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I. INTRODUCTION

The desire to analyze smaller and smaller amounts of material is a common
goal as we push the limits of technology in trying to solve chemical and
biochemical problems. In gas chromatography, fused-silica capillary columns
(0.25 mm) have almost completely replaced larger-bore (1/4 and 1/8-inch) packed
columns [1], and as detection limits are reduced in liquid chromatography,
microbore columns with inner diameters of 1 mm or less are quickly replacing the
more traditional 4-mm columns [2]. Capillary electrophoresis is likewise
demonstrating advantages over conventional gel electrophoresis for many
applications [3]. Mass spectrometers are now capable of detecting and identifying
materials in the picogram to femtogram range [4]. Vibrational spectroscopic
measurements which are the subject of this review currently utilize the experience
of optical microscopists in configuring instrumentation to analyze extremely small
specimens.

In infrared spectroscopy, beam condensers have been commercially
available for quite some time for the analysis of small quantities of sample in
micro-liquid cells or pressed in KBr "micropellets.” Attenuated total reflectance
(ATR) accessories which fit in the sample compartment of a spectrometer require
solid specimens no larger than perhaps 1 mm [5, 6]. However, as the ensuing
discussion will show, the use of microscope accessories has simplified data
collection for samples as small as 10 pm.

Raman spectroscopy can also be used to study small specimens, and the
laser, with its coherent, polarized, monochromatic radiation, is an excellent light
source for Raman spectroscopy [7, 8]. The required volumes for liquids went
from tens of milliliters with older light sources to a few microliters with the easily
focused laser beams. But when a laser beam is sent through a microscope
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objective, particles in the 1-um range, with masses of a few picograms, can readily
be studied.

Infrared and Raman spectroscopy have been applied to the study of
biological materials for many years [9-12]. Studies of bulk properties of proteins,
enzymes, lipids, viruses, tissue, and other biological materials have been
conducted without the necessity of microsocpes. Structural characteristics,
physical properties, and physiological transformations are among these subjects.
The ability to study solids, liquids (or melts), and solutions make vibrational
methods unique in the field of biological spectroscopy. For example, protein
secondary structure determines the frequencies of the so-called "amide" bands
associated with the peptide linkage, and comparison of crystalline and solution
data are used routinely to determine whether there are differences in protein
secondary structure as a function of physical state [13]. The effects of temperature
or pH can also be monitored readily. Protein folding (and unfolding)
characteristics can be studied by using infrared and Raman spectroscopy, as can
phase transitions of phospholipid bilayers as a function of temperature and other
physical and chemical parameters [14].

These bulk phenomena are used to help understand physiological processes,
but there are applications in which microscopic changes are of importance. Wider
availability of microscope accessories for infrared and Raman spectrometers has
opened new areas of biomedical spectroscopy where small sample quantity had
previously been a limiting factor.

It was recognized in early reports of a reflecting microscope being used for
infrared spectroscopy that applications to biologically relevant molecules should
be an emphasis for the technique [15]. An infrared microscope was commercially
available from Perkin-Elmer in the 1950's on a single-beam instrument, but it
suffered from the predictable limitation of combining a dispersive spectrometer
with an energy-limiting optical accessory like a microscope [16]. Many of these
problems were eliminated with the availability of Fourier transform infrared (FT-
IR) spectrometers, and additional improvements were realized when the
microscopes were designed expressedly for use with FT-IR spectrometers {17].
Initially, optical microscopes were modified to be compatible accessories; now the
microscopes are designed with compact FT-IR spectrometers as the accessories.

Optical design and the wavelength dependence of diffraction phenomena
through small apertures place a lower limit on the size of a particle which can be
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studied spectroscopically [18]. Improved instrumentation has advanced infrared
microscopy to the point where spatial resolution to the diffraction limit is possible;
10-um spatial resolution is almost routine in the mid-infrared region. If this
limitation is critical, shorter wavelengths can be utilized, and Raman spectroscopy
can provide better than 1-um resolution because of the laser excitation in the
visible region typically at 488 or 514.5 nm.

Commercial Raman microspectrometers have been available for over
twenty years. The MOLE (molecular optics laser examiner) Raman microprobe
was configured with a variety of illumination and detection schemes (including a
television monitor) for geological, archeological, industrial, and biological
applications [19-22]. A comparable instrument was developed in the United States
at almost the same time [23-28]. The limitations of Raman microspectroscopy
include fluorescence and the power densities at the samples when the laser beam is
so tightly focused through a microscope objective. Fluorescence is always a
potential problem for Raman spectroscopy, and commercial systems employing
near-infrared lasers are available with dispersive or Fourier transform detection of
Raman signals [29, 30]. With the longer wavelengths for excitation, there is a
concommitant loss in the spatial resolution, but this type of trade-off is very
common in analytical spectroscopy.

Because of their respective advantages and disadvantages, infrared and
Raman microspectroscopy complement one another in the same ways that are
well-known for macroscopic sampling. Applications of vibrational microscopy
cover many subject areas, and have been discussed in previous review articles,
books, and book chapters [28, 31-35]. Predictably, the emphasis for vibration
microspectroscopy has been in areas where light microscopy (and electron
microscopy) are standard techniques. Examples of significant contributions to
solving problems in geology [36, 37], forensics [38, 39], art [40], and polymer
science [41, 42] are found throughout the literature. The use of traditional
microscopy in biology suggests many opportunities for vibrational microscopy.
Applications related to biochemical problems and medical diagnoses have become
more common as the spectroscopic technology has progressed and the other
applications listed above have been successful. A review of biomedical vibrational
microscopy is therefore warranted, and this will be the subject of the remainder of
the article. This review is not meant to be exhaustive but rather illustrative of
applications in a field that is changing very rapidly.
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Il. EXPERIMENTAL CONSIDERATIONS

A. FT-IR Microspectroscopy

Infrared absorption for biological molecules or any specimen relates to
transitions between vibrational energy levels. The absorption bands in infrared
spectra are characteristic of the structural moieties within the sample [43]. The
band positions can be used to identify unknown materials, and changes or
differences in band positions can be used to identify a biological process. Both of
these aspects of infrared microspectroscopy are relevant to the study of
biologically important molecules.

All of the infrared microscopes in use today are based on Fourier transform
infrared (FT-IR) spectrometers. As indicated earlier, microscopes were initially
regarded as accessories to the large, research-grade spectrometers, but current
designs combine very compact spectrometers as accessories on microscopes
designed for use in the infrared region of the electromagnetic spectrum.

The optical characteristics of an FT-IR spectrometer are well-suited to the
needs of an infrared microscope system [6]. The throughput and multiplex
advantages that an FT-IR spectrometer exhibits relative to a dispersive IR
spectrometer are essential for energy-limited situations such as microscopy if
spectra with adequate signal-to-noise ratios (S/N) are to be obtained on a routine
basis. Aperturing of the infrared beam (and thereby limiting the amount of source
radiation which arrives at the sample) is required to achieve the spatial resolution
desired in infrared microspectroscopy.

Mid-infrared wavelengths in the 2.5- to 25-um range (2500 - 25,000 nm, or
4000 - 400 cm™' ) are suitable for identifying structures within molecules and for
monitoring structural changes as is often the desire in studies of biological
molecules. The desired optical wavelengths and the optical characteristics of the
lenses and other components of the microscope determine the spatial resolution
which can be achieved before diffraction phenomena reduce the light intensity
beyond detectable limits [33, 44]. The practical limit on spatial resolution for
typical mid-infrared spectrometers is approximately 10 pm, although there are
instances where this limit has been extended to 6 um with satisfactory results [45].

One of the important considerations in the design of an infrared microscope
is that traditional refractive lenses such as those used in optical (visible)
microscopy absorb broad regions of mid-infrared light. For this reason, reflective
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optics are required, and Schwarschild condensers such as those shown in Figure 1
are used in commercial reflecting microscopes. The optical diagram of a typical
infrared microscope operating in the transmission mode is shown in Figure 2. In
this configuration a specimen would be mounted on a transmissive substrate and
placed at the focus of the microscope. Common substrates for transmission
infrared microscopy are barium fluoride and calcium fluoride. For opaque
specimens, reflected infrared light would be collected by the same objective which
focuses the light on the sample, and additional mirrors direct the reflected light to
the detector. The resulting reflectance spectrum can be as useful as a transmission
spectrum for sample identification, but the reflectance configuration of the
microscope offers an additional sampling option. If a specimen is mounted on a
reflective surface, light which travels through the sample can be reflected back
through the sample and directed to the detector. Because the infrared beam
traverses the sample twice in this "reflection-absorption” experiment, the resulting
spectrum is equivalent to a transmission spectrum of twice the thickness of the
specimen. Gold and palladium coatings on ordinary glass microscope slides were
used to demonstrate the utility of this procedure for 5- to 10-pm thick sections of
tissue [46], and aluminum-coated slides are currently commercially available.

B. Raman Microspectroscopy

Raman spectroscopy involves inelastic scattering from a molecule which
has been irradiated with monochromatic light. The observed shifts in wavelength
(or frequency) in the Raman effect correspond to vibrational energies in biological
molecules and can, therefore, be compared to infrared spectra.

Raman spectrometers can be configured as FT-IR spectrometers [29, 47]
equipped with near infrared laser sources (i.e., 785 nm or 1064 nm) or as more-
traditional dispersive monochromators with ultraviolet, visible [7, 10, 48] or near-
infrared excitation [49]. The latter can operate in a wavelength scanning mode
with single-channel detection (for example, monochromators and photomultiplier
tubes) or as a spectrograph which can take advantage of the multiplexing
capabilities of multichannel detectors like photodiode array detectors and charge-
coupled devices (CCD). A recent direction in multiplex Raman spectrometry is
the use of the Hadamard transform in conjunction with dispersive
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Figure 1. Optical diagram of 15X and 36X reflective microscope objectives.
Used by permission, [42].

monochromators and a set of spatial filters [50]. Another aspect of Raman
spectroscopy which impacts the ability to obtain spectra of biological molecules is
that the wavelengths used are generally compatible with optical fibers [51, 52].
Raman spectroscopy can also benefit from signal enhancement phenomena
such as resonance Raman scattering and surface-enhanced Raman scattering [53,
54]. In resonance Raman scattering (RRS), the intensities of selected Raman
peaks can be increased if the laser excitation wavelength is within the UV-visible
absorption band of a molecule. Intensity changes of three orders of magnitude are
possible allowing analysis of low concentrations or the use of extremely low laser
power. If a series of different wavelengths is used, the differences in absorption
bands of individual molecules to be selectively enhanced, and this process is used
in many applications of resonance Raman spectroscopy [53]. In surface-enhanced
Raman scattering (SERS), intensities of Raman peaks can be enhanced as a result
of interactions between the analyte and a metal surface. Roughened metal surfaces
and dispersions of finely divided metal particles (such as copper, silver, and gold)
have been used to demmonstrate the principle [54]. As with RRS, SERS can



200 KALASINSKY

EYEPIECES
REFLECTED LIGHT

iurmator sowce (O O

VIEW

IR

UPPER VARIABLE APERTURE

OBUECTIVE

To FROM IR
DETECTOR SOURCE

CONDENSER

TRANSHMITTED LIGHT
ILLUMINATOR SOURCE

LOWER VARIABLE APERTURE

Figure 2. Optical diagram of an FT-IR microscope configured for
transmission. Used by permission, [15].
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potentially provide a novel approach for obtaining spectra of materials whose
spontaneous Raman spectrum is extraordinarily weak.

Laser beamns used for excitation in Raman spectroscopy can easily be
focused to a spot smaller than 1 mm on the sample, and this approach can provide
localized information about a specimen without using microscope optics.
However, microscopes have been commercially available on dispersive Raman
spectrometers since the early 1970's [19-22]. With excitation from an argon-ion
laser (typically 488 or 514.5 nm), spatial resolution better than 1 um was realized.
A generalized schematic of a Raman microscope is shown in Figure 3. The most
convenient scattering geometry is 180° so the scattered light is collécted by the
same microscope objective which delivers the incident laser beam. Various
substrates, including sapphire and lithium fluoride, are used for mounting
specimens for Raman microscopy [28, 31]. Glass and quartz are also suitable and,
of course, are available as microscope slides for normal histopathologic
applications. Metal-coated slides (gold or aluminum) are the substrate of choice if
the specimen is to be analyzed by using infrared and Raman microscopy. The
reflective coating also eliminates any chance of interferences from the glass
substrate.

Two problems which can limit the utility of Raman microspectroscopy for
biological specimens are fluorescence and the laser power density. Fluorescence
intensities can be many orders of magnitude larger than Raman intensities, and a
common problem with biological specimens is that fluorescence from trace
impurities can overwhelm the Raman signals of the material of interest if the
excitation wavelength is of sufficient energy to excite fluorescence. Blue-green
(488 and 514.5 nm) excitation generally satisfies this requirement, but it is often
possible to quench the fluorescence by prolonged exposure of the specimen to the
laser light. If this procedure fails to reduce the fluorescence sufficiently, it may be
necessary to use longer wavelength lasers [7, 48]. Infrared lasers with
wavelengths as long as 1339 nm have been shown to provide high-quality Raman.
spectra [29, 501].

High power densities (power per unit area) can lead to sample deterioration
even with the laser power in the range of tens of milliwatts. This problem can only
be remedied by minimizing laser power and maximizing the optical collection and
detection efficiency of the spectrometer. Despite potential limitations of Raman
microscopy it is possible to collect spectra of biologically important materials of
microscopic sizes [28, 31].
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Figure 3. Schematic diagram of a Raman microspectrometer system
configured for 180° scattering. Used by permission, [62].

C. Spectral Mapping and Imaging

The importance of the spatial resolution attainable in microspectroscopic
experiments relates primarily to the ability to measure spectra of small, isolated
regions of specimens and, thereby, to differentiate regions of interest in a
specimen.  Since vibrational infrared and Raman spectra consist of peaks
associated with stretching and bending motions of the structural units within a
molecule, bands in a specified wavenumber range can be used to determine
regions within a sample where a particular species is located. This "functional
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group mapping" procedure requires spectra to be collected at carefully controlled
positions in the specimen (micropositioning under computer control) and the
necessary software to generate contour plots or axonometric plots. Mapping has
been applied successfully to solving problems associated with polymers [56-58].
In biomedical applications, similar information can be obtained, and mapping
regions of tissue to identify various "other" materials is a useful approach.

To completely map an area of interst, spectral data must be collected at each
position in a two-dimensional grid covering the area. With appropriate software,
these data can be displayed with a color scale (or gray scale) to indicate differences
in spectral intensities and thereby generate a video image of the sample. In
comparing such an image to those obtained digitally or visually from an ordinary
(visible) light microscope, the advantage of the infrared or Raman image is that
specific structural information is displayed. In biomedical applications where light
microscopy and electron microscopy are utilized routinely, the additional
information potentially supplied by vibrational images can aid in the interpretation
of the data.

An alternative to the time-consuming task of point-by-point mapping is
direct imaging using two-dimensional detectors [59, 60]. The concept is outlined
in Figure 4 where the images are detected sequentially at A, then A,, etc. in real-
time as shown. The stored data can be processed to show either a functional group
image or, by displaying intensity data at a single pixel location from a series of
images, a conventional spectrum.

lll. APPLICATIONS OF VIBRATIONAL MICROSPECTROSCOPY

The emphasis in microspectroscopy is generally on small sample sizes, and
in biomedical applications the interest is in studying isolated cells, tissue,
crystalline materials, and foreign materials in tissue as a means of investigating the
details of observations made in bulk materials. Microspectroscopy allows
additional information to be obtained from tissue and other specimens prepared for
traditional histopathologic examination. The range of examples in biomedical
applications related to patient care and diagnosis is quite varied, and hopefully the
utility in biomedical applications will be made clear in the following groups of
examples.
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Figure 4. Diagram representative of data collected with an imaging
spectrometer. Used by permission, [59].

A. Single Cells

The prospect of using microspectroscopy to monitor dynamic processes or
structural changes in individual cells is very attractive. And while macroscopic
resonance Raman spectroscopy had been used to study many photoactive
processes involved in vision, Mathies and coworkers [61, 62] used a Raman
microscope to obtain spectra from single photoreceptor cells as small as 1 x 10 um
mounted on a -196°C cold-stage. For the toad (Bufo marinus), 488-nm excitation
yielded the spectrum shown in Figure 5b. When a laser beam at 568 nm was
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Figure 5. Resonance Raman spectra of visual materials: (a) Toad red rod
photoreceptors using a 488-nm probe beam with a coaxial 568-nm pump beam;
(b) Toad red rod photoreceptors using a 488-nm probe beam; (c) Bovine visual
pigments using a 488-nm probe. Used by permission, [61].

directed at the specimen coaxially with the 488-nm beam, the spectrum in Figure
Sa was observed. The 568-nm laser was used to induce the photolysis of the
intermediate bathorhodopsin. The decreases in intensities at 850, 864, 915, and
1532 cm™ resulted in these lines being assigned to bathorhodopsin [61]. For
comparison, a spectrum of bovine visual pigments is shown in Figure Sc. The
intensities between 800 and 900 cm’™' for the toad and bovine specimens have been
interpreted to mean that their conformations are different because of differences in
the attached proteins. Similar studies were conducted with goldfish using 583 nm
for Raman excitation. In this case, however, bathorhodopsin concentrations were
increased by using a coaxial 482-nm pump. Using these examples, the authors
demonstrated photoisomerization inside intact cells without the necessity of
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isolating the individual components. This procedure will be useful in elucidating
various aspects of the visual process.

Puppels et al. described a high-sensitivity confocal Raman microscope
designed to obtain spectra of single cells [63-65]). With 660-nm excitation from a
dye laser, they were able to achieve a (lateral) spatial resolution of 0.5 pum and a
depth resolution of 1.3 um. The relatively long visible wavelength laser beam
greatly reduced the danger of fluorescence and sample degradation during data
collection. Figure 6 shows spectra of the nucleus (b) and cytoplasm (a) of an intact
human eosinophilic granulocyte and a spectrum of a single chromosome (c). The
spectrum of the nucleus is dominated by DNA and protein peaks and is, therefore,
very different and distinct from the cytoplasm. The spectra of chromosomes offer
an opportunity to characterize the detailed chemical structures associated with
chromosomes at the molecular level [63]. Raman spectra of the nuclei of
neutrophilic, eosinophilic, abd basophylic granulocytes also exhibit lines
associated with DNA and protein, but the cytoplasm of these three types of cells
showed distinct differences associated with their individual enzymes [64].

Dong et al. recorded infrared microspectra of single red blood cells in H,O
and D,O through a 10- x 10-um aperture, and the protein amide-1, amide-II, and
amide-III bands were clearly visible [66]. The authors also demonstrated the
ability to study ligand-binding by recording spectra of the carbon monoxide
complex with individual erythrocytes (both the '°C and °C derivatives).

Sureau et al. utilized ultraviolet excitation to record resonance Raman
spectra of single living cells [67]. Cultured T47D human mammary tumor cells
exhibited spectra dominated by cellular purines with 257-nm laser radiation. Also
observed was evidence of protein amide I and tryptophan residues.

Differences between normal cells and tumors have been studied by using
FT-IR, Raman, and many spectroscopic techniques. Wong and coworkers [68-71]
have used macroscopic sampling to demonstrate the correlations between FT-IR
spectral data and histopathologic diagnoses. Macroscopic Raman spectroscopy
was used to characterize normal and cancerous breast biopsies [72, 73], and
Benedetti and coworkers have used macro- and microscopic FT-IR spectra for a
similar purpose [74, 75]. Normal and neoplastic lung cells were physically
separated, and relatively homogeneous dispersions of cells were placed on BaF,
windows. The most striking spectral differences were in the region of the
phosphate vibrations associated with DNA, By comparing intensities at 1080 cm’’
(DNA) and 1540 cm’ (protein) as indicated in Figure 7, it was possible to
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Figure 6. Raman spectra of a single cell and a single chromosome: (A)
Spectrum of a cytoplasmic region of a human eosinophilic granulocyte; (B)
Spectrum of the nucleus of the same cell; (C) Spectrum of a chromatid of a
Chinese hamster lung cell. Used by permission, [63].

distinguish between the normal and tumor cells. Additional work is necessary to
determine the extent to which this FT-IR parameter can be used to diagnose the
variety of tumors viewed in a pathology laboratory.

Surface-enhanced Raman microscopy of zebrafish eggs was the subject of a
study using 532-nm radiation from a Nd:YAG laser [76]. A silver probe with a tip
ranging from 1 - 3 um was used as the SERS substrate. Three regions of the egg
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Figure 7. FT-IR spectra of normal (N) lung cells and tumor (T) cells. The
darkened area represents spectral differences. Used by permission, [75].

were studied; the outer chorion which is composed primarily of proteins, the yolk
which contains carotenoid pigments, and the embryo cells which are made up of
peptides and nuceotides.

These studies emphasize the variety of questions which can be probed using
microspectroscopy of "single" cells. Superior spatial resolution gives Raman
microscopes a distinct advantage over FT-IR microscopes, but there must also be a
judicious choice of laser excitation wavelength. For situations in which less spatial
resolution is reasonable for viewing groups of similar cells, FT-IR data are
adequate and relatively easy to obtain.

B. Bacteria

Single cells or collections of a few cells of chromobacteria provided
resonance Raman spectra in a microscope using 488-nm radiation (77, 78]. The 5-
um beam was larger than individual cells, but high-quality resonance-enhanced
spectra dominated by lines from carotenoids in the bacteria were recorded. For the
highly pigmented strain of Rhodospirillum, only 1 - 3 organisms were required
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within the focus of the laser; 10 - 12 organisms were required for the lighter
colored Flavobacterium and Rhodopseudomonus. These results provided rapid
detection and identification of the bacteria, and it was suggested mixtures of
bacteria could likewise be identified.

Macroscopic identification of Staphylococcus epidermidis using ultraviolet
light at 231.5 nm for resonance enhancement has also been reported. The authors
showed that the spectra of live and heat-killed bacteria were different and could be
used diagnostically to evaluate bacterial colonies [79].

C. Cardiovascular Pathology

Conventional macroscopic Raman spectra of calcified atherosclerotic
plaques in human aorta tissue have been used to demonstrate the presence of
hydroxyapatite [80]. Raman microprobe spectra with some limited FT-IR data
were collected for calcified atherosclerotic plaques and calcifications on
ventricular prostheses implanted in animals [81]. The 514.5-nm argon laser line
was focused to 10 um for the Raman experiments. The authors considered a series
of calcium phosphates and calcium phosphate carbonates (carbonate apatites) in
interpreting the spectral results. Figure 8 compares Raman spectra of
deproteinated aortic plaque and a synthetic carbonate apatite. The phosphate
stretch near 960 cm™ is clearly evident, but the intensity near 1075 cm™ (which is
comprised of contributions from the phosphate antisymmetric stretch and the
carbonate symmetric stretch) was matched by adding approximately 4.3% (by
weight) carbonate. Similar results were reported for undeproteinated plaques, and
it was suggested that ratios of the these two bands could be used to obtain
semiquantitative values of carbonate content of calcified plaques.

In another study, Raman spectra of macroscopic regions of calcified aorta
were analyzed using a dispersive instrument with excitation at 741 nm [82]. The
laser beam was focused to a spot size of approximately 50 um for data collection,
and fresh-frozen sections of aorta were used in the experiments. Hydroxyapatite
was identified on the aorta wall by its strong signal near 960 cm’, and the authors
noted that fluorescence had precluded data collection for their specimens using
514.5-nm excitation. A layer of tissue over the calcified plaque was found to
attenuate the Raman signal, but the authors noted that the results were promising
for the use of Raman spectroscopy as a guide for laser angioplasty.
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by permission, [81].
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FT-Raman spectra, collected with 1064-nm laser output focused to 1.0 mm,
were used to study the inner and outer surfaces (intima and adventitia,
respectively) of a human aorta [83]. Figure 9 shows spectra of the two surfaces of
a normal aorta along with a spectrum of a triglyceride. Histologically, the
adventitia was observed to be covered with a layer of adipose tissue, and the
similarity between the adipose tissue and triolein is to be expected. A spectrum of
a fibrous plaque on the intima is shown in the uppermost protion of Figure 10. Its
spectral features are essentially the same as those for a normal aorta (Figure 9)
with minor relative intensity differences related to contributions from the different
proteinaceous materials comprising the aorta. The atheromatous plaque shown in
the middle of Figure 10 is very similar to the cholesterol spectrum below.

Kodali er al. employed FT-IR microspectroscopy to map regions of
atherosclerotic arteries from two strains of rabbits [84]. Transversely-cut sections
of frozen arterial tissue (5 pum thick) were viewed through a 20- x 20-um aperture
to allow the intima (inner wall) and media to be mapped; the adventitia (outer
wall) was not studied. Cholesterol and cholesteryl esters were considered
important for the study, and spectra of representative authentic specimens are
shown in Figure 11.

Spectra of the arterial wall taken from a rabbit with a genetic predisposition
to atherosclerosis are shown in Figure 12. Distinct changes in the C-H, =C-H, and
C=0 stretches were observed at the boundary between the media and intima. The
protein amide-I and amide-II bands are prominent in the media as expected for the
muscle in this region of the artery wall. The axonometric plots in Figures 13, 14],
based on the amide-I and ester C=0O vibrations, respectively, provide useful maps
of the intima and media. It is also clear that the structure of the plaque in the
intima changes as the lumen of the artery is approached. Atherosclerosis was
induced in a second strain of rabbits who were fed a cholesterol-rich diet after
being subjected to a balloon catheter procedure which damages the endothelial
cells on the intimal surface of an artery [84]. Figures 15 and 16, also constructed
from the amide-I and C=0O stretching regions, show a pattern of protein and esters
in the media and intima which is different from that observed for the other strain of
rabbits. These data indicate that microscopic studies of this type may be useful in
following the progress of atherosclerotic processes.
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Figure 9. Near infrared Fourier transform Raman spectra of (a) the intimal side
of a normal aorta, (b) the adventitial side of a normal aorta, and (c) triolein, a
triglyceride. Used by permission, [83].

D. Neuropathology

FT-IR studies of macroscopic quantities of brain tissue (of the order of 1
mm X | mm) have been undertaken with the desire to utilize the spectroscopic data
diagnostically in multiple sclerosis and Alzheimer's disease [85, 86]. In the former
study, changes in lipid content and the lipid/protein ratio were observed between
white matter and multiple sclerosis plaques, while water absorption in the vicinity
of the amide-1 band near 1650 cm™ was suggested as a means for distinguishing
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Figure 10. Near infrared Fourier transform Raman spectra of (a) a fibrous
plaque, (b) an atheromatous plaque, and (c) cholesterol monohydrate powder.
Used by permission, [83].

between gray matter and plaques. In the latter study, infrared spectra were used to
demonstrate the deposition of beta-amyloid peptide in brain tissue from
Alzheimer's patients. Aggregates of this protein may be linked to its neurotoxicity.
Additional work in this area using microspectrocopy techniques to localize these
spectral observations appears to be promising.

Wetzel and coworkers have conducted numerous FT-IR microspectroscopy
studies of mouse and rat brain tissue [87-91]. Frozen sections of tissue (8 pum
thick on BaF,) were mapped according to the particular emphasis of the study
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Figure 11. Fourier transform infrared spectra of reference compounds (a)
cholesteryl oleate, (b) cholestanol palmitate, and (c) cholesterol. Used by
permission, [84].

using a 24- x 24-um aperture; for example, the lipid content of the brain was

mapped in one study [87].

The twitcher mouse exhibits an enzyme deficiency similar to that observed

in humans who have globoid cell leukodystrophy (or Krabbe's disease). The

enzyme deficiency allows psychosine (galactosylsphigosine) to accumulate and
adversely affect myelination in the brain. FT-IR microspectroscopy was used to
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Figure 12. Infrared spectra of 20- x 20-um regions of 5-um thick section of
artery from the (a) media between 160 and 180 pum from the edge of the media,
(b) intima between 340 and 360 pum, and (c) intima region between 380 and 400
um. Used by permission, [84].

determine if excess psychosine could be detected in the hindbrain and cerebrum in
the twitcher mouse, and the spectroscopic results were compared to more
conventional histopathologic methods {89, 90]. The only spectroscopic evidence
found was in the region of the CH, antisymmetric stretch near 2920 cm”. Brain
tissue from normal mice exhibited a band between 2925 and 2924 cm", and the
corresponding psychosine band is located at 2920 cm’'. The broadening of this
band in twitcher mouse brains and its shift to lower frequencies (lower than 2924
cm™) was ascribed to overlap of brain tissue and excess psychosine. These data
are summarized in Figure 17.

By comparison, shiverer mice have a mutation in the myelin basic protein
(MBP) gene which inhibits the normal process of myelin deposition [89]. Unlike
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Figure 13. Plots of the amide I infrared absorbance band of 20- x 20-um
segments of an artery showing (a) an axonometric plot across the artery from the
lumen (LU) through the intima (IN) to the media (ME) and (b) a contour map of
the same region of artery. Used by permission, [84].
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Figure 14. Plots of the ester C=0 infrared absorbance band of 20- x 20-um
segments of an artery showing (a) an axonometric plot across the artery from the
lumen (LU) through the intima (IN) to the media (ME) and (b) a contour map of
the same region of artery. Used by permission, [84].
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Figure 15. Plots of the amide I infrared absorbance band of a cross-section of
an artery: (a) axonometric plot and (b) contour plot. Used by permission, [84].
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Figure 16. Plots of the ester C=0 infrared absorbance band of a cross-section
of an artery: (a) axonometric plot and (b) contour plot. Used by permission,
[84].
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Figure 17. Infrared spectra of the 3010-2820-cm™ region from (A) psychosine,
(B) hindbrain white matter from a twitcher mouse, and (C) hindbrain white
matter from a normal mouse. Used by permission, [90].

the situation for normal mice, FT-IR spectra of white matter and gray matter of
shiverer mice showed very few differences. A detailed interpretation for the
shiverer mouse was not possible, but the sensitivity of FT-IR spectra to the
chemical structures of abnormal brains was clearly demonstrated.

In another study, spectral changes in bands associated with lipids and
proteins were monitored in response to the introduction of blood into the white
matter of the brain [91]. Bands at 3015, 2927, 1740, 1469, 1235, and 1085 cm’
were observed to decrease relative to the amide II band at approximately 1550 cm™
as a result of the physiologic reaction to extravasated blood in the brain. There
was also a slight shift to lower wavenumber for the amide II band. These results
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suggest that lipid peroxidation is involved with the pathology in the vicinity of the
site where the blood was introduced.

E. Calculi and Crystalline Materials

Crystalline materials form in various organs of the body. The ultimate
outcome can range from the deposition of small crystals in tissue to the formation
of calculi (stones) as large as a few centimeters in size. For the latter, wet
chemical methods and macroscopic spectroscopy techniques can be used to
identify the constitutents, but for layered calculi and small crystals,
microspectroscopy is more useful.

Kidney stones have received considerable attention. Dispersive and FT-
Raman techniques with laser spots focused to less than 1 mm in diameter in
conventional (macroscopic) sampling configurations have been used to
characterize nearly pure stones composed of cystine [92, 93], uric acid [93, 94],
calcium oxalate [93, 95], and calcium phosphates [96]. Stones composed of
proteins and other organics and those composed of inorganic mixtures have also
been studied [97, 98]. Visible excitation frequently resulted in significant
fluorescence from the specimens, but near-infrared excitation (FT-Raman)
eliminated this problem.

Calculi have also been investigated using a Raman microprobe spectrometer
[99]. Segments of calculi as small as 2 pm were analyzed directly in the Raman
instrument and as KBr pellets in an infrared spectrometer. The detailed study of
the components of calculi can be useful in understanding the etiology of the
formation of the stones.

These authors identified more than sixty organic and inorganic components
of urinary calculi [99]. Both forms of calcium oxalate (monohydrate and
dihydrate) were distinguished by their characteristic Raman spectra.  Calcite (a
form of calcium carbonate), calcium phosphates, and magnesium phosphates were
among the inorganic species found in many of the calculi studied.

The carbonate apatites exhibited a set of distinct infrared bands, but the
Raman spectra showed a shift in the phosphate P-O stretch from 959 cm” for
apatite to 963 cm™ for the saturated carbonate apatite [99]. A similar shift was also
observed for apatites in atherosclerotic plaques [81].
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Magnesium hydrogen phosphate trihydrate (newberyite) was found on the
outer layers of calculi containing ammonium magnesium phosphate hexahydrate
(struvite) and in struvite stones or specimens which had been left in air for
extended periods of time. The data suggest that this relatively facile
transformation accounts for the newberyite found in urinary calculi [99].

A number of organic materials were also identified by their infrared and
Raman spectra. Various urate salts and the anhydrous and dihydrate forms of uric
acid were found in many calculi. The tendency of uric acid dihydrate to
decompose under laser irradaition in the Raman microprobe emphasizes the need
for infrared data as a complement to the Raman spectra.

The purine derivatives xanthine, hypoxanthine, and 2,8-dihydroxyadenine
were also observed in the Raman spectra despite significant fluorescence. Infrared
spectra, when available, were sufficient to provide positive identification, but the
differences in spatial resolution suggest that both types of spectra be collected.
Xanthine was found in a patient suffering from congenital xanthinuria, and the
spectroscopic data confirmed the diagnosis. Similarly, patients with cystinuria
form calculi composed of another organic component, cystine, which was
identified by its characteristic infrared and Raman spectra. The latter spectrum is
particularly useful because of a very intense line near 500 cm-1 which is due to the
S-S stretching vibration [99).

A fiber optics probe with near-infrared excitation was used in one study to
demonstrate the feasibility of conducting in vivo determinations of the composition
of calculi. Information of this type could potentially be used in treating patients
without resorting to surgery [100].

In patients suffering from oxalosis, calcium oxalate has been identified in
kidney tissue biopsies by FT-IR microspectroscopy [101]. As indicated in Figure
18, crystalline calcium oxalate is also frequently found in urine samples.

Limited animal studies in which the factors affecting the disposition of
calculus materials in the kidney have been conducted. The formation of calcite
(CaCO0,), calcium oxalate, and hydroxyapatite was confirmed in rabbit kidney
tubules using a Raman microprobe [102]. Similarly, the kidneys of eels were
found to contain calcium oxalate and calcium phosphates [103].

Macroscopic Raman studies of cholesterol- and bilirubin-containing
gallstones have been reported [104]. More recently, Raman microprobe data and
FT-IR spectra using a beam condenser and apertures between 50 and 200 pm have
been applied [105]. FT-IR spectra were used to identify cholesterol as the only
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Figure 18. Infrared spectra of calcium oxalate in kidney tissue and isolated
from urine.

component of one gallstone. In a bilirubin gallstone, two different forms of
bilirubin (an acid form and a calcium salt) were identified by their characteristic
resonance Raman spectra. A layered gallstone was found to have a yellowish-
brown outer layer of cholesterol, a brown center composed of bilirubin (acid and
salt forms), and a middle layer consisting of Ca;(PO,),, cholesterol, and bilirubin
(both forms). This stone and a bilirubin stone were also found to have white
particles 20 to 100 um in size identified as a calcium salt of a fatty acid
interspersed in the more darkly colored regions [105].

Deposition of calcium pyrophosphate in various tissue specimens has been
studied by using infrared and Raman spectroscopy. Infrared spectra of particles
removed from knee joint synovial tissue and soft tissue near the metatarsal joint
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were used to confirm a presumptive diagnosis of calcium pyrophosphate based on
polarized light microscopy, scanning electron microscopy, and energy dispersive
X-ray analysis [106]. Similarly, pelvic deposits were identified as calcium
pyrophosphate from the intense Raman line at 1050 cm” [107]. Raman
microspectroscopy data were used to confirm calcium pyrophosphate in synovial
fluid, synovial tissue, and cartilage and to identify sodium urate in synovial fluid
and a gout-related tophus [108].

Cystinosis is another disease in which crystalline material can be deposited
in tissue. Infrared and Raman microspectra of cystine in liver and spleen tissue
were reported [109]. The Raman spectrum exhibited the strong S-S vibration near
500 cm™ (see Figure 19) which is characteristic of the disulfide linkage and also
observed in cystine-containing calculi [92, 99]. The infrared spectrum of cystine
in Figure 20 also matches those of crystals in the liver and spleen tissue.

Mendelsohn ez al. used infrared microspectroscopy to study mineralization
in the femurs of normal and rachitic (vitamin-D deficient) rats [110]. By
comparing the intensities of the phosphate vibrations of the inorganic materials
with the intensities of the amide-1 and amide-II vibrations due to protein (primarily
collagen), they were able to show the extent of mineralization as a function of
position along the bone in approximately 20 um steps. The two groups of rats
exhibited different rates of ossification, and the amount of mineralized bone in the

rachitic rats was found to be approximately 60% of the value found for normal
rats.

F. Foreign Materials

Foreign materials in tissue constitute a large area of application of
microspectroscopy. Environmental intake, the administration of therapeutic drugs,
and surgical procedures account for many foreign materials in a patient, and the
body's reaction to these materials can be described histopathologically.

Pieces of polymeric materials used in surgical procedures are often large
enough to be viewed in an FT-IR microscope [111]. Poly(tetrafluoroethylene)
from a heart graft and nylon from ocular valve implants were readily identified.
As an example, Figure 21 shows spectra of tissue (protein), nylon in tissue, and a
reference material. FT-IR and Raman microspectroscopy have been used to
confirm the presence of silicone polymers in skin biopsies [111] and an axillary
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Figure 19. Raman spectra of (A) authentic L-cystine crystal and (B) cystine in
liver tissue using a 5-um laser spot. Used by permission, [109].
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Figure 20. Infrared spectra of cystine crystals in (A) liver tissue and (B) spleen
tissue and (C) authentic L-cystine specimen using a 30-um circular aperture.
Used by permission, [109].
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Figure 21. Infrared spectra of (A) nylon and surrounding protein, (B) nylon 6/6

reference material, and (C) protein from a region of tissue away from the nylon.
Used by permission, [111].
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lymph node of a patient with a finger joint prosthesis (see Figure 22) [27],
respectively.  Polyethylene, polyurethane, and polysulfone from orthopedic
prostheses were studied using FT-IR microspectroscopy {111], and Figure 23 is
representative of the data obtained. Other polymers which have been located in
bone biopsy tissue after reconstructive surgery include poly(glycolic acid) and
polydioxanon [101]. Screws made of poly(glycolic acid) are commonly used
instead of metal screws or pins to aid the healing of broken bones, and the material
is slowly metabolized as the bone heals. In some cases, however, pieces of
poly(glycolic acid) can induce a foreign-body reaction.

Plastics and other materials also find their way into the lungs. Small pieces
of poly(methyl methacrylate) and polyethylene were identified by FT-IR
microspectroscopy in lung lavage material taken from a patient who was exposed
to a highly particle-laden atmosphere in an occupational setting [101]. In a recent
report [112], a polystyrene sulfonate material was found in lung tissue using
polarized light microscopy and FT-IR microspectroscopy (see Figure 24. A
preparation of the material, taken orally, acts as an ion exchange resin in the
treatment of hyperkalemia. Its presence in the lung was probably the result of
aspiration of the resin after regurgitation. In another case, fragments of a
cephalosporin derivative, which had been prescribed for a patient, were located in
the patient's kidney and subsequently identified by using an infrared microscope
[101].

Greve and coworkers utilized a Raman microprobe in studying smaller
particles. Spectra in Figures 25 and 26 indicate the presence of calcite (CaCO,)
and magnesite (MgCQO;) in lung tissue as a result of inhalation [113, 114].
Similarly, quartz, talc, and rutile (TiO,) were found in lymph nodes (See Figure
27) [113] presumably transported there by macrophages.

Breast prostheses, used for reconstruction or augmentation, have received
considerable attention, especially since the FDA's 1992 ban on the use of silicone
(polysiloxane) gel-filled implants [115]. Saline-filled implants, with shells
constructed of silicone elastomer, were still available at the time of this writing, but
their continued use was under review. Gel-filled implants were known to leak
small quantities of silicone gel into the surrounding tissue, and of course,
significant amounts of gel would be in contact with breast tissue if an implant were
to rupture.

The most commonly used silicone for breast prostheses is
polydimethylsiloxane (PDMS) whose consistency can vary from oil to gel to



INFRARED AND RAMAN MICROSCOPY 229

Cytoplasm of giant cell
A
t Woreah i aniidul A LA
o 1o

Wi-s

(-]
@I

Foreign body in giant cell

Intensity (counts)

Silicone efastomer
S,J

| T T T T T T T 1 | L S B
2000

T T
1000 0
Raman shift {cm—1)

T
3000

Figure 22. Raman spectra of (A) lymph node tissue, (B) foreign material in the
lymph node, (C) silicone elastomer. (The lines marked with "S" in spectra (A)
and (B) are due to the sapphire substrate. Used by permission, [27].

elastomer depending on parameters such as chain length and degree of
crosslinking. One of the human body's reactions to this material is the formation
of fibrous tissue around the implant, and the precise nature of this fibrous
"capsule" depends upon the prosthetic device and the patient's immune system.
Prior to the development of implants with a silicone elastomer shell,
materials like silicone, paraffin, and others were injected directly into breast tissue
as an augmentation procedure. Infrared spectroscopy has been used for many
years to identify silicone from injections of this sort [116], from breast implants
[117-119], and from dialysis therapy [120]. Kossovsky et al. recently used
attenuated total reflection (ATR) FT-IR [121] to identify silicone, mineral oil, and
soy or olive oil in breast tissue from patients who underwent injection therapy. It
is important to note that sample preparation is important in cases such as these so
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Figure 23. Infrared spectra of (A) polysulfone and surrounding tissue (no
aperture), (B) polysulfone in tissue (30-um aperture), and (C) polysulfone
reference material. Used by permission, [111].
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Figure 24. Infrared spectra of foreign material in lung biopsy tissue and
polystyrene sulfonate reference material.

that the hydrophobic foreign materials are not lost during conventional tissue
processing with organic solvents.

More recently, FT-IR and Raman microscopy techniques have been applied
to the analysis of tissue sections from breast implant patients [122-125]. Silicone
gel has been found as isolated accumulations as large as 50 um or intermingled
with tissue protein (in capsular tissue and lymph nodes). The presence of silicone
gel or elastomer can be confirmed with the relatively distinct bands in either the
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Figure 25. Raman spectra of (A) an inclusion in lung tissue and (B) calcite
(CaCO0;,) reference material. Used by permission, [114].
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Figure 26. Raman spectrum of an inclusion in lung tissue shown to be
magnesite (MgCO,). Used by permission, [114].

infrared or Raman spectra. Infrared spectra such as those in Figure 28 show the
characteristic bands of the PDMS which can be isolated or overlapped by protein.
These bands can also be used to visualize the presence of silicone in a spectral map

(See Figure 29).
Raman spectra of silicone in breast tissue have been recorded using 514.5-

nm excitation with a Raman microscope (2-um spatial resolution) [124] and in
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Figure 27. Raman spectra of (a) an inclusion in lymph-node tissue and (b) talc
reference material. Used by permission, [113].

lymph node tissue using 782-nm excitation with a laser spot focused to 200 um
[126]. In the latter study it was suggested that a fiber-optics probe could be
utilized for in vivo Raman diagnoses of silicone lymphadenopathy.

The manufacture of breast implants had involved other polymers as well.
Polyurethane coverings for the sliicon elastomer were used for a short time to limit
the formation of the fibrous capsule surrounding an implant, and Dacron patches
were added to some implants to assist in affixing the implants to the patients' chest
muscle. These materials were evident in FT-IR and Raman spectra of sections of
breast capsular tissue [123-125].

G. Ophthalmic Applications

Cai et al. [127] used a 50-um laser spot and an optical mask in a
conventional Raman spectrometer while Vrensen and coworkers [128-130]
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Figure 28. FT-IR spectra of breast biopsy tissue showing regions containing
silicone and protein (upper trace) and isolated silicone (lower trace).

utilized a Raman microprobe (2-um spatial resolution) to determine water content
in eye lenses in humans and animals. The basis of these analyses is a comparison
of intensities of Raman lines attributable to protein and water; intensity ratios are
then converted to weight percentages. Cai et al. {127] used whole lenses from rats
and recorded spectra along an equatorial diameter of the lens. They concluded that
the water content in the central nucleus of a normal lens is nearly constant at
approximately 50% and increases to approximately 80% in the cortex (edge). A
galactose-induced cataract had a water percentage of more than 70% in the nucleus
and over 90% in the cortex. The sulfhydryl bands were also compared to the
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Figure 29. Infrared map of a tissue section highlighting absorption bands
attributed to silicone gel.

protein bands, but the variation in intensities were not completely understood nor
were they interpreted as evidence of the formation of disulfide linkages in the
cataract [127].

With the microprobe, Siebinga et al. [130] mapped the water percentage in
slices taken from human lenses. The relatively constant value of approximately
65% water in the nucleus extended to within 0.05 to 0.2 mm of the edge of the
lens. This steep gradient in the human lens [130] was contrasted to the more
gradual variation reported for rabbits [129]. The amount of water was observed to
be larger for older patients, and it was suggested that the water:protein ratio affects
the refractive index of the lens and, thereby, the vision of the patient.

"Christmas tree" cataracts are characterized by the presence of refractile,
multi-colored needle-shaped inclusions located in an otherwise clear lens. Various
suggestions regarding the origins and composition of the inclusions have been
offered, but the lack of convincing evidence prompted a study involving
transmission electron microscopy, scanning electron microscopy coupled with
energy dispersive X-ray analysis (EDXA), and a confocal Raman
microspectrometer using excitation at 660 nm [131]. The EDXA results showed
sulfur and calcium at higher levels than in normal lens tissue, but no increase was
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observed for phosphorus; the precise interpretation of these findings is not clear
and requires more work.

Raman lines in three regions of the spectra exhibited increased relative
intensity, and these were interpreted as arising from S-S and C-S vibrations. The
authors concluded that crystals of compounds like cystine constitute the refractile
material and are responsible for the observed data [131]. They also suggested that
these materials are the products of enzymatic protein breakdown, but additional
work will be required to confirm these hypotheses.

H. Hair Analysis

One final example in which microspectroscopy can provide data not
otherwise available is in the analysis of drugs in hair [132, 133]. Traditional bulk
analysis involves extraction of the drugs from hair and quantitation by gas
chromatography or GC/MS. Microsampling has been used to determine whether
drugs were located on the surface of the hair, in the cortex, or in the central
medulla. Figure 30 shows the result of a map of a transverse cross-section which
shows that hydromorphone concentrates in the protein of the medulila of the hair.
Figure 31 provides another representation of these data. The coincidence of the
drug with the interior of the hair leaves no doubt that the drug was ingested and
subsequently incorporated into the hair as it grew. Not all drugs interact with the
medulla in the same way, and additional work to determine the limits of this
technique is underway.

IV. FUTURE PROSPECTS

The future of vibrational microscopy is as exciting now as it was when the
concept was originally put into practice. New applications are identified regularly,
and there seems to be no limit on the applications to medicine, biochemistry, and
toxicology. The key to the future is to configure microspectrometers to provide
readily interpretable data which complement the more established tools of
microscopy.

In the mid-infrared region, an important improvement in signal levels with
small apertures (as small as 6 um) has been achieved by using synchrotrons as
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Figure 30. Infrared spectral map along the diameter of a cross-section of hair
containing hydromorphone. The light-colored portion was mapped for protein;
the dark portion represents the drug. Used by permission, [132].

sources of infrared radiation [45]. The total output energy is not significantly
different from that available from a more conventional blackbody infrared source,
but the synchrotron radiation is concentrated into a relatively small beam which is
well-suited for an FT-IR spectrometer. Brookhaven National Laboratory, the
National Institute for Science and Technology (NIST), and other facilities are
exploring the possibilities for making access to their synchrotron sources available
to visiting researchers.

With dedicated computers and sophisticated software, near infrared
spectroscopy has been used in many macroscopic applications involving
quantitative analysis of complex mixtures [134]. There are also examples of near
infrared studies of biomolecules and tumors in which bulk specimens were used to
demonstrate the utility of near infrared data for diagnoses [135, 136]. Recently,
the near-infrared region has been used for imaging purposes because detection is
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Figure 31. Infrared spectral map of hair showing the relative amounts of (a)
protein and (b) drug. Used by permission, [132].

relatively easy and standard microscope optics are compatible with near infrared
radiation [59, 60]). Scanning monochromators can be used for wavelength
selection, but much of the imaging was accomplished with faster acousto-optic
tunable filter (AOTF) or liquid crystal modulators.

Raman imaging using long-wavelength excitation can be done with the
same near infrared spectrometers, but commercially available imaging instruments
are configured with visible lasers. The choice of excitation wavelength for Raman
imaging depends on the same parameters discussed earlier wherein it is necessary
to weigh the effects of laser power, scattering efficiencies, resonance
enhancements, interfering fluorescence, and other factors. One significant
advantage of Raman imaging relative to point-by-point Raman mapping is that the
power density of the laser on the specimen is greatly reduced because a large area
is illuminated at any given time. Fluorescence problems are usually minimized by
using laser radiation in the 600- to 700-nm range [137-139].

There is also promise for imaging in the mid-infrared region [140].
Sensitive detectors of suitable size are currently available, and commercial FT-IR
imaging spectrometers are expected before too long.

While imaging represents the next significant step for all applications of
infrared and Raman microspectroscopy, vibrational microscopy will continue to be
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used for the identification of individual materials in tissue simply because other
methods cannot provide comparably definitive information. As more studies are
conducted, there will be a better understanding of the molecular processes
involved in biomolecular interactions. Cellular functions and metabolic processes
constitute areas where considerable work needs to be completed using vibrational
microscopy.

Except in isolated applications, the automated mapping systems in use today
will give way to powerful imaging spectrometer systems because of the wealth of
information which can be collected rapidly. The analysis of vibrational images
offers a challenge as one tries to compare them with information from
conventional light microscopes. Vibrational data can be viewed in the same way
as specialized histochemical stains which are designed to highlight particular
cellular features under a light microscope. Infrared and Raman images offer the
added advantage that the images can be changed as different vibrational markers
are selected.

Image sizes are limited by detector size and, to some extent, data storage
capacity, but improvements in these areas are surely guaranteed by the
semiconductor industry. Three-dimensional images constructed from vibrational
data obtained on confocal microscopes and other depth profiling procedures will
allow large segments of tissue to be studied. Vibrational imaging can be integrated
into medical diagnosis by taking advantage of the existing technology in use with
other imaging modes. With the variety of problems in medical research and
diagnosis there is an increasing need for the information available from infrared
and Raman microspectroscopy.
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