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ABSTRACT: Atomic force microscopy-based infrared spectroscopy (AFM-IR) is a -
rapidly emerging technique that provides chemical analysis and compositional mapping ;-
with spatial resolution far below conventional optical diffraction limits. AFM-IR works by
using the tip of an AFM probe to locally detect thermal expansion in a sample resulting
from absorption of infrared radiation. AFM-IR thus can provide the spatial resolution of
AFM in combination with the chemical analysis and compositional imaging capabilities
of infrared spectroscopy. This article briefly reviews the development and underlying
technology of AFM-IR, including recent advances, and then surveys a wide range of
applications and investigations using AFM-IR. AFM-IR applications that will be discussed
include those in polymers, life sciences, photonics, solar cells, semiconductors,
pharmaceuticals, and cultural heritage. In the Supporting Information, the authors
provide a theoretical section that reviews the physics underlying the AFM-IR
measurement and detection mechanisms.
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by a sample as a function of the frequency (or equivalently
wavelength) of the IR light]. The pattern of absorption peaks in
the IR spectra serve as a fingerprint that can be used to
characterize and/or identify chemical species. In the mid
1990’s, infrared spectroscopy was also combined with
microscopy and array detectors to enable spatially resolved
infrared microspectroscopy. This technique has also been
extremely successful in providing imaging based on chemical
contrast as well as the ability to chemically analyze microscopic
regions of a sample. Two prior reviews have been written on
the subject, one focused on the AFM-IR technique® and
another that places it in context with scattering-based scanning
near-field optical microscopy.’

AFM-IR was developed to overcome two major limitations of
the predecessor technologies of AFM and infrared micro-
spectroscopy. Conventional infrared spectroscopy based on
FT-IR-based microscopes has been widely used for spatially
resolved chemical analysis. The main drawbacks of infrared
microspectroscopy have been performance limits due to low
brilliance of thermal IR sources and spatial resolution limit set
by optical diffraction. Optical diffraction typically sets a
fundamental limit for spatial resolution of 1/2, where A is the
illuminating wavelength. Most commercial FT-IR microscopes
based on a thermal IR source have had a practical spatial
resolution limited to 4 to 34, thus achieving spatial resolution in
the range of 2.5—75 pm, depending on the specific technique
and configuration employed.”” FT-IR microscopes have been
coupled to high-brilliance synchrotron IR beamlines,’ where
diffraction limited performance has been achieved. Recent
improved in optics and array detectors have demonstrated the
ability of FT-IR microscopy to achieve spatial resolution
approaching 1 ym scale even with a thermal source,”'’ but
most conventional infrared microspectroscopy applications
have been constrained to research and industrial character-
ization problems on the length scale of many micrometers and
above.

Atomic force microscopy, on the other hand, can routinely
achieve spatial resolution on the nanometer scale. AFM has a
spatial resolution limited only by the radius of the apex of the
AFM probe tip. Commercially available AFM tips routinely
achieve spatial resolution on length scales <20 nm and in some
cases down to the molecular and atomic scale. The AFM
however does not have any intrinsic ability to discriminate
materials on the basis of chemical composition. A large number
of AFM-based techniques'' ™" have been developed over the
years to discriminate materials on the basis of various material
properties like friction/adhesion, elasticity, damping, optical,
electronic and magnetic properties, for example. But none of
these techniques provided a broadly applicable method of
performing unambiguous chemical analysis. For this reason, the
developers of the AFM-IR technique were highly motivated to
develop a technique to provide the chemical analysis
capabilities of infrared spectroscopy with the spatial resolution
of the AFM. AFM-IR achieves this goal by using the tip of an
atomic force microscope to locally detect thermal expansion of
a sample resulting from local absorption of IR radiation. The
AFM tip itself thus acts as the IR detector. Because the AFM tip
can detect the thermal expansion with spatial resolution
approaching the AFM tip radius, the AFM-IR technique can
overcome the spatial resolution limits of conventional IR
microspectroscopy.

This article reviews AFM-IR technology and applications and
underlying theory in the Supporting Information. The next
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section includes a brief history of the development of AFM-IR
and a detailed explanation of its operation. In section 3, we
survey a diverse range of AFM-IR applications, including those
in materials and life sciences. We dedicate a significant
discussion to applications in polymers sciences and technology,
including applications on polymer blends, composites, multi-
layer films, fibers, and conducting polymers. AFM-IR is also
finding exciting applications in the life sciences, including
subcellular spectroscopy and chemical imaging, nanoscale
chemical analysis of tissue, protein secondary structure analysis,
including research into protein misfolding related neuro-
generative diseases. We also survey additional applications
including photonics, pharmaceutical sciences, perovksites (solar
energy), and semiconductors.

Finally, in the Supporting Information, we discuss a
mathematical theory that underlies the operation of the
AFM-IR technique.

2. AFM-IR TECHNOLOGY OVERVIEW

In its current form (Figure 1), AFM-IR consists of a tunable
infrared laser that is focused onto a region of a sample in the
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Figure 1. (A) Schematic diagram of AFM-IR. A pulsed tunable laser
source is focused on a sample near the tip of an atomic force
microscope. When the laser is tuned to an absorbing band of the
sample, the absorbed light results in photothermal expansion of
absorbing regions of the sample. The AFM tip is used as a local
detector of IR absorption. (B) The sample’s photothermal expansion
induces a transient cantilever oscillation that is proportional to the IR
absorption. (C) Measuring the AFM cantilever oscillation amplitude as
a function of wavelength (or wavenumber) results in a local absorption
spectrum with nanoscale spatial resolution. Image courtesy of Anasys
Instruments, reprinted with permission.

proximity of a probe tip from an atomic force microscope. If the
tunable IR laser is set to a wavelength that corresponds to an
absorbing wavelength of the sample, the AFM tip can be used
to detect the absorbed radiation. The most common technique
to detect the IR absorption is by a direct measurement of the
thermal expansion resulting from optical absorption. The IR
absorption causes a force impulse on the tip of the cantilever,
inducing an oscillation of the AFM cantilever probe. As
discussed below, it is also possible to measure the sample
temperature increase due to absorbed IR radiation as an
alternative to measuring the cantilever motion. By measuring
the AFM probe response to IR absorption as a function of
wavelength, it is possible to readily create IR absorption spectra
of nanoscale regions of a sample. Additionally, it is possible to
tune the laser to a fixed wavelength and measure the absorption
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Figure 2. Comparison of AFM-IR and bulk FT-IR spectra on polystyrene. Because the AFM-IR cantilever oscillation amplitude is linearly dependent
on the IR absorption coefficient,*>** AFM-IR correlate very well to bulk IR transmission spectra.* Reprinted with permission. Copyright 2012

Anasys Instruments.
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Figure 3. AFM-IR provides complementary measurements of nanomechanical properties of the sample. (A) The tip—sample contact region acts like
a spring-damper system that affects the contact resonance frequencies of the AFM cantilever probe. (B) When the sample absorbs IR radiation, the
resulting thermal expansion causes the AFM cantilever to oscillate. (C) By taking the FFT of the cantilever oscillation signal, it is possible to extract
the contact resonance frequencies of the cantilever. (D) These resonant frequencies shift as a function of the stiffness of the sample. (E) Mapping the
contact resonance frequency as a function of position allows mapping of the sample stiffness. The contact resonance/stiffness measurements can be
obtained simultaneously with AFM-IR measurements, enabling correlative measurements of mechanical properties and chemical composition.

Adapted with permission from ref 4. Copyright 2012 OSA Publishing.

as a function of position across the sample to create chemical
images that show the distribution of chemical species across a
sample.

2.1. History of AFM-IR Development

The first work combining AFM and infrared spectroscopy was
performed separately but at roughly the same time by
Hammiche'® et al. in the UK and Anderson'’ at the Jet
Propulsion Laboratory in the U.S. Both researchers used a
commercial Fourier Transform Infrared (FT-IR) spectrometer
as the infrared source and coupled this beam to the tip and
sample of an atomic force microscope. Hammiche and his
collaborators used temperature-sensing Wollaston wire probes
to detect the heat resulting from IR absorption.'® Anderson
chopped the IR beam at low frequencies and measured the
change in the deflection of the AFM cantilever due to thermal
expansion of the sample.'” The current AFM-IR technique at
the focus of this review article was developed by Dazzi et al.' ™
who used a tunable free electron laser source to excite resonant
oscillations in an AFM probe due to absorption of IR radiation
pulses by the sample. This combination for the first time
provided the ability to perform both broadband point
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spectroscopy and the ability to do rapid narrow band chemical
composition mapping. Commercial instruments were first
developed by Anasys Instruments and collaborators using a
broadly tunable optical parametric oscillator (OPO)***" laser
source with nanosecond pulses. Belkin et al.”>** demonstrated
the use of photothermal AFM-IR with tunable quantum
cascade based laser sources, enabling dramatic improvements
in sensitivity, as will be discussed below. The photothermal
technique employed in AFM-IR has also been used to detect
absorption of visible light”* and is sometimes referred to as
Photothermal Induced Resonance (PTIR) as it is not
constrained solely to infrared wavelengths.

2.2. Details of AFM-IR Operation

As mentioned above and illustrated in Figure 1, AFM-IR works
by detecting light absorbed by the sample. The absorbed light
generates a temperature increase that can be detected directly
with a temperature sensing probe, or more commonly by a
transient force induced on the tip of an AFM in contact with
the absorbing region of the sample surface. When light is
absorbed by the sample, the resulting temperature increase
causes an almost instantaneous thermal expansion of the

DOI: 10.1021/acs.chemrev.6b00448
Chem. Rev. 2017, 117, 5146—5173


http://dx.doi.org/10.1021/acs.chemrev.6b00448

Chemical Reviews

B

07
05
Yy
\ IAR AARAR R
1 H Mw‘“\“““w\w”\\‘”‘w\“‘uu\\"

" H\‘HH “H“w“\mhm VYV VUVVY
|
-05 H ‘ ‘ “ h\
7071 1 [ [
0 UUS 01 015 02
Time (us)

Time (us)

293.23

sample W

Au
25nm
— 293.15 [K]

Cantilever deflection (a.u.)

0.6

Figure 4. (A) Resonance-enhanced AFM-IR*>** improves the sensitivity versus conventional AFM-IR by pulsing the laser at a contact resonance
frequency of the AFM cantilever. (B) While conventional AFM-IR results in a transient decaying oscillation of the cantilever, (C) resonance-
enhanced AFM-IR results in a continuous wave oscillation of the cantilever. (D) Combined with “lightning rod” enhancement from metallic tips
and/or substrates, resonance-enhanced AFM-IR results in significant sensitivity improvements that have enabled the successful measurement AFM-
IR spectra and IR absorbance images on very thin samples, including self-assembled monolayers (E, adapted with permission from ref 23. Copyright

2014 Nature Publishing Group).

sample. This thermal expansion increases until the light pulse
ends and then the sample temperature exponentially decays
back toward the ambient temperature at a rate dependent on
the thermal properties of the sample. (This will be discussed in
more detail in the Supporting Information on AFM-IR theory.)
This thermal expansion acts as a force impulse on the cantilever
that drives the cantilever into oscillation. Because of the typical
short duration of the force impulse, the cantilever is driven into
oscillation over multiple oscillatory modes (eigenmodes) of the
cantilever. When operated in contact mode AFM, the
eigenmodes of the cantilever correspond to contact reso-
nances,”” > the frequency of which can also provide
complementary information about the mechanical stiffness of
the sample.” For most cases, the oscillation amplitude of the
cantilever is directly proportional to the amount of light
absorbed and this in turn is directly proportional to the
absorption coefficient.””** Although the AFM-IR signal
strength does depend on other material properties of the
sample (e.g, sample thermal expansion coefficient, heat
capacity, density, and modulus), these properties remain
constant at a specific point on the sample. As such, measuring
the oscillation amplitude of the cantilever at a fixed point on a
sample as a function of wavelength (or equivalently, wave-
number) provides a signal that is directly proportional to the
absorption coefficient. For this reason it is possible to obtain IR
absorption spectra that correlate to bulk transmission infrared
spectroscopy (e.g., FT-IR) because the AFM-IR technique in
effect measures the same physical property (ie., the amount of

absorbed light) (Figure 2).

AFM-IR measurements are typically performed by measuring
the oscillation amplitude of the cantilever as a function of
wavelength (in the case of spectroscopy) or sample position
(for chemical imaging). Measurements are performed by either
measuring the peak-to-peak oscillation amplitude of the
cantilever or the oscillation amplitude at any specific oscillation
mode (eigenmode) of the cantilever. In some cases, higher-
order modes are employed to improve the signal-to-noise ratio
and/or improve the rejection of nonlocal background forces
that can result from the heating of the air near the cantilever.

2.3. Complementary Nanomechanical Measurements via
Contact Resonance

The AFM-IR technique can also provide simultaneous and
complementary measurements of the mechanical properties of
the sample with nanometer-scale spatial resolution. As
mentioned previously, when the cantilever is excited by the
sample thermal expansion due to absorption of IR radiation, the
force impulse drives the cantilever into oscillation at contact
resonance frequencies of the cantilever. The peak frequencies of
these contact resonances can shift depending on the stiffness of
the sample. As illustrated in Figure 3, the tip—sample contact
acts like a spring-damper system that is coupled to the tip of the
AFM. As the elasticity and/or damping of the sample changes,
the contact resonance frequencies and quality factors of the
resonance also change. The contact resonance frequency can be
measured synchronously with the AFM-IR absorption measure-
ment by simply performing a fast Fourier transform (FFT) on
the cantilever ringdown.
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Figure S. Resonance-enhanced AFM-IR of a self-assembled monolayer of PEG on gold. (a) AFM topographic image. (b) AFM-IR absorption image
at 1340 cm™, corresponding to the CH, wag as shown in the (c) AFM-IR spectrum of the monolayer. Sample courtesy of M. Belkin, University of
Texas. Image reprinted with permission. Copyright 2014 Anasys Instruments.

2.4. Resonance-Enhanced AFM-IR

The original operation of AFM-IR worked with relatively low
repetition rate IR sources (e.g, a few Hz with the free electron
laser used by Dazzi et al.”'* and 1 kHz used in the optical
parametric oscillator (OPO) in the AFM-IR system originally
commercialized by Anasys Instruments). Lu et al. in Mikhail
Belkin’s group at the University of Texas demonstrated
significant improvements in the sensitivity of AFM-IR using a
much higher repetition rate laser source based on a quantum
cascade laser (QCL).”** In fact, Lu et al. tuned the repetition
rate of the QCL to match one of the contact mode resonances
of the AFM cantilever, as discussed above. In this mode of
operation, the cantilever oscillation changes from a decaying
transient oscillation into a continuous wave oscillation as shown
in Figure 4. This so-called “resonance enhanced AFM-IR”
provides a continuous wave oscillation of the cantilever that
allows for much more efficient detection of the IR absorption
and thus more sensitive measurements. The Belkin group also
demonstrated the ability to further enhance the sensitivity of
AFM-IR using metal-coated AFM tips and optionally metal-
coated sample substrates. With metal-coated tips (and
substrates), the local electric field generated by the incident
radiation is focused and intensified at the apex of the AFM tip.
Coupling the so-called “lightning rod effect” with resonance-
enhanced AFM-IR has enabled nanoscale IR spectroscopy and
chemical imaging on samples as thin as ~5 nm biological
membranes and even single self-assembled monolayers.**
Figure S shows the AFM topography image (top left) and an
IR absorption image with the QCL tuned to the fixed
wavenumber of 1340 cm™" (top right) of a monolayer island
film of an alkyl thiol ethoxylate (PEG) self-assembled onto a
template-stripped gold substrate. The AFM topography image
suggests the PEG islands are about 5 nm thick. The IR
absorption band at 1340 cm™ is assigned to a CH,-wagging
mode, and the image confirms the location of the PEG island
regions. PEG monolayer island regions as small as 25 X 25 nm
are easily resolved in the IR absorption image. The AFM-IR
spectrum of one of the PEG islands is shown at the bottom of
Figure S. The broad IR band centered at 1102 cm™ is assigned
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to the C—O—C antisymmetric stretching mode. The absence of
an expected CH, scissoring vibrational absorbance near 1465
cm™' suggests that the PEG chains are oriented normal to the
gold substrate surface.

2.5. Other Recent Advances in AFM-IR

Other recent advances in AFM-IR have demonstrated improve-
ments in spectral range, sensitivity, and other figures of merit.
Research at NIST used a picosecond laser source and extended
the spectral range to both longer mid-IR wavelengths”” and also
even into the visible.”* Cho et al. demonstrated improvements
in signal-to-noise using frequency and temporal filtering
techniques.”® The NIST group also investigated the use of
high-resolution and high-frequency temperature sensing probes
to directly measure the local heating rather than the local
thermal expansion.”’

2.6. Comparison with Related Techniques

AFM-IR has important differences from other complementary
techniques that have been used to perform nanoscale
spectroscopy and subwavelength infrared imaging, most
notably scattering scanning near field optical microscopy (s-
SNOM)’® and tip-enhanced Raman spectroscopy
(TERS).”*™*" A complete review of these subjects is outside
the scope of this article, and the reader is referred to recent
reviews on s-SNOM™** and TERS*™* for more information,
but we shall briefly contrast AFM-IR versus these other
techniques. The most significant difference between AFM-IR
and s-SNOM/TERS is that AFM-IR measures light absorbed
by the sample, whereas s-SNOM and TERS both measure light
scattered by the sample. As such, the s-SNOM and TERS
techniques perform best where the samples are strong
scatterers of light. For the TERS technique, this can be a
particular challenge as Raman scattering has a much lower cross
section than elastically scattered light used in s-SNOM. To
detect Raman scattered light with sufficient sensitivity, the
TERS technique employs special field-enhancing tips to
(ideally) dramatically enhance the amount of Raman shifted
light that is scattered from a small region around the probe tip.
A key limitation of the TERS technique has been related to
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Figure 6. AFM-IR measurements of a blend of nylon and natural rubber. (A) AFM image and (B) AFM-IR absorption spectra obtained at locations
indicated in (A). The AFM-IR spectra across the boundary shows the clear appearance of the NH-stretching band associated with the nylon as well
as other more subtle changes. (C) Chemical map of the nylon/rubber blend. This image was obtained by constructing a ratio of IR absorption
images at 3300 cm™'/2956 cm™’, where 3300 cm™" corresponds to the NH-stretching absorption from the nylon versus the CH; antisymmetric
stretching band at 2956 cm™', which occurs more distinctly in the natural rubber component of the blend. In this ratio image, the nylon regions are
blue and the natural rubber appears yellow-green. Reprinted with permission. Copyright 2013 Anasys Instruments.

manufacture of field enhancing probe tips with a sufficiently
large and reproducible enhancement factors, especially in
commercially available probes. AFM-IR, by contrast, uses
readily available commercial AFM probes without the need for
large enhancement factors. In comparing AFM-IR and s-
SNOM, it is instructive to consider the mechanism of the
detection methods. AFM-IR provides a direct measurement of
the absorption of light via detection as the detected signal is
directly proportional to the sample’s absorption coefficient.”>**
In contrast, the s-SNOM technique measures the amount of
light scattered from the sample, which in turn can depend on
the complex optical properties of the tip, sample and underlying
substrate. It is possible, though not trivial, in the s-SNOM
technique to approximate the complex optical properties of the
sample by using interferometric detection techniques along
with careful modeling of the radiation/tip/sample interac-
tions.”” Due to the complex dependence on sample and
substrate properties, the s-SNOM technique is susceptible to
sample thickness and substrate induced shifts in the position of
absorption peaks.”” AFM-IR measurements can be performed
without the complexity of interferometric detection, and
absorption spectra can be obtained directly without modeling,
with absorption peaks correlating well to FT-IR and without
thickness-dependent peak shifts. Another key difference is that
s-SNOM and TERS techniques are primarily surface sensitive,
whereas AFM-IR can be sensitive to the absorption of IR
radiation to a greater depth into the sample.

3. AFM-IR APPLICATIONS

3.1. AFM-IR of Polymers

AFM-IR is finding numerous applications in the field of
polymers both in academia and industry.* Specific applications
have included biodegradable polymers,*® polymer blends,"”*
and composites,”’ multilayer films,”> polymer nanostruc-
tures,”>>* thin films/ coatings, fibers,> fuel cell membranes,”®
biomedical materials, and pharmaceuticals.””™®" In each of
these areas, polymer performance demands are driving
formulations and structures with micro- and nanoscale feature
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sizes. Conventional IR microspectroscopy has not been able to
provide the spatial resolution required to keep up with the
analytical characterization needs of these materials. AFM-IR has
provided the ability to measure and map chemical content in
nanoscaled polymer domains, identify and characterize
extremely thin layers in laminated polymer multilayer films,
map and analyze films, even down to monolayer coverage, and
track degradation in biomedical materials. This section will
highlight some of these applications in more detail.

3.1.1. Polymer Blends and Composites. Polymer blends
and polymer nanocomposites are a keen area of interest in
academic and industrial R&D. Performance polymer systems
are expected to be a $20B industry by 2020. As distinguished
from commodity polymers, performance polymers attempt to
achieve superior performance in aspects like strength, tough-
ness, weight, specific electrical or thermal properties, resistance
to degradation, or other properties. To achieve this target
performance, engineering polymers are often complex for-
mulations of multiple polymeric components, additives, fillers,
compatibilizers, etc., often with material heterogeneity on the
micro- and nanoscales. The AFM-IR is providing critical
insights into the distribution of the different polymer
components, how they segregate, and how they interface. It
is also possible to use the AFM-IR system to map the
distribution of different chemical components. Since AFM-IR
uses narrowband tunable IR sources, it is possible to tune the
laser to any specific absorption band and then map the intensity
of the IR absorption as a function of position on the sample
surface. Figure 6 shows an example of AFM-IR spectra and
absorption mapping on a polymer blend of nylon and natural
rubber. A series of spectra were first obtained across an
interface between the two materials. From the spectra, it was
possible to identify key IR absorption bands that were
characteristic with the constituent components. By creating a
ratiometric image of IR absorptions at the different selected
bands, it is possible to unambiguously map the distribution of
the different chemical components.

Marcott et al. have used AFM-IR to study degradable
polymer materials, including observing local variations in
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Figure 7. AFM-IR measurements of a 100% ABS polymer sample. (A) AFM topographic image. (B) AFM-IR absorption map with the IR source
tuned to 3025 cm™!, corresponding to a strong styrene absorption. (C) A simultaneously obtained contact resonance frequency image that is
indicative of the relative sample stiffness. Red arrows point to regions of high PS concentration. The yellow arrows indicate softer regions
corresponding to higher PB content. Reprinted with permission from ref 49. Copyright 2012 John Wiley and Sons.
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Figure 8. AFM-IR measurements of a high impact polypropylene (HIPP) polymer blend demonstrating the ability to quantify chemical composition
within nanoscale domains. (a) Schematic structure of the HIPS material. (b) AFM image of an intermediate layer region within the matrix. (c) AFM-
IR image obtained at 1378 cm™. (d) AFM-IR spectra obtained at different regions on the sample corresponding to matrix, intermediate layer, and
core. (e) Calibration curve based on bulk FT-IR that links the concentration of PE within the material to the ratio of the peak intensity of the 1456
and 1378 cm™" absorption bands. (f) Estimates of the percentage PE concentration in the different regions illustrated in (a). Adapted from ref S0.

Copyright 2016 American Chemical Society.

crystallinity on the nanoscale, as well as observing effects
associated with annealing.*® Ye et al. performed AFM-IR
measurements of blends of acrylonitrile butadiene styrene
(ABS) thermoplastic polymer (ABS) with varying concen-
trations of polycarbonate (PC).*” ABS is known to phase
segregate into domains rich in polybutadiene (PB) and regions
rich in polystyrene (PS). Figure 7 shows AFM-IR measure-
ments that demonstrate the ability to discriminate the phase-
segregated domains both on the basis of IR absorption (using a
characteristic absorption of the PS) and stiffness based on the
elasticity difference between the PB and PS domains.

3.1.2. Quantification of Chemical Content. Recent
research by Tang et al. has also demonstrated the ability to
quantify the concentration of polymeric components in
nanoscale domains of complex polymer blends.”® The
researchers used AFM-IR to study polymeric component
distribution in high impact polypropylene (HIPP). By using a
concentration calibration performed with conventional FT-IR,
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Tang et al. was able to use relative absorption peak heights to
quantitatively estimate the percentage of polymeric compo-
nents in different regions of HIPP samples, including the
distribution of components in nanoscale domains. Figure 8
illustrates the approach used by Tang et al. to achieve this
quantification of chemical content.

AFM-IR has also been used to study a variety of
nanocomposite materials. A recent study by Brown and
Bhushan®’ investigated nanocomposite materials being studied
for oil-repellent films. The nanocomposites comprised
polycarbonate treated with an acetone—nanoparticle mixture.
Agglomeration of nanoparticles created re-entrant structures
intended to create surfaces resistant to oil. AFM-IR was used to
study the distribution of polycarbonate and assess the
crystallization in the vicinity of the nanoparticle (Figure 9).
The results indicate that the PC is more crystalline when near
the nanoparticle.
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Figure 9. AFM-IR spectroscopic analysis of a polymer nanocomposite involving re-entrant hierarchical structures. The AFM-IR analysis examined
the distribution of polycarbonate and polymer crystallinity relative to the re-entrant structures. Adapted with permission from ref 51 under Creative

Commons license. Copyright 2016 Nature Publishing Group.

3.1.3. AFM-IR of Polymer Multilayer Films. Similarly,
multilayer laminated films which are used extensively in a
multitude of applications, including in packaging of food, drugs,
consumer products, stretch films, electronics and displays, and
other areas. Multilayer polymer films can consist of many
layers, and these layers increasingly involve submicron or even
nanometer scale dimensions that are below the resolution limits
of convention IR microspectroscopy. Multilayer films also
usually consist of different polymer layers with distinct
properties chosen, for example, for structural integrity, barrier
properties, printability, specific optical, or electronic properties,
etc. Many of these dissimilar materials may lack binding affinity
to adjacent layers and as such materials called compatibilizers
are often used at the interface between layers to provide
adhesion. AFM-IR has been used in a variety of applications in
the field of multilayer films, including measuring the thickness
and uniformity of polymer layers, characterizing the interface
between layers, and even identifying unknown materials in
competitive products (e.g., reverse engineering).

One of the key concerns in the manufacturing of multilayer
films is the uniformity of the films. By tuning the AFM-IR laser
to an absorption band of one of the layer components,
variations in uniformity are easily revealed, even for submicron
layers. Figure 10 shows an example of AFM-IR measurements
of a multilayer polymer film with alternating layers of ~200 nm
and ~20 nm thickness.

AFM-IR has also been used extensively to study the chemical
composition of multilayer films,” including to reverse engineer
their composition®” and to study interfaces between layers. Eby
et al. examined a multilayer film of originally unknown
composition via AFM-IR and were able to determine the
composition of each layer by comparing AFM-IR spectra to
FT-IR reference spectra.’” From the AFM-IR spectra shown in
Figure 11, it is clear that layers 1 and 2 contain poly-
(ethyleneterphthalate) (PET), while layer 3 is a poly-
(urethane). The inclusions in layer 4 are clearly visible, and
AFM-IR spectra at several locations are displaying broad
absorptions around 3330 cm™ and at 1640 cm™'. In addition,
antisymmetric and symmetric CH,-stretching bands are strong
and sharp; a methyl CH-stretching band is also observed at
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Figure 10. AFM (left) and AFM-IR absorption image (right) of a
multilayer laminate film. The AFM-IR absorption image clearly reveals
nonuniformity in the layers as well as localized defects. Reprinted with
permission. Copyright 2014 Anasys Instruments.

2952 cm™". However, the IR absorption spectrum of the 1.2 ym
inclusion lacks these strong bands (not shown). These data
suggest the core component of layer 4 is polyethylene, and the
inclusions are hydroxyl-containing materials such as starch or
cellulose.

3.1.4. AFM-IR Applications in Polymeric Fibers. AFM-
IR has also been applied to the study of a variety of applications
in fibers, including textile fibers, natural fibers, fiber-epoxy
composites, highly oriented polymer fibers, and nanofibers. The
following sections review a few examples.

3.1.4.1. Electrospun Nanofibers. Currently, there is
considerable research in the area of electrospun nanofibers.
These fibers that are manufactured via a solvent/polymer
mixture being ejected from a syringe under high voltage. The
manufacturing process can lead to nanoscale fibers with a high
degree of uniformity and molecular orientation. Electrospun
fibers hold promise for applications in a broad range of fields,
including drug delivery, tissue engineering, wound dressing and
cosmetics, functional materials and devices such as composite
reinforcement, filters, protective clothing, and smart textiles,
electronics, sensors, and catalysts.”> AFM-IR has recently been
used to study the molecular conformation and molecular
orientation electrospun nanofibers.”** In recent work by Gong
et al.> at the University of Delaware, AFM-IR was used to
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Figure 11. AFM-IR analysis performed in the reverse engineering of the top four layers of a laminated polymer multilayer film. AFM-IR spectra were
obtained for each layer, and the resulting spectra were compared against reference FT-IR spectra to identify the layer composition. Reprinted with

permission from ref 52. Copyright 2012 John Wiley and Sons.
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1728 cm™" corresponding to the crystalline phase. The IR mapping and

spectroscopy reveal a 9 nm shell containing a higher concentration of the amorphous phase. Adapted from ref 5S. Copyright 2015 American

Chemical Society.

study electrospun fibers made from a biodegradable polymer
(poly(3-hydroxybutyrate-co-3-hydroxyhexanoate, PHBHx).
AFM-IR analysis of individual nanofibers revealed the presence
of two distinct phases of PHBHx, one amorphous and one
crystalline. As shown in Figure 12, the AFM-IR analysis
distinguished the two phases based on distinct spectroscopic
features, including different peak positions of the carbonyl

absorption band. Further, AFM-IR imaging demonstrated a
spatial segregation of the two phases into a core—shell
structure, with a higher concentration of amorphous phase
and a newly discovered S phase in the shell and a higher
concentration of crystalline phase in the nanofiber core.
3.1.4.2. Molecular Orientation in Fibers. AFM-IR has also
been used to study molecular orientation effects in fibers.* The

5154 DOI: 10.1021/acs.chemrev.6b00448

Chem. Rev. 2017, 117, 5146—5173


http://dx.doi.org/10.1021/acs.chemrev.6b00448

Chemical Reviews

50
45
40
35 -
30 -
25 -
20
15 4
10
5
0 T T

1500 1400 1300 1200 1100 1000

a)

s Paralle| essPerpendicular

Absorption (AU)

Wavenumber (cm™)

Figure 13. AFM-IR measurements of highly oriented PVDF fibers under variable polarization provides information about molecular orientation. (a)
AFM-IR spectra at two orthogonal polarizations. (b) AFM-IR absorption image of two crossed PVDF fibers obtained at 1404 cm™'. The fiber
oriented with the electric field of the incident radiation shows significantly higher IR absorption associated indicating alignment of CH, wagging and
C—C antisymmetric stretching bonds with the fiber axis. Reprinted with permission from ref 4. Copyright 2012 OSA Publishing.
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Figure 14. AFM-IR investigation of vapor infiltration into PET fibers with trimethylaluminum. AFM-IR spectra provide insights as to the nature of
chemical changes induced by the vapor treatment and the depth of penetration of the treatment. (a—b) TEM images of PET fibers (a) before and
(b) after treatment. (c) Array of AFM-IR spectra taken across a cross section of a vapor treated fiber. Adapted with permission from ref 64.
Copyright 2014 Cambridge University Press.
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Figure 15. AFM-IR measurements of photosynthesized PDPB polymer nanostructures. (a) Conventional AFM image. (b) AFM-IR absorption
image at 1490 cm™". (c—e) AFM-IR spectra of the PDPB polymer recorded over different spectral regions. The high spatial resolution of the AFM-
IR technique compared to classical FT-IR measurement enables identification of lower intensity bands present in the polymer structure induced by
photoirradiation. Adapted from ref 65. Copyright 2015 RSC Publishing.

polarization of the incoming IR beam can be varied to enable those bonds will increase providing a stronger AFM-IR signal.
studies of molecular orientation. Specifically, if the polarization Figure 13 shows an example of AFM-IR spectra and an
is arranged such that the incident electric field is aligned with absorption image of highly oriented PVDF fibers. The spectra
the orientation of specific molecular bonds, the absorption by obtained at two orthogonal polarizations show which molecular
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bonds have a specific orientation relative to the fiber axis (as
opposed to a random orientation). The AFM-IR absorption
image was obtained at 1404 cm™" associated with CH, wagging,
and C—C antisymmetric stretching vibrational motions,
indicate that these bonds are aligned along the fiber axis.
3.1.4.3. Vapor Infiltration into Fibers. AFM-IR has also
been used to study vapor infiltration in fibers (i.e., the depth to
which a chemical treatment genetrates from the surface into the
bulk of a fiber material).”* Figure 14 shows examples of
measurements on PET fibers that have been treated with
sequential vapor infiltration with trimethylaluminum.

3.1.5. AFM-IR of Conducting Polymer Materials. AFM-
IR has also been used to study a variety of conducting
polymeric materials. The one-dimensional conducting polymers
seem particularly attractive as their surface-to-volume ratio are
very high, making them good potential materials for
applications in optoelectronics and nanodevices. Figure 15
shows AFM-IR spectra and absorbance images of photo-
synthesized poly(diphenylbutadyine) (PDPB) nanostruc-
tures.”” These measurements were used to confirm the
completion of photopolymerization via the absence of any
absorption at 2146 cm™!, corresponding to the unpolymerized
1,4-diphenylbutadiyne (DFB) monomer. Additionally, the
spatial and spectral sensitivity of the AFM-IR technique was
able to reveal subtle absorption bands associated with the
photopolymerization process. The advantage, in this study, is
also to precisely monitor the polymerization at the submi-
crometer scale and to associate the morphology of the polymer
to its chemical composition.

Figure 16 illustrates another example application where
AFM-IR has been used in the characterization of conducting
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Figure 16. AFM-IR characterization of PEDOT polymer nanostruc-
tures synthesized by electron beam irradiation in the presence of
K,S,054. (a) AFM topographic image. (b) AFM-IR spectra recorded at
positions 1 and 2 of image (a). From the spectra, region 1 is confirmed
to be exclusively inorganic salt, whereas position 2 contains both salt
and polymerized PEDOT material. Reprinted with permission from ref
66. Copyright 2016 Elsevier.

polymer synthesis.”® In this case, electron beam irradiation was
used to synthesize conducting poly-
(3,4ethylenedioxythiophene) (PEDOT) nanostructures in an
aqueous solution consisting of K,S,04 and EDOT monomers.
The AFM-IR imaging and spectroscopy is able to readily probe
the chemical composition of PEDOT nanostructures to
discriminate between polymeric regions and the inorganic salt.

3.1.6. AFM-IR Applications in Medical Devices/Failure
Analysis. A major concern in the medical device industries is
the stability and the aging effects of polymers used for medical
purposes. Many hospital devices are in contact with body fluid
(catheter, blood bags, etc.) or with infusion solutions (tubing)
and can be subject to degradation over time. Many medical
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devices include parts made of polyurethane or polyvinyl
chloride. The manufacturing processing and stabilization of
these polymers can employ additives, which can result in health
risks if they leach out of the polymer matrix and/or can degrade
the performance of the device.””*® The detection of the small
molecules is quite difficult as they are in low concentration in
fluid or aggregated on device surfaces as nanometer thin film.
Some techniques as ToF-SIMS, Raman, and AFM®~7* have
been used and have shown interesting results for this type of
detection, but in general, the identification and the localization
of molecules at the nanometer scale are complex and difficult.
The AFM-IR technique is an attractive tool as the AFM-IR can
identify the chemical composition with very high sensitivity,
down to the scale of monolayers under some conditions.”

Commercial polyurethane catheters (Pellethane 2363 80AE,
Dow Chemical) usually contain both antioxidants and
lubricants. In this section, we present some results obtained
on this kind of polymer. Films of polyurethane (Pellethane
2363 80E, Dow Chemical) were prepared by dissolving the
catheter and spin-coating the solution on a silicon wafer.”” After
deposition, the polymer surface showed thin needles around 2—
5 nm thicknesses that have been observed in previous work.””
These deposits are really sensitive to the storage conditions and
environment and exhibit changes over time. Thirty days after
initial measurements (including transportation by air cargo), no
more needles were present on the polymer surface, but a blurry
region full of small grains took place showing a phase contrast
different from the polyurethane (Figure 17).
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Figure 17. Tapping AFM analysis of polyurethane surface. (Left)
Initial AFM images in tapping mode of the polyurethane surface
(height image on top, phase image on bottom) showing thin needle
structures. (Right) AFM images in tapping mode of the polyurethane
after 30 days (including airplane transportation of sample) showing a
strong different morphology (height up and phase down). Reprinted
with permission from ref 73. Copyright 2015 Elsevier.

To characterize this layer composition, we used resonance-
enhanced AFM-IR (discussed in section 2.4). Figure 18 shows
the topography of the surface showing the blurry region (A)
and the clean region of polyurethane (B). For each position,
spectra were recorded and clearly reveal the spectroscopic
difference between the polyurethane and the unknown film by
the addition of 2 new bands at 1634 and 1561 cm™". These 2
bands perfectly fit with the infrared spectrum of the lubricant
(carbonyl of the ethylene bis stearamide). To check the
distribution of the lubricant, an infrared map was made at 1634
cm™". Figure 19 represents the overlay of the topography (in
3D) with a color code corresponding absorption at 1634 cm™
(strong absorption in violet and no absorption in green). AFM-
IR is able to detect the presence of the lubricant with very high
sensitivity, as layers of only 4 nm thickness are clearly visible
(red arrows). Moreover, we can spatially distinguish regions
with lubricant versus small regions comprising bare polyur-
ethane (areas without purple coloration and indicated by white
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Figure 18. AFM-IR analysis of the polyurethane surface 30 days after
initial measurement. (left) AFM images of topography from the
polyurethane surface modified [(A) unknown deposition; (B) clean
polyurethane]. (right) IR spectra obtained on the A and B positions
clearly shows the different composition (2 new bands at 1634 and
1561 cm™) of the blurry region (A) compared to the clean
polyurethane). Reprinted with permission from ref 73. Copyright
2015 Elsevier.

Figure 19. Overlay of the topography image (3D) with a color code
representing the absorption intensity at 1634 cm™ revealing the
presence of the lubricant on the polyurethane surface (strong
absorption violet, no absorption green). Red arrows indicate the
location of a very thin amount of lubricant (4 nm thick), and white
arrows show some pure polyurethane spots. Image adapted from
measurements described in ref 73.

arrows). Resonance-enhanced AFM-IR shows promise as a
powerful technique to detect a small amount of molecules,
including nanometer scale analytical chemistry, including
applications in biocompatibility.

3.1.7. Coatings. AFM-IR has also been used to look at a
variety of thin films and coatings, including polyimide film on
copper”* and epoxy phenolic films.”>”®

The Lyons group at the University of Manchester is heavily
focused on coatings and corrosion research. The group has
investigated water uptake in organic coatings,”” degradation
mechanisms in epoxy phenolic coatings,”” and the nanoscale
chemical heterogeneity in epoxy phenolic formulations.”® In the
latter study, Morsch et al. established that nanoscale nodule
features within an epoxy phenolic formulation correspond to
heterogeneous network connectivity.”® Figure 20 shows
example AFM and AFM-IR absorption measurements of
microtomed epoxy surfaces showing the absorption contrast
associated with the nodule regions.
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Figure 20. AFM-IR investigation of nanoscale nodules in an epoxy
phenolic formulation. (a) AFM image of microtomed epoxy surface.
(b—d) AFM-IR absorption images collected at (b) 1116 cm™, (c)
1244 cm™, and (d) 1180 cm™. (e) AFM-IR absorption spectra (dark
lines) and ATR-FTIR spectra (red dashed line) of epoxy phenolic
sample. (d) The absorption peaks at 1180 cm™ is consistent spatially
across the epoxy and also shows no contrast in the absorption image.
By contrast, the absorption at 1116 and 1244 cm™' show substantial
variation across the sample surface and specifically show stronger
intensity associated with the nodules. The absorption at 1116 cm™
corresponds to the alkyl out-of-phase C—C—O stretch of secondary
hydroxyl groups generated during the epoxy cure. From this
investigation, the authors were able to determine the nanoscale
nodules that were associated with variations in network connectivity.
Reprinted from ref 76. Copyright 2016 American Chemical Society.

3.2. AFM-IR Applications in Life Sciences

Infrared microspectroscopy is one of the most powerful
techniques to enable chemical identification and localization
of particular chemical compounds. The number of applications
in different domains of science, such as chemistry, biology,
agronomy, and medicine, underline the usefulness of infrared
analysis. But the spatial resolution limit of conventional IR
spectroscopy of around a few micrometers constrains the
applications for heterogeneous materials with micro- and
nanoscale structures. The life sciences, however, abound with
complex arrangements of materials on the submicron scale.
Hence the AFM-IR technique with a spatial resolution
extending to the nanometer scale can expand the power of
IR microspectroscopy to a wealth of new problems in the life
sciences. The AFM-IR technique has already been applied to
research problems such as subcellular imaging and spectrosco-
py, including measurements of bacterial and mammalian cells,”®
viral infected bacteria,”” lipid light harvesting in plants,*’ PHB
production by bacteria,®" and nanoparticle-cell interactions.**
Other investigations have involved mineral and protein in
bone,* single microdroplets containing aggregation-prone
proteins,”* and protein aggregation/secondary structure,*”*°
including links between amyloid aggregation and neuro-
degenerative disease.’” In this section, we will overview some
of these research areas where the use of AFM-IR spectroscopy
and imaging brings new insights and complementary analysis.

3.2.1. Biodiesel Production. The AFM-IR technique is
providing new insights into the nanoscale production of biofuel
precursors via microorganisms. AFM-IR is specifically able to
look inside cells and measure and map the distribution of
triglyceride vesicles with nanoscale spatial resolution. This
mapping and associated spectroscopy is providing researchers
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Figure 21. (left) Scheme of the triacylglycerol molecule composed of 3 fatty acids and glycerol backbone. (right) In black, FT-IR spectrum of the
triacylglycerol molecule showing the CH-stretching modes of CH, and CH; vibrations (3000—2850 cm™"), the ester carbonyl at 1740 cm™ and the
fingerprint region (1500—1000 cm™). In red, FT-IR spectrum of Streptomyces coelicolor, showing O—H and N—H stretching modes (3500—2800
cm™"), CH-stretching mode (3000—2850 cm™"), amide I and amide I bands (around 1650 and 1540 cm™, respectively), stretching P=0O modes of

PO, phosphodiesters (antisym at 1240 cm™" and sym at 1080 cm™') .

new tools to understand and optimize emerging techniques for
biofuels production.

Biodiesel is an attractive alternative energy source to the
petroleum-based diesel fuel. It is usually produced from
renewable biomass by trans-esterification of triacylglycerols
(TAG)*® from plant oils. Even if biofuels have benefits versus
fossil fuels (less toxic), they are often criticized since they use
agricultural land that could be used for food production. As an
alternative, producing bio-oils by fermentation of oleaginous
microorganisms constitutes an appealing alternative to the use
of agricultural lands. The first attempts to engineer biofuel-
producing microbes focused on well-known organisms such as
yeasts and E. coli.*’ """ More recently, biologists also studied
some other microbial species (Streptomyces) well-known for
their ability to grow at an industrial scale and to degrade
agricultural waste.”>””*

Finally, the most explored microorganisms are yeast, fungi,
microalgae, and Streptomyces.%_97 Now there is an intense
effort to find the best triacylglycerols accumulator. This effort
has pushed researchers to find quick and quantitative methods
to estimate the TAG production microbial cultures. Usually
lipid quantification is carried out by gravimetric methods that
are time-consuming and need a significant amount of biomass.
Recently Fourier transform infrared (FT-IR) spectroscopy
appeared as an alternative method.”*™'*’ Triacylglycerols are
composed of three fatty acids chain bound to a glycerol
molecule (Figure 21). The infrared spectrum of this compound
is well-known and shows specific infrared bands. Specifically,the
CH-stretching bands characteristic of fatty acid chains,
particularly 2912 cm™ CH, antisymmetric stretching and
2849 cm™' CH, symmetric stretching, as well as the C=0
ester stretching band at 1727 cm™. By comparison to a
Streptomyces coelicolor spectrum (Figure 21), most of the TAG
bands are overlapping and only the ester band is significant. As
a consequence, the presence of the ester band in a biosample
spectrum will be an indicator of the TAG production.
Moreover, as the amide I band (1638 cm™) represents the
protein signature of the biomass, the ratio of ester and amide
gives directly a quantitative estimation of the lipid production.
As the FT-IR analysis is fast and does not require a large
amount of biomass, the study of a particular microorganism
cultures can be extensively performed over hundreds of
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different strains. Even this kind of analysis gives researchers a
good insight into the global production of TAG but does not
allow a detailed understanding of the localized production
process within bacterial cells.

The AFM-IR technique, however, gives direct insights into
the TAG accumulation directly inside the cell, down to the
scale of individual nanosized TAG vesicles. The knowledge of
the local accumulation can give compelling information about
the metabolic process of the cell. An additional advantage of the
AFM-IR technique is the ability to detect the absorption under
the surface of the sample and even for samples thicker than
micrometer. Figure 22 shows different examples of TAG
detection inside different microorganisms (Streptomyces, yeast,
microalga) and their corresponding spectra. Usually the TAG
accumulation is not diffuse into the body of the microorganism
but stored in a vesicle. In all IR mapping (1740 cm™"), we can
identify clearly the absorption of the vesicles. Most of the time
the vesicles have a round shape stabilized by a protein shell
(1650 cm™). The vesicle size depends on the organism and
species (e.g, 100 nm to 1 ym for Streptomyces and up to 2 ym
for microalga). The infrared spectra of the vesicles look highly
similar, the presence of the ester carbonyl identifying the TAG
associated with the amide I band corresponding to the proteins
surrounding the vesicles. For the larger vesicles of microalga,
the amount of TAG is so big that the amide I is just a shoulder
on the side of the ester carbonyl. One can notice the ability of
the technique to detect big vesicles buried deeper under the
surface (diameter of microalga are around 2 ym) due to the
intense expansion produced. This ability is really unique in the
infrared near-field domain, as scattering s-SNOM (scattering
near-field microscopy) or TERS (tip enhanced Raman
scattering) can probe only a few nanometer around the AFM
tip, leading this type of study to not detect any TAG signal
coming from the vesicles.

By doing statistical analysis of one specific culture at a
specific time, it is possible to obtain the distribution of the
vesicles production.'”" This type of analysis can be used to
compare the distribution in function of time or can be used to
compare different strains at the same time. This type of
approach is complementary with GC/MS, proteomic, and FT-
IR for providing understanding of the metabolism of
Streptomyces. This type of research is expanding through
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Figure 22. AFM topography, AFM-IR map at 1740 cm™" revealing the presence of TAG (triacylglycerol), and AFM-IR spectroscopic measurements
of the corresponding TAG vesicles. The samples are respectively from the top to bottom: the bacterium Streptomyces, the yeast Yarrowia, and the
microalga Parachlorella Kessleri. This comparison clearly shows that the amount of TAG produced by the alga is really huge, as the vesicles have the
biggest size (more than 2 ym) and as spectra show an ester carbonyl band so intense that the amide I is seen as a small shoulder on the side (ratio

about 8).

ongoing collaborations and is expected to provide key insights
into biofuel production mechanisms.

3.2.2. Single Cells and Infrared Tags. The subdiffraction-
limited spatial resolution of AFM-IR is really attractive for cell
studies. Conventional IR microspectroscopy is extensively used
for biomedical applications,mz_104 including imaging cells. This
interest has grown recently in part due to the integration of
synchrotron IR sources with IR microspectroscopy and due to
improvements in IR detectors.'*'* Infrared spectra can detect
the cell type, physiological status, disease state, and even
environment reactions of the cell or a specific organelle.
Despite these advances, many biological phenomena like
protein production in the endoplasmic reticulum, chromatin
transformation in the nucleus, or degradation in lysosome occur
on length scales well below the resolution limit of conventional
IR microspectroscopy. There is a strong push to achieve a
better spatial resolution than conventional FT-IR microscopes.
Organelles are typically detected in cells through the use
fluorescent microscopy (around 200—500 nm resolution), but
this approach requires staining with fluorescent markers. S.
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Clede et al. have demonstrated an interesting method for
detecting organelles by IR'”" that avoids the limitations of
staining, but it is constrained by the spatial resolution limitation
of the conventional IR microspectroscopy, with a minimum
pixel size of >3 ym. AFM-IR can achieve spatial resolutions
better than 50 nm, leading to much finer IR mapping of
organelles and more highly resolved spectra. Figure 23 shows
topography and the IR map of a fixed MCF-7 cancer cell for
amide I band (proteins) and phosphate band (DNA, RNA)
with a pixel size of 130 nm. These measurements were made
with cells incubated on a CaF, window. This window is then
placed on a CaF, prism followed by illumination by IR
radiation from below via a total internal reflection scheme. This
illumination scheme can probe the full thickness of the sample
as light is effectively coupled from the prism into the cell. To
avoid reflection losses from air interfaces between the CaF,
prism and window, a thin oil film is deposited between the
prism and the window as an index matching layer. A deuterated
oil was selected to avoid overlapping absorption bands with the
regions of interest in the sample.'%"
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Figure 23. AFM-IR analysis of MCF-7 breast cancer cell. (A) AFM topography of a fixed MCF-7 cell. (B) Corresponding AFM-IR map at 1650
cm™" (amide I band vibration) related to the protein concentration. (C) Corresponding AFM-IR map at 1080 cm™ (symmetrical P=0, stretching
vibration) related to the DNA and RNA distribution. (D) Corresponding AFM-IR map at 1925 cm™, revealing the infrared probe (metal—carbonyl)
presence. This specific map is different from the other maps and indicates without ambiguity the location of the molecule of interest.

/]

Figure 24. Correlative AFM-IR and fluorescence analysis. (left) AFM topography of a breast cancer cell MCF-7 fixed and air-dried. (middle) AFM-
IR mapping at 1920 cm™" corresponds to mestranol location (metal—carbonyl infrared probe). (right) Fluorescence imaging where bright field
image is merged with nucleus (DAPI, blue) and luminescence of the Scompi probe (green). The white line follows the contour of the cell as an
indicator. The AFM-IR signal and fluorescence signal are perfectly correlated, but the sensitivity of the AFM-IR makes its location more contrasted
into the cell. Reprinted with permission from ref 108. Copyright 2013 The Royal Society of Chemistry.

The advantage of the AFM-IR spatial resolution has also
been shown by the group of C. Policar (ENS Paris) on cancer
cell studies. This group has specific expertise in click chemistry,
and they have combined the properties of an organometallic
molecule (rhenium—carbonyl) with a hormone structure to
verify that the concentration of this compound was mainly
located inside the nucleus of human cancer cells (MDA-MB-
231). One of the interesting properties of this particular metal—
carbonyl is that it has two characteristic infrared absorption
bands at 1925 and 2017 cm™". These bands are conveniently
away from other common absorptions in biological materials,
so this molecule can act as a very effective small molecule
tag,109 enabling the location of the molecule of interest via
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detection and imaging of IR absorption bands at 1925 and 2017
cm™". Using this kind of approach the location of molecules of
interest after treatment and fixation of the cell culture can be
determined without ambiguity (Figure 23).

Fluorescence microscopy is the most commonly used
technique for biochemically specific optical imaging because
of its spatial resolution and the numerous variety of tags
available to label specific target molecules. The group of C.
Policar has developed a bimodal probe that allows localization
by both IR and visible light excitation. This has been achieved
by clicking the recarbonyl molecule to 4-(2-pyridyl)-1,2,3-
triazole to add visible light luminescence, while preserving the
recarbonyl IR absorption bands mentioned above. This new
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Figure 25. AFM-IR analysis of Osteon sample. (Top) AFM map of 60 ym from the osteon center with markers indicating where AFM-IR spectra
were obtained. (Center) Image showing a map of the ratio of 1044/1660 cm™, corresponding to the ratio mineral/protein reveals a higher
concentration of protein close the center of the osteon. (Bottom) Intensity ratio of the 1044/1660 cm™' AFM-IR spectral bands along a line
extending from the osteon center (top). Reprinted with permission from ref 83. Copyright 2014 Springer.
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Figure 26. AFM-IR analysis of skin sample. (A) AFM-IR map at 2930 cm™" of the CH, stretching vibration used to localize the lipids.(B) AFM-IR
map at 3290 cm™" of the NH stretching used to localize the protein. (C) Corresponding ratio image 2930/3290 cm™, revealing the region of high
lipid concentration (red arrows). (D) AFM topography of the corresponding stratum corneum sample. Reprinted with permission from ref 110.

Copyright 2013 John Wiley and Sons.

molecule, called SCoMP], is a powerful tool to make IR-visible
correlative imaging.'*® Figure 24 shows a topographic image of
a cancer cell (left), an AFM-IR absorbance image (center), and
a visible light luminescence emission (right) of the same cell.
The visible image at the right shows the region in blue that
corresponds to the cell nucleus stained by conventional DAPI
fluorescent staining as well as the distribution of the mestranol
hormone (shown in green), as detected by AFM-IR via the
recarbonyl absorption. The luminescence emission from the
SCoMPI tag in the visible comes from exactly the same location
on the cell as the IR absorption, but the AFM-IR image reveals
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significantly tighter localization due to the detection of the IR
absorption with the AFM tip in a manner than is not limited by
convention optical diffraction limits. With this study, we clearly
see that the mestranol penetrates into the Golgi apparatus, but
the concentration seems too small to be detected into the
nucleus. This example shows that the correlation of IR and
visible images is a powerful technique that combines the high
resolution of the AFM-IR to detect the molecule of interest and
organelle identification done by the fluorescence technique.
With the increase of the sensitivity of the AFM-IR technique,

DOI: 10.1021/acs.chemrev.6b00448
Chem. Rev. 2017, 117, 5146—5173


http://dx.doi.org/10.1021/acs.chemrev.6b00448

Chemical Reviews

Review

300
250
200
150
100
50
0

Figure 27. AFM-IR analysis of 2 virgin hair thin sections. (left) AFM topography of hair thin section, where the cortex and the cuticle are clearly
distinguished by their different morphology. White arrows indicate the location of the cell membrane complex of the cortex, black arrows indicate the
location of the endocuticle, and a blue arrow shows the location of a nuclear remnant. (left) Corresponding IR map at 2934 cm™ (CH,
antisymmetric stretching band) revealing regions of high concentration of lipids (in red). Sample courtesy of L. Bildstein, L'OREAL France.
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Figure 28. AFM-IR analysis of a delipidised hair thin section. (left) AFM topography where white arrows indicate the location of the cell membrane
complex of the cortex, black arrows indicate the location of the endocuticle, and a blue arrow shows the location of a nuclear remnant. (right)
Corresponding IR map at 2934 cm™" (CH, antisymmetric stretching band) showing where the lipids are concentrated (red). Sample Courtesy of L.

Bildstein, L’'OREAL France.

the goal is now to detect very low concentration of hormones
typically under 1 yM.

3.2.3. Tissue. AFM-IR has also been used on various tissue
samples, including bone, skin, and hair, revealing the
distribution of lipids, proteins, minerals, and chemical additives.
In the case of calcified tissue, the AFM-IR technique has been
used by S. Gourion-Arsiquaud et al.*® to map the relative
distribution of biopolymer versus mineral in the complex
structure of bone. As shown in Figure 25, the researchers in this
study used AFM-IR imaging and spectroscopy of an osteon
region of bone to quantify the mineral concentration (via the
phosphate band at 1044 cm™) versus the biopolymer matrix
concentration (via amide I band associated with protein
absorption at 1660 cm™'). The relative amounts of mineral
and protein can be determined by the ratio of these two
absorption bands. Mapping this ratio as a function of distance
from the osteon center reveals an increased relative
concentration of biopolymer close to the blood supply at the
osteon center that decreases moving away from the center.

C. Marcott et al. have used the AFM-IR technique in
collaboration with L’Oréal to provide nanoscale chemical
mapping on human tissue like skin and hair."'" In these
research areas, there is a strong interest in the mapping of
various biomolecules as well as detailed understanding of how
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and where various skin and hair treatments penetrate into and
localize within the target material. There is high interest in
chemical composition and mechanical properties of such tissue
especially related to understanding how to optimize how drugs
and other treatments interact with hair or skin.

In one study, AFM-IR was used to study samples of human
stratum corneum, the outermost layer of the epidermis. The
main role of this layer is to act like a barrier against foreign
substances. The stratum corneum is composed of corneocytes
cells inside an intercellular lipid matrix. Corneocytes are cells
without nuclei filled with keratin filaments, amino acids, and
other small molecules. It is commonly believed that the drugs
can penetrate the stratum corneum only through the thin lipid
matrix. The possibility to map precisely the distribution of
lipids around the corneocytes cells will give an important
knowledge to better understand how the drugs pass the stratum
corneum barrier.

In the work by Marcott et al, AFM-IR was used to map the
distribution of protein and lipids on a microtomed section of a
human abdominal skin (Figure 26). To detect the concen-
tration of lipid on the layer, two different IR maps have been
recorded: one at 3290 cm™' centered on the amide A band
(NH stretching) of protein and the other at 2930 cm™" (CH,
antisymmetric stretching) more characteristic to the long
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Figure 29. AFM-IR analysis of Josephin protein aggregation. (a) AFM topography of the protein aggregation showing fibrillar and oligomeric
structures. Corresponding infrared absorption map at (b) 1700 cm™, (c) 1655 cm™, and (d) 1430 cm™', with the scale bar at 1 ym. Spectra of
amyloid structures: () misfolded oligomer labeled 1, 2, 3 in (a) show a strong absorption at 1655 cm™" compared to 1700 and 1430 cm™, and (f)
fibrils labeled a—f in (a) show the opposite behavior linked to the f-turn concentration increase. Reprinted with permission from ref 86 under
Creative Commons Attribution 4.0 International License. Copyright 2015 Nature Publishing Group.

hydrocarbon chains. The IR absorbance image ratio of these
two wavenumbers point out the region where the lipids are at
the highest concentration. First, these locations are all found at
the periphery of the corneocytes cells as was predicted, but
interestingly, the lipid concentration is not uniform throughout
the matrix and seems to have specific regions of high
concentration. This part of the study is a first step and shows
the ability to obtain relevant information at the hundred-
nanometer scale, suggesting the utility of the AFM-IR
technique for drug penetration studies.

C. Marcott et al. in collaboration with L’Oréal have also
characterized the lipid distribution thin cross sections of natural
hair with AFM-IR.'"! In this work, the researchers found that
the medulla has the highest lipid concentration compared to
the cortex or the cuticle. But these lipid concentrations are not
homogeneous and show high concentrations in the intercellular
spaces of the cortex. On the basis of these first results showing
the efficiency of AFM-IR, L. Bildstein et al. showed the
differences between lipid distribution for a virgin and
delipidized hair coming from the same batch of hair. Figure
27 shows topographic and IR absorption images of two thin
sections of the reference hair (untreated). AFM-IR absorption
was measured at 2934 cm™' (CH, antisymmetric stretching
corresponding to the lipid). The study clearly detected the lipid
concentration in the CMC (cell membrane complex) of the
cortex (white arrow) and in the endocuticle (black arrows) with
a better resolution (around 20—50 nm), moreover, the nuclear
remnants are easy to identify (blue arrow) in the cortex and
displayed also a very high lipid concentration. The delipidiza-
tion impact on the hair is clearly put in evidence in Figure 28.
The lipid concentration in the cuticle has diminished (light
green) and the endocuticle shows no strong lipid absorbance
(black arrows), while the lipids in the cortex (CMC, white
arrows) have not been really affected by the solvent extraction
(chloroform/methanol mixture). This study of delipidization of
the hair tissue at this scale is unprecedented in terms of
chemical analysis of complex tissue. The AFM-IR absorbance
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images clearly provide a better understanding at the nanometer
scale that the delipidization process has only removed most of
the lipids in the cortical CMC and that the nuclear remnants in
the cortex are not really affected by the lipid extraction process.

3.2.4. Protein Aggregation and Secondary Structure.
AFM-IR has also been used to study protein aggregation and
secondary structure, with the specific goals of providing new
insights into diseases related to protein misfolding. Aggregation
of proteins has been extensively studied, particularly the fibrillar
protein aggregates called amyloids which seem connected to
neurodegenerative diseases like Parkinsons, Alzheimers, and
Huntingtons. In nature, not all amyloids’ forms are pathological
and in fact can be functional."">""* As such understanding of
the aggregation process and their consequence in the organism
is essential to predict and cure disease.

Amyloids are the result of monomeric protein aggregation
that transforms their internal arrangement, leading to a fibril
form with a characteristic #-sheet structure. This conformation
is completely different from the monomeric one and is usually
difficult to disassemble. Strong evidence exists indicating that
the toxicity and the pathological properties come from an
intermediate form of fibrils rather than the amyloid itself.
Moreover, one of the important questions is to know if the f-
sheet is the consequence of the aggregation or initiates it. All
these aspects show that the problem is not easy and seems to
be at the early stage of comprehension, which is why it is
important to develop effective experiments and powerful tools
to be able to characterize precisely the protein aggregation. F.S.
Ruggeri et al. have used the AFM-IR technique because of its
ability to acquire nanometer scale infrared spectra.’® The
researchers have worked on a specific protein, the Josephin
domain of the ataxin-3 responsible for the spinocerebellar ataxia
of type 3. The current hypothesis is that this protein seems to
not unfold before aggregation but unfolds only at an advanced
stage. As there was previously no way to investigate the
intermediate structures that precede the formation of the final
fibrils, the AFM-IR technique looked to be a perfect approach.
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Figure 30. AFM-IR measurements of an amorphous solid dispersion of drug/polymer blend consisting the drug itraconazole (IZT) and polymer
hydroxypropyl methylcellulose (HPMC). (a) AFM topographic image and (b) AFM-IR spectra obtained from a 10% drug/90% polymer blend film).

Colored markers on the (a) AFM image indicate locations where the spectra (b) were obtained. The ITZ drug has an IR absorption at 1700 cm™

1

that allows identification and mapping of the drug. (c) AFM topographic image and (d) AFM-IR chemical image of a 30%/70% drug/polymer
formulation. The IR absorption image at 1700 cm™" allows clear visualization of the phase separation between polymer and drug. Reprinted from ref

61. Copyright 2015 American Chemical Society.

Indeed, infrared spectroscopy is well-established as a powerful
technique for investigating the secondary structure of proteins.
The broad amide I band shape, in particular, consists of the
superposition of the carbonyl stretching vibrations of various
backbone peptide group conformations related to the hydrogen
bonding pattern (a-helix, random coil, a-turn, f-sheet, f-turn,
etc.). The Josephin domain amide I band contains major
contributions from a-helix and random coil conformations.*®
Any change in the infrared spectral band contour of the amide I
band will be a good indication that misfolding has occurred.
Figure 29 shows a sample after 7 days of incubation with both
fibrillar and oligomeric structures present within the field of
view. The researchers measured infrared spectra in the 1800—
1300 cm™' range on a bundle of fibrils of 150 nm thick and
some 100 nm size oligomeric assemblies. The infrared spectra
confirm that fibril and oligomer have a different secondary
structure but one that is also different from the native Josephin
domain. In both cases, the fibril and oligomer show stronger
absorption at 1700 cm™ (f-turn) and 1400 cm™" than for the
native form. At this point, it is hard to clearly detect the fS-sheet
around 1625 cm™), as the fibril is not a single fibril but rather an
average of hundreds probably in different states of maturation.
However, the full results demonstrate the possibility of
investigating for the first time the aggregation pathway of the
Josephin domain of the ataxin-3, revealing the intermediate
nature of the oligomers. This work is the first step toward very
challenging studies in biochemistry showing how nanoscale
infrared spectroscopy is a useful tool for protein secondary
structure analysis.”> Other recent work by the same group
investigated fibrillar aggregates of the first exon of Huntington
protein (Exonl) at the single molecule and nanometer scale.’
AFM-IR chemical images and nanoscale IR absorption spectra,
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along with nanoscale morphological and mechanical property
analysis are providing new insights into protein aggregation and
toxicity in neurodegenerative diseases.

3.2.5. AFM-IR in Pharmaceutical Sciences. AFM-IR has
been used to study various drug formulations, especially drug
polymer blends.””~® In pharmaceutical sciences, properties like
composition, miscibility, dispersion, phase segregation, and
crystallinity can all affect the efficacy and stability of a drug
formulation. IR spectroscopy has been widely used in the
pharmaceutical sciences for decades, whereas AFM applications
have been emerging in recent years. AFM-IR, in combination
with related AFM techniques of nanothermal analysis and
nanomechanical analysis is providing new correlative measure-
ment analyses to address critical problems in pharma. AFM-IR
analysis of drug-polymer blends is providing key insights into
drug dispersion, phase segregation, and crystallinity, all of
which can affect bioavailability and efficacy of a drug. The
Taylor group at Purdue has demonstrated the ability to
visualize the distribution of chemical coméponents in drug/
polymer formulations.”” ™" In one study,”” telaprevir-based
drug-polymer systems were investigated by AFM-IR at different
drug-to-polymer ratios and for three different polymers:
HPMC, HPMCAS, and PVPVA. AFM-IR analysis of drug-
polymer blends is providing key insights into drug dispersion,
phase segregation, and crystallinity, all of which can affect
bioavailability and efficacy of a drug. Another study investigated
felodipine—poly(acrylic acid) (PAA) blends and revealed
submicron domains of an amorphous felodipine-rich phase
within a continuous phase rich in PAA.>® The Taylor group also
explored binary blends of poly(vinylpyrrolidone) (PVP) with
dextran or maltodextrin of varying molecular weights. AFM-IR
evaluation of the blends provided information about the
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dependence of polymer molecular weight on chemical
composition of the different phases. Another recent study has
combined AFM-IR and related AFM-based techniques
including nanothermal analysis and nanomechanical spectros-
copy to investigate miscibility, phase separation, and local glass
transition temperatures of the drug telaprevir with three
different polymers and different drug loadings.*

Figure 30 shows an example of AFM-IR measurements of a
drug/polymer formulation of the drug itraconazole (IZT) and
polymer hydroxypropyl methylcellulose (HPMC). By obtaining
AFM-IR spectra at different locations on the sample, it was
possible to identify different regions as being rich in the IZT
drug or rich in the HPMC polymer. Tuning the AFM-IR laser
to a specific absorption of the drug, allowed mapping of the
relative distribution of the drug. This analysis enabled the
visualization of phase segregation between the drug and
polymer domains.

Similarly, Figure 31 shows AFM-IR measurements of
nanocrystals of an antifungal drug Griseofulvin (GV) dispersed

Topography

Spectral Absorbance

o

Figure 31. AFM-IR analysis of Griseofulvin (GF) particles dispersed
in hydroxypropyl methylcellulose (HPMC). (a) AFM topographic
image showing the broad GF particle size distribution. (b)
Simultaneously obtained AFM-IR chemical image illuminated at
1625 cm™’; blue indicates low infrared absorptivity, and pink, yellow,
and red indicate areas of GF. Reprinted from ref 59. Copyright 2013
American Chemical Society.

in the polymer hydroxypropyl methylcellulose (HPMC).>” The
AFM-IR chemical map at a characteristic absorption of the drug
GV at 1625 cm™" (corresponding to the C=C bonds in GF)

enables precise mapping of the regions of high concentration of
the drug. Drug nanoparticles as small as 90 nm were observed.
AFM-IR measurements were also used to estimate the particle
size distribution of the GV nanoparticles with good agreement
to dynamic light scattering measurements.

3.3. Other Applications of AFM-IR

AFM-IR is being used in many other diverse areas, including
investigation of metal organic frameworks (MOFS),""* perov-
skite solar cells,"'>''® photonics and plasmonics,"'” ">
quantum dots'**'** and semiconductor electronic devices,"
pharmaceuticals,’’ ™ and cultural heritage."”” This section
overviews some of these investigations.

3.3.1. Perovskite Solar Cells. Perovskite solar cells are an
area of intense research focus in recent years. Perovksite solar
cells most commonly employ a hybrid organic—inorganic lead
or tin halide-based material as the light-harvesting active
layer."*® Perovskite materials such as methylammonium lead
halides are especially provoking increased research interest due
to simple manufacturing, low production costs, and dramati-
cally increasing solar cell efficiencies. Perovskite solar cells for
example achieved >22% efficiency in 2016 after only 4 years of
development, making it the fastest-advancing solar technology
to date."**'*” One of the key issues regarding solar cells is their
stability over time. AFM-IR has specifically been used to look at
two issues related to perovskite solar cells, including
annealing''® and electromigration.116 Figure 32 shows an
example AFM-IR measurement performed on perovskite solar
cells. The images show a cross-section across the anode/
cathode region of the cell where the AFM-IR absorption
measurement is tuned to an absorption of the methylammo-
nium ion at 1468 cm™'. AFM-IR absorption images clearly
reveal changes in the local concentration of the methylammo-
nium ion due to electromigration when the cell is placed under
high bias.

3.3.2. Photonics and Plasmonics. AFM-IR has also been
used to perform measurements on plasmonic micro- and
nanostructures.''’~'*' Research in the field of plasmonics has
been motivated by the desire to achieve strong localization of
electromagnetic fields in the mid-IR and other wavelength
regions, for example, to enhance performance of light sources
and detectors, as well as enhanced sensors. The Centrone
group at NIST fabricated resonant nanostructures for surface-
enhanced infrared absorption (SEIRA) applications.''”'****

6

-1
AFM-IR absorption images at 1468 cm (CH3 asym. def.)

Figure 32. AFM-IR visualization of electromigration in a perovskite solar cell. Images show AFM-IR absorption at 1468 cm™

After AV=80V, 100 s

80V, 200 s

!, corresponding to the

CH, antisymmetric stretching of the methylammonium ion. (left) Before application of a voltage across the anode/cathode; (center) after 80 V at
100 s; (right) after 80 V, 200 s. Note the increasing concentration of the methylammonium ion near the cathode after the voltage bias was applied.
Adapted with permission from ref 116. Copyright 2015 John Wiley and Sons.
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Figure 33. (a) AFM-IR spectrum and (b—f) AFM-IR absorption images taken on split ring resonators designed for surface-enhanced infrared
absorption (SEIRA) applications. All scale bars are 500 nm, and the white arrow in (a) indicates the direction of the electric field of the incident
radiation. Reprinted with permission from ref 119. Copyright 2014 John Wiley and Sons.
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Figure 34. AFM-IR investigation of local surface plasmon resonances in InAs micropillars. The images show AFM-IR intensity maps at two different
wavelengths, (a) 5.75 um and (b) 6.25. The arrow indicates the direction of the incident E-field. Reprinted from ref 118. Copyright 2013 AIP

Publishing.

These nanostructures are designed to exhibit resonances at
specific target wavelengths and hence enhance the strength of
the incident radiation at the resonant wavelengths. Figure 33
shows measurements on the example SEIRA substrates
measured by the Centrone group, including the pattern of
dissipation within the plasmonics resonators at different
wavelengths. The NIST group has also measured samples
coated with thin layers of PMMA to visualize the field
enhancement outside the bounds of the metallic plasmonic
structures. > >

AFM-IR has also been used to investigate localized surface
plasmon resonances in InAs micropillars."'® These structures
have been studied by far field techniques, but both the
structures and the distribution of the plasmonic enhancement
have features that are well below the diffraction limit of
conventional IR microspectroscopy. As such, conventional
techniques can only provide far-field measurements of the
spatially averaged enhancement. AFM-IR, however, can provide
spatial resolution to the nanometer scale and hence provides a
window to examine these structures and the enhancement/
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dissipation patterns on length scales that are well below the
diffraction limit of conventional IR microspectroscopy.

Figure 34 shows examples of AFM-IR maps of InAs
micropillars excited at different wavelengths. When excited at
a resonant wavelength Ohmic heating of the semiconducting
pillars results in a detectable thermal expansion signal.

While the previously mentioned publications measured the
ohmic dissipation within conducting portions of plasmonics
structure, it is also possible to use AFM-IR to visualize local
field enhancements created by the plasmonic structures.
Because the absorption enhancement is proportional to the
local electric field, such AFM-IR maps enable on to qualitatively
visualize the electric field extending outside the resonators. The
Centrone group at NIST have applied thin polymer films on
top of plasmonics resonators to act as a local “reporter” of the
electric field distribution."”*'** When the plasmonic resonant
structure is excited by the IR light, the local electric field is
strongly enhanced in specific locations in the structure
proximity, leading to a local increase in the amount of IR
energy absorbed by the polymer coating. Because the AFM-IR
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Figure 35. AFM images (3, ¢, e, and g) and AFM-IR absorption images (b, d, f, and h) of various configurations of plasmonic resonators coated with
a thin film of PMMA. The AFM-IR images show the extent and amount of field enhancement provided by the resonators when illuminated at 8.75
pum. Response spectra for various resonators are shown in (i). The inset in (i) quantifies the amount of field enhancement for different resonator
configurations. (See ref 120 for details of resonator configurations.) Reprinted from ref 120. Copyright 2016 American Chemical Society.
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Figure 36. Nanochemical and nanomechanical investigations of a semiconductor device including copper conductors, low-k interlayer dielectric
(ILD) films, and Ta/TaN barrier films. (A) Schematic diagram of a cross section of the structure. (B) AFM topographic image of the top surface of
the device. (C) AFM-IR spectra collected at different regions of the sample. Note the colors of the spectra correspond to the colors of the markers in
(B) and reveal spectroscopic differences between the narrow and wide ILD lines. (D) Complementary correlative measurements of topography
(top), IR absorption (middle), and stiffness (bottom, via contact resonance frequency measurement.) Reproduced by permission of from ref 126.

Copyright 2016 The Electrochemical Society.

signal is proportional to the local absorbed energy, the stronger
thermal expansion signal (with respect to bare polymer)
detected by the AFM in correspondence to the absorption
hotspots can be used to quantify the local electric field
enhancement provided by the resonant structure. Figure 35
shows AFM images and corresponding AFM-IR absorption
images and absorption spectra of various configurations of
resonators coated with a thin layer of PMMA. Because the
measurements in Figures 31—33 map the dissipation or local
field enhancments on scales well below conventional optical
resolution limits, these measurements can provide critical
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insights into the performance and omptimization of plasmonic
structures.

3.3.3. AFM-IR in Semiconductors. AFM-IR has also been
used for applications in the semiconductor field, measurements
of quantum dots,"**'** plasmonic semiconducting micro-
particles,"'® GaAs phonon absorption, and mid-IR absorption
of thin SiO, microdisks,"'” as well as the in situ analysis of
materials for interlayer dielectrics in semiconductor electronic
devices.'* Figure 36 shows example AFM-IR measurements on
the surface of nanoelectronic contacts in a patterned semi-
conductor device, including Cu damascene conductors
surrounded by an insulating low-k SiOC:H dielectric."*® The
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Figure 37. Nonlinear optical microscopy, AFM topography, and AFM-IR spectroscopic measurements of fibrillar collagen and gelatin samples. (A)
Second harmonic generation optical microscopy highlights fibrils of collagen. (B) AFM topography image of fibrillar collagen sample with markers
showing where (C) AFM-IR spectra were obtained. These AFM-IR spectra show expected amide I and II bands associated with the collagen protein.
(D) Two photon fluorescence highlighting concentration of gelatin. (E) AFM image of gelatin sample showing markers where (F) AFM-IR spectra
were obtained. The AFM-IR spectra show an additional peak at 1725 cm™" that is not present in the collagen sample. As such, this absorption peak
can serve as an indicator for the presence of gelatinized regions in parchment samples. Reprinted with permission from ref 127. Copyright 2016

Nature Publishing Group.

study included nanoscale chemical analysis by AFM-IR as well
as complementary nanomechanical analysis. Interestingly, this
investigation revealed differences in the chemical composition
of the SiOC:H dielectric material on the width and thickness of
the patterned dielectric line. Specifically, AFM-IR measure-
ments in Figure 36C revealed differing band ratios between the
antisymmetric methyl stretching band at 2968 cm™" versus the
antisymmetric methylene stretching band at 2924 cm™". Similar
spectral differences were also reproducibly observed in other
regions of the spectrum. The study also performed correlative
measurements of the chemical composition via AFM-IR
absorbance imaging with 2960 cm™' laser excitation and
measurements of the local stiffness via contact resonance AFM
techniques using Lorentz Contact Resonance AFM."*°

3.3.4. AFM-IR in Cultural Heritage. Another very
promising application for AFM-IR is the field of cultural
heritage, specifically the chemical analysis of historic artworks.
There is intense interest within this community to understand
the chemical details of materials used in specific works of art
and to best understand mechanisms of degradation with the
goal of better preservation and restoration. Gelatinization is a
term commonly used for parchment degradation, and it refers
to denaturation of collagen into gelatin, where the triple helix is
dissociated. Unfortunately, little is known about the actual
transformation process in parchments and the factors that
influence it. AFM-IR and complementary optical techniques are
providing new tools to study this denaturation process at the
micro- and nanoscale. IR spectroscopy is used to examine
collagen secondary structure in parchment and can be used to
provide evidence of gelatinization.127 However, the degradation
process and the scale of fibrils (~100 nm) are below the
diffraction limit of conventional IR microspectroscopy. AFM-
IR, on the other hand, can be performed on individual fibrils to
map the degradation process on relevant length scales. In
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addition to the ability to perform nanoscale chemical analysis,
AFM-IR has a specific advantage for cultural heritage
applications as it requires only extremely small amounts of
materials for analysis, a big advantage for irreplaceable pieces of
art.

In this light, G. Latour et al."”” have used the AFM-IR
technique combined with nonlinear optical microscopy (NLO)
to characterize the degradation of an historical parchment.
Parchment is manufactured from animal skin and contains
mainly fibrillar collagen (type I). For these experiments, several
types of samples were studied, including untanned skin, a
parchment sample of unknown origin, and actual fragments of a
17th century parchment marine map. As a control, reference
samples of pure fibrillar collagen and gelatin were also prepared,
representing the degraded state of collagen. All samples were
studied using the AFM-IR technique and complementary
nonlinear optical techniques, including the second harmonic
generation and two-photon fluorescence.

Figure 37 shows nonlinear optical analysis and AFM-IR
spectra of the reference samples of fibrillar collagen and gelatin
samples. The fibrillar collagen spectra possess an amide I band
characteristic of the protein carbonyl vibration and an
associated amide II band due mainly to bending of the N—H
bond. The spectra of the reference gelatin sample show an
additional carbonyl absorption band around 1740 cm™'. This
band can thus act as a marker for the gelatinization of collagen
in actual parchment samples. As a test of this, a portion of a
parchment sample was intentionally gelatinized through
immersion in water. AFM-IR measurements detected a similar
band (~1725 cm™) on the intentionally degraded parchment
sample. These carbonyl bands in the 1700—1750 cm™ range
seem to be related to the degradation of the fibrillar structure of
collagen and probably linked to the many different processes
like acidification, hydrolysis, and oxidation (Figure 38).
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Figure 38. AFM-IR spectra of intentionally degraded parchment. (Right) AFM topography of a tiny thin scrap where the color spots indicate the
location of spectra. (Left) AFM-IR spectra of the amide I region showing bands around 1700 and 1725 cm™' related to the denaturation of the
fibrillar collagen structure. Reprinted with permission from ref 127. Copyright 2016 Nature Publishing Group.

Nonlinear optical microscopy (NLO), also called multi-
photon microscopy, has also been previously applied in cultural
heritage applications."*'™"** In this work, two NLO techniques
were applied, second harmonic generation (SHG) and two-
photon fluorescence. As shown in Figure 37, fibrillar collagen
shows a SHG signature while gelatin shows a two-photon
fluorescence signal. Thus, the degradation of collagen to gelatin
can be tracked via the comparison of these two NLO
signals." %

Next, a tiny scrap from a 17th century maritime map was
studied by both AFM-IR and NLO techniques (Figure 39).
The two-photon fluorescence image highlights regions of
gelatinization. By imaging the sample with AFM-IR at the
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Figure 39. (A) Correlative optical microscope, (B) two photon
excitation fluorescence (2PEF) microscopy, (C) SHG microscopy,
(D) AFM topography, AFM-IR map at (E) 1724 cm™ and (F) 1660
cm™! from a 17th century maritime map sample. Arrows in the 2PEF
microscopy image (B) show the hot fluorescent areas in the cluster
and are correlated with the AFM-IR signal at 1724 cm™". Reprinted
with permission from ref 127. Copyright 2016 Nature Publishing
Group.
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carbonyl band previously associated with gelatinization (in this
case at 1724 cm™'), the researchers were able to map the
distribution of gelatin formation with very high spatial
resolution, far beyond the limits of conventional IR micro-
spectrocopy. And in addition to the NLO techniques, the AFM-
IR spectra provide rich potential for analysis of the detailed
chemical nature, for example, via the exact position of the
carbonyl band and the secondary structure based on the
analysis of the amide I band contour. This study, combining
nonlinear optical microscopy and nanoscale infrared spectros-
copy and imaging, is an excellent example of the richness that
correlated analysis of complementary techniques can bring.
Moreover, the ability of the AFM-IR to chemically characterize
a very small amount of sample, is also attractive and makes this
technique a powerful tool for the analysis of museum artifacts.

4. CONCLUSION

AFM-IR has emerged as a compelling new technique for
providing chemical analysis and compositional mapping with
nanoscale spatial resolution. It has overcome major limitations
of the two techniques that it descends from. AFM-IR has
overcome a key limitation of prior AFM techniques, specifically
the lack of broadly applicable chemical analysis capability.
AFM-IR has also overcome a fundamental limit of conventional
infrared spectroscopy, specifically the spatial resolution limits
imposed by diffraction. Combining nanoscale spatial resolution
of AFM and the chemical analysis power of infrared
spectroscopy, AFM-IR is rapidly finding utility and application
in many diverse research areas in materials and life sciences and
in academia and industry.
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