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Mid-infrared Microspectroscopy of
Difficult Samples Using Near-Field
Photothermal Microspectroscopy

The authors discuss
progress in near-field IR
microspectroscopy using a
photothermal probe and
show how it can be applied
to the spectroscopic
characterization of

real-world samples.
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espite recent advances in
Fourier transform-infrared
(FT-IR) microspectroscopy and
micro-attenuated total
reflectance (ATR), for many types of
samples there remains a need for even
higher spatial resolution, or for a
nondestructive method of recording
localized mid-IR spectra from as-
received samples without the risk of
damage or alteration by preparation
techniques. A promising technique is
the recently developed method of near-
field IR microspectroscopy using a
photothermal probe. We discuss
progress in the development of this
technique and give examples of how it
can be applied to the spectroscopic
characterization of real-world samples.
Following a brief survey of several
limitations of the more commonly used
mid-IR microspectroscopy sampling
techniques, this article briefly discusses
the variants of near-field scanning probe
methods, in which lateral spatial resolu-

tion is not subject to the diffraction limit,
and which have been adapted to yield
spectroscopic data in the mid-IR region.
We then focus our discussions on the
photothermal technique, and describe its
use in characterizing and mapping the
composition of a range of different
samples. The goal, which has not yet been
achieved, is true IR imaging, with spatial
resolution at the tens of nanometers
level; at present, the spectral detail is
sensitive to changes as small as 2 pm in
the positioning of the probe.

Existing Mid-IR Microspectroscopic
Techniques (1)
Methods that combine microscopy with
spectroscopy have been an important
step forward in the analysis of complex
inhomogeneous samples because any
particular feature identifiable in a
microscope image can be selected for
localized spectroscopic analysis. Among
the microoptical techniques, FT-IR
microspectroscopy has a prime position
within many industrial laboratories.
Modes of operation include transmis-
sion, ATR mode, or transflectance mode.
In FT-IR transmission microscopy,
for a continuous sample such as an
organic polymer film, the sample thick-
ness typically must be 10 pm or less.
This should enable a satisfactory finger-
print spectrum showing all the peak
maxima in the spectrum to be recorded,
in which the strongest bands have
transmission minima in the region of
10-20%. The sample also should be of
uniform thickness, and preferably
nonscattering or at least minimally scat-
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tering. Given these conditions, such a
film commonly features interference
fringes, appearing as a superimposed
sinusoidal pattern in the spectrum. To
record transmission spectra that are
free from other optical artifacts, a
common practice is to flatten samples
such as fibers or powder particles so

its spectrum is recorded with infrared
radiation that is incident through the
reflection element at an angle greater
than the critical angle. Compared with
transmission spectra, the relative inten-
sity of bands in ATR spectra increases
with increasing wavelength. Anomalous
dispersion sometimes can give rise to

small region of the sample is located
and pressed onto the face of a small
ATR element, commonly diamond.

In the transflectance mode, a thin
layer of a sample is placed onto a reflect-
ing substrate such as a gold mirror. The
mid-IR radiation passes through the
sample and is reflected back by the

PHOTOTHERMAL MICROSCOPY PROVIDES A NONDESTRUCTIVE MICROPROBE
APPROACH TO MID-IR SPECTROSCOPY FOR A WIDE RANGE OF SAMPLE TYPES,
WITH LITTLE OR NO NEED FOR SAMPLE PREPARATION.

that the material being examined has a
uniform thickness. This often is done in
a compression cell. Such treatments
can, of course, alter the properties such
as crystallinity, polymorphic form, or
molecular orientation.

In internal reflection infrared (ATR)
spectroscopy, the surface of a sample is
placed into intimate contact with a
higher refractive index, infrared trans-
parent internal reflection element, and

distorted band shapes, with bands
appearing to have a somewhat first
derivative—like appearance. The effect is
related to the change of refractive index
through an absorption band. Distor-
tions are most apparent for strong
bands and when operating at lower
angles of incidence. A recently devel-
oped and convenient sampling tech-
nique, single-bounce micro-ATR, has
become widely used. In this technique a

mirror surface, so that the radiation
effectively has passed through the sample
twice. These transflectance spectra have
superimposed on them a weaker specu-
lar reflectance spectrum, which has the
appearance of a first-derivative spec-
trum. Spectra also can be recorded in
specular (front-surface) reflection mode
from suitable samples (that is, smooth,
optically thick materials) but the result-
ant spectra are heavily distorted and
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must be treated (usually with a
Kramers—Kronig transform) to separate
the refractive index and absorption
index components of the spectra.

The advent of focal plane array
detectors has ensured that global
imaging by FT-IR microspectroscopy
has become an extremely valuable tech-
nique for the characterization of inho-
mogeneous samples. Nevertheless, the

restrictions imposed by sample prepa-
ration requirements remain. Further-
more, there is the major problem of
diffraction, which effectively imposes
limits on the lateral spatial resolution:
any sample area examined that is of the
order of the interrogating wavelengths
(approximately 10 pm) is likely to suffer
from diffraction effects, which give rise
to spectral distortion and incursion of

Circle 27

24 Spectroscopy 19(2) February 2004

spectral features attributable to material
outside of the area being examined.
Recent developments include FT-IR
microspectroscopy using either
synchrotron radiation as the infrared
source, with its high brilliance, low
divergence and small effective source
size, or tunable free-electron lasers.
These enable spectral information to be
recorded at significantly improved
spatial resolution. Despite these devel-
opments, extending infrared investiga-
tions to below the diffraction limit
requires more specialized approaches,
using, for example, one of the various
types of scanning probes.

Existing Scanning Probe
Approaches to Vibrational
Spectroscopy

The generic term “scanning probe
microscopy” (not to be confused with
scanning electron microscopy) includes
particular methods such as atomic force
microscopy, scanning tunneling
microscopy, and many other variants.
The key feature of such scanning probe
techniques is that they are not subject to
the diffraction limit of spatial resolution.
In traditional variants of microscopy; the
spatial resolution depends upon wave-
length, as determined by the relevant
classical theory (more precisely, far-field
optics, where the resolution is limited by
diffraction). In contrast, the scanning
probe methods in general are near-field
techniques, and the spatial resolution is
dominated by other factors, such as
probe size. Until recently, most attempts
to apply scanning probe technology to
localized spectroscopy have employed
UV/Vis absorption or photolumines-
cence to provide the signal that deter-
mines the contrast in the microscope
image. The past few years have seen
efforts to harness the analytical power of
IR spectroscopy and Raman scattering.
Ostershultze and colleagues (2), Dragnea
and Leone (3), and Pollock and Smith
(4) provide reviews of these topics. In
scanning near-field optical microscopy,
to achieve the near-field criterion, the
light source must be smaller than the
optical wavelength. Examples of such a
source are an aperture such as the tip of a
tapered optical fiber, or a minute object
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Wollaston

Figure 1. Wollaston ;
wire

thermal probe (28).
The temperature is
sensed by the apex of a
V-shaped 5-mm diame-
ter platinum-10%
rhodium wire (after ref-
erence 29, copyright
2001, with permission
from Elsevier Science).
See also references 26
and 30.

Platinum
filament

that acts as a light-scattering source (also
known as apertureless scanning near-
field optical microscopy). These two
approaches can achieve spatial resolution
in the range of 10-100 nm.

For mid-IR scanning near-field
optical microscopy, low signal levels pose
problems. There are difficulties in
preparing high-throughput fibers for use
in the mid-IR, especially at wavelengths
greater than approximately 4 pm. In
addition, photomultiplier tubes or
avalanche photodiodes as detectors do
not operate in the mid-IR region of the
spectrum, and typical photoconductive
detectors for mid-IR wavelengthsare
several orders of magnitude less sensitive
than they are in the visible. Several
groups have concluded that once again,
the apertureless probe offers a more
attractive approach (5-7). A cantilevered

Mirror

/

metal wire probe or a metallized atomic
force microscope probe, acting as a scat-
terer of the signal from the sample, is
placed ata distance from the sample that
is less than the wavelength of the light
(near-field scattering). The scattered
signal is detected using far-field optics.
In addition, recent technical develop-
ments have allowed sub-wavelength
Raman mapping using near-field probes
to be achieved (8-9). A Raman imaging
spectrometer is integrated with a scan-
ning near-field optical microscopy based
on either an extruded optical fiber or a
scattering center such as a colloidal
noble metal surface.

Near-Field Photothermal IR
Microspectroscopy (PTMS)

At the heart of this technique (10) is a
special version of the type of probe used

Figure 2. Photother-
mal interferogram. The
maximum signal-to-
noise ratio achieved to
date was obtained
using the experimental
probe being developed
by TA. Instruments
(30), as in the single-
pass background inter-
ferogram shown here
(no coaddition was
used).
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in atomic force microscopy (AFM): the
scanning thermal probe. This is a minia-
ture thermometer, and originally was
developed to serve the version of AFM
known as scanning thermal microscopy
(11). As in scanning thermal microscopy;,
the photothermal instrument generally
uses an “active” thermal probe as a
heater as well as a thermometer (Figure
1). It can give multiple images of the
sample whose contrast reveals surface
topography as well as sub-surface detail
that results from local variations in the
thermal conductivity of the sample.
Again, as in other scanning probe
methods, these images are not subject to
the diffraction limit of spatial resolution.

Thus, given its ability to provide
spectral data (as explained below), the
instrument in principle can be operated
in either of two modes: the mapping
mode, in which IR spectra are obtained
from individual regions selected from
the scanning thermal microscopy
image; and the IR imaging mode, in
which an image is obtained whose
contrast is determined by the local
concentration of material that absorbs
in a given band of the spectrum. To
date, data from the IR imaging mode
are as yet unpublished.

A related development of scanning
thermal microscopy is micro-thermal
analysis (12, 13), in which the AFM
images are used to select individual
regions of the sample, which then are
fingerprinted or analyzed by localized
thermomechanometry, calorimetry, or
analytical pyrolysis. In all cases the same
thermal probe is used as with the
photothermal technique; thus a single
instrument could be used to probe a
range of material properties, including
chemical, morphological and physical
properties, from precisely the same area
of the sample. The ability to record IR
data that can be related directly to
complementary images and microther-
mal analyses would be a boon to
researchers, and has been shown to be
possible for composite samples of
acrylic resin—polyethylene terephthalate
(14). Thermal conductivity mapping,
localized thermomechanical analysis,
and IR spectra were obtained from indi-
vidual regions. Other advantages of the
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Figure 3. Analysis of a composite polymer
sample consisting of a thin film of polymer X
sandwiched between two slabs of polymer Y.
Top: topographic AFM image. Bottom: The
spectra labeled “Sample + background” are
derived from data obtained at points shown on
the image as 1 and 2. Subtraction of the back-
ground spectrum then gives the spectra that
characterize these regions of the sample. Exper-
imental parameters are described in the text.
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photothermal technique include the
potential for circumventing diffraction
problems associated with FT-IR
microscopy, as mentioned earlier, and
hence obtaining better lateral spatial
resolution information. Here we show
that even without particularly high
spatial resolution, PTMS can be viewed
as a convenient, nondestructive, direct
(maybe even noncontact) sampling
technique that allows for direct
sampling of materials of awkward
geometry, such as fibers or hair.
Another potential application is single-
particle analysis without the need of
sample preparation. Clearly, there are
situations when the advantage of doing
no sample preparation on a sample is of
high value to avoid effects such as pres-
sure-induced polymorphic changes.

Instrumentation. If a sample absorbs
IR radiation it heats up. When an
intensity-modulated beam supplied by
a conventional FT-IR spectrometer is
used, the measured temperature of the
sample fluctuates accordingly. This
temperature is measured, as a function
of time, by the scanning thermal probe
in passive mode, in which it acts simply
as a thermometer. Its output signal is
amplified and fed into the external
input of the same spectrometer, thus
providing an interferogram (Figure 2),
which replaces the interferogram
normally obtained by means of direct
detection of the IR radiation transmit-
ted or reflected by the sample. The
Fourier transform algorithm is
performed on this interferogram after
digitization, in the normal way, to give
the spectrum.

To perform this procedure as a func-
tion of location on the sample surface,
the probe is mounted on a simple posi-
tioning system, or, if images are
required, in an atomic force micro-
scope. In either case an appropriate
optical interface is required to direct
the spectrometer’s external infrared
beam onto the sample and to increase
the flux at the sample surface and
increase the signal-to-noise ratio. The
IR beam is focused to a spot 2 mm in
diameter. Probe and sample surface are
brought into contact at the focal point.
As an alternative, we have constructed a

dedicated AFM designed to fit directly
inside the sample chamber of most FT-
IR spectrometers.

Proof of concept. Proof of concept of
PTMS has been detailed in earlier publi-
cations (10, 15). These describe how, for
a number of polymers, prominent
absorption peaks are resolved clearly and
correlate well with those contained in a
conventional ATR spectrum obtained
from the same material, and that the
overall shape of the main peaks or bands
reflects the fact that the spectrum is a
convolution of different contributions
from both optical and thermal proper-
ties. Furthermore, tests on a model
bilayer system have confirmed the feasi-
bility of subsurface detection of poly-
mers; a “nanosampling” version of the
technique is possible (14), in which the
sample material is deliberately made to
contaminate the tip, which then is lifted
away so that the contaminant can be
analyzed by PTMS. A complementary
technique also has been developed that
uses tunable monochromatic radiation.
An optical parametric generator is used
as the infrared source. Experiments have
been performed using a synchrotron
radiation source giving greatly improved
spectral contrast (15).

Examples of Data

Obtainable By PTMS

Figures 3-9 show different types of data
that can be obtained using PTMS.
Except where otherwise indicated in
figure captions, the following equip-
ment and conditions were used: The
sample was positioned using a simple
xyz translation stage. AFM imaging was
accomplished using a Veeco (Wood-
bury, NY) Explorer scanning probe
microscope. A Wollaston-type thermal
probe (Figure 1) positioned at the IR
focal point was used as the detector.
The spectrometer was a Bruker (Biller-
ica, MA) Vector 22 FTIR. We used a
custom-built optical interface and
preamplifier obtained from Specac Ltd.
(Smyra, GA) and a Stanford Research
(Sunnyvale, CA) model SR650 filter
amplifier with the gain set to 100 dB.
The mirror speed was 2.2 kHz, the
spectral resolution was 16 cm™', and the
number of co-additions was 2000.
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Figure 4. Analysis of microspheres from a poly-
styrene powder sample. The particles, which had
nominal diameters of 5 pm, were spread and
embedded into the surface of a rock salt window.
The AFM image was obtained using a standard
SisN,, probe. Spectra are labeled as in Figure 3.
For comparison, the fourth spectrum (poly-
styrene reference) is taken from the database of
Bruker UK. Experimental parameters as given in
the text, but with 4000 coadditions.
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First, various model samples have
been used to assess the performance of
the technique. A sandwich of two poly-
mers is shown in Figure 3, where the
junction is seen in cross-section,
together with IR spectra obtained from
regions on opposite sides of the junc-
tion. If we choose a region of polymer
A that is closer to the junction than
some minimum distance, typically
approximately 5-10 pm, then as a result
of thermal diffusion, the spectrum
obtained will be contaminated by peaks
characteristic of material B. Therefore,
with this probe and modulation
frequency, the lateral resolution, as
determined by thermal diffusion, is
similar to the diffraction limit of a
conventional FT-IR microscope. As is
described elsewhere (16), the data
subsequently might be processed by a
weighted subtraction of the B spec-
trum, if this is already known, to isolate
the spectrum of A. If not, the nanosam-
pling technique, which avoids the
thermal contamination problem, can be
used to provide the B spectrum.

On a more applied theme, of obvious
interest is the question of the smallest
quantity of a given material that will
yield useful spectral data. We examined
a powder sample consisting of poly-
styrene spheres 5 um in diameter:
Figure 4 shows a recognizable spectrum
of polystyrene obtained from a cluster
of, at most, two of these spheres.
Another example of data obtained from
d powder sample is described in refer-
ence 15. Spectra have been obtained
from samples of even smaller volume
by means of nanosampling, as shown in
Figure 5. We conclude that if a particle
is either isolated or surrounded by IR-
transparent material, extremely small
amounts of material can be analyzed.

Earlier, we outlined how the probe is
positioned onto a selected region of the
sample using the AFM procedure,
which includes the use of force feed-
back to control the final approach of
probe to surface. Alternatively, an
optical microscope can be incorporated
into the instrumentation, and accurate
positioning still is possible without the
use of force feedback, as shown in
Figure 6. This shows an image of the

side of a human hair, together with the
corresponding IR spectrum. (As yet, the
setup is not well purged and hence
some intrusion of water vapor bands
into the spectrum is evident.) In the
thermal contrast image (scanning
thermal microscopy mode), the probe is
operated as a heat source whose
temperature is maintained constant as
it is scanned. This results in the
mapping of heat flow out of the probe,
and the contrast mainly is due to
thermal conductivity variation (that of
the hair and that of the surrounding
air). We see that the probe can be used
in a simple scanning system to obtain
images of the sample surface, thus
permitting positioning of the probe
without the need for a complex optical
detection scheme for topography
mapping. The figure shows also another
example of data obtained from a
sample with awkward geometry, namely
a copper filament coated with a poly-
meric material.

Turning to other practical applica-
tions, there must be a wide range of
samples from which useful spectral
data can be obtained from tests that
require no precise lateral positioning.
Here, no microscope is needed,
although clearly it still is necessary to
have a means of controlling the vertical
approach of the probe. Moreover, the
sample need not consist of solid mate-
rial. We have shown elsewhere (15) that
even though water absorbs strongly in
the mid-IR, a solution of a surfactant
in microdroplet form gives a recogniza-
ble spectrum. There is of course no
obstacle to analyzing a small quantity
of solution once it has dried, such as a
contaminant on a wipe. In one experi-
ment, when a drop of a solution of a
binary polymer blend in toluene was
spilled on the laboratory bench and
mopped up with paper tissue, we
obtained spectra consistent with that
of polystyrene.

There is increasing interest in the
potential application of FT-IR spec-
troscopy as a diagnostic tool for
diseases such as cancer (17, 18). The
rationale for this approach is that vibra-
tional spectra from normal cells will
provide a particular biochemical finger-
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Figure 5. FT-IR nanosampling of paracetamol: (a) nanosample (1.6 kHz, 5 min, 8 ! spectral resolution);
(b) standard contact spectrum (1.6 kHz, 15 min, 8 ! spectral resolution). (c) The micro-thermal analysis
data are consistent with the known melting point of paracetamol. (d) The clean probe. (e) After micro-ther-
mal analysis, the molten material has resolidified. The mass of material analyzed can be estimated to lie in
the picogram to femtogram range. (f) A larger volume, in the nanogram range.
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print and that, in comparison, analysis
of cells from diseased tissue will give
rise to spectral differences. It also has
been hypothesized that FT-IR spectral-
derived estimations of intracellular
metabolites such as phosphate, glyco-
gen, RNA, and DNA could be gainfully
employed to differentiate normal
versus malignant cells (17, 18). Of
course, the potential applications of
FT-IR microspectroscopy are wide
ranging and include studies into peri-
cellular proteolysis (19), antioxidant-
induced changes in oxidized DNA (20),
and the structure and conformation of
proteins (21).

This leads to questions regarding
sensitivity requirements: whether a
relatively insensitive probe is required
that gives an averaged spectrum of the
multiplicity of intracellular workings,
or whether even greater sensitivity is
required to isolate specific chemical
interactions. An analysis of populations
of cells from normal versus malignant
tissues, while clearly giving rise to spec-
tral differences (18), could be a some-
what crude approach because of dilu-
tion effects. For instance, a biopsy
sample of neoplastic tissue might
contain only 2% malignant cells and
also, normal adjacent tissue could well
still contain a few transformed cells.
Hence relatively small spectral changes
heavily dependent on chance would be
generated. A better approach is to
analyze single cells by FT-IR spec-
troscopy and then examine them retro-
spectively for characteristic morpho-
logical changes (17). Such an approach
would result in biochemical finger-
prints based upon vibrational spectra
characteristic of normal cells of partic-
ular origin: spectral deviations then
would point to the presence of abnor-
mal cells. This approach bypasses prob-
lems associated with the examination
of cell populations that might contain
cells in different phases of growth (cell
cycle) or death (apoptosis). However, it
does not bypass the needle-in-a-
haystack problem; that is, the fact that
a cell can be looked upon as a world
unto itself with reactions and interac-
tions continually ongoing in an intra-
cellular galaxy of microenvironments.
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Figure 6. Analysis of samples with awkward geometry. Left spectrum: Fine strand of human hair, 120 pm in diameter; (a) topography image, obtained from the photode-
tector feedback signal, without the use of force feedback; (b) thermal contrast image, probe operated as a heat source whose temperature is maintained constant as it is
scanned. This results in the mapping of heat flow out of the probe. The contrast is due mainly to thermal conductivity variation. Right spectrum: a free-standing chromel

wire (125 mm diameter) coated with a 3 pm thick polyimide film for insulation; (c) a schematic showing the PTMS probe in contact with the surface of the wire coating.
The spectrum is consistent with that of polyimide, together with some surface contaminant material.
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Figure 7. Characterization of malignant cells. The spectra show differences induced in whole
cells following 24-h treatment with a chemical carcinogen, benzo[a]pyrene. Immortalized
prostate (PC-3) cells were seeded as 3-mL aliquots (~ 1x104 cells) into 30-mm petri dishes
containing glass coverslips at 37 °C and 5% carbon dioxide. The cells were allowed 24 h to
attach to the coverslips and then were treated with 1 uM benzo[a]pyrene (added as a stock
solution in dimethyl sulfoxide, <1% v/v) for a further 24 h. The medium then was aspirated and
the cells were washed with phosphate buffered saline before being fixed with 70% ethanol.
Samples then were dehydrated under vacuum overnight before analysis. (a) Normalized
spectrum of control PC-3 cells (blue line) and benzo[a]pyrene-treated PC-3 cells (red line); (b)
the result of subtracting the spectrum from carcinogen-treated cells from the spectrum obtained
for control PC-3 cells. Some bands of interest include the amide | peak at 1654 cm-1, the amide II
peak at 1545 cm1, the DNA peak at 1020 cm-!, the RNA peak at 1121 cm-1, the glucose peak at
1030 cm1, the phosphate peak at 1080 cm1, and the phospholipids peak at 2924 cm-1.

Figure 7 shows PTMS spectra we have
obtained from control and
benzo[a]pyrene-treated prostate (PC-3)
cells. In accordance with previously
published studies (17, 18), characteris-
tic vibrational spectra were obtained.
(Nulling of the carbon dioxide absorp-
tion band at 2300 cm™' was used to
perform a weighted background
subtraction. Note that airborne water
vapor bands at ~4000-3500 cm™ have
also been eliminated from the spectrum
on this occasion using this procedure.)
Spectral differences in cells treated with
benzola]pyrene as compared with
control cells were observed. However,
the question remains as to whether
these spectral differences are just the
consequence of an analysis of two
different cells.

To illustrate the difficulty in isolating
intracellular effects let us examine what
occurs in this simple experiment.
Benzola]pyrene is a lipophilic carcino-
gen that will readily cross cell
membranes. Dependent upon a cell’s
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Figure 8. Damage to DNA induced by picomolar concentrations of lindane. The spectra show differences
induced in isolated single-stranded DNA following a 24-h treatment with lindane of immortalized estro-
gen-receptor positive mammary (MCF-7) cells. Cells were treated for 24 h with 10" M lindane (added as
a stock solution in dimethyl sulfoxide, < 1% v/v) before suspension in low-melting point agarose and
application onto glass coverslips. After agarose was allowed to set on a cold surface, the cells were lysed
at high pH to release individual cell genomes and denature double-stranded DNA into single strands. Fol-
lowing a DNA unwinding step, samples were dehydrated under vacuum overnight before analysis. (a)
Normalized spectrum of DNA isolated from control MCF-7 cells (blue line) and lindane-treated MCF-7
cells (red line); (b) the result of subtracting the spectrum from lindane-treated cell DNA from the spec-
trum obtained for control MCF-7 cell DNA. Spectral vibrations between 1750 e’ and 1350 cm™ are
attributed to alterations in base structures, and comparisons of spectral properties in this region provide
insights into alterations in the base and backbone structure of DNA.
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Figure 9. Noncontact spectra of polypropylene, illustrating heat transfer through air. The approximate dis-
tance of the probe from the sample surface is shown on the left.
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ability to metabolically activate this
carcinogen, benzo[a]pyrene is
converted to a reactive electrophile that
then binds covalently to nucleophilic
sites in DNA to form bulky chemical
DNA adducts. PC-3 cells contain this
metabolic machinery. A human cell
genome contains 3.12 billion bases and
the concentration of benzo[a]pyrene
used here results in 2—15 adducts per
10® nucleotides in prostate cells (22).
While such adducts give rise to struc-
tural alterations, these are going to be
relatively localized and the possibility of
isolating such effects extremely random.
To differentiate between a control and
benzo[a]pyrene-treated cell, the average
of how many spectral readings would
be needed? Probably thousands, at the
very least, would be required.

To address this question we exam-
ined spectral changes in DNA isolated
from cells treated with picomolar
concentrations of the organochlorine
pesticide, lindane. Such agents are
endocrine disruptors and increasingly
are associated with the induction of
low-dose effects (23). In this experi-
ment isolated DNA was denatured into
two single strands. Spectral vibrations
between 1700-cm™ and 1350 cm™ are
attributed to alterations in base struc-
tures associated with the induction of
changes in conformational properties;
these are markedly apparent in Figure
8. With increasing sensitivity of the
methodology a correspondingly
increasing simplicity of matrix is
required: future experiments will
involve the spectral characterization of
carcinogen-modified oligodeoxynu-
cleotide adducts (24).

It is likely that fine-scale PTMS
measurements will provide key data for
the study of a far larger range of
samples than can be outlined here,
ranging from a single powder particle
of an illicit drug or a fragment of paint,
to part of a painting in situ, the lubri-
cant on a ball-bearing, or the variation
in surface crystallinity along a stressed
polymer molding. When necessary,
spectra can be obtained without the
need for direct contact between probe
and sample (Figure 9).
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Prospects For High Spatial
Resolution in PTMS

Much already has been achieved with
the PTMS approach, even without
achieving higher spatial resolution. We
have seen that the technique provides a
novel, nondestructive microprobe
approach to mid-IR spectroscopy, for a
wide range of sample geometries and
physical forms, and with little or no
need for sample preparation.

We anticipate even greater success in
the near future with improvements to
our PTMS system. As outlined earlier
(13), in other modes of imaging the
same type of thermal probe can achieve
submicrometer resolution. With PTMS,
ultimately the spatial resolution will be
limited simply by the size of the probe
and the temperature distribution within
the sample, rather than the infrared
wavelength. Rather than diffraction
being a limiting property to spatially
resolving spectra, with PTMS the
balance between the optical absorption
and thermal diffusion lengths becomes

critical. Various additional factors will
affect the spatial resolution, including
the size of the probe, the sharpness of
the temperature distributions that result
from the absorption of infrared energy
by the inhomogeneities that are to be
identified, and the finite heat capacity of
the probe, which must perturb the
temperature distributions to be detected.
Further improvement in spatial resolu-
tion could be achieved by making use of
the damped nature of thermal waves,
such that the thermal diffusion length
(25) can be made smaller than the probe
size. In an as yet unpublished study we
find that PTMS at a spatial resolution
better than the diffraction limit may be
achieved with the help of the smaller
micromachined type of thermal probe
(26), and elsewhere (27) we have
discussed the prospects of achieving
better than 1-pm resolution.
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