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A sensitive ultraviolet resonance Raman (UVRR) system, which in-
tegrates bulk and microscopic capabilities, is described for use with

human tissue. The system incorporates a quasi-continuous tunable

laser excitation source in the range 200± 300 nm, a liquid nitrogen-
cooled charge-coupled device (CCD), a single grating spectrometer,

dielectric longpass laser line rejection ® lters, and cooled specimen

holders to minimize bio- and photo-degradation. The system was
used on normal human colon tissue, and was compared to our pre-

viously used Nd:YAG-based system. Spectra with higher signal-to-

noise ratio (S/N) than has previously been achieved, and with less
than 5% photobleaching, are presented. The present system out-

performs our previous system by improving the S/N in bulk normal

colon spectra by a factor of greater than 10. We show for the ® rst
time UVRR spectra collected from the various microscopic regions

of human colon in a thin section preparation, and the line shapes

from the different microscopic morphological components are re-
lated to the bulk colon spectra. At 251 nm the epithelial cells and

the lamina propria are the major contributors to the UVRR spec-

trum of bulk colon tissue. Our data suggest that combined bulk and
microscopic UVRR spectroscopy of human tissue could provide a

valuable tool for bioassay and histochemistry.

Index Headings: Ultraviolet resonance Raman spectroscopy; Human

colon; Quantitative histology.

INTRODUCTION

Many clinical and biological studies, including the
evaluation of disease biopsies and the examination of live
cell metabolism in real time, would bene® t from an an-
alytical technique that could quantify the biochemical
composition of specimens nondestructively and with min-
imal sample preparation and handling. Optical spectro-
scopic techniques were recognized as such potential an-
alytical tools and are increasingly being evaluated for
their possible applications as probes of human disease
and biological function. Diagnostic tests based on ¯ uo-
rescent labels of cellular metabolism 1 as well as ¯ uores-
cence, infrared absorption, and Raman scattering from
natural biomolecules3 have been described as such ana-
lytical techniques.

Among these spectroscopic techniques, ultraviolet res-
onance Raman (UVRR) spectroscopy is being increas-
ingly used to study biochemical processes in proteins,
micro-organisms, cells, and tissues. 2,4±8 With tuning of the
incident photon energy to the electronic energy level of
the molecules under study, UVRR spectroscopy offers
several advantages when compared to nonresonance Ra-
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man scattering. Increased Raman cross sections are
achieved, and smaller concentrations of a given biochem-
ical can be detected. Moreover, with tuning of the exci-
tation wavelength to a particular molecule’s absorption
band, resonance Raman allows one to enhance the signal
from speci® c scatterers and detect a speci® c compound
in a complex mixture where many other compounds are
present.

The advantages of UVRR spectroscopy are often coun-
terbalanced by the complicated apparatus needed to gen-
erate the ultraviolet laser excitation and detect the ultra-
violet Raman scattered radiation. However, recent im-
provements in laser design and photon detection tech-
nology have made UVRR easier to use, and applications
to cells and whole tissue are emerging. In our laboratory,
we have previously explored the use of UVRR spectros-
copy to differentiate normal and diseased colon tissue,
and the results showed the promise of UVRR to probe
differences in nucleic acid content between normal and
cancerous tissue. 2 In this report, we describe an improved
UVRR system. Taking human colon mucosa as an ex-
ample, we compare this new system to our previous Nd:
YAG-based instrument for bulk tissue, and we use the
present system to characterize spectroscopically the mi-
croscopic components that contribute to the UVRR spec-
trum of bulk human colon tissue.

EXPERIMENTAL

This section details the UVRR spectroscopy system for
bulk and microscopic human tissue studies. An overall
diagram of the setup is shown in Fig. 1. The bulk and
microscopy systems use the same excitation source and
spectrometer/detection apparatus, but they differ in their
delivery/collection optics and sample holders.

Excitation Source. Our excitation source is similar to
that of Doig and Pendergast9 and uses the third or fourth
harmonic of a tunable, mode-locked Ti:sapphire (Ti:Sa)
laser pumped with an Ar 1 laser (Fig. 1). This quasi-con-
tinuous laser system produces 2±3 ps pulses at a 76 MHz
repetition rate and is continuously tunable over the 200±
300 nm range. The typical output power of the laser sys-
tem is ; 50 mW at 250 nm, ; 10 m W at 240 nm, and
; 1 mW at 230 nm.

Spectrometer/Detection System. The collected Ra-
man scattered light is launched into a 1 m long f /8 spec-
trometer that disperses it at 0.4 nm/mm with a single
2400 grooves/mm grating across a liquid nitrogen-cooled
charge-coupled device (CCD) detector. An entrance slit
of 150 m m produces a spectrometer resolution of 0.06
nm (9 cm 2 1), but the overall system resolution is limited
to 15 cm 2 1 by the laser bandwidth. This resolution is
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FIG. 1. Schematic diagram of the UVRR system. The excitation source
is the third harmonic of a titanium : sapphire laser pumped by the mul-
tiple visible line output of an argon-ion laser. The ultraviolet light is
directed either to a bulk tissue sample placed in a cuvette or to a mi-
croscopic specimen on a slide. The Raman scattered light from the
samples is collected and focused on the entrance slit of a 1 m long
spectrometer. The Raman light is dispersed by a single 2400 grooves/
mm grating and detected by a liquid nitrogen-cooled CCD. A longpass
® lter is placed in the light collection path to reject Rayleigh scattered
light at the laser excitation wavelength. Details of the bulk tissue and
microscopy subsystems are shown in Fig. 3.

FIG. 2. Solid and solution longpass ® lter transmittance for 239 (A) and
251 (B) excitation. For 239 nm, the solution was 0.8 3 10 2 4 M quin-
oline dissolved in methanol. For 251 nm, a solution of 2.5 3 10 2 5 M
anthracene, 0.5 M Potassium Iodide in ethanol : water (1:1::V:V), was
diluted 13 times in pure ethanol. Both solutions were placed in a 1 cm
pathlength quartz cuvette.

adequate for Raman studies of biological tissue, which
has Raman bands approximately 30 cm 2 1 wide. Follow-
ing standard procedures, the Raman shift axis of the CCD
spectra was calibrated by a cubic ® t 10 to known band
positions of ethanol and acetone in the 1000 to 1800 cm 2 1

wavenumber range.11,12 The spectra were not intensity
calibrated since this calibration was not necessary for our
studies where the Raman system was eventually used to
compare relative changes between bulk and microscopic
colon spectra.

Dielectric longpass ® lters (Barr Associates, Westford,
MA) were used to reject the Rayleigh scattered light.
These ® lters replaced the solution ® lters previously used
by us and other investigators. 2,5 ,13 In Fig. 2, the transmit-
tance of the solid ® lters is compared to that of the solu-
tion ® lters for 251 and 239 nm cutoff. For 239 nm, the
solution was 0.8 3 10 2 4 M quinoline dissolved in meth-
anol. For 251 nm, a solution of 2.5 3 10 2 5 M anthracene,
0.5 M potassium iodide in ethanol/water (1:1 v:v), was
diluted 13 times in pure ethanol. Both solutions were
placed in a 1 cm pathlength quartz cuvette. As shown in
Fig. 2, in the range 1100±1800 cm 2 1 the new solid ® lters
have a transmittance between 70 and 85%, which is
greater than that of the solution ® lters. Also by transmit-
ting wavelengths closer to the laser line, the solid ® lters
expand the collection range down to ; 500 cm 2 1. For the
solid ® lters, the transmittance at the laser wavelength is
0.32% for 239 nm and 0.25% for 251 nm; for the solu-
tions ® lters 0.14% at 239 nm, and 0.53% at 251 nm. By
adjusting the tilt angle of the solid ® lter with respect to
the incoming light beam, one can achieve higher absorp-
tion at the laser wavelength with a small decrease in
transmittance in the 1100±1800 cm 2 1 range. The solid
® lters also have a cut-off region between 400 and 500
nm (data not shown), which reduces background due to

stray ¯ uorescence. Other dielectric longpass ® lters were
described by Pajcini et al.7 and were manufactured by
Omega Optical to reject 244 nm. Both in our case and in
the work of Pajcini and colleagues, the ® lters were cus-
tom made.

Specimen Preparation and Set Up. Bulk Specimens.
Samples of bulk human colon mucosa were obtained
from patients immediately following partial colectomy.
The samples were refrigerated and tested without freezing
within 10 h of the resection, or snap frozen in liquid
nitrogen and stored at 2 80 8 C until later use. Normal
colon mucosa samples were used to generate the bulk
tissue spectra shown in this study. In the course of the
study, bulk tissue samples were collected from six colon
specimens of six patients. Two of these six specimens
were frozen until later use. The samples that were frozen
and thawed were only used for a period of up to 30 min
after thawing. During spectroscopy, the bulk samples
were placed in a cuvette with a calcium ¯ uoride window,
containing saline (pH 5 7.4) and kept at 0±4 8 C with
thermo-electric coolers (Model CP 1.0-17-05L, Melcor
Thermoelectrics, Trenton, NJ). Calcium ¯ uoride was used
instead of quartz to avoid the Raman bands of fused sil-
ica. The colon sample was positioned in the cuvette so
that the mucosa faced the incident beam (Fig. 3A). To
avoid collecting specular re¯ ection of the laser light, the
laser beam impinged on the cuvette surface at an angle
of about 60 8 with respect to the optic axis, which is de-
® ned by the spectrometer. A neutral-density ® lter was
placed in the excitation path to reduce the power striking
the tissue to 2±5 mW. The Raman scattered light was
collected along the direction perpendicular to the sample
surface. The incident laser beam gave a rectangular spot
area 35 by 40 m m.²

The tissue sample holder was mounted on a transla-
tional stage, and the stage actuator was connected to a 4
rpm ac motor to move the sample across the incident
beam at about 2 mm/min. This movement minimized la-
ser exposure time on an individual spot (about 1.5 s/spot).

² The incident laser beam had a rectangular cross section, 0.5 3 1 cm 2,
and was estimated to give a 10 3 20 m m 2 diffraction-limited spot
after focusing with a 15 cm focal length lens.
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FIG. 3. (A) Detail of the bulk tissue system. Human colon specimens
obtained after surgical resection are placed with the mucosa facing the
incident laser beam in a cuvette with a calcium ¯ uoride window, par-
tially ® lled with phosphate buffered saline (pH 5 7.4). The cuvette and
saline are cooled to 0±4 8 C by 2 thermo-electric coolers. Ultraviolet
light excites the sample by impinging on the calcium ¯ uoride surface
at an angle of about 60 8 with respect to the collection axis. The Raman
scattered light is collected along the direction perpendicular to the sam-
ple surface. The cuvette is translated during data acquisition to minimize
photodamage by minimizing laser exposure time on an individual spot.
The laser spot size was 35 by 40 m m. (B) Detail of the microscopy
system. Frozen sections of human colon mucosa are mounted on a cal-
cium ¯ uoride window and kept at 0±4 8 C by placing the window on a
cooled stage. The ultraviolet laser radiation and the Raman scattered
light are coupled to the tissue section by the same Cassegrain objective.
A beamsplitter positioned above the objective re¯ ects 10% of the laser
light and transmits 90% of the Raman scattered light. A removable
mirror is used to direct the sample’ s white light image to the eye-piece
for specimen visualization during sample positioning and focusing. The
mirror is removed during spectroscopy. The laser is focused on the
sample by adjusting the distance between the two lenses L1 and L2.
The laser spot size was 20 m m 2.

A 3.3 mm strip along the tissue surface was scanned by
the laser during a typical signal collection time of 100 s.

Microscopic Specimens. For microscopy, frozen colon
sections were obtained from the bulk colon specimens
collected after surgery, previously snap frozen in liquid
nitrogen, and stored at 2 80 8 C. Frozen bulk tissue was

mounted without thawing on standard mounting medium
(Histo Prep, Fischer Scienti® c, Fair Lawn, NJ). The
mounting medium with the tissue in place was frozen in
liquid nitrogen. The tissue ® xture thus obtained was
placed in a microtome, and the tissue was cut into 24 m m
thick sections. The microscopy frozen sections were
placed on ice-cold calcium ¯ uoride substrates immedi-
ately after slicing and transported on ice to a microscope
stage cooled to 0±4 8 C (Physitemp, Clifton NJ) for spec-
troscopic examination. Each section was tested for only
up to 30 min after cutting. Typically, tissue specimens
were stationary during microscopic examination, as op-
posed to the bulk system, in which the specimens were
translated during signal collection. Individual spectra
were collected in 10 s.

The microscopy system is depicted in Fig. 3B. The UV
excitation light was shaped by two lenses (L1 and L2),
redirected with a beamsplitter, and focused onto the sam-
ple with a Cassegrain microscope objective. Scattered
light was collected by the same objective and then di-
rected and focused onto the spectrometer entrance slit by
a mirror, a collimating lens, and a focusing lens. A cal-
cium ¯ uoride ® eld lens between the objective and the
mirror was used to increase light collection. A neutral-
density ® lter was placed in the excitation light path to
control sample illumination power to 0.1±0.3 mW. The
microscope body was by Olympus (Melville, NY).

The sample was positioned into the microscope focus
by looking at the sample under white light through the
microscope eyepiece. Then, the laser light was focused
onto the sample, without moving the microscope stage,
by changing the separation between lenses L1 and L2.
The beamsplitter, a quartz plate that is anti-re¯ ection
(AR) coated on the side opposite the laser beam (custom-
made plate, CVI, Putnam, CT), re¯ ected 10% of the s-
polarized laser light and transmitted 90% of the collected
scattered light. The excitation optics were designed to
optically ® ll the objective lens with the incident laser
beam to minimize the excitation spot size on the sample.
This spot size determined the microscope spatial resolu-
tion. The 15 3 re¯ ecting objective (Ealing Electro-optics,
Holliston, MA, Model 25-0506) used in this study yield-
ed a spot diameter of 5 m m. The depth of ® eld was mea-
sured to be between 75 and 100 m m.

Microscopic data acquisition consisted of collecting
spectra from the different morphological tissue compo-
nents of colon. Spectra were acquired from normal crypt
cells (42 spectra), lamina propria (45 spectra), submu-
cosal extracellular matrix (36 spectra), and lipid (2 spec-
tra). Given the 24 m m section thickness and the 20 m m 2

spot size, each cell spectrum comes from portions of two
adjacent cells (a cell being approximately 20 m m thick).
For each component, data were collected from a few non-
adjacent sections. When spectra were collected from
crypt cells, the sections were sliced parallel to the mu-
cosal surface (en face). Lipid was scanned from the peri-
vascular fatty regions around capillaries in the submu-
cosa. The lipid spectra were collected from the same sec-
tion. Sequential acquisitions were collected to ensure that
no spectral changes occurred during the acquisition pe-
riod. At least two consecutive unchanged spectra were
collected for each point.
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FIG. 4. Representative spectra from normal bulk colon tissue at 251
and 239 nm. Colon samples were harvested from patients immediately
after partial colectomy. All three spectra in this ® gure were acquired
from samples that were snap frozen in liquid nitrogen upon collection,
and stored at 2 80 8 C until use. The spectra in panels A and C were
from the same patient. Ultraviolet resonance Raman spectra of colon
show contributions from nucleotides (N at 1337, 1485, and 1585 cm 2 1),
the aromatic amino acids tryptophan and tyrosine (AA at 1620 cm 2 1

and at 1174 cm 2 1 for 239 nm) and lipids (L at 1650 cm 2 1). At 251 nm
(A), nucleotide bands dominate the spectrum, while amino acid bands
dominate the spectrum at 239 nm (C ). The signal-to-noise ratio in the
spectra is approximately 30:1 at 251 nm and 20:1 at 239 nm, and the
baseline is due to background light primarily from undispersed visible
¯ uorescence. In panel B, a spectrum of normal colon acquired previ-
ously in our laboratory2 with 250 nm excitation is shown for compar-
ison with the present system. Accounting for the differences in incident
energy, the present system outperforms the previous Nd:YAG-based
system with an improved signal-to-noise ratio by a factor of more than
10 (compare nucleic acid bands at 1337 cm 2 1 and 1485 cm 2 1 in panels
A and B).

RESULTS AND DISCUSSION

The spectra presented in this section were not
smoothed, (except for Fig. 5B). Spectral spikes due to
cosmic rays were subtracted by using an algorithm de-
signed in our laboratory. ³

Bulk System Performance. Typical colon spectra col-
lected with 251 and 239 nm wavelength excitation are
shown in Fig. 4. The spectra were collected from frozen
samples and show contributions from nucleotides (N),
amino acids (AA), and lipids (L). At 251 nm excitation
(Fig. 4A) the major nucleotide bands are due to pyrimi-
dine and imidazole ring vibrations,14 the amino acid
bands are due to the benzene ring vibration from tyrosine
and tryptophan,15 and the lipid band is due to the C 5 C
vibration.2 This last band was an artifact resulting from
undissolved lipid in the saline covering the tissue. This
lipid is derived from the fatty tissue attached to the se-
rosal side of the bulk colon specimen. The incident power
on the sample was 1.9 mW at 251 nm, and the collection
time was 100 s. This approach produced a signal-to-noise
ratio (S/N) of 30:1.

At 251 nm, the spectrum is dominated by the features
of the nucleotides, which have absorption bands near 260
nm. In contrast, the colon spectrum with 239 nm exci-
tation is dominated by aromatic amino acid bands near
1620 cm 2 1 (Fig. 4C). The 239 nm excitation is closer to
the aromatic amino acid absorption around 220 nm. With

³ Brie¯ y, the algorithm consisted of scanning the spectrum and com-
paring the intensity of every point to the average intensity of a region
spanning 6 8 pixels around that point. If the intensity at that center
point was 3 3 the standard deviation of the mean within the given 16
pixel window, the intensity at that center point was made equal to the
average intensity in the window. Each spectrum spanned 1035 pixels
between 450 and 2000 cm 2 1.

3 mW of power and 100 s acquisition time, the S/N was
20:1 at 239 nm. The spectra in Figs. 4A and 4C illustrate
how selective Raman cross-section enhancement can be
achieved by tuning the excitation wavelength to an ab-
sorption band of the molecules under study. The baseline
background in Figs. 4A and 4C is caused primarily by
undispersed stray light originating from sample ¯ uores-
cence. This background was minimized by placing a
mask inside the spectrometer in front of the CCD to de-
¯ ect stray light.

The 251 nm colon spectrum was compared with a
spectrum from normal colon collected with the Nd:YAG-
based system. 2 That previous system used stimulated
anti-Stokes Raman lines of the fourth harmonic of a Nd:
YAG laser as an excitation source, and a multichannel
analyzer for signal collection. Due to the improvement in
the ef® ciency of the detection/collection apparatus, the
current system has an S/N more than 10 times greater
than the previous system (compare Fig. 4A with 4B). The
line shapes in Figs. 4A and 4B are also qualitatively dif-
ferent, with a much lower nucleotide signal compared to
amino acids in Fig. 4B. Separate experiments16 have
shown that photobleaching and biochemical degradation
result in a spectral change manifested by a decrease in
the adenyl and guanyl UVRR scattering signals (signals
at 1337 and 1485 cm 2 1). We have extensively investi-
gated the rate of photobleaching as a function of laser
¯ uence and temperature, and have shown that the rate of
photobleaching was signi® cantly decreased when the
sample was kept at ; 4 8 C compared with room temper-
ature. Biochemical degradation due to freezing and thaw-
ing, independently of laser exposure, was also found to
corrupt our spectra by causing a speci® c decrease in the
adenyl signal, and sample freshness was prolonged by
conducting our spectroscopy in a refrigerated setup.
Thus, in a procedure to minimize both biochemical deg-
radation and photobleaching, sample coolers were incor-
porated into the present bulk and microscopy systems.
Artifacts due to any one of these two degradation effects
may account for the difference in line shapes observed
when comparing our present spectra (Fig. 4A) with those
acquired from our previous UVRR system (Fig. 4B).

Microscopy System Performance. A spectrum of a
crypt cell area in a 24 m m-thick section of colon mucosa
is shown in Fig. 5. This spectrum was collected in 10 s
with approximately 0.3 mW of 251 nm excitation light.
The signal-to-noise ratio in the raw spectrum (Fig. 5A)
is 5:1. A smoothed version of the same spectrum is
shown in Fig. 5B to enhance the spectral line shape,
which is dominated by nucleotide Raman bands. Since
the microscopic spectra were acquired from a stationary
spot on the specimen, the collection time period, and
therefore S/N, was limited by photobleaching. To acquire
spectra with a minimal amount of photobleaching arti-
facts (signal less than 5% photobleached), we found that
the maximum ¯ uence that could be used was 0.2 mJ/
m m 2.16 In addition to the background noise due to ¯ uo-
rescence stray light as in the bulk system spectra, noise
in the microscopy system is due to an increase of Ray-
leigh scattered light entering the spectrometer. The
amount of Rayleigh scattered light contributing to the
background was 36 times larger in the microscope than
in the bulk system, due to specular re¯ ection of the laser
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FIG. 5. Raw (A) and smoothed (B) UVRR spectrum of colon crypt
cell area collected at 251 nm. This spectrum was collected from a 24
m m thick frozen section of human colon mucosa. The excitation region
was 5 m m in diameter. This spectrum included one or two crypt cells.
The incident power on the sample was approximately 0.3 mW and the
collection time was 10 s. Under these conditions, this spectrum is less
than 5% photobleached. Nucleotide bands (N) dominate this spectrum
with a signal-to-noise ratio of 5:1 in the raw data case (A). In an effort
to enhance the spectral line shape, the spectrum in A was smoothed
(panel B) by using the digital smoothing polynomial technique (Savit-
sky±Golay smoothing).17

FIG. 6. Line shapes of the microscopic morphological components of
normal colon tissue collected at 251 nm excitation. Average line shapes
of the different microscopic structures were generated as described in
the specimen preparation and setup section. These spectra represent the
sum of spectra collected from many spots in a given compartment. For
the average cell spectrum, we added 42 3 10 s spectra, for the lamina
propria 45 3 10 s spectra, and for the ECM 36 3 10 s spectra. For the
perivascular fat, the spectrum is the sum of one spectrum collected with
2.5 mW for 10 s and one collected with 0.3 mW for 100 s. Except
where noted, the power was approximately 0.3 mW for each individual
spectrum and the spot size was 20 m m 2.

light from the sample and into the microscope collection
optics.

Other UVRR microscopy systems, which use 257 or
244 nm excitation light, have been described.4±7 In par-
ticular, Nelson, Chadha, and Sureau et al. directed the
UV excitation light to the sample with an external set of
optics without launching the beam into the microscope
objective.4±6 This con® guration minimizes collection of
specular re¯ ection and should result in a signi® cant de-
crease in Rayleigh scattering background. This external
laser excitation con® guration is also advantageous for
controlling the intensity of the light striking the sample.
In an arrangement to minimize the intensity of the po-
tentially photodamaging UV light that strikes the sample,
the laser beam in Sureau’ s system was focused onto a
100 m m 2 area on the sample, and an aperture in the col-
lection optics was used to select a 20 m m 2 area to be
studied . However, the external excitation technique
makes it dif® cult to control where the laser light strikes
the sample. As the microscope stage is raised or lowered
to bring the sample into focus, the laser light moves
across the sample and thereby translates the area under
study. Recently, a UVRR microspectroscopy system with
244 nm excitation was described by Pajcini et al.7 In this
system the laser excitation is focused on the sample via
a prism mounted under a Cassegrain objective. The laser
light impinges perpendicularly on the sample surface.
This con® guration blocks the specular re¯ ection from the
sample and therefore should signi® cantly reduce the Ray-
leigh scattering background. One disadvantage of this
system is that the excitation spot size, which limits the
lateral resolution of the system, is no longer as small as
could have been achieved by epi-illumination through the
microscope objective.

Microscopic UVRR Study of Colon Tissue Struc-
ture. The present UVRR system was used to spectro-
scopically describe a histological section, and spectra of
the different microscopic components of colon tissue
were generated. Figure 6 shows the average spectra of

the different microscopic tissue components: cells, lamina
propria, extracellular matrix, and perivascular fat. For
each component, a number of individual spectra collected
from different individual spots were summed (see ``Mi-
croscopy Specimens’ ’ ). For the cells, lamina propria, and
submucosa, the laser power at the sample was 0.275,
0.25, and 0.325 mW, respectively, and the acquisition
time was 10 s per individual spectrum. For the ® rst lipid
spectrum, the power was 2.5 mW and the acquisition was
10 s. For the second lipid spectrum, the power was 0.3
mW with a 100 s acquisition (longer collection times
could be used in this case since perivascular fat was much
less susceptible to photobleaching than other morpholog-
ical component). The spot size in all cases was 20 m m 2.

In Fig. 6, the cell average spectrum has a strong nu-
cleotide contribution at 1337, 1485, and 1585 cm 2 1. The
average spectrum of lamina propria is very similar to that
of a normal cell. This result is due to the fact that a large
amount of leukocytes in the lamina propria is sampled in
the 24 m m section. The average spectrum of submucosal
extracellular matrix (ECM) mainly consists of the protein
contribution around 1620 cm 2 1. The ECM spectrum is
similar to that of collagen (Fig. 7). However, the ECM
peak centered at 1472 cm 2 1 is broader than that of col-
lagen (at 1463 cm 2 1), possibly due to a nucleotide con-
tribution at 1485 cm 2 1. These nucleotides may come from
the cells present in the submucosa and may also contrib-
ute to the small signal observed at 1337 cm 2 1 in the ECM
spectrum. The spectrum of perivascular fat mainly con-
sists of the C 5 C vibration at 1650 cm 2 1. These spectra
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FIG. 7. UVRR spectrum of collagen at 251 nm excitation. This spec-
trum was collected from a collagen gel made by partially dissolving
collagen type III (from calf skin, Sigma, St. Louis, MO). The spectrum
was collected while translating the sample in the bulk UVRR system.
The power on the sample was 2.5 mW. The spot size was 35 m m 3 40
m m, the translation rate was 2 mm/min, and the acquisition time was
100 s.

show how UVRR microscopy could provide spatial dis-
tribution of biochemicals within a histological section.

The microscopic spectra were compared to the bulk
tissue spectra to infer which morphological tissue com-
ponents contribute to the bulk tissue spectrum. By com-
paring Figs. 6 and 4A, we ® nd that the main contributors
to the bulk colon spectrum are the crypt cells and the
lamina propria, which have a signi® cant nucleotide con-
tent. This ® nding is consistent with the 30 m m sampling
depth of ultraviolet light in colon at 251 nm, measured
in a separate study.16 Given that the epithelial thickness
in colon mucosa is 35 m m,18,19 the measured sampling
depth implies that approximately 70% of the Raman scat-
tered light originates in the epithelial layer, while the re-
maining 30% originates from the 70 m m of underlying
tissue, in this case the lamina propria. The submucosa,
which starts 400 m m below the tissue surface, does not
contribute to the bulk tissue signal.

CONCLUSION

We have built a state-of-the-art UVRR system well
suited for studying bulk and microscopic human tissue.
By improving our laser source and our Raman collection
setup including the use of new solid rejection ® lters and
sample cooling, we have greatly increased our ability to
collect spectra from human tissue with larger signal-to-
noise ratio than has been previously achieved. Our data
suggest that combined bulk and microscopic UVRR spec-
troscopy could provide a valuable tool for biochemical
and morphological analysis of human tissue, with the po-
tential for signi® cant applications in histopathology and
histochemistry.

In this paper, we have used UVRR microspectroscopy
to assess which morphological components contribute to

the spectra of bulk colon tissue. One potential application
of using UVRR spectroscopy in this manner is to recon-
struct the bulk tissue spectrum from the individual tissue
microscopic components. Ultimately, a quantitative anal-
ysis analogous to morphometry could be implemented,
whereby the bulk tissue spectrum could, for example, be
modeled as a linear combination of the individual micro-
scopic components in a least-squares minimization. The
relative contribution of each morphological compartment
can then be calculated and correlated with the actual tis-
sue composition.

The possibility of using UVRR spectroscopy for cy-
tological screening of cells in suspension has been re-
cently discussed by Yazdi et al. 8 In addition, the ability
to collect UVRR spectra from microscopic tissue sections
should have signi® cant applications in histopathology
and histochemistry. In histopathology, which typically
provides morphological information, speci® c biochemical
information can be obtained with the use of special stain-
ing techniques, such as immunostaining and ¯ uorescence.
UVRR spectroscopy could complement these existing
techniques by providing biochemical information non-
destructively, without extensive sample preparation, as is
usually the case prior to staining. UVRR spectroscopy of
the colon epithelium with 251 nm excitation directly pro-
vides information on nucleotide content relative to ami-
no-acid content with minimal sample handling. One pos-
sible application of this could be `̀ microscopic cell sort-
ing’ ’ , where tissue sections could be analyzed with
UVRR spectroscopy to detect aneuploid cells with higher
levels of nucleic acid for instance. In contrast to ¯ uores-
cence-based ¯ ow cytometry, UVRR spectroscopy can be
used to sort cells within a given microscopic section
without destroying them, thus allowing further bioassay
of the same sample. With improved sensitivity, UVRR
monitoring of live cells subjected to different experimen-
tal conditions, such as drug screening protocols, may be-
come possible. Nondestructive biochemical assays of mi-
croscopic specimens may have important uses in biotech-
nology, and UVRR spectroscopy may provide one such
technique.
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