to 1200 cm,t31
Nucleic acids caused infrared absorptions between
1300 and 1000 cm*. Absorptions at approximately
1232 and 1084 cm* were generally attributed to
stretching vibrations of the phosphodiester groups of
the nucleic acids band.®519 The position of these
nucleic acid absorptions was sensitive to hydrogen
bonding within the nucleic acids reflecting the nucle-
ic acid structure.

Infrared mapping images of human pancreatic
tissue

Although individual biochemical components
have their own vibrational “fingerprints,” including
absorption bands with characteristic frequencies and
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Fig. 2 FT-IR microscopic visible image of H & E stained human pancreatic cancer tissue (A) and the corresponding infrared line
scanning spectra of unstained cancer tissue (B). The red line indicates the line scanning direction from bottom to top.

relative intensities, the numerous organic molecules
present in cells produce spectra with complex, over-
lapping absorption bands. Rather than obtaining indi-
vidual spectra, a piece of tissue cloud can be mapped
via IR microspectroscopy, and then in a second step
the entire area can be assessed for the biochemical
distribution of components such as DNA, lipid or
protein. These biochemical images reflect the cell
component distribution, which could be correlated
with stained tissue. This study conducted microscop-
ic mapping of human pancreatic cancer tissue to
obtain information on the spatial distribution of can-
cerous cells. Sample regions for the mapping were
determined by examining an infrared microscopic
field compared with corresponding photomicro-
graphs, as shown in Fig. 3. Fig. 3C displays atypica
infrared total absorbance map of pancreatic cancer

tissue, together with the unstained infrared visible
image (Fig. 3B) and the corresponding H & E
stained infrared visible image (Fig. 3A). Differences
in the spectra were noted at the characteristic posi-
tion of the amide | absorption region between 1700
and 1600 cm* (Fig. 1) which provided the most
important source of protein secondary structural
information.®*¥ The protein conformational change
of the cancer tissue could be expressed as the ratio of
the absorbance wavenumber at 1659/1666, which
represented the intensity of the amide | band of the
cancerous and noncancerous tissue, respectively. The
map in Fig. 3D reveals that the same color cluster
provided a similar spectrum, and the lighter color
cluster indicated the presence of more cancerous
cellsin the section.

The distribution pattern of the cancerous section

Chang Gung Med JVol. 29 No. 5
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Fig. 3 Visible images using an FT-IR microscope and their corresponding maps of pancreatic cancer tissue. (A) infrared micro-
scopic visible image of stained cancer tissue; (B) infrared microscopic visible image of the corresponding unstained cancer tissue;
(C) total absorbance false color map with contours of the unstained cancer tissue; (D) false color map with contours of the
1659/1666 ratios in the unstained cancer tissue.
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in the false color map with contours was almost
identical to that in the corresponding photomicro-
graph of the cancer tissue, as shown in Fig. 3.
Comparison of maps of different functional
groups/ratios provided information on the relative
distribution of materials within the sample. Fig. 4
illustrates the abnormal distributions of biochemical
components within the cancerous tissue. Fig. 4A-4C
display the false color functional group maps calcu-
lated from absorption bands at 2925, 1659, and 1084
cm* in cancerous tissue. Biochemical images were
re-assembled based on specific marker bands. The
lipid false color map, based on the CH:z stretching
absorption band at 2925 cm* indicated the lipid con-
tent in the cancerous tissue as shown in Fig. 4A.
Meanwhile, Fig. 4B shows protein distribution
throughout the section, based on the amide | band at
1659 cm* of protein. The cancerous tissue displayed
significant protein content. The phosphodiester sym-
metric stretching vibration of nucleic acids at 1084
cm* was strong, and was used as an indicator of
nucleic acid content. In the false color map in Fig.
4C, the DNA distribution was very low in the can-
cerous tissue, indicating low quantities of nucleic
acids in the cancer tissue. Fig. 4D compares the dif-
ferent infrared spectra from the same color cluster of
the lipids, proteins, and nucleic acids. These analyti-
cal results demonstrate that the false color maps
reflect biochemical component changes in the spatial
distribution of cancerous cells in human pancreatic
tissue.

DISCUSSION

From the IR imaging maps, cancerous cells can
be confirmed to be dispersed evenly in the light sec-
tions of tissues, and thus the spectra obtained from
these places mostly result from the cancerous sec-
tions of protein. A significant protein content was
noted in the cancerous tissue, reflecting the high lev-
els of proteins in human pancreatic cancer tissue.
The extent and local detectability of the IR spectral
variations clearly are consistent with the known con-
formational change in protein. Thus, IR spectral
changes provide a new biophysical parameter based
on molecular markers indicating the spread of can-
cerous pathology in the pancreas. The content and
distribution of lipid and DNA in the cancerous tissue
were extremely low, indicating low levels of lipids
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and nucleic acids in pancreatic cancer tissue. These
measured results resemble the molecular alterations
in pancreatic cancer tissue.”

The analytical results of this study demonstrate
biochemica changes in the IR spectra of pancreatic
cancer tissue, which can be used to distinguish
between cancerous and noncancerous tissue. Similar
analytical results were aso found in other cancers
including colorectal adenocarcinoma, breast cancer,
skin tumors and lung cancer.®*1® The initially
applied procedure included identification of struc-
ture-specific spectra from various absorption bands
in the IR spectraand IR imaging, followed by extrac-
tion of these spectra for comparative purposes. Since
one or more absorption bands correspond to the
functional group characteristic for a class of mole-
cules rather than for a single specific compound, and
since spectral variations occur in various different
absorption bands, superposition of multimolecular
information can be concluded to be the basis of the
disease-specific spectral changes. On the molecular
level, the observed spectral differences are consistent
with the identified phenotypic features. The IR
absorbance for noncancerous tissue exceeds that of
cancerous tissue in the human pancreas, similar to
the literature spectra from several different tissues.®®
Particularly, the frequency region of absorption
bands at the amide bands and the CHs bending
modes of methyl groups in proteins may indicate
disorder of protein conformation in pancreatic can-
cer. The relative intensity changes of the bands CH2
to CHs in the region from 3100 to 2800 cm* may
also indicate lipid disorder in pancreatic cancer.
Similar analytical results were observed in human
gastric cancer, colon cancer, and prostate cancer tis-
sues.“"1% Changes in the absorption bands at 1232,
1084, and 970 cm™* containing contributions from
nucleic acids owing to the ribose skeletal C-O-C and
C-C stretching vibrations and P = O stretching vibra-
tions may aso indicate DNA or RNA changes result-
ing from DNA decomposition during apotosis and/or
a changed RNA content owing to upregulation or
downregulation of genes.® The change in band
shape at around 1232 and 1084 cm, may also
demonstrate an altered absorption of the ring vibra-
tion of carbohydrates, which could be assigned to the
sugar moieties of nucleic acids, to changed content
of metabolic sugar molecules in the cells, such as
glucose, or to other as yet undescribed events.® The

Chang Gung Med JVol. 29 No. 5
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Fig. 4 Infrared biochemical mapping of pancreatic cancer tissue and the corresponding IR spectra. (A) false color functional group
map from lipid absorption at 2925 cm; (B) false color functional group map from protein absorption at 1659 cm®; (C) false color
functional group map from nucleic acid absorption at 1084 cm?; (D) comparison of different infrared spectra from the same color
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findings of spectral differences demonstrate that they
clearly progress during the course of the cancer in
the spectra. This phenomenon resembles the well-
known spread of the histopathological features in
pancreatic cancer.

This functional group mapping produces images
of the chemical substructures and can be directly
related to the microscope images of stained tissue
sections. The present results indicate that sample
information is contained in the infrared spectra of tis-
sue materials and can be used to define different
spectral patterns related to tissue biological struc-
tures. Functional group mapping provides spatial
information based on absolute intensity or the rela-
tive material distribution. This study demonstrated a
consistent link between cancerous tissue and various
molecular changes, which can be detected via FT-IR
spectroscopy in situ without prior staining. These
analytical results indicate that FT-IR spectroscopy
can accurately and rapidly detect adenocarcinoma in
pancreatic tissues. This study using noncancerous
and cancerous pancreatic tissue samples has clearly
demonstrated that FT-IR microscopy can be devel-
oped for diagnostic purposes.
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