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Abstract

Fourier transform infrared micro-spectroscopy (FTIRM) and imaging (FTIRI) have become valuable techniques for examining the chemical
makeup of biological materials by probing their vibrational motions on a microscopic scale. Synchrotron infrared (S-IR) light is an ideal source for
FTIRM and FTIRI due to the combination of its high brightness (i.e., flux density), also called brilliance, and broadband nature. Through a 10-um
pinhole, the brightness of a synchrotron source is 100—1000 times higher than a conventional thermal (globar) source. Accordingly, the
improvement in spatial resolution and in spectral quality to the diffraction limit has led to a plethora of applications that is just being realized. In
this review, we describe the development of synchrotron-based FTIRM, illustrate its advantages in many applications to biological systems, and
propose some potential future directions for the technique.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Fourier transform infrared micro-spectroscopy (FTIRM) and
imaging (FTIRI) are techniques that combine light microscopy
and infrared spectroscopy. Light microscopy is used to magnify
structural detail in samples, while infrared spectroscopy pro-
vides information on molecular chemistry. Together, chemical
analysis can be performed with microscopic detail.

FTIRM was developed over 20 years ago using a conven-
tional thermal (e.g., globar) infrared light source and a single-
element infrared (IR) detector. It has been used to identify and
spatially resolved the chemical makeup of many diverse ma-
terials, including various plant and animal tissues, minerals and
other geological samples, polymers films and laminates, semi-
conductors, forensics materials, and pharmaceuticals [1].

FTIRI is a relatively new term associated with the recent
development of focal plane array (FPA) detectors on IR micro-
scopes [2,3]. The FPA detector consist of an array of IR detector
elements that enable spectra of various parts of the sample to be
projected on different pixels and collected simultaneously, while
the concurrent measurement of all frequencies is retained by the
phase modulation of the interferometer. Using a FPA system, the
speed at which large IR images can be collected is dramatically
improved.

When examining the chemical makeup of biological cells and
tissues with an IR microscope, it is important to achieve sub-
cellular spatial resolution. For both FTIRM and FTIRI, the
spatial resolution is limited by the wavelengths of IR light, which
are longer than visible light wavelengths used for conventional
optical microscopy. The diffraction-limited spatial resolution is
dependent upon the wavelength of light and the numerical
aperture (NA) of the focusing optic [4]. Typical IR microscopes
utilize Schwarzschild objectives with a NA of ~0.6. In an
FTIRM experiment, apertures confine the beam to the sample’s

area of interest. Some microscopes utilize a single aperture
before the sample, which controls the region illuminated. With a
single aperture, the diffraction-limited spatial resolution is
approximately 24/3 [5]. Thus for the mid-IR range, the
diffraction-limited spatial resolution is approximately 1.7 pm
(at 4000 cm ') to 13 pum (at 500 cm™'). Other microscopes

operate in a confocal arrangement, where a second aperture is
used after the sample to define the region being sensed by the IR
detector. For such a confocal microscope, where objectives and
apertures are placed both before and after the sample, the spatial
resolution is improved to ~4/2 [5]. In addition, the confocal
arrangement also reduces the Schwarzschild’s first- and higher-
order diffraction rings, dramatically improving image contrast
[5].

In an FTIRI experiment, no physical apertures are used to
limit the illumination area of the IR beam. Instead, an array of IR
detector elements is used to collect the projected image of the
unmasked IR beam on the sample. While FPA systems dra-
matically improve the rate at which IR images can be collected,
the spatial resolution is not as good as a confocal FTIRM
microscope because an FTIRI instrument cannot operate in a
confocal arrangement.

2. Advantages of a synchrotron IR source

In an FTIRM experiment, as the aperture size is decreased,
so does the IR flux that reaches the detector. Hence, the S/N
decreases. A conventional globar source illuminates light into a
~100 um area, so typical aperture settings are 20—100 pm.

A synchrotron infrared source is 100—1000 times brighter
than a conventional thermal (e.g., globar) source [6]. This
brightness advantage is not because the synchrotron produces
more power, but because the effective source size is small and
the light is emitted into a narrow range of angles. The high
brightness (i.e., flux density) of the synchrotron source allows
smaller regions to be probed with acceptable signal-to-noise
[7,8]. A synchrotron IR source typically fills a 10-20 um area.
Thus, a synchrotron source provides no advantage over the
thermal source for larger aperture settings (~20 pum or greater).
Fig. 1A demonstrates the difference in brightness between a
synchrotron and globar source by comparing the throughput as a
function of aperture size [9]. As can be seen for example, the
globar source transmits very little light through a 10-pm aper-
ture, whereas >80% of the synchrotron IR light passes through
the same size aperture. However, with a 70-um aperture, the
synchrotron source provides no advantage. Fig. 1B shows the
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Fig. 1. (A) Infrared signal through various aperture sizes using a synchrotron versus globar source. A confocal IR microscope was used with a single-point detector. (B)
Infrared spectra of a single red blood cell collected with a synchrotron versus globar source. A square aperture of 5x5 pm was used.
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infrared spectra of a single red blood cell collected with a
5x5pum square aperture, illustrating how the brightness
advantage of the synchrotron leads to dramatically improved
S/N.

In addition to its high brightness, synchrotron IR light has
other advantages of over the conventional thermal source: it has
a pulsed time structure and a high degree of polarization (when a
bending magnet is used for producing the IR photons). The
pulsed nature of the light comes from the intrinsic characteristics
of synchrotron radiation, where the specific pulse structure (10 s
to 100 s of picoseconds) is determined by the electron bunch
structure in the storage ring [10]. The polarization of the syn-
chrotron IR beam depends on both geometrical and optical
characteristics of the beamline [11-13].

The first demonstration of FTIRM with a synchrotron IR
source was in the early 1990s when a custom built IR microscope
was installed at the National Synchrotron Light Source (Upton,
NY) [14,15], while similar efforts were underway at UVSOR in
Japan at the same time [16]. The first commercial IR microscope
was installed at the NSLS a few years later [7,17]. Since then, IR
microscopes have been installed on over 15 beamlines at syn-
chrotrons worldwide, and an equal number are currently in the
planning or construction stages.

3. Instrumentation
3.1. Infrared beamlines

A synchrotron is an electron storage ring that produces
intense broadband light from X-rays through microwaves. Syn-
chrotron light is emitted as relativistic electrons are accelerated
along a circular trajectory [18]. Infrared beamlines worldwide
collect synchrotron light from bending magnets in the electron
storage ring. For bending magnet radiation, the “natural opening
angle” (the total angle required to transmit 90% of the emitted
light) is given by a simple formula: 0, = 1.6 (pv) ', where p is
the electron bend radius (in cm) and v is the frequency of light (in
ecm ). As an example, the VUV-IR ring at the NSLS
(Brookhaven National Laboratory) has a bending magnet radius
of 1.91 m, giving a natural opening angle of 28 mrad at 10 um,
and ~ 62 mrad at 100 pm. The IR microscope beamlines at the
NSLS are designed around an extraction system that collects
~40 mr from the storage ring — an opening angle that collects
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essentially all of the infrared light down to 250 cm™'

(4 = 40 pm), and the collection efficiency decreases slowly
with frequencies below this value. As a general rule, the light
collected from a bending magnet is linearly polarized in the
plane of the electron beam orbit, while the off-axis radiation is
elliptically polarized [12]. Engineering constraints on newer
third-generation synchrotrons prohibit the large vertical opening
angles required to extract long-wavelength IR photons [12]. In
this case, the smaller opening angle of radiation produced at the
entrance or exit edge of a bending magnet provides an advantage
[19]. Today, several synchrotron IR beamlines utilize radiation
from the edge of the dipole magnet, which is emitted along the
straight section axis in a hollow cone [20—22]. While the emis-
sion pattern and properties of edge-radiation differ from ordinary
synchrotron light (e.g., edge radiation beamlines produce ra-
dially polarized light [11,23]), these beamlines provide compa-
rable flux and brightness [11,13,19,23].

Extraction of the synchrotron light from the storage ring is
generally accomplished with a combination of gold- or alu-
minum-coated plane and toroid/ellipsoid or spherical mirrors
(Fig. 2). The first extraction mirror must handle the heat load of
higher energy photons (i.e., X-rays), so water-cooling, water-
cooled masks, and/or slotted mirrors are often employed. The
infrared light is focused through an infrared-transparent window
(usually diamond, but in a few cases IR transparent windows
such as KBr, ZnSe and KRSS5 have been used), which separates
the ultrahigh vacuum (UHV) conditions of the storage ring
(107% to 10~ '° Torr) and the rough vacuum of the IR beamline
(1072 to 10~* Torr). The beam is then re-collimated and
directed into the IR microscope. IR beamlines are generally
terminated with an IR-transparent window (KBr, Csl, polyethy-
lene) to isolate the beamline vacuum from the ambient pressure
of the microscope. Although IR light passes easily through air,
water vapor and carbon dioxide (CO,) in the air are highly
absorbing, so IR microscopes are typically purged with dry
nitrogen or dry air.

3.2. Synchrotron infrared microscopes

Infrared microscopes are commercially available from a
number of companies worldwide. Very little modification is
needed to adapt a commercial microscope for a synchrotron
infrared source. The collimated beam of synchrotron IR light
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source point

window Au coated Si
paraboloid plane mirror
mirror (water cooled)
rough vacuum < UHV

Fig. 2. Schematic of synchrotron infrared beamline extraction optics at the NSLS. All components before the diamond window are at ultra-high vacuum. Reproduced

from [18].
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follows the same beam path as the conventional thermal IR
source. Thus in general, a simple flat mirror is used to easily
switch between the thermal and synchrotron source. From the
end of the beamline, the collimated beam of synchrotron IR
light first enters the FTIR spectrometer and then is directed
towards the IR microscope.

Infrared microscopes are very much like conventional visible
light microscopes. The IR light follows the same path as the
sample illumination light, so that IR microspectroscopy can be
performed on the sample at the center of the viewing field.
Because of their design, they are also equipped with a number
of convenient methods for enhanced sample visualization.

CERTIXTIT L

Interferometer

Detector

Interferometer

These include polarized light (visible and IR), fluorescence
illumination, and differential interference contrast (DIC).
Typically, IR microscopes are configured in one of two ways
—for FTIRM or FTIRI (Fig. 3). In a few cases, single IR
microscopes can operate in both configurations. For an FTIRM
instrument, a small area (a ‘point’) is spectroscopically sampled
by the instrument, and an image is built-up by raster-scanning
the specimen through the focused beam. Since only a single
point is sampled at a time, these instruments use a single-element
detector. The microscope uses reflecting Schwarzschild-type
objectives to avoid absorption and chromatic aberrations over
the large mid-IR spectral range. One objective serves to focus the
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Fig. 3. (A) Schematic for a scanning IR microspectrometer system using a single-element detector and the possibility for confocal operation where aperturing is used
both before and after the sample. (B) Schematic for an imaging IR microspectrometer system using an FPA detection system. Note that the “‘upper’ aperture must be left
‘open’ or removed to allow light to fall onto the entire area to be imaged. Reproduced from [13].
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Fig. 4. (A) Relative transmission through a 2 mm thick BaF, substrate at various focus settings. (B) Lines: calculated focus shift for several common IR materials (all
2 mm thick) including BaF,. Closed circles: measured focus shift for BaF,. Reproduced from [5].

light onto the specimen, while the other collects the light and
relays it on to the detector. An aperture is used to constrain the
illuminated or detected area on the specimen.

In an FTIRI microscope, Schwarzschild objectives are also
used, but the system is apertureless, i.e., it does not provide any
spatial discrimination. Instead, the first objective illuminates a
rather large area, and this illuminated region is then imaged onto
the FPA detector by the second Schwarzschild objective. Spatial
discrimination is provided by the individual pixels of the
detector, each one serving as its own “aperture”. Because there
is no matching aperture for the illumination objective, this
system does not operate in a confocal arrangement.

Both FTIRM and FTIRI instruments are designed with 2
paths from the sample to the detector: transmission and
reflection. In transmission mode, the IR light passes through
the sample and is collected by a second IR objective that re-
collimates the beam and sends it to the IR detector. In reflection
mode, the IR light reflects off of the sample and passes back
through the illuminating objective. In this configuration,
approximately 40—-50% of the incident IR light is blocked by a
mirror that collects the reflected light. This fraction can be
reduced significantly with a synchrotron IR source, providing a
large throughput advantage over the conventional thermal
source in reflection mode.

3.3. Infrared detectors

Infrared microscopes are generally equipped with detectors
of high responsivity, generally liquid nitrogen-cooled, broad-
band or narrow-band mercury cadmium telluride (MCT). The
long wavelength cutoff for this tunable alloy system is usually
set to 650 cm ', which provides good compromise between
spectral range and S/N. Longer wavelength MCT detectors (e.g.,
down to 450 cm™ ') are also available, their intrinsic detectivity is
lower, reducing the achieved S/N by a factor of 2 to 5 compared
to 650 cm™ ! cut-off MCT detectors. One drawback of the MCT
detector is its non-linear response, where the high brightness of
the synchrotron source leads to highly localized intensity on the

detector. Better linearity in detector response is achieved with
extrinsic germanium photoconductor detectors [18]. Since a
synchrotron IR source produces light well into the far-infrared
region, IR microscopes are also equipped with low frequency
detectors (e.g., Cu-doped Ge, B-doped Si, bolometer). These
detectors are generally large in size because they are cooled by
liquid helium, so they are mounted external to the IR microscope
[24]. However, new developments in micro bolometric detectors
have been recently reported [25].

The most recent development in IR detectors involves the
coupling of an IR focal-plane array (FPA) detector to an
interferometer [2,3]. To date, the size and arrangement of the
individual detector elements have not been optimized for a
synchrotron-powered IR microscope primarily because of their
optical design and light coupling. Specifically, the FPA collects
the projected image of the IR beam onto the sample, which is
quite large due to the large source size of the conventional
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Fig. 5. IR spectra of biological components highlighting the most prominent
absorption features. Spectra for a protein (myoglobin), lipid (dimyristoylpho-
sphatidylcholine, DMPC), nucleic acid (poly-A), and carbohydrate (sucrose) are
shown.
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Reproduced from [52].

globar (a few mm?). Each FPA detector element records the
spectrum of the corresponding projected pixel size onto the
sample. With the small inherent source size of the synchrotron
beam, the brightness advantage would be lost if the beam were
expanded to accommodate the same projected size. However,
early attempts using an FPA with 64 x 64 elements have already
shown the greater advantage of using the synchrotron source
(Carr, et al., in preparation; Mathis et al., private communication).

4. Sample preparation and modes of data collection

Sample preparation is perhaps the most critical part of a
successful IR microspectroscopy experiment. Since there are a
number of ways to use the IR microscope to collect spectra,
sample preparation can also be done in a variety of ways. Since
biological materials are most frequently probed in transmission-
or reflection-mode, these methods will be described here. Other
methods are also available, such as grazing incidence and
attenuated total reflection (ATR) [1].

4.1. Transmission

Perhaps, the preferred way to collect IR microspectra is in
transmission mode. In this mode, thin samples are needed.
Although it is very sample-dependent, typical thicknesses for
transmission measurements are 5—30 pm. Polymers, unminer-
alized biological tissues, and other organic materials are
generally prepared with thicknesses of 10—15 pum. Minerals
(biological and geological) are much more variable, depending

are due to DNA. Spectra were collected with a square aperture of 8§ x8 pm in transmission mode.

on the specific material. Fully mineralized bone is typically
sectioned at 3—5 um.

The method of choice for preparing thin sections of
biological tissue is cryogenic sectioning with a microtome.
This method best preserves the original state of the tissue and
does not involve embedding materials. However, cryo-section-
ing is often not possible. In these cases, thin samples are often
prepared by embedding the sample in a matrix and then cutting
with a microtome. Embedding compounds are generally chosen
to match the hardness of the sample. For mineralized tissues and
other hard materials, a variety of polymers are available [26].
For soft tissues, paraffin is often used. However, care must be
taken to choose an embedding process that does not affect the
chemistry of the sample. Also, since these compounds usually
penetrate throughout the sample, a material should be chosen
that does not have IR absorption features that overlap those of
the sample. For example, paraffin is often used to embed un-
mineralized biological tissues because its most intense absor-
bance features are limited to the C—H stretch region (2800—
3000 cm ). However, weaker C—C stretching modes fall near
1465 cm ™', which can also interfere with the sample spectrum.
Moreover, the process of paraffin-embedding requires sample
dehydration and fixation, which can alter the chemistry of the
sample to be probed. Thus, the sample component(s) of interest
must be robust enough to handle this process.

Once a thin section is cut, it is placed on an infrared-
transparent material with thickness ranging from nanometers to
millimeters. For biological materials, transparent, water-insol-
uble substrates such as CaF, and BaF, are most common. When
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using IR-transparent substrates and working with the small spot
sizes of a synchrotron IR source, the effect of dispersion must be
considered during data collection [5]. Specifically, most of the
IR-transparent materials have some degree of dispersion in the
visible, infrared, or both. For typical thicknesses of these
materials (1-2 mm), this dispersion leads to focusing errors of
20 um or more, and severe loss of signal or spatial resolution
occurs over part, or all, of the spectral range of interest. In order
to compensate for substrate dispersion, defocusing of the
collection optics (i.e., condenser) is critical (Fig. 4).

4.2. Reflection

Another way of collecting IR microspectra is in reflection
mode. Samples probed in reflection mode are most often (1)
highly reflective or polished samples that cannot be cut to thin
sections, or (2) microtomed thin sections that are placed on an
IR-reflective substrate instead of an IR-transparent substrate.
Recently, reflection mode has become more popular for probing
microtomed thin sections that have been placed on IR-reflective
substrates. For these experiments, the IR beam penetrates
through the sample, reflects off the substrate, and then passes
back through the sample again. Since the beam passes through
the sample twice, the result is a “double-absorption” spectrum.
For this reason, the thin sections should be cut to ~1/2 the
thickness used for a transmission measurement.

Semi-reflective and polished samples are also probed in
reflection mode. Since the S/N of the spectra relies strongly on
collection of the reflected light back into the IR objective, it is
important that these samples have a smooth, flat surface and
correctly oriented. Samples that have smooth surfaces that are
not flat can be mounted into a micro-goiniometer to adjust the
tilt of the sample with respect to the incoming beam. Even
simpler, samples can also be pressed into a small sphere of putty
so that the sample surface is parallel to the microscope stage.
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While thin sections are often easier to prepare on IR-
reflective substrates, the use of IR-reflective substrates does
come at a cost to the IR data collection process and even spectral
quality. As noted earlier, the incident flux in reflection mode is
reduced by almost 50% compared to transmission mode, since
only half of the focusing objective is used to direct the beam
onto the sample, and the second half is used for collecting the
reflected beam. In addition, any inhomogeneities in the thin
section can cause interference effects (e.g., oscillations) in the
background of the IR spectra. These artifacts can alter peak
shapes, intensities, and frequencies. Thus, care must be taken
with sample preparation, and only certain (generally homoge-
neous) samples work well in this mode.

5. Biological and medical applications of synchrotron IR
microspectroscopy

Infrared microspectroscopy has been used to examine
numerous plant and animal tissues, even before the union of
the IR microscope and the synchrotron source [27]. For
complex samples such as human tissues, an infrared spectrum
provides a direct indication of sample biochemistry. Fig. 5
illustrates IR spectra of a common phospholipid (DMPC,
dimyristoylphosphatidycholine), protein (myoglobin), nucleic
acid (poly-A), and carbohydrate (sucrose). The dominant
absorption features in the lipid spectrum are found in the region
28003000 cm™ ', and are assigned to asymmetric and sym-
metric C—H stretching vibrations of CHs (2956 and 2874 cm™ )
and CH, (2922 and 2852 cm™ ). In addition, the strong band at
1736 cm™ ! arises from ester C=0 groups in the lipid. The
protein spectrum has two primary features, the Amide I (1600—
1700 cm™ ") and Amide II (1500-1560 cm ') bands, which
arise primarily from the C=0 and C—N stretching vibrations of
the peptide backbone, respectively. The frequency of the Amide
I band is particularly sensitive to protein secondary structure
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Fig. 7. (A) Epifluorescence microscopy image of fluorochrome-labeled regions of osteoporotic monkey bone. Calcein (green) indicates bone deposited 1 year after
ovariectomy. Xylenol orange (red) indicates bone deposited 2 years after ovariectomy. Newly remodeled bone is deposited in layers 3—5 pm thick, and thus can only be
probed with a synchrotron IR source. (B) S-IR microspectra collected from calcein- and xylenol-labeled bone. Results showed that bone deposited 2 years after
ovariectomy was less mineralized than bone deposited at 1 year, suggesting that the mineralization rate of osteoporotic bone was reduced. Aperture size was 10 pm.

Adapted from [84].
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[28,29]. In the nucleic acid spectrum, the region between 1000
and 1500 cm™' contains contributions from asymmetric
(1224 cm™ ') and symmetric (1087 cm™ ') PO, stretching
vibrations.

The assignments of various spectral features in biological
samples have been the subject of numerous publications, which
have been reviewed recently [30]. Armed with information on
sample histology and pathology, variations in nucleic acid,
protein, and lipid content or structure, can provide important
details about the chemistry of diseased states. With the high
spatial resolution of the synchrotron, individual cells within a
tissue can be probed with sub-cellular resolution. For example,
the structure of misfolded protein aggregates has been identified
in the brain tissue of Alzheimer’s disease patients [31—-33] and
infectious prion proteins have been characterized in scrapie
[34-37]. Variations in bone composition have been observed in
osteoporosis [38,39], osteopetrosis [40], and osteoarthritis [41].
In heart disease, altered lipid and collagen content and structure
in the myocardium have been seen [42], which were partially
normalized by losartan treatment [43].

The high spatial resolution of a synchrotron IR source
permits the subcellular chemical mapping of single living cells
for the first time (Fig. 6). Sample heating has been shown to be
negligible, permitting analysis of single cells for time scales
from hours to days [44,45]. Individual mouse hybridoma B cells
have been examined during necrosis and the end phases of
mitosis [46], and also during the process of apoptosis [47].
Metal-cyanobacteria sorption reactions have been characterized
in detail[48]. Spectral differences have been seen between
normal and cancerous oral epithelial cells [49—52], healthy and
nutrient-repleted Micrasterias hardyi algal cells [53], and
HepG2 cells exposed to low doses of 2,3,7,8-tetrachlorodi-
benzo-p-dioxin [54]. Variations in DNA/RNA content and
packing have also been demonstrated during the cell cycle of
human lung epithelial cells [55].

FTIRM has recently been combined simultaneously with
epifluorescence microscopy [56,57] to probe 5 pm-wide layers
of newly deposited bone [38,39,58], plaques in Alzheimer’s
disease [32], and different stages of apoptosis [47]. Fig. 7
illustrates how epifluorescence microscopy was used to
visualize fluorochrome labels in osteoporotic bone while
synchrotron FTIRM was used simultaneously to assess
mineralization levels. Other visualization techniques include
the use of polarized light and differential interference contrast
(DIC). On the cellular and sub-cellular level, these techniques
can be used to visualize fluorescent tags bound to particular
cellular components and even antibodies to individual proteins.
Once identified, the IR microscope can be used to analyze the
chemical environment in and around that region of interest. It
should be noted that fluorescent labels are generally present in
extremely low (i.e., nanomolar) concentrations, so they do not
interfere with the IR technique; they are used exclusively for
visualizing a region of interest.

A considerable amount of analysis has been done recently on
the chemical composition of human hair. For hair, the
synchrotron IR source provides the ability to probe the cuticle
(~5 pm width), cortex (~40-80 um width), and medulla

(~ 10 pm width) substructures separately (Fig. 8) [59,60]. Lipid
concentrations have been found to be elevated in the medulla,
whereas variations in protein structure exist among the different
regions [59,61]. Bleaching of hair affects the hydration level of
the cuticle, and also causes the formation of sulfonate (S—=0)
groups in the cortex [62]. Keratin disorganization has been
observed in hair of ancient Egyptian mummies, likely due to
peptide bond breakage [63], and narcotics in human hair have
also been observed [64].

Since infrared spectroscopy probes the vibrational frequency
of a bond, elemental isotopes can be used as targets to study
biochemical processes. For example, the transport of D,O from
the gut to the brain was studied in adult rats [65]. Results showed
that the CD:CH and ND,OD:NH,OH ratios were highest in the
molecular layer of the brain and lowest in the white matter. The
high ratios in the molecular layer are consistent with the active
synthesis and recycling at synapses, which are abundant struc-
tures in this layer. The low levels in the white matter are
consistent with radioactive measures that found slow turnovers
of proteins and lipids in myelin, which is the main constituent of
white matter.

phospholipid

Fig. 8. Synchrotron infrared images of the cross-section of a human hair. Hair
contains three substructures that can only be resolved with the high spatial re-
solution of a synchrotron IR source. From the center outward, these substructures
and their thicknesses are: medulla (10—20 pm), cortex (30—100 pm) and cuticle
(2-5 pm). IR imaging of these regions show that the protein concentration
(1700-1600 cm ') is highest in the cortex, while phospholipid (1750—
1700 cm™') concentration is highest in the medulla and cuticle. Scale bar is
25 pm.
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Fig. 9. Synchrotron FTIRM imaging of Pioneer corn showing the distribution of (A) lignin (1510 cm '), (B) protein (1650 cm ') and (C) cellulose (1246 cm ).
Results show varying concentrations of these components in the pericarp, seed coat, aleurone, and endosperm. The area imaged with the IR microscope was 250 pm
(horizontal) x80 pm (vertical) with a square aperture size of 10 pm. Adapted from [67].

In addition to animal tissue and cells, synchrotron FTIRM
has been used to characterize plant composition as well. Fewer
studies have been done, likely hampered by difficulties in
preparing thin sections of fragile plant roots, stems, and
leaves. Regardless, the distribution of plant components such
as lignin, cellulose and other carbohydrates, proteins, and
lipids reveals specific information on the biochemistry of the
plant (Fig. 9) [66—68]. For example, the starch content and
relative fraction of a-helical protein structure has been cha-
racterized in hard versus soft wheat [69] and two types of
winterfat (forage) seeds [70], the transport of organic con-

taminants has been observed [71], and chemical differences
and similarities within the root zone of mung bean (Vigna
radiata L.), grown with or without phosphorus, have been
characterized [72].

Synchrotron FTIRM has also been used in less-traditional
ways to study biological systems. For example, in a recent study
a synchrotron IR microscope was coupled to a rapid-mix flow
cell in order to study protein folding on a microsecond time
scale. The small spot size of the synchrotron beam permitted
higher spatial resolution of the technique, and the use of smaller
volumes of sample [73,74].

Fig. 10. (A) Bright field visible image of a human oral mucosa cell. (B) Synchrotron FPA image of the protein (Amide I) absorbance in the oral mucosa cell. The
sample was illuminated with a low magnification objective (36X, 0.6 NA) for long working distance and collected with a high magnification (74X, 0.6 NA) objective.
A 64 x64 pixel MCT FPA detector was used to image the cell, where the resulting field of view on the FPA was 35 x 35 um with 0.54 pm per pixel. The IR image
(192 x 192 pixels) was generated in 72 min with a 64 x 64 pixel FPA detector (200 scans, 6 cm ' resolution). Scale bar is 20 pm.
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Another recent example of a non-traditional experiment
involved the use a of pump-probe technique to study the influence
of an optically thick applied water layer on the laser ablation of
tooth enamel [75]. Laser ablation was performed in the presence
and absence of water, and synchrotron FTIRM was used to probe
the chemical composition of the enamel in the formed crater.
Results revealed the formation of new mineral phases deposited
along the crater walls after repetitive laser pulses and such non-
apatitic phases reduce the efficiency of ablation. The application of
a water layer removes such loosely adherent phases, maintaining
efficient ablation during multiple-pulse irradiation.

6. Future directions for synchrotron infrared
microspectroscopy

To date, the vast majority of synchrotron FTIRM experiments
have been performed on static systems, at ambient pressure and
temperature, and in the mid-infrared spectral region. There have
been a few exceptions, some of which were described above.

Future FTIRM experiments promise to include time-resolved
measurements, from long time scales (minutes to hours) to time
scales that take advantage of the pulsed structure of the
synchrotron beam (10 s to 100 s of picoseconds). Though the
pulse duration is significantly longer than what can be achieved
with ultra-fast lasers (10 s to 100 s of femtoseconds), the
synchrotron is a “white” source that allows complete spectral
information to be acquired. This provides a unique opportunity to
study dynamics associated with chemical bonds. It is possible that
future generations of synchrotron light sources will produce pulses
with durations of ~ 100 fs or less.

Other areas of growth include applications to systems
studied over wide temperature and pressure ranges, and spectra
taken over a much broader spectral range, including far-infrared
or terahertz (THz or T-Ray) FTIRM. Many infrared studies have
shown that protein and lipid membrane structures are sensitive
to temperature and pressure, yet none have involved spatially-
resolved IR imaging [76—79]. Both proteins and nucleic acids
have also been studied in the far-infrared regime [80,81], but
none have taken advantage of the high spatial resolution of a
synchrotron IR microscope. On the other end of the spectrum,
combined X-ray (fluorescence or absorption) and IR micro-
scopic analyses on the same sample represents an activity of
growing interest in the biomedical community [32,37,82,83].
The throughput limits of cryogenic and/or high-pressure micro-
spectroscopy and brightness limits of X-ray/far-infrared micro-
spectroscopy represent a particular challenge that only a
synchrotron source can fulfill.

Finally, while current synchrotron FTIRM measurements
provide the highest possible spatial resolution, they are time-
consuming because they utilize a confocal arrangement with a
single-element IR detector. Raster-scanned images of a single
biological cell can take more than an hour to collect, and subcellular
imaging of significant regions of tissue can take several days. To
date, a comprehensive FTIRI study with a FPA detector has not
been performed on with a synchrotron source, but the rapid speed at
which FPA detectors collect data make them an appealing
alternative for some chemical imaging measurements.

When imaging biological systems at the diffraction limit, a
confocal optical arrangement can improve the spatial resolution
and image contrast. But this optical configuration is inherently
incompatible with FPA detection systems having contiguous
pixels. However, having an accurate knowledge of the diffrac-
tion pattern implies that a mathematical correction for diffraction
is possible by deconvolution methods. But for acceptable results,
deconvolution requires both high spatial oversampling and
excellent S/N. It is likely that these requirements may not be
achievable with a conventional thermal source. For example,
high resolution sampling can be accomplished using an FPA and
a high magnification objective, but the flux incident on each
pixel may be more than 100x smaller such that the S/N is not
sufficient for a successful deconvolution [13]. The synchrotron
source has the potential to correct for diffraction effects and
improve the spatial resolution of FTIRI over regions of modest
size (Fig. 10). Thus, we expect that the synchrotron and thermal
sources are likely to play complementary roles. The thermal
source is capable of illuminating large regions and is well suited
to surveying large areas. The synchrotron has its intensity con-
centrated in a small area, and is typically used for microsampling
(i.e., collecting spectra from small objects with minimal
contamination from neighboring regions) or to produce high
spatial resolution images of small areas — typically smaller than
100 pm on a side. We anticipate a similar role for the FPA
detector, with the thermal source surveying areas many milli-
meters on a side and offering excellent performance down to
about 10 pm spatial resolution. With the synchrotron, we
anticipate that the resolution limit may be extended down to
around 1 pm, but over a much more limited area.

7. Synchrotron IR facilities worldwide

Facilities for IR synchrotron radiation can be found throughout
the world, serving to produce light for the scientific community. In
North America, the National Synchrotron Light Source (Upton,
NY) presently operates six IR beamlines, with four IR microscopes.
Active IR microspectroscopy beamlines can also be found at the
CLS (Saskatoon, SK), ALS (Berkeley, CA), SRC (Stoughton, WI),
and CAMD (Baton Rouge, LA). In Asia, IR programs exist at
UVSOR (Osaka, Japan), SPring8 (Nishi-Harima, Japan), and
NSRRC (Hsinchu, Taiwan). In Europe, IR activities continue at the
SRS (Daresbury, UK), ESRF (Grenoble, France), MAXLAB
(Lund, Sweden), Dapne (Frascati, Italy), Elettra (Trieste, Italy),
ANKA (Karlsruhe, Germany), and BESSY 1II (Berlin, Germany).
Other facilities that are planning IR microspectroscopy programs
include Diamond (Rutherford Lab, UK); SOLEIL (Paris, France),
DELTA (Dortmund, Germany), SLS (Villigen, Switzerland), the
Australian Synchrotron (Melbourne, Australia), NSRL (Hefei,
China), SSRL (Singapore), and Pohang (Korea).
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