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ABSTRACT: Immunosensors use antibodies to detect and quantify biomarkers of
disease, though the sensors often lack structural information. We create a surface-
sensitive two-dimensional infrared (2D IR) spectroscopic immunosensor for studying
protein structures. We tether antibodies to a plasmonic surface, flow over a solution of
amyloid proteins, and measure the 2D IR spectra. The 2D IR spectra provide a global
assessment of antigen structure, and isotopically labeled proteins give residue-specific
structural information. We report the 2D IR spectra of fibrils and monomers using a
polyclonal antibody that targets human islet amyloid polypeptide (hIAPP). We observe
two fibrillar polymorphs differing in their structure at the G24 residue, which supports
the hypothesis that hIAPP polymorphs form from a common oligomeric intermediate.
This work provides insight into the structure of hIAPP, establishes a new method for
studying protein structures using 2D IR spectroscopy, and creates a spectroscopic
immunoassay applicable for studying a wide range of biomarkers.

Immunosensors use antibodies to isolate an antigen, often a
protein or other biomarker of interest, from a complex

solution. These assays often rely on colorimetric,1 fluores-
cence,2 or electrochemical detection.3 Consequently, the
information obtained is limited to the presence and amount
of antigen present. Some antibodies can be crystallized in the
presence of an antigen for crystallography,4 but often no direct
structural information is relayed by an immunoassay. Anti-
bodies are typically grown by injecting the protein of interest
into an animal, such as a rabbit, and the resulting antibodies
are harvested. Polyclonal antibodies bind to a distribution of
protein structures,5 which Ma et al. have invoked as an
explanation for why there are not more crystallography studies
of amyloid proteins using such an approach.6 Indeed, particular
populations of polymorphs might be linked to the disease, and
thus, a structural assay could be invaluable.7−9

Almost all two-dimensional infrared (2D IR) spectroscopy
experiments have been carried out in bulk solutions. Through a
combination of technical advances, it has recently become
possible to measure the 2D IR spectrum of a monolayer of
molecules using plasmonic enhancement provided by metallic
nanostructures. Some plasmonic enhancements have been
reported to improve the 2D IR signal strength by 102−103,
alleviating the need for bulk samples.10−13 Significant enhance-
ments can also be obtained at interfaces using reflection
detection.14 These two methods can also be combined to
afford an even larger enhancement.13 In this report, we extend
these recent technological advances to antibody surfaces,

inspired by the work of the Gerwert group.8,9,15 The Gerwert
group utilized attenuated total reflection (ATR) Fourier
transform infrared (FTIR) spectroscopy to measure the
infrared spectrum of an antibody−antigen complex immobi-
lized on a surface.8,9 They found a correlation between the
maximum frequency of the IR spectrum of the amide I and
amide II bands and the progression of Alzheimer’s disease,
presumably due to a change in the distribution of protein
structures. In this Letter, we extend the antibody assay to
detection via plasmonically enhanced 2D IR spectroscopy. 2D
IR spectroscopy has a number of advantages over ATR or
other linear IR spectroscopies.16−18 Besides frequencies, 2D IR
spectroscopy measures cross peaks and diagonal anharmonic-
ities that are sensitive to structure. It also contains 2D
lineshapes that reflect the structure and dynamics of the
surrounding environment.19 The signal strength also scales
very differently from linear IR spectroscopy. 2D IR spectros-
copy scales quadratically, rather than linearly, with extinction
coefficient, which enhances the signals of excitonically
delocalized vibrational modes that occur in α-helices, β-sheets,
and other secondary structures.19,20 2D IR spectroscopy
provides a number of observables that are complementary to
ATR and other linear IR spectroscopies.
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The newfound ability to measure monolayers with 2D IR
spectroscopy makes these experiments possible. To measure
2D IR spectra of an antigen bound to an antibody, an accurate
background spectrum must be collected to remove unwanted
signals from the antibodies and surface-passivating proteins.
For this, a flow cell is needed to monitor the same spot on the
sample. This enables a precise measurement of the background
with and without the presence of antigen under identical
conditions, analogous to ATR-FTIR spectroscopy. Addition-
ally, a flow cell facilitates in situ hydrogen−deuterium
exchange, making it possible to use either H2O or D2O as a
solvent.
In this Letter, we present an immuno-multidimensional-

infrared biosensor to measure the 2D IR spectrum of human
islet amyloid polypeptide (hIAPP).21 hIAPP is a 37 amino acid
hormone secreted in conjunction with insulin. It is an appetite
suppressant, but when overexpressed during late-stage type 2
diabetes, it aggregates into amyloid plaques in the islets of the
pancreas.22,23 As with the proteins for many amyloid diseases,5

the oligomeric intermediates of hIAPP, prior to forming
amyloid fibrils, are the cytotoxic species.22,24−26 Little
structural information is known about the oligomers of
hIAPP, but we have previously identified a transient oligomeric
species with a unique ordered structure by using isotope
labeling and 2D IR spectroscopy.27,28 Transient oligomers are
difficult to study because they exist at low concentrations, are
in equilibrium with monomers, and are kinetically evolving
toward fibrils.29 By creating an immunosensor using antibodies
that are selective for hIAPP, we extract a subset of the protein
populations and record their 2D IR spectrum. We establish a
new approach for studying protein structures with 2D IR
spectroscopy and discover, through measurements of proteins

with a single amino acid isotopically labeled, that these
particular antibodies selectively trap specific amyloid poly-
morphs.
The details of the spectroscopic methods and sample

preparation are provided in the Supporting Information and
have been published previously.30−32 Figure 1 shows a
schematic of the workflow used to create the immunosensor
to measure hIAPP. We use 3 nm films of thermally evaporated
gold on CaF2 as the substrates for the immunochemistry.13 We
use the anti-amylin polyclonal antibody (Thermo Fisher
Scientific, PA1-37075), which is derived from rabbit anti-IgG
and raised against the N-terminal sequence of synthetic hIAPP.
The antibody is incubated in the presence of CS2 in deuterated
phosate buffered saline (PBS, Fisher Scientific, pH 7.4) for 24
h to chemically link the amine side chains of the lysine residues
to the gold surface,33,34 as shown in Figure 1a,b. The CS2
reacts with the amine groups, and the thiol links the antibodies
to the gold before being rinsed three times with PBS. To
prevent nonspecific binding of the amylin, the antibody
functionalized substrate is soaked in 1% casein in deuterated
buffer for 1 h (Figure 1c), before again being rinsed three
times. 2D IR spectra are collected in a pump−probe geometry
using a mid-IR pulse shaper as described in the Supporting
Information. We also found that PBS buffer as the solvent for
antibody tethering gave stronger 2D IR signals than ethanol,
used previously.33 2D IR spectroscopy also confirmed that the
casein saturated all available binding sites (see the Supporting
Information). We followed prior protocols but did not
optimize the antibody assay nor characterize the kinetics of
binding. More efficient binding schemes might improve signal
strengths and binding efficiency.35 Measurements were
repeated in triplicate.

Figure 1. Schematic showing the workflow for the immunochemistry. (a) The gold is soaked with the antibodies and carbon disulfide in PBS buffer
for about 24 h. (b) After antibodies are bound to the gold surface, they are rinsed in PBS buffer. (c) A 1% casein solution is then introduced to the
flow cell to block any free binding sites. The blocking agents prevent nonspecific adsorption of any proteins, as confirmed in the experiments. At
this point, a background transmission 2D IR spectrum is collected. (d) Finally, the hIAPP solution to be analyzed is incubated in the flow cell for 1
h before the sample is washed at least three times with PBS buffer.
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The above procedure creates an antibody-coated plasmonic
surface with minimal amounts of nonspecific binding. Because
the antibody and casein blocking agents are much larger
proteins than hIAPP, the background signal is expected to be
10−100 larger than the signal from hIAPP from the estimate of
the molecular weight provided by the manufacturer. To
remove this background, we use a flow cell. First, a background
spectrum is collected, then the analyte is added and a second
spectrum is collected, as shown in Figure 1d. As has been
established in the FTIR community, extremely small changes
in ΔOD can be measured using this approach.8 A flow cell is
particularly important for 2D IR measurements, because the
2D IR signals depend on the overlap of the laser pulses in the
sample and other variables that alter the signal magnitude.
Thus, a flow cell minimizes systematic subtraction errors. The
pump−probe signal strengths measured of the antibody and
casein background is 1−3 ΔmOD, with the measured change
in ΔOD (ΔΔOD) created by the antigen peptide on the order
of 10−100 ΔΔμOD.
With the above procedure, we first tested the immunosensor

against an aggregated sample of hIAPP, which we have
previously reported on numerous occasions.27,28,36,37 The
antibodies are broad spectrum, which can bind both fibrils
and oligomers, so we used solutions with fibrils prepared
according to our previous studies.29,38,39 We aggregated 1 mM
hIAPP, synthesized according to previously published
methods,32,40 in buffer overnight to create amyloid fibrils.
Amyloid fibrils are extremely stable species, and so under these
conditions very small amounts of monomers and oligomers
would be expected. The aggregated sample was flowed over the
antibody substrate and allowed to bind for 1 h before copious
rinsing with deuterated PBS buffer. Figure 2 compares the 2D
spectra of the sensor before (a) and after (b) addition and
rinsing of the amylin. The peak of the antibody and casein is
centered at around 1645 cm−1. There is a small excited-state
absorption background from the 3 nm gold; this additional

background signal is smaller than the amylin signal and not
noticeable with the antibody background. Upon addition of the
hIAPP, the spectrum broadens to lower frequencies.
Subtracting a from b reveals the difference 2D IR spectrum
in Figure 2d, which is the spectrum of the hIAPP fibrils bound
to the antibody with the antibodies, casein, and the excited-
state absorption background eliminated. The difference
spectrum is dominated by a peak at 1629 cm−1 with a minor
peak at 1650 cm−1 from residual disordered residues. These
experiments establish that the background from the antibody
can be reliably subtracted to give the spectrum of the antigen.
Previous measurements on similar immuno-infrared sensors
have shown that the spectral differences can be attributed to
the structure change of the antigen.8,9,15

In Figure 2e, the 2D IR spectrum is shown for the bulk
solution sample of hIAPP fibrils measured above, but prior to
passing through the flow cell. Figure 2d,e compares the 2D IR
spectra of the hIAPP in the bulk and the subtracted 2D
spectrum of the bound peptides. We observe that the bulk and
surface spectra have very similar line shapes, with a 4 cm−1

difference in the peak frequency; the solution spectrum is
dominated by a peak at 1625 cm−1, while the bound peptide
exhibits a peak at 1629 ± 1.8 cm−1 from three different
measurements. It is possible that the frequency difference is a
result of the structure being deformed upon binding to the
antibody. However, previous experiments using similar
immunosensors have suggested that the binding does not
significantly alter the secondary structure.15 Instead, it is more
likely that the antibody binds to a subset of hIAPP structures.
The amide I frequency of hIAPP depends on the aggregation
conditions, which alter the amyloid fibril structure. For
example, the amide I frequency ranges by 1614−1624 cm−1

depending on the protein concentration under which the fibrils
are formed, with higher concentrations typically resulting in a
lower frequency, reflecting more ordered β-sheet structure.41

hIAPP also has fibril polymorphs that exhibit different

Figure 2. (a) 2D IR spectrum of the antibodies and casein on the gold surface. (b) 2D IR spectrum of the same sensor, but after addition and
rinsing of the isotope-labeled amylin solution. (c) Normalized diagonal slices of the 2D spectra shown in panels a and b. (d) 2D IR difference
spectrum generated by subtracting panel a from b. (e) Solution 2D IR spectrum of the same amyloid fibrils that bound to the antibody in panel d.
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structural motifs at the Valine-17 position.38,42 Consequently,
there is a natural degree of structural heterogeneity in fibrils
that correlates to the amide I frequency. The frequency
difference between the bulk- and antibody-bound aggregates
likely indicates that the antibody preferentially binds to a
subset of aggregate structures.18,41 Measurements of isotope-
labeled amino acids support this hypothesis below.
Isotope labels are often used to obtain residue-specific

structural information with FTIR and 2D IR spectrosco-
py.43−46 With experiments like these in mind, we measured
hIAPP synthesized with a 13C18O isotope labeled in the
backbone carbonyl of the G24 residue. This label effectively
decouples the single amino acid residue from the other amide
bonds and shifts the local mode frequency about 65 cm−1.
Isotope labels are often used as a probe of structure28 and local
environment.47 We again ensured that the isotope-labeled
peptide was in a fibrillar structure by aggregating the hIAPP
overnight, again at 1 mM concentration. Figure 3 compares the
2D IR spectra of aggregated hIAPP in solution (a) and the
difference spectrum when bound to antibody (b). Interest-
ingly, the spectra are not identical. The solution feature shows
a distinct peak at 1585 cm−1, consistent with our previously
published results in the fibril state.28 Upon binding, we observe
two peaks, one at about 1588 cm−1 and another at 1576 cm−1.
Thus, we conclude that the antibodies are binding two
conformations of hIAPP, one of which is the majority species
in solution. The center frequency of the isotope-labeled region
reports on the structure through the magnitude of coupling
between residues.17,19,27 A 9 cm−1 shift indicates a significant
change in structure. A similar feature was observed at Ala25

and assigned to a polymorph arising from a second aggregation
pathway.38 The 1576 cm−1 peak indicates that the G24 isotope
labels are more strongly coupled compared to the final fibril
obtained in solution, in which G24 resides in a disordered
loop.17 These observations are inconsistent with the antibody
altering the conformation of a single structure, because one
would not expect two different isotope-labeled frequencies.
Instead, we conclude that these antibodies are binding at least
two different structures and enriching a subpopulation of one
polymorphic structure. Additional labels could be used for a
more thorough structural investigation. Additional polymorphs
might be observed using different antibodies, if the polymorphs
are different in other regions outside of the G24 residue.
We next added hIAPP to the antibody sensor prior to

aggregation, before fibrils have formed. The peptide was
dissolved in PBS buffer at a concentration of 33 μM and
immediately introduced to the antibody sensor. Figure 4 shows
the spectrum obtained after subtraction. We observe an
inhomogeneously broadened peak at 1646 cm−1 with a small
shoulder at about 1660 cm−1. The 1660 cm−1 feature may be
from a β-turn or some other ordered structure.48 Without
antibodies, 33 μM is too low of a concentration to obtain a
spectrum of hIAPP in the bulk, but the antibody bound
spectrum looks nearly identical to our group’s measurements
on the early aggregation time scales of hIAPP in bulk solution
at a 1 mM concentration.36 Thus, we conclude that disordered
state bound to the antibody is similar to that in solution and
that the oligomeric structure studied at 1 mM concentrations
with standard transmission 2D IR spectroscopy is equivalent to
the oligomeric structures that exist at 33 μM. These

Figure 3. (a) Bulk 2D IR spectrum of the G24 label in the aggregated state. (b) Difference spectrum of G24-labeled hIAPP in the isotope-labeled
region of the amide-I spectrum. The spectrum is normalized to the most intense diagonal feature. (c) Interpolated diagonal slices of the spectra in
panels a and b normalized to the main isotope feature in each spectrum.
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experiments validate the use of high-concentration studies for
studying oligomer structure.29

We previously published data proposing an aggregation
mechanism in which all fibrillar polymorphs originate from the
same oligomer structure.38 The data presented here support
this hypothesis, because we see no polymorphs when the
antibodies are incubated with hIAPP during the lag time, prior
to fibril formation when only oligomers are present.
Polymorphs are observed when the antibodies are exposed
to fibrils, implying that polymorphs arise after formation of the
oligomers, consistent with our previous publication.38 Addi-
tional studies with other antibodies might be useful to further
test that hypothesis.
We also performed several control experiments. To confirm

that the amylin polyclonal antibodies are specific to hIAPP as
advertised by the manufacturer, we added a concentrated
solution of hen egg white lysozyme (HEWL, 1 mg/mL) and
observed no change in the background signal (Supporting
Information, Figure S1). Additionally, we added a concen-
trated solution of hIAPP (∼2 mM) with only casein added and
no antibody. We observed no nonspecific binding of hIAPP to
the casein or bare gold substrate in the difference 2D spectrum
(Supporting Information, Figure S2). Thus, the spectra above
are indeed generated by hIAPP.
In conclusion, we have presented a 2D IR immuno-

biosensor to extract and investigate the structure of hIAPP.
We show that 2D IR spectrometers have sufficient signal-to-
noise to subtract off the antibody background and can trap
hIAPP in both its aggregated and oligomeric structures. The
signal-to-noise also enables data collection on singly isotope-
labeled polypeptides for residue-specific structural information.
For G24-labeled hIAPP, we observe two isotope-labeled peaks,
indicating that the antibodies are binding two different fibrillar
polymorphs. In contrast, antibodies soaked in hIAPP prior to
aggregation produced spectra of oligomers that resembled the
bulk solution, supporting a mechanism in which the fibrillar
polymorphs arise after a common oligomer structure.38 There
exist many antibodies specific for hIAPP that could be used to
further investigate the distribution of polymorphs. Antibodies
also exist for many other amyloid-forming proteins to which
this technique can be extended and might be correlated with
the progression of the disease.8 The plasmonic enhancement
that enables monolayer sensitivity for immobilized structures at
the surface allows for a flow cell to be used for proteins and
opens up many new avenues of exciting research using 2D IR
spectroscopy. In this publication we focused on fibrillar
polymorphs, but this approach is applicable to many other
topics. Besides broad-spectrum antibodies like those studied

here, conformation-specific antibodies exist. There are anti-
bodies that recognize carbohydrates, lipids, nucleic acids, and
small molecules like neurotransmitters. We anticipate that this
new advance will enable researchers to use 2D IR spectroscopy
to study the structures of proteins from serum and other bodily
fluids.
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