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Sergei G. Kazarian* and K. L. Andrew Chan
Attenuated total reﬂection Fourier transform infrared (ATR-FTIR) spectroscopic imaging is a highly
versatile, label free and non-destructive chemical imaging method which can be applied to study a wide
range of samples and systems. This review summarises some of the recent advances and applications of
this imaging method in the area of biomedical studies, including examples of section of aorta, skin
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tissue and live cells. Two of the major advantages of measuring in ATR mode are the opportunity to
measure samples that absorb strongly in the IR spectrum, such as aqueous systems, without signiﬁcant
sample preparation and the ability to increase the spatial resolution of the measured image. The
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implications of these advantages as well as some limitations of this imaging approach are discussed and
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a brief outlook at some of the possible future developments in this area is provided.

Introduction
FTIR spectroscopic imaging is a chemical imaging technique
that can be applied to a broad range of samples and systems.
The signicant potential of this technique in the biomedical
eld is beginning to be realised with a number of new applications being introduced. One of the main advantages of FTIR
imaging is that it is a fast and label-free imaging technology. As
such, no dye or labelling methodology is needed. Therefore any
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possible interference from labelling species within the studied
systems is eliminated and there is no need to develop, test or
manufacture labelling chemistry. FTIR imaging provides a large
number of spatially resolved infrared spectra, with high chemical specicity, arranged in an array format. The chemical
specicity of FTIR imaging originates from the interaction (via
absorption) of infrared light with the vibrational modes of the
molecules being interrogated. The rich information contained
in these FTIR spectra allows multiple chemical species to be
tracked simultaneously and the representative images are
generated from a single measurement. Image acquisition times
can vary greatly depending on the approach employed to obtain
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the array of spectral data. A few books and reviews on FTIR
imaging in general have been published recently,1–3 therefore
the fundamentals of FTIR imaging will not be discussed in
detail here. However, in brief, FTIR maps obtained by means of
point by point mapping using an aperture in a microscope
typically takes a few hours to complete. Fortunately, the use of
array detectors (focal plane arrays (FPA) or linear arrays), which
allow simultaneous detection of spatially resolved spectra,
increase the acquisition speed by 2 to 3 orders of magnitude.
The development of FTIR imaging technology over the past 15
years has enabled high quality, diﬀraction limited FTIR imaging
data to be collected in a few minutes to a few seconds.4–8
Imaging has recently been demonstrated in the milliseconds
time frame.9,10 FTIR imaging has been useful in biomedical
analysis such as for the study of biological tissues,11–14 bone
samples,15 hair,16,17 live cells,18,19 diﬀusion of chemicals in
skin,20–22 skin wound healing23 and dissolution of pharmaceutical formulations.24,25 While this review will be focused on the
application of ATR-FTIR to biomedical sciences in the past 5–
6 years, reviews of specic applications of FTIR microspectroscopy to biomedical materials such as bone,15 cells,26
and biological tissues,27 can be found elsewhere.
An FTIR image can be acquired mainly in three diﬀerent
congurations: transmission, reection or attenuated total
reection (ATR). Depending on the nature of the sample, diﬀerent
modes of measurement are used. Transmission and transection
mode has been widely used for imaging biological tissues because
tissue cross sections prepared for histological analysis can be
readily used for FTIR imaging. However, rather than depositing
the tissue cross sections on glass slides, the tissue samples are
deposited on infrared transparent windows such as calcium
uoride or barium uoride windows, or highly infrared reective
surfaces for transection mode. These windows, while suitable as
substrates for biological tissue, have a cut-oﬀ of light below
1000 cm1 and 850 cm1, respectively, and are chosen such
that the spectral region of interest is not aﬀected by the transmission range of the substrate. Very recently, a “pseudo-hemisphere” CaF2 lens, when applied to FTIR imaging in transmission
mode, showed increased spatial resolution along with the removal
of chromatic aberration and a reduction in scattering.28
Reection mode is seldom used because samples are oen
not very reective and polishing of biological material is not
easy or desirable. ATR has been shown to be a highly versatile
imaging mode29 because the sampling path length does not
depend on sample thickness and hence sample preparation is
oen not required. Furthermore, when an ATR objective is used
in a microscope, the spatial resolution is enhanced due to the
high refractive index of the ATR element. Indeed, images with
spatial resolution well beyond the diﬀraction limit in air have
been acquired.30 In this article, we will only briey describe the
principle of ATR-FTIR imaging, a more detailed review on this
technology can be found elsewhere.31

The principle of ATR-FTIR imaging
Conventional ATR-FTIR spectroscopy has been used for many
years.32 It is based on the attenuation eﬀect of light when it is
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internally reected at an interface between a high refractive
index material (an internal reection element) and an infrared
absorbing low refractive index material (the sample). The light
penetrates into the sample as an evanescent wave with the
depth of penetration (the distance where the strength of the
electric eld decays to e1) shown in eqn (1).
l

dp ¼
2pn1

 2 !0:5
n2
sin q 
n1

(1)

2

Typical values of dp for ATR-FTIR measurements range
between 0.2 mm and 5 mm. It is important to note that the light
penetrates into the sample beyond dp and the information
collected from the sample oen goes up to 2 to 3 times the value
of dp.33,34 A range of diﬀerent accessories containing an internal
reection element can be used for ATR spectroscopy; such
accessories may have a single or several internal reections. The
internal reection element can be made of diﬀerent infrared
transparent materials and arranged in diﬀerent congurations.
However, in ATR-FTIR imaging only a single reection can be
used in order to retain integrity of the obtained image.
FTIR imaging in ATR mode is based on the combination of
ATR-FTIR spectroscopy with imaging technologies. In conventional ATR-FTIR spectroscopy, a single element detector is
used and a single spectrum is collected in each measurement.
The spectrum collected then represents the average signal
from the area of the sample that the light passed through. In
ATR-FTIR imaging, a large number of spatially resolved ATR
spectra are collected using an array detector. To date, there are
mainly two types of mid-infrared array detectors that are
commercially available, linear and focal plane array (FPA). A
square 64  64 or 128  128 FPA allows the acquisition of
thousands of spectra from a large sample area simultaneously.
This combination of an FPA detector with micro ATR-FTIR
imaging has been patented by Agilent.35 We have quantitatively
demonstrated that the imaging approach using array detectors
eﬀectively provide an enhancement in the sensitivity of ATR
spectroscopy in a single measurement if an analyte is segregated in a localised area of the sample.36 However, the spectral
range of FPA detectors is restricted from the near-IR region to
900 cm1 and the sensitivity of the measurement from individual pixels is generally poorer than those obtained with an
ordinary single element detector. A 16 pixels linear array allows
for the measurement of a larger spectral range (down to
720 cm1) with sensitivity similar to the ordinary single
element mercury cadmium telluride (MCT) detector. However,
images are generated from spectra obtained by rastering across
the sample and the resulting images are therefore not collected
simultaneously, limiting its application to static or very slow
dynamic systems. These linear array and FPA detectors are
combined with suitable optics such that an image can be
collected. The magnication and spatial resolution of the
resultant image depends on the type of optics employed. High
magnication Ge micro ATR optics can produce high spatial
resolution images but with small elds of view. Expanding
optics, on the other hand, produce larger elds of view but low
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A summary of the imaging ﬁelds of view, spatial resolution and capabilities of various ATR imaging approaches currently available
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linear array
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Imaging with FPA

Field of view/mm  mm
Spatial resolution (mm, estimated)
High-throughput applications (number
of samples measured simultaneously)
Depth proling

Expanded
eld of
view ATR

Variable
angle
ATR

Macro
ATR

Diamond
ATR

Micro
ATR with
Ge lens

Micro ATR with
large Ge lens
(12 mm diameter)

15.4  21.5
500
Yes (>100)

3.9  5.5
150
Yes (100)

2.6  3.6
60
Yes (50)

0.64  0.64
15–20
Yes (<10)

0.06  0.06
4
No

Up to 0.4  0.4
4–10
No

No

Yes

No

Yes

No

No

spatial resolutions. A summary of imaging eld of view versus
spatial resolution are shown in Table 1.

Properties of the ATR images
The small depth of penetration achieved through ATR implies
that it measures a relatively thin layer of the sample that is in
contact with the surface of an ATR element. Therefore, it is not
just a surface technique. The same depth of penetration is
applied to ATR imaging. A layer of the sample, a few micrometer
thick, adjacent to the surface of the ATR crystal is probed by
infrared light within the imaging eld of view. The rest of the
sample several micrometres beyond the surface will not be
measured (unless the sample is microtomed, like for transmission measurements, that diﬀerent layers are measured as a
function of depth within the sample) and notably, it will not
aﬀect the measurement of the studied layer. This feature of ATR
analysis allows samples to be measured directly without the
need for prior cross sectioning, microtoming or polishing.
Simple sample preparation: in situ measurements
Signicantly, the convenience of this type of measurement
allows many diﬀerent experiments to be performed in situ. For
example, ATR-FTIR imaging has been applied to study the eﬀect
of surface properties on the crystallisation and adsorption of
proteins from solution.37–39 In these studies, protein solutions
were directly deposited on the surface of the ATR element,
which were modied by self-assembled monolayers to introduce diﬀerent surface properties, and images were measured as
a function of time. The protein crystals, which nucleated on the
surface of the ATR element, were detected and distinguished
from salt crystals without the need to remove the protein
crystals.
In situ macro ATR-FTIR imaging has also been applied to
study the diﬀusion of drug and macromolecules in atherosclerotic rabbit aorta40 and drug diﬀusion in skin tissue.20,41 In these
cases the tissue samples were deposited on the ATR element
and good contact was achieved without the need to apply any
pressure. For dry tissues, a droplet of water could be added to
slightly hydrate the tissue and improve contact between the
tissue and the ATR crystal.20 (A similar approach has also been
used to improve the image quality of samples with greater
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hardness, such as cross-sections of paintings, where a droplet of
water was used to ll the empty spaces that arose due to the
surface roughness of the sample.42) The solution of drug was
then added from the side of the sample which was followed by
imaging the tissue as a function of time allowing the drug
diﬀusion into tissue to be visualised. Macro ATR-FTIR imaging
was used to study the diﬀusion of model drug molecules and
macromolecules into and across samples of arterial wall.40 The
diﬀusion of two model drugs, benzyl nicotinate and ibuprofen,
as well as the plasma macromolecule albumin, across atherosclerotic rabbit aorta was studied by ex vivo ATR-FTIR imaging.
Benzyl nicotinate in Ringer's solution showed a higher aﬃnity
for atherosclerotic plaque than for apparently healthy tissue
(see Fig. 1). The ability of albumin to act as a drug carrier for
ibuprofen was demonstrated by multivariate image analysis.40
Another example of in situ measurements using both macro
and micro ATR-FTIR imaging is the study of chemical changes
in live cells.43 The study of live cells with non-imaging ATR had
shown some interesting developments.44 Micro ATR-FTIR
combined with imaging has demonstrated that it is possible to
image live cells at a sub-cellular level.43 Live cells were directly
seeded and grown on the surface of a removable ATR crystal
such that they formed good contact and were measurable in
micro ATR mode. The schematic diagrams shown in Fig. 2a
demonstrate how cells are seeded and maintained on the
surface of an ATR element together with photographs (Fig. 2b)
of the actual ATR plate. Spectra which can be used to elucidate
the chemical composition inside live cells were extracted from
diﬀerent parts of the measured cells as also shown in Fig. 2c.
The spectrum extracted from the nuclear region shows a
stronger band at 1085 cm1, assigned to DNA phosphate
backbone stretching vibrations, while the spectrum extracted
from the cytoplasm region next to the nucleus shows a weaker
band at 1085 cm1. Spatial variations of the absorbance of this
band indicates the ability of micro ATR-FTIR imaging to probe
chemical diﬀerences in live cells at sub-cellular resolution. In
addition to biological tissue, macro ATR-FTIR imaging has also
been applied to study bio-material processes including the
coacervation of elastin under high-pressure CO2.45 The ATR
surface was enclosed within a miniature high-pressure chamber
where a small amount of the elastin solution was contained. It
was then possible to expose the solution to various pressures of
CO2 and temperature while FTIR images were measured in situ.
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Fig. 1 Spectroscopic images of a diﬀusion experiment using benzyl nicotinate (BN)–saturated Ringer's solution and a longitudinal section of rabbit thoracic aorta with
an atherosclerotic lesion. (a) ATR-FTIR images of the tissue downstream of the branch ostium obtained from the spatial distribution of the integrated absorbance of the
amide II band, in the range 1580 to 1480 cm1. (b) A lesion is revealed by integration of the n(C]O) ester band between 1760 and 1710 cm1. Scale bar: 100 mm. (c)
ATR-FTIR images of the benzyl nicotinate distribution at this location of the tissue given by integrating the nasym (C]O) band, in the range 1294 to 1260 cm1. The
arrow indicates the sense of the diﬀusion—from the endothelium to the interior of the aortic wall. (Reprinted with permission from F. Palombo, C. B. Danoux, P. D.
Weinberg and S. G. Kazarian, Measurement of drug and macromolecule diﬀusion across atherosclerotic rabbit aorta ex vivo by attenuated total reﬂection-Fourier
transform infrared imaging, J. Biomed. Opt., 2009, 14, 044008.)

It is also possible to perform in vivo studies for samples that are
easily accessible, for example, for the measurement of the
surface of skin, hair and nail areas that are of great interest both
to the academic and industrial communities.

Small path length
All the experiments described previously involve the measurement of materials in contact (or submerged) in water which is
very common for biomedical science studies. Traditionally, the
measurement of IR spectra from aqueous samples was challenging due to the strong IR absorption of water. Despite the
high water content in these samples, the full range of the IR
spectrum (4000–900 cm1) remains accessible, including the
n(O–H) region. This is because of the small depth of penetration, which results in a small eﬀective path length. Therefore
samples that are investigated in the presence of strong infrared
absorbers, such as the case with live cells in aqueous medium43
or the formation of hydroxyl apatite from stem cells,46,47 can be
measured without saturation of the detector.
The small depth of penetration can be advantageous as
discussed above. However, it is also important to understand
the implications of this when applying ATR-FTIR imaging to
study biomaterials. The small depth of penetration requires
that samples are in intimate contact with the ATR element. The
IR absorbance will decrease dramatically if there are any small
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gaps between the sample and the ATR element, even if the gap is
only a fraction of a micrometer deep. Ekgasit et al. has shown, in
a non-imaging ATR-FTIR measurement, that the presence of air
gaps between the ATR element and the sample can be revealed
by comparing the absorbance of the spectral band measured
with two diﬀerent polarisations of IR light.48 It was found that
so tissues such as skin oen self-adhered to the surface of the
ATR element and the size of this gap, in such cases, is insignicant.49 Since the attachment of the skin tissue to the ATR
surface does not require pressing from the other side, imaging
of the skin exposed in diﬀerent controlled environments, such
as humidity, can be made for studying skin hydration and
dehydration in situ (see Fig. 3). It is essential to ensure that,
when an absorbance distribution image is generated from
measurements, the pattern of the distribution represents the
real composition changes across the imaged area rather than
being the result of variable optical contact across the imaged
area.
Apart from optical contact, the small depth of penetration
can create issues for some measurements even when the sample
being measured is a liquid, and thus inherently forms a good
contact with the surface of the ATR crystal. For example,
recently, it has been demonstrated that ATR-FTIR imaging can
be applied to image microuidic systems,50 which has been an
important advance in bio-sciences.51 However, when ATR-FTIR
imaging was applied to measure water droplets owing in
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Fig. 2 (a) Schematic diagrams showing the procedure of seeding live cells on a removable ATR sliding plate (left) and how it is attached to the objective during
measurement (right). (b) Photograph of the actual ATR sliding plate (left) and when it is integrated to the ATR objective (right). (c) FTIR images (left) generated using
diﬀerent spectral bands and the extracted spectra (right), after the subtraction of absorbance of water, from locations indicated on the FTIR image generated using the
1085 cm1 band.

microuidic devices,52 the spectrum extracted from the water
droplet region showed that the absorbance was dominated by
the oil phase while the water spectral bands were barely
detectable. The reason for this is that in the water-in-oil droplet,
or segmented ow microuidic system, the water droplets (or
segments) were moving at a speed such that a thin layer of oil
was formed between water droplets and the surface of the ATR
crystal. As a result, the infrared light was mostly probing the oil
layer and very little spectral information was collected from the
water droplet region even though the oil layer was very thin
(estimated to be 0.8 mm). Another possible result due to the
small depth of penetration is the “tip of the iceberg” eﬀect
where the apparent size of domains can be smaller than the
actual size of the buried feature.53 However, one could argue
that the same limitation also applies to measurements in
transmission or transection mode where the sample oen is a
thin slice of the original sample.
Spatial resolution improvement
The diﬀraction limited image resolving power is given by the
Rayleigh criterion in eqn (2).

1944 | Analyst, 2013, 138, 1940–1951

r¼

0:61l
NA

(2)

where, NA is the numerical aperture of the system (the product
of the refractive index, n, and sin q and q is half the angle of the
collection of light, thus NA ¼ n sin q), l is the wavelength of light
and r is the minimal distance required to have a contrast of
26.4% between two nearby objects (just resolved). The objective
in a typical infrared microscope usually oﬀers a NA of 0.4 to
0.6 such that r is approximately the same as the wavelength of
light which is, for example, 3 mm for n(C–H), n(O–H) and n(N–
H) bands, 6 mm for carbonyl and amide I bands and 10 mm
for n(C–C) and n(C–O) bands. To completely resolve the features
between the two objects without any signicant spectral
“contamination” due to diﬀraction, a minimum distance of 2r,
which is the spatial resolution, is required. When imaging in
ATR mode, IR light approaches the sample through a high
refractive index material which provides an opportunity to
increase the NA and thereby improve the spatial resolution.
However, not all ATR imaging measurements would result in
enhanced spatial resolution. For example, when ATR imaging is
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Fig. 3 Macro ATR-FTIR images of the stratum corneum at diﬀerent controlled humidities. The images represent the distribution of diﬀerent components, protein,
lipids, natural moisturising factors (NMF) and water, which are labelled at the top of each row. The colour scale at each row has been adjusted to allow direct
comparison to be made between images. The humidity levels are shown at the bottom of the images. The image size is approximately 900 mm  1260 mm. (Reprinted
with permission from K. L. A. Chan and S. G. Kazarian, Chemical imaging of the stratum corneum under controlled humidity with the attenuated total reﬂection Fourier
transform infrared spectroscopy method, J. Biomed. Opt., 2007, 12, 044010. Copyright (2007) SPIE.)

measured through an inverted prism, the value of sin q is
reduced when light enters the prism through the at surface as
demonstrated in Fig. 4. The reduction in sin q counters any gain
in NA that was due to the higher refractive index of the ATR
element and the resultant NA is approximately the same as the
system without the prism. Spatial resolution would, however, be
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enhanced when the geometry of the ATR element resembles a
hemisphere (see Fig. 4).
Most ATR measurements made in a microscope use a
hemispherical shaped ATR element and hence an increase in
spatial resolution with respect to measurements in transmission is observed. The spatial resolution can be increased up
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Fig. 4 Schematic diagrams showing the angle q is reduced to b from a when
image is made though an inverted prism (left) while the angle is not changed
when imaging is made through a hemisphere (right).

Tutorial Review
when the sample contains small inclusions of mineral with a
high refractive index.13 Kidney tissue cross sections were imaged
in transection mode as well as in micro ATR mode. Apart from
the improved spatial resolution observed in the images
measured in micro ATR mode, the spectra extracted from the
micro ATR measurements were free from sloping and derivative
type baselines. This is in contrast to the spectra extracted from
the same area of the sample measured in transection mode,
which shows strong sloping and derivative type baselines.
Variable depth of penetration

to 4 times30 with a Ge ATR element which has been employed to
study live cells43 where diﬀerent cell organelles (nucleus and
endoplasmic reticulum) were chemically imaged. Micro ATR
imaging was also recently applied to study dried cells,54 where
changes in diﬀerent subcellular compartments (cytoplasm and
nucleus) were observed. The improvement in spatial resolution
helped to detect small mineral inclusions of 2–3 mm in breast
cancer tissue,31 as well as distinguishing between endothelial
cells, myoepithelial cells and terminal ductal lobular units in a
breast tissue,55 and preliminary imaging of chondrocytes in
cartilage.31,55,56
In particular, the high spatial resolution of micro ATR-FTIR
imaging proved to be very useful for the detection of microscopic components within plaques in arteries for understanding the progression of atherosclerosis.11,57,58 For example,
the results of our micro ATR-FTIR imaging study showed that
dietary L-arginine supplements had benecial eﬀects in mature
rabbit aorta, with an overall disappearance of the plaques.58 The
use of multivariate analysis when applied to the imaging data
provided greater discrimination of diﬀerent chemical species.
The multivariate methods, such as principal component analysis and factor analysis were employed and relevant chemical
and structural information were obtained. Two distinct protein
constituents of the intima-media layer at diﬀerent locations of
the aorta wall were identied using the factor analysis
method.58 In collaboration with Cornell University,11 micro ATRFTIR spectroscopic imaging was applied ex vivo to the atherosclerotic aortic root of ApoE_/_ and ApoE_/_iNOS_/_ mice fed
with a high-fat Western diet. A reduction of lesion prevalence in
ApoE_/_iNOS_/_ mice compared with ApoE_/_ mice was detected.
The analysis of the plaque region revealed spectral changes
which may be indicative of protein nitration in the ApoE_/_
mouse, which was a signicant nding.11
Scattering reduction
Measurement of tissue in transmission mode or transection
mode FTIR oen produces spectra with baseline eﬀects as a
result of resonant Mie scattering and/or specular reectance, or
the electric eld standing wave eﬀect.59 It can then be necessary
to apply a suitable correction algorithm to each spectrum.60,61
The scattering eﬀect is particularly strong near edges of tissues or
when features with a high contrast in refractive index are
approximately the same size as the wavelength of interrogating
light. In ATR imaging, it has been shown that images and
extracted spectra produce no observable scattering eﬀects even
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It is known that the depth of penetration of the IR light in ATR
measurements, although small, can be manipulated to obtain
extra depth information from a sample. According to eqn (1), the
depth of penetration is a function of wavelength, refractive index
of the ATR element and the angle of incidence. The angle of
incidence is independent of the sample and can be changed with
relative ease and therefore is oen used as the parameter to
adjust for depth proling purposes. This property of ATR
measurement is more oen used in the analysis of polymer lms
or laminates62 and recently has been shown to be applicable to
biomedical imaging measurements.34 The distribution of
protein in stratum corneum tissue was found to be diﬀerent when
the angle of incidence was changed (a diﬀerent depth of penetration was used).34 Since depth proling by changing the angle
of incidence is not diﬀraction limited, it is possible to probe
features in the nanometer scale in the “z-direction” as demonstrated in an ATR-FTIR imaging study on polymer lms.63
However, when imaging in macro ATR mode, the depth of
penetration dependence on the angle, benecial for depth
proling studies, can result in an undesirable image artefact.
Previous work64 has shown that there was a spread of angles of
incidence across the imaging area when using a particular ATR
accessory. This led to an apparent concentration gradient of up
to 16% across the imaged area even when the sample being
imaged was a homogeneous liquid (Fig. 5). Such accessory was
used to image rabbit aorta cross section with minimised baseline eﬀect by self-modeling multivariate curve resolution
methods.65 However, the gradient eﬀect as a result of the spread
of angles of incidence would not be compensated by such
mathematical means. We thought that this gradient eﬀect was
due to a lack of freedom of alignment (the mirrors are xed)
associated with that particular macro ATR accessory. As such,
we carried out equivalent measurements using an alternative
macro ATR accessory, where the mirrors can be aligned,
showing no such gradient eﬀect (Fig. 6).66 It is therefore
important to ensure that the alignment of the optics is optimised especially when quantitative analysis is carried out. The
introduction of an aperture to reduce the diameter of the
infrared light beam entering the macro ATR accessory may also
be used to ensure that the spread of angles across the imaging
area is insignicant.67
Contact pressure on biological tissues
While ATR-FTIR imaging has many advantages, the small depth
of penetration requires physical contact between the ATR
element and the sample. For samples that self-adhere to the
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Fig. 5 ATR imaging results of paraﬃn oil for (a) n(CH/CH2/CH3) absorption bands at 3000–2800 cm1. (b) Histograms: number of pixels versus integral absorbance of
the ATR imaging measurements of paraﬃn oil for n(CH/CH2/CH3) absorption bands at 3000–2800 cm1. (Reprinted with permission from E. Wessel, G. Heinsohn, H.
Schmidt-Lewer-Kuehne, K. P. Wittern, C. Rapp and H. W. Siesler, Observation of a penetration depth gradient in attenuated total reﬂection Fourier transform infrared
spectroscopic imaging applications, Appl. Spectrosc., 2006, 60, 1488–1492. Copyright (2006) Society of Applied Spectroscopy.)

ATR element with no pressure applied, it is not expected that
contact results in tissue deformation. However, when tissue has
already been mounted on a diﬀerent substrate, for example a
biopsy slide, some pressure will then need to be applied when
the ATR element is brought into contact with the sample, which
may result in deformation. The degree of possible deformation
is related to the geometry of the ATR elements. For an inverted
prism type ATR element such as those employed in macro ATR
mode, the sampling surface is usually larger than or comparable to the size of the sample. In those situations, if pressure is
needed to achieve contact, the sample will be compressed
against a at surface resulting in the uniform attening of the
sample. However, for samples measured in micro-ATR mode
the contact area is usually considerably smaller than the size of
the sample (except single cells)68 and the micro-ATR element

could possibly damage the so biological tissue, leaving an
indentation mark. Whilst the resultant ATR-FTIR measurement
would capture an image of a attened sample, the features may
be slightly distorted and the same area of the tissue would not
be suitable for re-analysis as the morphology may have been
changed. Additionally, as demonstrated in the measurement of
a single cell,68 the smallest pressure on the cell can change the
overall size of the cell by 18%. It is therefore important to always
utilise the lowest amount of pressure required to capture an
ATR-FTIR image to minimise the deformation or damage of
tissue samples.54,58
Dispersion of refractive index
In ATR-FTIR measurements, depth of penetration, eﬀective
path length and hence the absorbance, is a function of

Fig. 6 ATR-FT-IR image of mineral oil measured with a ZnSe ATR accessory showing the integrated absorbance at 1480–1420 cm1 in (a) 2D scale. (b) The histogram
showing the number of detector pixels for diﬀerent values of the integrated absorbance at the same range for the ATR-FT-IR measurement. (Reprinted with permission
from S. G. Kazarian, K. L. A. Chan and F. H. Tay, in Infrared and Raman Spectroscopic Imaging, ed. R. Salzer and H. W. Siesler, Wiley-VCH, Weinheim, 2009, ch. 10, pp. 347–
375. Copyright (2009) Wiley-VCH Verlag GmbH & Co. KGaA.)
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wavelength and refractive indices of samples as can be noted
from eqn (1). Dispersion of the refractive index of samples near
the wavelength of an absorbance band may cause signicant
band shi. This is the known eﬀect of anomalous dispersion69
which can also produce a derivative-like baseline near spectral
bands. The distortion of band shapes is oen more pronounced
when the ATR measurement is taken at an angle of incidence
near the critical angle. A previous study on the measurement of
samples with a high refractive index has shown that by
increasing the angle of incidence, it is possible to reduce the
distortion of spectral bands (Fig. 7).70 Another study71 on
protein lms using ATR-FTIR spectroscopy has shown that
band shis, as a result of anomalous dispersion, is more
pronounced for stronger and wider bands. In that study, a shi
in the amide I band was observed when the spectra were
compared to those measured in transmission mode. However,
the shi of the band was signicantly reduced when a Ge ATR
element was used instead of a diamond ATR element (Fig. 8).71
It is therefore recommended that high refractive index ATR
elements such as Ge and Si should be used, or increasing the
angle of incidence when diamond ATR element is used,31,67,70 for
measuring high refractive index samples.

Tutorial Review

Outlook for the near future
ATR-FTIR imaging has been shown to be advantageous for its
sample thickness independent measurement, ability to probe
highly IR absorbing materials without signicant sample
preparations and the demonstrably improved spatial resolution
as compared to other FTIR imaging approaches. Many of the
recent advances in technology and applications have been discussed here. Nevertheless, there are still many new opportunities for further developments that are yet to be explored. One
such possibility is the combination of ATR-FTIR imaging with a
synchrotron source. ATR-FTIR imaging, due to the relatively
small path length, oen produces spectra with somewhat lower
signal to noise ratio than spectra measured in transmission or
transection mode. FTIR spectra obtained from imaging
experiments with the synchrotron source, on the other hand,
provide an opportunity to produce spectra with high signal to
noise ratios in a relatively short time frame.72 Recently, a multibeam synchrotron source has been employed to measure FTIR
images in transmission mode with high spatial resolution and
signal to noise spectra.73,74 However, the combination of the
synchrotron source with ATR-FTIR imaging is yet to be

Fig. 7 (a) Single-element FTIR spectra of a sample with relatively high refractive index (deposit from crude oil) collected using a 47 and 56 aperture. Panels (b) and (c)
show the distortions of the absorption bands at 3000–2800 cm1 and 1700–1250 cm1, respectively. (Reprinted with permission from F. H. Tay and S. G. Kazarian,
Study of petroleum heat-exchanger deposits with ATR-FTIR spectroscopic imaging, Energy Fuels, 2009, 23, 4059–4067. Copyright (2009) American Chemical Society.)
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Fig. 8 Transmittance spectra and s-polarized diamond and germanium ATR
spectra of a B. mori silk ﬁbroin ﬁlm. The spectra were normalized so that the peak
heights of the amide I bands were equal. The germanium ATR spectrum has been
multiplied by 5.98 with respect to diamond ATR. (Reprinted with permission from
M. Boulet-Audet, T. Buﬀeteau, S. Boudreault, N. Daugey and M. Pezolet, Quantitative determination of band distortions in diamond attenuated total reﬂectance
infrared spectra, J. Phys. Chem. B, 2010, 114, 8255–8261. Copyright (2010)
American Chemical Society.)

demonstrated. Other sources that can produce high brightness
include the quantum cascade laser. These lasers are under
rapid development and could become the next generation of IR
sources that can bring the sensitivity level of FTIR measurements to a new level.75
As discussed earlier, ATR-FTIR imaging can be integrated
with microuidic devices for the chemical analysis of uids
owing inside microuidic channels (see Fig. 9).50,76
This idea can be expanded to the imaging, for example, of
live cells cultured in microuidic channels where the culture
medium can be easily manipulated using the microuidic
technology while the chemical composition of the adhered live
cells is monitored in situ. Although we have discussed that ATR
imaging may not be well-suited to detect moving droplets, ATRFTIR imaging can still be applied to study the droplets when
they are stopped and allowed to make contact with the surfaces
of the ATR element. Preliminary studies in our laboratory have
shown that the water droplets owing in oil start to have intimate contact with the ATR element surface when the ow has
been stopped for approximately 1 s. This provides opportunities
to design a microuidic device that allows the water droplet to
stop for a second or less within the imaged area for the analysis
before continuing its journey in the microuidic chip. The
development of these approaches can be applied to cell analysis

Fig. 9 Schematic diagram of ATR-FTIR imaging system and integration with a
planar, chip-based microﬂuidic device. (Reproduced from ref. 50 with permission
from The Royal Society of Chemistry.)
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and cell sorting.52 Forensic science may also benet from the
applications of the macro ATR-FTIR imaging, as it can produce
chemical images of ngerprints collected with the aid of tapeliing from diﬀerent surfaces, thus providing chemical
composition of a latent ngerprint which is a complex mixture
of natural secretions of the body.77
The enhanced spatial resolution of ATR-FTIR imaging clearly
provides new insights into the analysis of cancer tissues for
diagnostic purposes. Currently, the best demonstrated spatial
resolution is on the order of a few micrometers. Improvements
to spatial resolution would be an important development.
Recently, a new technique that has been developed towards this
goal is the combination of AFM with infrared spectroscopy that
also uses an evanescent wave.78 The idea is to detect the IR
absorbance signal using an AFM cantilever based on the photothermal eﬀect.79 Since the detection mechanism is not photon
based, image resolution is not diﬀraction limited. It has been
demonstrated that it is possible to resolve 100 nm spatial
features without labelling. However, at the moment, the speed
of the measurement is relative slow compared to FTIR imaging,
the spectral range is limited to 3600 cm1 to 1200 cm1 and the
approach is only applicable to very thin samples. Nevertheless,
as the technology matures in the next few years, it is anticipated
the boundaries will be pushed forward. We contend that ATRFTIR spectroscopic imaging, which is a truly emerging technology, will continue realising its great potential for biomedical
research.
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