Recent applications of ATR FTIR spectroscopy and imaging to proteins
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Abstract

Attenuated Total Reflection (ATR) Fourier Transform Infrared (FTIR) spectroscopy is a label- free,
non-destructive analytical technique that can be used extensively to study a wide variety of different
molecules in a range of different conditions. The aim of this review is to discuss and highlight the
recent advances in the applications of ATR FTIR spectroscopic imaging to proteins. It briefly covers
the basic principles of ATR FTIR spectroscopy and ATR FTIR spectroscopic imaging as well as their
advantages to the study of proteins compared to other techniques and other forms of FTIR
spectroscopy. It will then go on to examine the advances that have been made within the field over
the last several years, particularly the use of ATR FTIR spectroscopy for the understanding and
development of protein interaction with surfaces. Additionally, the growing potential of Surface
Enhanced Infrared spectroscopy (SEIRAS) within this area of applications will be discussed. The
review includes the applications of ATR FTIR imaging to protein crystallization and for high-
throughput studies, highlighting the future potential of the technology within the field of protein
structural studies and beyond.
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1. Introduction

Our understanding of protein structure and function has advanced dramatically over the last 20
years or so at least in part as a result of the time and effort spent on structural proteomic projects
[1]. Obtaining high-resolution 3D protein structures is essential to gain insights into the mechanism
of action of these important molecules, as well as to provide a potential framework for rational and
targeted drug design. X-ray diffraction is the most commonly used method for determination of high
resolution structures but obtaining well-diffracting protein crystals can be both difficult and time
consuming [2]. As more and more structures are solved the remaining uncharacterised proteins
tend to be those that are the most challenging to work with including multi-subunit complexes,
unstructured proteins [3] and integral membrane proteins [4]. Methods to provide efficient high-
throughput screening of conditions likely to yield diffracting protein crystals would greatly facilitate
studies on the more challenging protein molecules. In addition although X-ray crystallographic
studies can reveal much, such studies produce static snapshots of protein molecules and lack
dynamic information key to understand the conformation changes associated with function.

Many of the most challenging types of proteins are prone to aggregation and unfolding as a result of
the conditions used for isolation and final preparation [5]. Similar problems are known to occur in
the case of biopharmaceuticals such as therapeutic antibodies and antibody fragments [6]. Whilst it
is likely that increases in protein concentration can result in protein aggregation, the effects of the
surfaces that proteins encounter during isolation are far less well understood [7,8]. A much better
understanding of the effects of surfaces on protein behaviour has major implications for the
development of biomedical materials, clinical diagnostics and cellular adhesion [9,10,11]. One
prominent field is the study of the effect of surface properties on proteins which has major
implications in the development of medical devices and implants [9,12]. The ability to understand
the role that a particular surface has on a proteins conformation, in situ would be extremely
valuable.

Infrared spectroscopy, in particular attenuated total reflection (ATR) Fourier transform infrared
(FTIR) spectroscopy, has significant potential as an analytical technique to facilitate both protein
crystallisation studies and investigations on the effect of surface properties on protein behaviour as
well as other key questions related to protein structure and function. This review focuses on the
most recent advances in the field of ATR FTIR spectroscopy to proteins, particularly the development
of ATR FTIR spectroscopic imaging and surface enhanced infrared absorption spectroscopy.

2. ATR FTIR spectroscopy

There are numerous reviews detailing Infrared spectroscopy, therefore only the fundamentals will
be discussed here. Infrared spectroscopy is the study of the interaction of infrared light with matter.
When a beam of infrared light is directed at a sample, the wavelengths absorbed are dependent on
the molecular vibrations of the substance. As such, based on the infrared absorbance of a sample
one can determine both chemical and structural information from a sample. The multiple ways in
which infrared light can be directed at samples and the range of detectors available allows for the
analysis of a wide variety of samples in a range of conditions.



The most traditional method is transmission, where infrared light is passed through a sample
sandwiched between two IR transparent windows. However, since the beam is travelling through
the absorbing sample, this method requires short pathlengths of typically no more than 6 — 10 um
between the IR transparent windows, in the case of aqueous samples. This is particularly important
when aqueous samples are to be studied because water is a strong absorber of IR light; too long a
pathlength would result in all the IR radiation being absorbed by the sample and none reaching the
detector. Reflectance infrared spectroscopy is another method where IR light is reflected off the
external surface of a sample, it is similar to attenuated total reflection except the infrared beam is
not directed through an infrared transparent medium to the sample.

ATR FTIR spectroscopy involves directing the infrared light at an interface between an infrared
transparent material with a high refractive index called the internal reflection element (IRE, e.g. a
prism made of ZnSe, diamond, silicone or germanium) and a sample on the surface of the IRE. The
angle of incidence of the IR beam is greater than the critical angle and as such, total internal
reflection occurs. At the reflecting surface, a standing wave of radiation called an evanescent wave is
established and it is this evanescent wave that interacts with the sample attenuating the infrared
beam of light exiting the IRE. The depth to which the evanescent wave penetrates a sample is
defined by the depth of penetration, the depth at which the evanescent wave is attenuated to 1/e,
shown in Equation 1. This is dependent on the angle of incidence and the refractive indices of both
the prism and the sample. It is typically in the range of 0.5 -2 um although it should be noted that
absorbance information is obtained from the sample beyond this range, as the evanescent wave
probes deeper than the depth of penetration[13]. Since ATR FTIR is inherently a surface layer
technique in that the evanescent wave only interacts with the several micrometer thick surface layer
of the sample, it has advantages for protein studies in particular. In comparison with transmission, it
is much more amenable to the study of aqueous samples in particular and the sample preparation is
generally much simpler.
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3. FTIR spectra of proteins — the amide bands

The use of IR spectroscopy to gain insight into protein structure and behaviour has been continually
developed since the first work on characterising the spectral features of different polypeptide
secondary structures and amino acids [14,15,16]. The infrared spectra of protein exhibit 5
characteristic bands, three of which are known as amide bands. These are most commonly used in
infrared protein studies. The Amide | band, which has the strongest absorption of infrared light, is
found between 1600-1700 cm™. It is primarily caused by stretching vibrations of C=0 coupled weakly
with C-N stretch and N-H bending. The exact band position is determined by the backbone
conformation and the hydrogen bonding pattern within the protein molecule [17]. The Amide Il
band occurs at 1500-1600 cm™ and is mainly derived from the C-N stretch along with N-H in-plane
bending. Lastly, the Amide Ill band is found at 1200-1300 cm™. The vibrations responsible for this
band are a complex mix of N-H bending and C-N stretching along with deformation vibrations of C-H
and N-H [17,18,19].



Although all three bands can be useful to elucidate the secondary structure of a protein, the Amide |
band is the most sensitive to structural changes and is the most commonly used in secondary
structure analysis. Factors responsible for the conformational sensitivity of the Amide | band include
hydrogen bonding and coupling between transition dipoles, both inter and intra molecular, which
will impact the way in which a protein molecule interacts with IR light [20]. From the study of simple
homopolypeptides of known single structure, the relationship between Amide | band position and
structure has been proposed allowing predictions about the secondary structure of proteins to be
made from IR spectra [16,18]. Further analysis of the Amide 1 band is required in order to obtain the
types and amounts of secondary structure present; this is achieved through Fourier deconvolution
and second derivative, curve fitting and spectral subtraction, for example. Multivariate analysis and
other statistical methods are also increasingly being applied to the analysis of protein spectra
because of their usefulness in interpreting the wealth and complexity of information contained
within the spectra [21,22,23].

There are many examples in the literature of the assignment of protein secondary structure based
on the analysis of the Amide | band [15,16,17,20,24]. In general, a-helical structures have a band
peak at wavenumbers 1650-1658 cm™; B-sheet structures tend to have bands between 1620-1640
cm™ and between 1670 — 1695 cm™; random coil structures occur at around 1644 cm™ [20]. It is
even possible to assign more complex structures such as an a-helix overlapped with random coil
which can absorbs IR radiation at 1654-1656cm™ [17]. Figure 1 shows an example of a protein
spectrum, the inset shows curve fitting of the Amide | band for different structural components [19].

The study of aqueous protein samples is challenging because of the overlap of the water bending
mode with the Amide 1 band at 1600 cm™. This could be overcome through the use of D,0O; however
this can affect the native secondary structure of the protein. Current FTIR spectrometers allow for
accurate subtraction of the water band, although care should be taken to avoid over subtraction.
There are several papers with guidelines for this procedure but it is widely accepted that the
integrity of protein spectral data can be maintained by meeting two subtraction criteria; accurate
subtraction of water vapour bands between 1800 — 1500 cm™ and ensuring a straight baseline
between 2000 — 1750 cm™ upon water subtraction [24,25].

4. ATRFTIR spectroscopy of surfaces and proteins

The study of the interaction of proteins with different surfaces is important for the design of
biomaterials, biomedical devices and for the production of biopharmaceuticals [10,26,27,28]. Both
the surface chemistry and topography can play a major role in the behaviour of biological materials
[29]. As described above, ATR FTIR spectroscopy is a surface layer technique where the absorbance
is measured only from the portion of a sample in direct contact with the ATR surface rather than
from the bulk. The surface of an IRE (or ATR crystal) can be easily modified making it well placed to
study the effect of different surfaces on proteins without the need for additional labelling [11]. It can
also easily be coupled with other experimental methods designed to induce changes within proteins
such as photochemistry, heat and electrochemistry [30]. Together with the variety of ATR crystals
made from different materials available, this provides many opportunities to study the effect of
surfaces on the sample. The sensitivity of measurements could potentially be increased by making
use of multiple reflection objectives; this increases the pathlength of the measurement [31,32].
However, multiple reflection objectives cannot be used in FTIR imaging because absorbances are



measured at several different locations. This would create overlap in the images which are based on
absorbance values meaning for FTIR imaging single reflection objectives are required [13].

There have been several investigations carried out using ATR FTIR spectroscopy to study the effect
of polyelectrolyte multilayers on protein adsorption and on proteins within the layers [33,34,35].
Figure 2 demonstrates the usefulness of ATR penetration depth for examining the multilayer. BSA is
adsorbed only into the positively charged layer and as such will absorb infrared. Heat can be applied
to the multilayer and the stabilising effect on the protein against heat induced structural changes
can be followed by examining the secondary structure from the amide | band [33].

Difference spectroscopy is a key tool in the analysis of proteins using ATR-FTIR spectroscopy.
Whereas absorption spectra can provide global information about the sample such as secondary
structure, difference spectroscopy can allow small changes in functional groups, hydrogen bonding
changes and chemical reactions to be followed in situ using ATR-FTIR spectroscopy [31,32]. This
allows for sensitive measurements to be made following subtle changes in protein conformation and
can be used to provide details of mechanisms of molecular reactions. One method, demonstrated by
Pinkerneil et al. shows the advantages of immobilizing polyhistidine tagged proteins onto the surface
of a multiple reflection ATR crystal by first preparing a modified lipid bilayer containing
nitrilotriacetic acid (NTA) groups on the surface [31]. Such immobilization is based on established
immobilized ion metal affinity chromatography where the selective binding of proteins is activated
by the formation of transition metal ion complexes [32]. Once proteins are immobilized on the
surface, reactions induced by changes in heat, pH for example, can be followed in situ by difference
spectroscopy. This could be potentially applied to any polyhistidine tagged protein of interest.

A study by Onodera et al. demonstrated the ability of ATR FTIR spectroscopy to explore protein-
protein interactions by immobilizing antigens on a functionalised GaAS ATR element [36]. The
selective binding of a specific antibody can then be followed in comparison with a non-specific
antibody by comparing the secondary structures of the adsorbed proteins from the second
derivative spectra of the Amide | band. It was shown that the selective binding of IgG to the antigen
sensing layer resulted in spectra high in B-sheet content, consistent with known IgG structure [36].
However, the spectra of the non specific protein showed no significant amide peaks allowing the
differences in specific and non specific binding to be distinguished.

Opportunities also exist to examine protein reactions and behaviour by functionalizing germanium
or silicon ATR elements [37,38]. Schartner et al. have shown that in combination with difference
spectroscopy and by using multiple reflection IREs, the functionalized Ge surface ensures sufficient
binding of protein and SNR to probe protein reactions at an atomic level and can be applied to both
soluble and transmembrane proteins [37]. This work is particularly exciting because it does not
require the use of SEIRAS, which shall be discussed below, to achieve spectra of monolayer levels of
proteins.

A recent review by Rich and Iwaki highlights some of the key ATR-FTIR methods available to analyse
protein transitions. The authors describe the experimental set ups required and advantages of
combining ATR FTIR with photochemistry, electrochemistry and perfusion to explore redox
reactions, ligand binding and conversions between catalytic intermediates [30]. The useful
combination of photochemistry and ATR FTIR spectroscopy was also recently demonstrated by
Bouhekka & Biirgi [39]. In this study, the effect of visible light on BSA adsorbed onto TiO, particles



was examined in-situ using multiple reflections ATR FTIR spectroscopy. TiO, is of interest because it
is regularly used as biomedical implant material [40]. In situ measurements over time allowed
structural transitions to be followed through the curve fitting of the second derivative spectra, as
shown in Figure 3. It was shown that under visible light illumination the amide | band of adsorbed
BSA shifted from 1653 cm™ to 1648 cm™ over a one hour time interval, indicating that the unordered
structure within the protein had increased; this is highlighted by the red dashed line labelled Time in
Figure 3 [39].

The study of protein behaviour using ATR FTIR spectroscopy is fundamentally limited by the signal to
noise ratio (the intensity of the signal from the analyte should be 3 times stronger than that of noise
to be considered detected and this criterion can be used to define the sensitivity of the system) that
is achievable using current instruments. As such it is mostly limited to providing information on a
macromolecular scale [41]. This does not negate the advantages such as the ease of sample
preparation and the possibility for in-situ analysis, making it a highly valuable technique for protein
conformational studies. It should be noted, however, that when combined with difference
spectroscopy, it does allow for an increase in sensitivity comparable with SEIRAS, allowing molecular
reactions to be followed [31,32], particularly when combined with chemically functionalized IREs
[37].

5. Surface Enhanced Infrared Absorption Spectroscopy

Recent development in the area of Surface enhanced infrared absorption spectroscopy (SEIRAS)
overcomes some of the limitations of sensitivity of detection presented by using traditional ATR FTIR
spectroscopy to study proteins. Complimentary to surface enhanced Raman spectroscopy, this
technique utilises the surface plasmon effect from the interaction of light with metallic nanoparticles
[42,43,44,45]. These nanoparticles, mainly silver or gold are deposited onto the surface forming
metal island films which provide localised enhancement of IR absorption. It is important to note that
unlike SERS, the effect of enhancement in SEIRAS is not limited to gold or silver but has also been
shown for other metals [46,47]. It is thought that the main contributing factor to the SEIRAS effect is
the polarization of the metal island films by the incident IR radiation. This induced dipole generates a
local electromagnetic field and the coupling of the local electromagnetic field with that of the
incident IR radiation produces one that is stronger than the incident photon field, in the vicinity of
the metal islands [48,49]. The dipolar moment of molecules absorbed onto the metal islands is
enlarged because of this, enhancing the infrared absorption of the molecules. In addition the optical
near field effect limits the enhancement to the vicinity of the metal island films, thus there is little
contribution from the bulk sample to the measurement [41,48,50]. Chemical interactions also
contribute to the SEIRAS effect [51]. The enhancement factor of the metal island films is highly
dependent on the metal and on the morphology of the film [49,52]; those islands with greatest
enhancement factors have been shown to be smaller in size than the incident radiation wavelength
[41,49]. It should be noted, that one of the major drawbacks of SEIRAS can be the loss of spectral
intensity due to the metal film deposited on the IRE surface if, for example, the film is too thick.
Therefore, preparation of the metal island film is very important.

The signal enhancement of adsorbed protein achievable from SEIRAS is in the range of 2 orders of
magnitude greater than without enhancement [50]. This technique was first applied to proteins by
Ataka et al in 2003 [53] and further developments since have expanded its application to other



protein studies [41,43,50,54]. The high sensitivity of the technique allows it to provide information
from monolayer level and this is useful for examining the structure, function and assembly of
molecules at the ATR interface. As with traditional ATR FTIR spectroscopy, measurements are carried
out in-situ meaning that dynamic processes on a molecular level can be studied using SEIRAS [55].
Figure 4 shows the set-up for a typical SEIRAS experiment [43]. It is worth mentioning that the signal
enhancement drops off rapidly within 10 nm from the surface and as such it is necessary to ensure
that the biological material being studied is attached to the metal island film, often achieved through
chemical modification of the film itself [43]. Polarization modulated infrared reflection spectroscopy
(PMIRRAS) is also often used to study biological monolayers, particularly lipid monolayers [56,57]
Whilst this method can provide information on orientation and structure of protein monolayers, the
technique lacks the sensitivity to detect minute structural changes that could occur during functional
studies, which is one of the main advantages of SEIRAS [43].

Ataka’s group is leading the field in applications of SEIRAS to proteins having pioneered its use to the
study of membrane proteins in 2003 [53]. They have shown the potential of this method to study
the catalytic action of membrane proteins driven by redox potential, in combination with
electrochemistry [58]. The use of difference spectroscopy allows the changes in protein spectra to
be observed following an induced perturbation. The SEIRAS arrangement can be easily adjusted to
allow an electric current to be applied directly to the monolayer and from SEIRAS spectra; it is
powerful in revealing the electron transfer mechanism of redox proteins.

SEIRAS has been applied increasingly to the study of membrane proteins because it has the
potential to provide molecular level information on the structure, function and orientation of the
membrane protein, often within the membrane itself [43,54,59]. Again by utilising difference
spectroscopy, structural changes occurring in a self assembled monolayer can be monitored and it
can also be used to study hydrogen bonding interactions in nucleic acids. Ataka et al were able to
follow each step of the exchange of an oriented, immobilised monolayer of detergent solubilised
membrane protein into a lipid bilayer via detergent substitution and then examine the protein
funtionality, using SEIRAS [60]. This could potentially be applied to the study of the reaction
mechanism of any membrane protein, particularly those which are medically and pharmaceutically
important.

The development of biofunctional surfaces is a growing area because of their potential for use in
medical devices where ensuring the proper orientation and functionality of the protein is critical.
However, one of the major challenges within the design of the surfaces is the ability to assess the
functionality of the surface [41,50]. SEIRAS has the ability to provide molecular information on
proteins in monolayers and can be performed in-situ preserving the integrity of the monolayers. The
orientation of proteins within the monolayer can be also determined from the infrared spectra [54].

One of the major advances in the use of SEIRAS is within the field of biosensing and immunoassays
to provide information on the binding mechanisms underlying biological function [41,61,62]. The use
of gold nanoparticles can allow for the competitive adsorption of different molecules to be
examined [63]. Following the formation of the gold film, a monolayer of selected antibody or antigen
is deposited to form a biosensing layer. Xu et al. used anti rabbit antibodies (anti rigG) from goat to
study the binding mechanism of the corresponding antigen [61]. A background measurement is
taken after the formation of the biosensing layer meaning only molecules that specifically bind to



the substrate can be detected in future measurements. SEIRAS successfully allowed the target rigG
bound onto the surface to be observed by molecular recognition (Figure 5), allowing in-situ
monitoring of the immunoreactions [61]. From the absorption data gathered it is possible to
determine the reaction kinetics of the antigen-antibody binding. All of which can be achieved in-situ
without the need for additional dyes or labels and as such this method shows considerable promise
for real time sensing of biomolecular bonding [61].

Gold nanoparticles have a number of uses within biomedical applications and in combination with
ATR FTIR spectroscopy. In some cases, nanoparticles are used to introduce drugs into specific sites
because they have a particularly good uptake within cells [64]. Another exciting application
presented by Lane and Seo demonstrated that ATR FTIR spectroscopy can be used to distinguish
between cancerous and benign cells containing gold nanoparticles [64]. The presence of the
nanoparticles within the cells allows an enhanced IR absorbance, similar to the effect seen when the
surface is modified as described above. The study by Lane and Seo [64] shows the increase in
spectral intensity with increasing gold nanoparticles concentration for cancerous and normal cell
lines, which could allow for any spectral differences to be seen more easily. This development
further emphasises the potential of ATR FTIR spectroscopy for medical diagnostics and is not limited
by the reproducibility issues still present within SEIRAS studies. This approach does not depend on
the formation of metal island films, like in SEIRAS approach, as the gold nanoparticles are present
within the cells themselves and the level of signal enhancement is dependent on the concentration
of nanoparticles[64]. It is also possible to study cells using ATR FTIR without the use of gold
nanoparticles, as shall be discussed below. However, the demonstration of the enhanced IR
absorbance achieved when the nanoparticles are present could have some interesting applications,
particularly to study the delivery of drugs within cells.

Despite these exciting advances and the growing use of SEIRAS in protein studies, there is still
potential for further development. This mainly concerns the development of a reproducible method
for surface preparation and in turn, a greater understanding of the mechanism of SEIRAS [41]. Once
this has been achieved, SEIRAS could have a much greater impact within proteomics studies and
could be used more reliably within medical diagnostics. At present there is still too much uncertainty
for it to be used routinely in these areas [61,63].

6. ATR FTIR spectroscopic imaging

Spectroscopic imaging couples an FTIR spectrometer with an infrared array detector to allow for the
simultaneous collection of the infrared spectra of a sample from multiple locations within the
sample. This allows the generation of chemical images indicating locations of high absorbance at a
particular wavenumber for different components within a sample. Whereas, previously these
chemical images were generated by time consuming point by point mapping of a sample, the
development of infrared array detectors has rapidly improved the ability to obtain infrared images.
Linear array detectors allow for an image to be obtained through rastering of rows of a sample in
comparison with focal plane array detectors that collect the infrared absorbance from all locations
within a sample simultaneously. Both approaches have advantages and disadvantages which are
discussed at length elsewhere [13,65,66]. The main advantage of using an FPA detector is that since
all the data are acquired simultaneously it is particularly suitable for the study of dynamic systems
and multiple samples; this is not the case with the linear array detector [65,67]. It should be noted,



however, that linear array detectors have better signal to noise ratios and as such may be more
suitable for sensitive analysis [65]. In both instances, it is possible to obtain detailed chemical and
spatial information from samples and the variety of sampling arrangements available means that
this chemical imaging approach has opened up some exciting opportunities for protein studies.

Macro ATR FTIR spectroscopic imaging is performed without use of a microscope and instead it
couples an FTIR spectrometer, equipped with an inverted prism ATR accessory, with a focal plane
array detector. The detector size can be varied between 64 x 64 pixels up to 128 x 128 pixels
allowing between 4096 to 16384 spectra to be obtained from the sample in one measurement. This
imaging approach can be used with different ATR accessories such as the imaging diamond Golden
Gate accessory (Specac) or a silicon inverted prism ATR accessory (Pike), which allows for a range of
different imaging areas and spatial resolutions. There are dedicated reviews discussing this, the most
recent by Kazarian and Chan is very comprehensive [13,65,68].

ATR-FTIR spectroscopic imaging in its macro and micro modes has been applied across many
different areas of research, from pharmaceutical tablet analysis [69,70], art conservation [67]
through to understanding the fouling in heat exchangers [71]. It has also been applied in several
biomedical studies such as to the study of arthrosclerosis plaques in arteries [72] and drug
permeation through skin [73]. The most relevant applications, which shall be highlighted here, focus
on the inherent capacity of this approach for high throughput (HTP) studies [74,75]. High throughput
studies allow for the analysis of multiple samples simultaneously. This can save both time and
money by reducing the amount of sample required and also the time spent on analysis, especially in
optimisation trials. In the case of macro ATR-FTIR spectroscopic imaging, high throughput studies
have been carried using either a PDMS or wax grids defining multiple areas for sample deposition on
the surface of an IRE used. The wax grid can be printed directly onto the measuring surface of an IRE
(ATR crystal) using a microdroplet system. This system can also be used for the deposition of
nanolitre volumes of samples onto the surface.

This approach was applied to the crystallisation of proteins as a means of optimising for
crystallisation conditions [76]. Protein crystallisation is seen as an important step in structural
proteomics studies [77]and the use of various high throughput approaches to optimise this step
have had major impact on the field [78]. A common method of protein crystallisation is microbatch
crystallisation where the crystallisation occurs in aqueous medium placed under oil. This method can
be used directly on the surface of an inverted prism as shown in Figure 6, where PDMS wells are
used to contain the oil. A protein and precipitant sample can be deposited prior to (as in a) or after
the oil is in place (as in b), since the protein/precipitant solution is less dense than the oil, the drop
of the solution will then displace oil on the surface of the ATR prism allowing it and not the oil to be
measured by ATR-FTIR imaging. For HTP studies, a wax grid was printed on the surface allowing up
to six different crystallisation conditions to be studied simultaneously. In this case the second
method of deposition was used as it prevents evaporation from the solution drops whilst the
deposition takes place, although it does reduce the degree of control one has for positioning the
samples [76]. Figure 7a shows the crystallisation of Lysozyme on a ZnSe ATR crystal where the
location of crystals is determined from the plotting the distribution of the integrated amide Il band.
When the optical image in Figure 7b is overlaid with the infrared image, as in Figure 7c, it can be
seen that the locations of the crystals in the ATR image correspond almost entirely with those in the
optical image, confirming that this technique is successfully identifying protein crystals. The use of



macro ATR FTIR imaging to optimise for protein crystallisation conditions is advantageous as it allows
one to determine if crystals formed are indeed protein rather than salt crystals without moving or
destroying the crystals, a common problem in crystallisation studies [76]. Possibilities exist to expand
this to study to studies of many more samples simultaneously and to proteins that are more
challenging to crystallise and study.

Continuing along the high throughput analysis strategy, another exciting application of macro ATR
FTIR imaging combining the use of surface modification and protein studies [79]. In this work, the
measuring surface of a silicon ATR crystal was modified using standard self assembled monolayer
preparation techniques to create a gradient of properties along the surface of the crystal as shown in
Figure 8. A gradient of hydrophobicity was created using a modified vapour diffusions approach
where a reservoir containing Octyltrichlorosilane (OTS) solution was allowed to evaporate over a
silicon ATR surface that had previously been cleaned with piranha solution to expose the hydroxyl
groups. As such, areas closest to the reservoir were exposed to a higher concentration of OTS vapour
and hence were more hydrophobic than areas further away. This development allows imaging with
an FPA detector for sensitive surface detection, something that was previously thought to be too
challenging due to signal noise limiting factors [79]. The authors overcame this SNR issue through
the use of pixel averaging along the horizontal axis of the ATR image. By averaging each row of
pixels, the gradient of monolayer along the surface was measured without degrading the spatial
resolution along the vertical axis. Given the interest in the effect of surfaces on protein adsorption,
as discussed early, the gradient surface was then used to examine Lysozyme adsorption and
crystallisation on the surface of the silicon ATR crystal. It was shown that as the hydrophobicity
decreased along the surface, the amount of protein adsorbed decreased as did the number of
crystals formed, Figure 9 [79]. This application is the first step in realising the study of protein
structure and function using ATR FTIR imaging in combination with high throughput surface
properties. However, it should be noted that currently the sensitivity of the system is such that the
adsorbed protein spectra are too noisy for reliable secondary structural analysis.

Recent advances in the area have also seen the combination of macro imaging and microfluidics
[80,81]. Using a computerised wax printing device, microfluidic channels can be printed either
directly onto the surface of an ATR element or onto transmission slides. This has been applied to the
study of reactions [80] and cells, however as interest in protein crystallisation using novel methods
such as microfluidics continues to be explored [82,83], this method could easily be adapted for this
and given the advantages of allowing proteinaceous crystals to be identified in situ without
additional labels, this presents a future application for the field. Using transmission FTIR, work has
been carried out to study protein conformational changes due to pH in microfluidic flows [84], there
is potential for this to also be applied using FTIR imaging. It should also be noted that studies of live
cells in microfluidic devices in situ using FTIR spectroscopic imaging in transmission mode has also
became possible very recently due to new developments in methodology [85].

Micro ATR FTIR imaging offers opportunities for protein studies. In this arrangement, an infrared
microscope objective is combined with a Cassegrain objective allowing spatial resolutions of up to 4
um to be realised [13]. The high spatial resolution of micro ATR imaging means that it is particularly
advantageous to the study of biological materials such as tissues, cells and arteries [72,86]. Most
recently, this has been used to study hanging drop protein crystallisation [87]. A drop of protein and
precipitant solution are deposited onto a removable Germanium ATR objective and suspended
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above a reservoir in exactly the same manner as conventional hanging drop crystallisation studies.
This can be seen in the schematic of Figure 10. By measuring the growth of proteins in-situ, it is
possible to detect the early stages of crystals grown and the formation of micro protein crystals,
confirming the crystals are in fact protein rather than salt [87]. There may also by additional insight
into the growth kinetic of protein crystals through analysis of secondary structure from the IR
spectrum. However, one of the drawbacks of this approach is the limited imaging area. At only 64
pum x 64 um [13], there is no way to guarantee that crystals will grow within this area. There could be
potential to overcome this using seeding or surface modifications [87].

A recent review by Miller et al discussed the application of FTIR microspectroscopic imaging to the
study of protein aggregation within cells [88]. The method discussed in the review mostly
concentrates on operation in transmission mode and using a synchrotron source. Whilst the use of
synchrotron source can allow higher SNR to be achieved and can allow sub-cellular information to be
obtained from a sample [89], it is still currently limited to use with transmission mode, which, as
previously discussed, requires a very short path length for aqueous samples. Chan et al. showed that
micro ATR imaging can provide high spatial resolution without the need for synchrotron source [90].
The spatial resolution achievable with micro ATR FTIR imaging is dependent on the numerical
aperture of the system and wavelength of light which, when combined with a germanium ATR
crystal of high refractive index means that high spatial resolutions can be reached, in comparison
with transmission that uses objectives with lower numerical apertures (e.g. four times lower) [13,90]
Micro ATR FTIR imaging has previously been demonstrated allowing the measurement of live and
fixed cells without the need for synchrotron source [65,91].

7. Future perspectives

This review has highlighted the potential of ATR FTIR spectroscopy for the study of proteins,
particularly focusing on recent applications of ATR FTIR imaging and SEIRAS. Further development
within these areas will enhance the applicability of this powerful analytical tool for studies of
proteins. The limitations of SEIRAS in terms of reproducibility of substrates and the signal to noise
limitations of ATR FTIR imaging spectra for analysing secondary structure could well be overcome
within the next several years. Preliminary analysis using a combination of SEIRAS and ATR FTIR
imaging shows that this approach is both feasible [13] and could potentially allow for more in-depth
study of the effect of chemistry and topography of surfaces on protein conformation, in a high
throughput manner. There is much potential for its use in other areas of protein research such as the
purification and separation of proteins as well as biopharmaceutical development. Also inevitably, as
more work is carried out within the field, the ease of secondary structure characterisation will
increase along with the information that can be gained from IR spectra. However long these
developments take, the main advantages of ATR FTIR spectroscopy will still remain in that it is a
powerful, label free and non destructive technique that can be used to provide sensitive in-situ
analysis of proteins across a wide range of systems.
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Figure Captions

Figure 1 - FTIR spectrum of a typical protein illustrating the Amide | and Amide Il bands at ~1650 cm-
1 and ~1540 cm-1, respectively. (Inset) Expanded view of the Amide | band, which can be
deconvolved into its secondary structure component (Reprinted from R.W. Sarver and W.C. Krueger,
Protein secondary structure from fourier transform infrared spectroscopy: A data base analysis,
Analytical Biochemistry 194 (1991) 89-100, with permission from Elsevier). [19]

Figure 2 - Evanescent wave electric field amplitude (E) falls off exponentially away from the surface
of the crystal. (A) BSA adsorption on the negatively charged surface. (B) BSA adsorption on the
positively charged surface. dp represents the penetration depth of the evanescent wave normal to
the surface of the crystal, using Ge (n ) 4.0) in contact with the medium of n ) 1.42. (Reprinted with
permission from D.S. Salloum and J.B. Schlenoff, Protein Adsorption Modalites on Polyelectrolyte
Multilayers, Biomacromolecules, 5 (2004) 1089-1096. Copyright (2004) American Chemical Society).
[33]

Figure 3 — Second derivative of amide | region for adsorption spectrum of BSA on TiO2 under rinsing
by water and irradiation with visible light (VL) for around 1 h. Intervals between spectra are around

10 min and the black dashed line labelled time shows indicates the order of spectral measurements
(Reprinted from A. Bouhekka and T. Blirgi, In situ ATR-IR spectroscopy study of adsorbed protein:
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Visible light denaturation of bovine serum albumin on TiO,, Applied Surface Science 261 (2012) 369-
374, with permission from Elsevier). [39]

Figure 4 — Experimental set up for SEIRAS. (Reprinted with permission from K. Ataka, T. Kottke and J.
Heberle, Thinner, Smaller, Faster: IR Techniques To Probe the Functionality of Biological and
Biomimetic System, Angewandte Chemie-International Edition, 49 (2010) 5416 — 5424. Copyright
(2010) John Wiley and Sons). [43]

Figure 5 - (a) Background spectrum of the goat anti-rlgG modified substrate in PBS. (b) SEIRA
spectrum of chicken IgG (0.3 pg/mL). (c) Hemoglobin (3 mg/mL), and (d) rlgG (0.3 pug/mL) after 35
min immunobinding to goat anti-rigG surface. Before each injection of protein solution, the chamber
was rinsed with pure PBS buffer (Reprinted with permission from J. Xu, T. Chen, W. Bao, K. Wang and
X. Xia, Label-Free Strategy for In-Situ Analysis of Protein Binding Interaction Based on Attenuated
Total Reflection Surface Enhanced Infrared Spectroscopy (ATR-SEIRAS), Langmuir, 28 (2012) 17564-
17570. Copyright (2012) American Chemical Society). [61]

Figure 6 — Schematic diagram showing different strategies for sample deposition. (Reprinted with
permission from K.L. A. Chan, L. Govada, R. Bill, N.E. Chayen and S.G. Kazarian, Attenuated Total
reflection-FT-IR Spectroscopic imaging of Protein Crystallization, Analytical Chemistry, 81 (2009)
3769-3775. Copyright (2009) American Chemical Society). [76]

Figure 7 - (a) ATR-FT-IR image (imaged area is approximately 2.5 x 3.6 mm?2) of the protein crystal
formed on the measuring surface 20 h after the introduction of the crystallizing agent. Red
represents high protein concentration. The visible image (b) shows the protein crystals formed
coincide well with the location of the red spots on the ATR-FT-IR image. (c) Result of overlaying
images (a) and (b). Five out of 50 crystals (highlighted with arrows) were not captured in the ATR-FT-
IR image and 3 crystals (circled) were mislocated. (Reprinted with permission from K.L. A. Chan, L.
Govada, R. Bill, N.E. Chayen and S.G. Kazarian, Attenuated Total reflection-FT-IR Spectroscopic
imaging of Protein Crystallization, Analytical Chemistry, 81 (2009) 3769-3775. Copyright (2009)
American Chemical Society). [76]

Figure 8 — Schematic diagram of method for preparation of gradient of OTS on silicon ATR element.
(Reprinted with permission from S. Glassford, K.L.A. Chan, B. Byrne and S.G. Kazarian, Chemical
Imaging of Protein Adsorption and Crystallization on a Wettability Gradient Surface, Langmuir, 28
(2012) 3174-3179. Copyright (2012) American Chemical Society). [79]

Figure 9 - ATR-FTIR imaging of lysozyme protein crystals formed on the Si ATR element. Visible image
is shown on the right panel and the OTS gradient along the imaging surface is shown as a plot below
the FTIR image. (Reprinted with permission from S. Glassford, K.L.A. Chan, B. Byrne and S.G.
Kazarian, Chemical Imaging of Protein Adsorption and Crystallization on a Wettability Gradient
Surface, Langmuir, 28 (2012) 3174-3179. Copyright (2012) American Chemical Society). [79].

Figure 10 — Schematic diagram on Micro ATR FTIR imaging optics with hanging drop protein
crystallization experiment in place. (Reprinted from S.E. Glassford, L. Govada, N.E. Chayen, B. Byrne
and S.G. Kazarian, Micro ATR FTIR imaging of hanging drop protein crystallisation, Vibrational
Spectroscopy, 63 (2012) 492-498, with permission from Elsevier). [87]
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