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Abstract

Near-infrared Raman spectroscopy is a powerful analytical tool for detecting critical differences in
biological samples with minimum interference in the Raman spectra from the native fluorescence of
the samples. The technique is often suggested as a potential screening tool for cancer. In this article
we report in vitro Raman spectra of squamous cells in normal and cancerous cervical human tissue
from seven patients, which have good signal-to-noise ratio and which were found to be reproducible.
These preliminary results show that several Raman features in these spectra could be used to
distinguish cancerous cervical squamous cells from normal cervical squamous cells. In general, the
Raman spectra of cervical cancer cells show intensity differences compared to those of normal
squamous cell spectra. For example, several well-defined Raman peaks of collagen in the 775 to 975
cm ~1 region are observed in the case of normal squamous cells, but these are below the detection
limit of normal Raman spectroscopy in the spectra of invasive cervical cancer cells. In the high
frequency 2800 to 3100 cm 1 region, it is found that the peak area under the CH stretching band is
lower by a factor of approximately six in the spectra of cervical cancer cells as compared with that
of the normal cells. The Raman chemical maps of regions of cancer and normal cells in the cervical
epithelium made from the spectral features in the 775 to 975 cm ~1 and 2800 to 3100 cm 1 regions
are also found to show good correlation with each other.

Index Headings
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INTRODUCTION

Cervical cancer is the second leading cause of female cancer-related death! worldwide; more
than half a million women are diagnosed with cervical cancer each year, with an estimated
14,800 new cervical cancer cases reported in the U.S. in 2008. The total number of deaths
worldwide attributable to cervical cancer is estimated to be 288,000 annually.1=3 Cervical
cancer is much more common in developing countries than in developed countries. The
incidence rates are low in developed countries because of the introduction of screening
programs in the 1960s and 1970s. The main risk agent for cervical cancer is the human
papilloma virus (HPV),* which is present in 99.7% of invasive cervical cancers.2
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Cervical cancer screening is primarily done by Pap smear, which involves examination of
exfoliated cells under a microscope. A colposcopic examination is used to further investigate
cytological abnormalities noted on a Pap smear. Due to the subjective interpretation of the Pap
smears, the early diagnosis of cancer can have a high false-negative rate. A possible alternative
to the current Pap smear approach is the Raman spectroscopic technique, which potentially
avoids this subjectivity, providing a more accurate, objective diagnosis.>~16 Commercially
available research-grade micro-Raman systems are capable of measuring Raman spectra from
a single biological cell. This capability makes the micro-Raman system an attractive tool to
screen not only for cancer cells but also for viruses, bacteria, and other bio-hazardous materials.
The recent development of small Raman systems’~19 may also facilitate the remote, real-time
screening of cancer and pathogens.

We recently used various excitation lasers to investigate the Raman spectra of cancer cells,
normal cells, and other biological materials. Green laser excitation (such as 532 nm and 514.5
nm) produces significant native bio-fluorescence and obscures the Raman spectral features of
biological specimens under investigation. Most biological samples also have a very low Raman
cross-section, which makes it difficult to obtain good quality Raman spectra of the samples
with low laser power. Use of high laser power to improve the Raman signals has the
disadvantage of heating the sample, inducing spectral changes. Our preliminary investigation
of Raman spectroscopy diagnostics using paraffin-embedded, formalin-fixed cells revealed the
presence of paraffin, hematoxylin, eosin, and other chemicals that influenced the overall
spectra of the tissue specimens, similar to observations reported by Faolain et al.2% Thus, our
initial diagnostic studies were limited to tissue specimens immediately flash-frozen after
surgical removal without any chemical processing.

Present state-of-the-art micro-Raman systems with near-infrared excitation lasers (i.e., 785 and
830 nm) are capable of measuring Raman spectra from single biological cells with minimum
interference from bio-fluorescence. However, trace amounts of rare-earth ions in glass slides
produce strong fluorescence bands in the near-infrared region, making it difficult to obtain
good quality Raman spectra from glass-mounted biological specimens. In the case of fiber-
optic probes developed for in vivo Raman spectral measurements of biological samples, the
strong Raman signal from the silica glass of long fiber-optic probes would interfere with the
Raman spectrum of the sample.?! Robichaux-Viehoever et al.,” Utzinger et al.,8 and Mo et al.
9 have reported difficulty in obtaining Raman spectra in the low frequency region (below 1000
cm™1) of cervical cells during in vivo measurements because of the background signal from
the fiber probe. Low frequency bands (below 1000 cm™1) have not been analyzed by these
researchers but have been reported to be of significance in discriminating precancerous cells
from normal cells by Krishna et al.1% and Martinho et al.1® during their in vitro macro-Raman
analysis of frozen tissue samples.

In vitro Raman spectra of normal cervices obtained from fresh and frozen tissues have been
reported in the literature.>6:10,11,15 However, Raman spectra reported by Mahadevan et al.>:
6 are not the same as those reported by other researchers10:11:15 and spectral features can be
visually seen to be quite different. Similarly, the Raman spectra of normal cervical cells
reported in the literature from in vivo detection are also not consistent. Therefore, obtaining
reliable Raman spectra of normal cervical squamous cells is not only important to resolve this
issue but would also serve as reference spectra for comparison with those of cervical cancer
cells. The objective of the present study was to identify Raman features that could serve as
diagnostic markers for cervical cancerous squamous cells. The ultimate goal of the scientific
community in this field is to use Raman spectroscopy for the detection of cervical precancer
or cancer in its early stages, leading to detection and treatment of early cancer or cancer
prevention. The Raman spectra reported in the literature by both in vivo and in vitro analyses
show minor visual differences between normal and cancer cells. Utilizing statistical tools and
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data processing, it has been successfully shown10=12 that these minor differences could
distinguish between normal and neoplastic cells. Our preliminary approach was to examine
the Raman features of cancer cells that are fully developed and are in the final stage of invasive
carcinoma. Our strategy here is that these spectra comparisons would show the highest contrast
between normal cells and abnormal invasive cancer cells. Once the differences in spectral
features are positively identified, future research can then be extended to the detection of
intermediate precancer stages of neoplasia.

SAMPLES AND EXPERIMENTAL METHODS

The study protocol was approved by the Institutional Review Board of the University of
Hawaii. All study participants provided written informed consent. Malignant tissue from
women diagnosed with invasive squamous cell carcinoma and normal cervical tissue from
women with no evidence of cervical cancer were immediately flash-frozen in liquid nitrogen
following surgical removal without staining or exposure to other chemicals. A total of 14 tissue
samples were measured from seven different human subjects (four patients with normal cervix
and three patients with invasive cervical squamous cell carcinoma). All subjects had a total
hysterectomy with bilateral salpingo-oopherectomy for clinical diagnoses, and these tissues
were examined by a gynecologic pathologist. Table | shows the specimens used and their
histological diagnosis. A microtome was used to prepare three adjacent thin sections of each
sample. Frozen tissue samples were cut at —15 °C with thickness ranging from 8 to 15 um.
Water was used as the cutting medium; no optimal cutting temperature (OCT) medium was
used for the thin-section processing because OCT has been reported to affect molecular
analyses.22 One thin-section was mounted on a front-coated aluminum mirror sheet for micro-
Raman analysis. The second and third thin-sections mounted on glass and aluminum mirror
substrates were processed with standard hematoxylin and eosin (H&E) stain to provide a
template for determining the areas of interest for Raman analysis. The Raman spectra were
measured using a micro-Raman RXN system from Kaiser Optical Systems, Inc. (KOSI),
utilizing a 785 nm laser excitation and an automated xyz microscope stage. A 50 um slit width
was used for measuring the micro-Raman spectra of tissues.

Several transparent substrates, such as quartz, sapphire, plexiglass, and mica, were tested with
785 nm laser excitation to determine whether we could overcome the glass fluorescence. None
of these were found suitable for the purpose of finding an ideal transparent substrate with low
background Raman and fluorescence spectral features. Hence, the search for an ideal
transparent substrate suitable for 785 nm Raman investigation was terminated. Because pure
metals are known to have no Raman spectral features and very low background signal, efforts
were made to find a suitable substrate that would replace the glass microscope slide. Front-
coated aluminum mirrors were found to yield both low Raman background and the potential
for visible inspection of tissues through emulated transmission.23 Furthermore, front-coated
aluminum sheets with high reflectivity are commercially available at reasonably low cost.24
Several substrates were cut (size 2 in. x 1 in.) from a large aluminum mirror sheet and cleaned
with methanol before mounting the tissue samples.

Raman spectra of malignant and normal cervical tissue were analyzed in the presence of a
surgeon, histology technician, and Raman specialists to ensure identical spectroscopic
conditions and positive identification of the epithelial cells to be examined. Frozen tissue
samples were placed under the Raman microscope and brought to room temperature before
the Raman spectral acquisition. Typically, Raman spectra in the 200 to 3200 cm ™ region were
measured on squamous cells at various locations in a given tissue sample. Each Raman
spectrum was collected for 60 s and with 10 mW of laser power on the sample.
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For Raman mapping, tissue samples were mounted on the automated xyz stage. Raman images
were created by measuring the Raman spectra of the tissue specimens at 100 points on a 120
um x 80 um grid. Spectra at each point on the grid were recorded twice with 30 mW of laser
power and 10 s integration time. Cosmic rays were removed from the spectra by utilizing the
built-in KOSI software function that compares the two spectra and eliminates signals produced
by random cosmic ray events.

RESULTS AND DISCUSSION

Microscope glass slides are commonly used in the biomedical field as they provide easy visual
identification and inspection of stained tissues when illuminated in the transmission mode.
Figure 1 shows the Raman spectrum of normal cervical squamous cells mounted on a
microscope glass slide (Fig. 1a) and the spectrum of a glass slide without a sample measured
under identical conditions with 10 mW of laser power and 60 s integration time (Fig. 1b). The
glass slide displayed strong fluorescence bands near 880 nm (~1380 cm™2) that interfered with
the weak Raman spectra of the tissue. No additional Raman bands corresponding to the tissue
sample were visible in Fig. 1a over the background fluorescence from the slide. Figure 1c,
shown with 2x magnification, shows the difference in spectra obtained by subtracting the glass
slide fluorescence from the spectrum of tissue on the slide. No obvious Raman spectral features
corresponding to the tissue samples were observed. Although it is possible to subtract the
fluorescence spectra of the glass slide using baseline correction, we find that this procedure
only works for chemicals that have bands with strong Raman cross-sections, such as
rhodamine, naphthalene, paraffin, xylene, cyclohexane, etc.

To illustrate this point, Fig. 2a shows the Raman spectra of H&E stained cervical tissue
mounted on a glass slide measured under identical conditions of 10 mW laser and 60 s
integration time. The difference spectrum (Fig. 2¢c) was generated by subtracting the glass
fluorescence baseline shown with 2x magnification, demonstrating that Raman spectral
features of an H&E stained sample could be obtained. However, all the major Raman peaks
were found to correspond to xylene and toluene.2> Xylenes and alcohol mixtures were used in
the processing of tissue samples during staining to remove extra hematoxylin and eosin. No
Raman spectral features such as amide or lipid Raman bands corresponding to the tissue
samples were found in the difference spectrum. This illustrates that the Raman spectra of
cervical squamous cells are relatively weak in comparison to organic chemicals and hence pose
a significant challenge in subtracting a strong fluorescence background.

Thin-section cervical tissue specimens were mounted on polished aluminum substrates and
visualized by a micro-Raman microscope. Leica 10x and 50x microscope objectives with
respective numerical apertures of 0.25 and 0.75 were used for these studies. Figure 3 shows
the images of unstained (left micro-photographs, Figs. 3a and 3b) and H&E stained (right
micro-photographs, Figs. 3c and 3d) tissues. The epithelium and connective tissues can be
distinguished with the 10x objective. The aluminum mirror enhances image contrast under
reflected light, facilitating the identification of single cells in the micro-photograph with the
50x objective. In the micro-Raman measurements, the aluminum mirror substrate enhances
the intensities of Raman bands from tissue specimens by a factor of four. This enhancement
results from the fact that the specimen is excited twice by the laser and downward-scattered
Raman photons are reflected back into the collecting optics.26:27 Raman spectra of unstained
specimens on aluminum were measured with the 50x objective and a laser spot size of 8 um.
Because the laser spot size and thickness of the tissue samples are less than 15 um, all Raman
spectra reported in this article are presumed to be obtained from individual squamous cells.

Figure 4a shows the representative spectra of the normal squamous cells in the 400 to 1800
cm~1 region, demonstrating nearly fluorescence-free Raman spectra with well-defined
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features. A total of 200 Raman spectra in the 200 to 3200 cm ™1 region were measured on normal
squamous cells at 200 different locations from a tissue sample. All 200 Raman spectra showed
the same spectral features. The baseline values of the Raman spectra were found to shift
vertically by an arbitrary amount because of variable weak bio-fluorescence from the sample
at various locations. The average of the 200 “as-recorded” spectra is also shown as Fig. 4b.
The spectra have been shifted vertically for presentation purpose. Several well-defined Raman
bands are observed in the normal squamous cells, such as bands at 816 cm ™1 [§(CCH) aliphatic],
854 cm™1 (ring breathing in tyrosine, CCH deform), 922 cm™1 (C-C stretch), 938 cm™1 (C-C
skeletal stretch in protein), 1003 cm™1 (symmetric ring breathing in phenylalanine), 1033
cm~1 (C-H in-plane bending), 1101 cm™1 (DNA O-P-O backbone stretch), 1247 cm™1 (amide
111 of B-sheet), 1273 cm™1 [§(C= CH)], 1321 cm™1 (CH, deformation in lipids), 1342 cm™1
[polynucleotide chain (DNA)], 1450 cm™1 (CH, deformation in lipids), and 1664 cm™1 (amide
I of a-helix). A complete list of Raman peak positions and tentative assignments is given in
Table 1.

The Raman spectral features of normal cervical squamous cells shown in Fig. 4 are similar to
the in vitro Raman spectra reported by Krishna et al.19 and Vidyasagar et al.1! measured from
fresh cervical tissue samples and by Martinho et al.1> measured from frozen cervical tissue
samples. In contrast, the Raman spectra of cervix tissues reported by the Mahadevan-Jansen
group do not match our results and also vary within their own publications.>=8 It is possible
that this inconsistency results from the strong Raman background produced by silica glass
fibers, obscuring the weak Raman signal from cervical cells. Variation in the reported Raman
spectra of tissues®>8 could also result from signal processing differences such as data
truncation, binning, noise smoothing, background removal, baseline correction, and
normalization procedures.’

Micro-Raman spectra from fourteen tissue samples (seven from patients with normal cervix
and seven from patients with invasive cervical squamous cell carcinoma) were measured with
785 nm laser excitation under identical conditions of 10 mW laser power and 60 s integration
time. Figure 5a shows Raman spectra in the 500 to 3200 cm™2 region of normal cervical
squamous cells and invasive cervical cancer cells obtained from a representative tissue set from
four human subjects (two patients with normal cervix and two with invasive cervical squamous
cell carcinoma). Raman features of all seven normal and cancer tissues were found to match
with the representative spectra of the each group. Figure 5b shows the magnified region of the
spectra in the 700 to 1800 cm™~1 region, which demonstrates the spectral differences between
normal and malignant cells. For example, several well-defined Raman peaks in the 775 to 975
cm™1 region are observed in the spectrum of normal cervical squamous cells but are missing
in the spectra of invasive cancer cells. Another feature corresponding to the amide Il band
near 1248 cm™1 can also be used to discriminate between normal and malignant epithelial cells.
These results are consistent with the macro-Raman spectra of Krishna et al.1! and Vidyasagar
et al.,12 who examined fresh normal and malignant cervical tissue samples. Our results are also
consistent with the macro-Raman spectra of Martinho et al.,1> who examined frozen samples
of cervical intraepithelial neoplasia and saw the same spectral trends. Figure 5¢ shows the
details of the 2800 to 3100 cm ™1 high frequency region corresponding to C—H stretching modes
and clearly indicates that the spectral area under this broad band is much larger in the normal
cells than in the cancer cells. This finding is consistent with an in vivo analysis of cervical
neoplasia by Mo et al.®

Presently, there are two hypotheses regarding the lack of 854 cm ™1 and 938 cm~! Raman bands
in the malignant cervical cells. Martinho et al.1® and Lyng et al.13 assign these Raman bands
to glycogen, arguing that cervical cells accumulate large amounts of this compound during
maturation. Glycogen is linked to cellular maturation, disappearing with the loss of
differentiation during neoplasia.13 A second group of researchers, Krishna et al.12 and
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Vidhyasagar et al.,11 assign these bands to structural proteins, such as collagen and elastin.
According to these investigators,11:12 cervical tissue undergoes periodic inflammation
associated with fibrotic changes, perhaps explaining the presence of structural proteins such
as collagen in normal cells, whereas hypercellularity is reflected in the malignant cells.

To resolve the issue of glycogen versus collagen, we measured the Raman spectra of collagen
and glycogen under the same spectroscopic conditions as the normal epithelial squamous cells.
Figure 6 shows the as-recorded Raman spectra of glycogen, collagen, and normal squamous
cells with 10 mW of laser power and 60 s integration time. Spectra have been shifted vertically
for presentation purposes. The Raman spectrum of collagen appeared to be a better match to
the spectral features of normal squamous cells. The Raman spectrum of glycogen shown in
Fig. 6 is consistent with that reported in the literature.20:28—30 Similarly, the Raman spectrum
of collagen in Fig. 6 is in good agreement with that of Jong et al.39 Although glycogen Raman
features show the presence of bands at 854 and 938 cm ™2, a strong argument against glycogen
would be the absence of a 481 cm ™2 band in the normal squamous cells. In a combined electron
microscopy and Raman spectroscopy investigation of avian lens glycogen, Castilo et al.2%
showed that the 481 cm~! Raman band is the best indicator of glycogen in the lens nucleus of
the ring-neck dove and pigeon. In the case of the dove lens, these investigators?® showed that
the ratio of the 481 cm™1 glycogen Raman band and the phenylalanine band at 1003 cm L isa
good indicator of the relative concentration of glycogen and lens protein. As seen in Figs. 4/
5, and 6, the 481 cm~ band is not observed in the Raman spectra of normal cervical squamous
cells, and therefore a strong contribution by glycogen to the squamous cell spectra is unlikely.
The role of collagen in squamous cell carcinoma has also been reported by Parikka et al.3! and
Goldberg et al.32

Figure 7 shows the Raman area scan of the squamous cells in the tissue sample K0O225A from
a patient with cervical cancer (Table I). Two chemical maps were created by analyzing the
spectra obtained over the scanned area. The top figure, Fig. 7a, is the spectral area under the
775 to 975 cm1 spectral region. Since this region showed well-defined collagen peaks in the
normal cells, the blue area with high counts would correspond to normal cells. The cancerous
region is highlighted in the red area, which corresponds to a region of low collagen. The bottom
spectral map, Fig. 7b, is based on the area under the high frequency region corresponding to
CH stretching and also gives almost the same map of cancerous and normal cells, providing
cross-validation of the Raman technique.

In the future, a Raman scanner could be developed based on spectral features in the low
frequency or high frequency regions. Analysis of the low frequency Raman bands provides
more specific molecular information and could isolate the chemical changes in the cell. On the
other hand, Raman spectral features in the high frequency (2800-3100 cm™1) region are much
stronger (by a factor of ~6) in intensity than the fingerprint low frequency region, which would
be of advantage from a sensitivity point of view. For in vivo detection, the high frequency C-
H stretching region offers a better option because the Raman bands of silica generated in the
fiber probe do not interfere with this region. Successful in vivo diagnosis of cervical precancer
based on the C—H stretching bands has been reported by Mo et al.?

CONCLUSION

We found that the use of a glass substrate during the in vitro analysis of cervical tissue is a
major obstacle to Raman spectroscopy of biological samples based on the excitation of rare-
earths fluorescence bands by the 785 nm laser. Front-coated aluminum mirror substrates are
suitable substrates for the Raman investigations because these provide (1) good image contrast
and identification of squamous cells under the reflection mode of the Raman microscope, (2)
low spectral background, and (3) Raman signal enhancement by a factor of four. Good quality
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micro-Raman spectra of individual squamous cells could be obtained with 30 mW of 785 nm
laser and 10 s integration time. The Raman spectra of normal cervical squamous cells and
cancer cells excited with the 785 nm laser show spectral differences. A Raman chemical map
generated from the low frequency collagen Raman bands in the 775 to 975 cm™1 region
distinguishes cervical cancer cells from the normal cells and is shown to match with the
chemical map generated by the analysis of the high frequency (2800-3100 cm™1) C-H
stretching region. These preliminary high-quality Raman data on normal and cancerous
cervical squamous cells are encouraging; however, further work is needed to investigate patient
variability and improve statistical application to larger populations.
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Fig. 1.

Raman spectra of (a) unstained tissue mounted on glass slide and (b) glass slide with no sample
measured with 10 mW of 785 nm laser and 60 s integration time. The difference spectrum
(unstained tissue — glass) shown in plot (c) is magnified by a factor of 2.
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Fig. 2.

Raman spectra of (a) H&E stained tissue mounted on glass slide and (b) glass slide with no
sample measured with 10 mW of 785 nm laser and 60 s integration time. The baseline-corrected
difference spectrum (H&E stained tissue — glass) shown in plot (c) exhibits Raman bands of
xylene and toluene.
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Fig. 3.
Photographs of unstained and H&E stained cervical tissues mounted on front-coated aluminum

mirror substrates as observed with the micro-Raman microscope with 10xobjective (a and c,
scale = 100 um) and 50x objective (b and d, scale = 125 um).
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Fig. 4.

(a) As-observed Raman spectra of various normal cervical squamous cells measured with 30
mW of 785 nm laser and 10 s integration time showing good overall reproducibility of Raman
features. (b) The average of 200 Raman spectra of individual cells without any baseline
correction.
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Fig. 5.

(a) As-recorded Raman spectra of normal cervical squamous cells and invasive cervical cancer
cells measured with 10 mW of 785 nm laser and 60 s integration time. Spectra have been shifted
vertically for presentation clarity. (b) Magnified region showing Raman spectra of normal
cervical squamous cells and invasive cervical cancer cells in the fingerprint region of 700 to
1800 cm™1L. (c) Details of Raman spectra of normal cervical squamous cells and invasive cancer
cells in the CH stretch region of 2800 to 3100 cm ™.,
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Fig. 6.

As-observed Raman spectra of normal cervical squamous cells, collagen, and glycogen
measured with 785 nm laser, 10 mW, and 60 s integration time. Spectra have been shifted
vertically.
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Fig. 7.

(a) Raman chemical map of invasive cervical cancer tissue sample KO225A generated by
integrating the spectral area between the 775 and 975 cm ™ regions indicating location of cancer
cells (in red) and normal cells (in blue). (b) Raman chemical map of the same tissue generated
by spectral area under the CH region validates the map generated in plot (a). All spectra
measured with 785 nm laser, 30 mW, and 10 s integration time.
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List of cervical tissue specimens examined from seven patients and their histological diagnosis.

TABLE |

Sample Tissue type Histology

KO383F  Normal cervix  Cervix with no pathologic abnormality, ovary-benign serous cysts

KO350C  Normal cervix  Cervix with no pathologic abnormality, ovary/uterus-endometriosis

KO224B  Normal cervix  Cervix with no pathologic abnormality, endometrium-endometrial adenocarcinoma
KO235D Normal cervix  Cervix with no pathologic abnormality, endometrium-endometrial adenocarcinoma
KO396 Cervical cancer  Invasive cervical squamous cell carcinoma

KO234F  Cervical cancer Invasive cervical squamous cell carcinoma

KO225A  Cervical cancer  Invasive cervical squamous cell carcinoma
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Raman peak positions and assignments of normal cervical squamous cells.2

TABLE Il

Raman peaks (cm™1)

Tentative assignments33

535w
570 broad
621 w
644 vw
761 vw
780 vw
816 m
854 s
876 m (sh)
922m
938 s
959 w (sh)
1003 vs
1033 m
1064 w
1101 m
1125w
1176 w
1208 w
1247 s
1273w
1321s
1342s
1425 sh
1450 vs
1551w
1606 w
1665 vs
2878s
2900 m
2938 vs
2975m
2981 m

Cholesterol ester

Tryptophane/cytosine, guanine

C—C twist in phenylalanine (protein)
C—C twist in tyrosine

Sym. ring breathing in tryptophane
Uracil ring breathing (nucleotide)
8(CCH) aliphatic (collagen)

Ring breathing in tyrosine, CCH deformation
CC stretch (protein, collagen)

C—C stretch (protein, collagen)

C-C skeletal stretch in protein, collagen
Sym. stretch phosphate

Sym. ring breathing of phenylalanine
C-H in plane bending of phenylalanine
C—C skeletal stretch in lipids

DNA: O-P-0O backbone stretch

C-C skeletal stretch in lipids
Cytosine/guanine/adenine

CC stretch backbone phenyl ring
Amide I1: B-sheet

5(=CH), amide I11

CH, deformation in lipids/adenine/cytosine, amide 111 (a-helix)
Polynucleotide chain (DNA/RNA)
3(CH3)

CH, deformation in lipids

Tryptophane

C=C phenylalanine

Amide I: o helix

CH, sym. Stretch

CH stretch

CH, asym. and CH3 sym. stretch, CH3 sym. (lipid)
CHgz asym. Stretch

CHg asym. Stretch
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a i . . . .
Abbreviations: m = medium; s = strong; sh = shoulder; v = very; w = weak; & = deformation; p = rocking modes; sym. = symmetric; asym. =

antisymmetric.
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