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ABSTRACT: Infrared vibrational spectroscopy is a powerful
tool for the identification of changes of the secondary protein
structure, which are associated with many human diseases,
such as Alzheimer’s or Parkinson’s disease. In order to obtain
deeper insight into the mechanisms that lead to such changes,
it is important to investigate the protein conformation on
minimum sample concentrations and volumes, ideally on the
single-protein level, and at short measurement times. For this
purpose, surface-enhanced infrared absorption in combination
with Fourier-transform infrared (FTIR) micro-spectroscopy is
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a highly suitable technique, but is usually limited to large numbers of proteins and long integration times due to the low
brilliance of the standard thermal infrared light sources, such as Globar light sources. Here, we push this inherent limit down by
using a highly brilliant, broadband mid-IR laser in combination with a standard FTIR microscope. Thus, detecting the
secondary protein structure in a sample volume that is ~100 times smaller than previously demonstrated becomes feasible with
our tabletop FTIR system. We utilize polypeptides as a model system, which we functionalize on a single resonant gold
nanoantenna, and demonstrate the capabilities of our ultrasensitive system to detect the protein conformation in a living
environment within 10 min, without the necessity of frequency tuning the mid-IR laser or any data postprocessing. For
comparison, measurements conducted with a synchrotron light source were also performed, which support the results obtained
with the laser source. We believe that with further advances it will be possible to scale the process to the ultimate limit of a few
or even single proteins and observe the conformational behavior of a few or individual entities in an aqueous environment.
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he number of people suffering from type II diabetes,

Alzheimer’s, or Parkinson’s disease is increasing as a
consequence of a higher average life expectancy and the
lifestyle in today’s world." These diseases are just a few
examples of diseases that are associated with protein
misfolding,z’3 such as the folding from the a-helix to the j-
sheet configuration. However, there is no successful treatment
of such diseases, as, among many other things, the folding
mechanism is not well understood yet." One reason is the lack
of diagnostic tools that allow fundamental research on a daily
basis at high speed, with high sensitivity and reliability. A
possibility to investigate protein folding is Fourier-transform
infrared (FTIR) spectroscopy in the fingerprint spectral
region."”” Standard tabletop systems usually require high
concentrations, which do not allow the analysis of only a few
proteins in order to study the individual reaction on different
stimuli, due to a relatively low brilliance of the typically used
thermal light sources, such as Globar light sources. Under-
standing the interactions of individual molecules during
physiological processes would provide more insight into the
mechanisms that trigger the molecule to undergo certain
conformational and thus functional changes. The detection
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sensitivity has recently been increased significantly by using
surface-enhanced infrared absorption (SEIRA) spectroscopy in
FTIRs, which takes advantage of strong near-fields of
plasmonic nanoantenna arrays that are resonant to the
vibration.*""" Thus, the protein signal can be enhanced by
several orders of magnitude and appears with a Fano-type line
shape on top of the antenna profile.'” Reaching the single-
molecule level by exploiting plasmonic enhancement has been
demonstrated in Raman spectroscopy,’” but has not been
achieved in FTIR spectroscopy yet. Recent publications
demonstrate the high potential of this approach by in vitro
monitoring protein folding using antenna fields for signal
enhancement.'*™"” Despite a significant increase of measure-
ment sensitivity, the amount of detected proteins on the
plasmonic nanoarrays is still on the order of hundreds of
thousands of proteins. The sensitivity can be further improved
by using synchrotron light sources, which exhibit an orders of
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magnitude higher brilliance,"*™° but at the expense of limited
availability, accessibility, and high costs.

In contrast to these far-field techniques, one can use atomic
force (AFM)*' or scanning near-field optical (SNOM)>*™*°
microscopy to detect vibrations on a few-protein level
However, these approaches impede in vitro measurements,
although first results have been obtained due to focused efforts.
Currently, one needs to decide between in vitro detection
using relatively large concentrations in far-field spectroscopy
and investigations on the few-protein level, applying near-field
optical microscopes.

The key element to further enhance the measurement
sensitivity is the application of a mid-IR light source, which
exhibits a brilliance that exceeds that of synchrotrons, which
has good beam quality (ideally TEM,,) and a high coherence
to enable efficient sample illumination. Furthermore, a single
source is required, whose bandwidth is sufficiently broad to
detect the desired molecular vibrations at once, avoiding the
necessity for spectral sweeping. Light sources that can match
these requirements are mid-IR lasers with ultrashort and hence
broadband pulses.”’~*’

In this work, we demonstrate a combination of a highly
brilliant, pulsed laser source and an individual plasmonic
nanoantenna as an ultrasensitive platform for tabletop protein
studies at attomolar concentrations and attoliter volumes.”’
Our light source is based on tunable parametric frequency
conversion, which covers a broad spectral tuning range from
1.33 to 8 pum (7500—1250 cm™"). The laser pulses exhibit a
bandwidth of about 125 cm™ (1/e*-width), which is sufficient
to cover molecular amide-I vibrations without frequency
tuning. A detailed discussion can be found in refs 31-34.
We investigate in vitro the conformation of polypeptide
monolayers on single gold nanoantennas, thus exploiting the
plasmonic signal enhancement of SEIRA. As control experi-
ments, we additionally apply a synchrotron and a Globar as
light source, which commonly are the workhorses in FTIR
spectroscopy. Figure 1 depicts the experimental procedure. For
in vitro measurements a microfluidic cell is used, allowing
transmission measurements and control of the liquid environ-
ment.

B RESULTS AND DISCUSSION

The measurement setup consists of a Bruker Vertex 80 FTIR
spectrometer, which is attached to a Bruker Hyperion 2000
microscope. During all experiments, we use a 36X condenser
and objective for illuminating the measured sample area, which
is limited to about 10 X 10 ym” via the microscope aperture. A
liquid nitrogen cooled MCT (MCT D313) detector is
employed for detection, and spectra are measured at 4 cm™
resolution. The FTIR includes a Globar and offers an external
light source input, which we use for laser incoupling. The setup
is flushed with nitrogen to minimize atmospheric absorptions
to a negligible extent. The measurements applying a
synchrotron light source were conducted at the Swiss Light
Source at Paul Scherrer Insitute in Villi§en, Switzerland, at a
similar Bruker FTIR microscope setup.”

A microfluidic cell is constructed for in vitro detection,
enabling transmission measurements and control of the liquid
environment. During the presented experiments, D,0O-based
solutions are used, as H,O exhibits vibrational features in the
same spectral range as the polypeptides.'®

The utilized gold nanoantennas differ in length to ensure the
plasmonic resonance matches the polypeptide resonance for
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Figure 1. Schematic drawing of the experimental procedure. The
conformation of a polypeptide monolayer on a single gold
nanoantenna is investigated in vitro, employing SEIRA and FTIR
spectroscopy. To reach such a high sensitivity, we utilize a
synchrotron light source for reference measurements and a tunable
mid-IR laser in a combination with a Globar for tabletop experiments.

efficient near-field enhancement.’® The resulting antennas are
about 100 nm in height and width and between 1.7 and 1.9 ym
long and placed on a CaF, substrate. Here, we limit the
discussion to the antennas exhibiting optimum signal enhance-
ment, whereas further measurements are given in the
Supporting Information. The antenna length might vary
between the presented measurements, due to the different
light sources and samples. In refs 14—16 similar antenna
geometries have been used in large antenna arrays, providing a
good comparison to our results. Further advances in the
antenna design might improve the plasmonic signal enhance-
ment if a laser light source is used, as the overlap with the laser
intensity profile could be optimized. However, this is beyond
the scope of this work.

A suitable model system for the secondary structure analysis
is poly-L-lysine (PLL).””** Similar to many proteins, it exhibits
different conformations, and by analyzing the so-called amide-I
vibrations, structural changes can be detected. Spectral features
shift in frequency and differ in spectral shape as the
conformation changes, due to the rearrangement of intra-
molecular bindings. We particularly focus on the detection of
the so-called a-helical and f-sheet PLL conformations, which
exhibit resonance peaks at around 1648 and 1618 cm™',">*’
respectively. The recipe of the functionalization procedure is
taken from literature® and has been modified to our purposes
in previous studies."*’ More information can be found in the
Supporting Information. The estimated number of molecules
contributing to a plasmonically enhanced signal is 1600 for a
single antenna,"> assuming that only molecules in the vicinity of
the tip ends, where the near-field is highest, contribute to the
polypeptide signal.*’

The adsorption of PLL is conducted in a neutral
environment; thus a random distribution of both conforma-
tions is expected, which is to be investiga‘ced.ls’39 However, if
the sample is placed in a D,0O-based sodium dodecyl sulfate
(SDS) solution, the polypeptides denaturate and mostly fold
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Figure 2. Comparison between synchrotron and Globar spectra of the polypeptide-covered single antenna. A 1.80 ym long antenna is used for the
synchrotron measurement, whereas a 1.75 ym long antenna is used for the Globar. The spectra are shifted in transmittance for better comparability,
and the bare profile of a 1.80 ym long antenna measured with the synchrotron is indicated in a short-dotted line. The inset (magnified in the right
panel) gives a more detailed view on the region of interest. A distinct signal is observed with the synchrotron matching the a-helical resonance
peak. The Globar noise is significantly higher due to its lower brilliance and exceeds the expected signal. No fS-sheet signal is observed in either case.

The a-helical and S-sheet polypeptide resonances are indicated by vertical long-dashed lines at around 1648 and 1618 cm™".
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Figure 3. Investigation of the polypeptide sample using the synchrotron and laser. A typical laser intensity distribution is depicted in gray, measured
in transmission through the bare CaF, substrate (background measurement). The 1/¢*-bandwidth reaches 125 cm™, allowing both polypeptide
conformations to be detected equally well. Outside that range a too low intensity is available for detection. Note that the spectra are shifted in the y-
direction for better comparability. For a better visibility of the polypeptide resonances overlaying the antenna profiles, the bare antenna profiles are
indicated as short-dotted lines. The right panel, which is the magnified inset from the left panel, depicts a zoom-in view. Both spectra exhibit a
distinct and similar resonance at 1648 cm™' on top of the antenna profile, which matches the a-helical amide-I vibration. The laser exhibits a

significantly higher signal strength at a 6 times lower measurement time. The SNR reaches 58, compared to 13 using the synchrotron. The a-helical
and f-sheet polypeptide resonances are indicated by vertical long-dashed lines at around 1648 and 1618 cm™.

into the f-sheet conformation.”””** Thus, we want to make
sure to detect both a-helical and fB-sheet signals.

To validate our sensing concept, we first perform reference
measurements using light sources that may fully cover the
plasmonic resonance of the functionalized antenna. Therefore,
the first measurements are conducted using a Globar and the
synchrotron light source. Figure 2 depicts the recorded spectra
of a 1.80 pum long antenna, covered with molecules
(synchrotron measurement) and a slightly shorter antenna of
1.7S um length (Globar measurement), exhibiting broad
plasmonic resonances with center frequencies of about 1700
and 1650 cm™', respectively. A detailed view on the spectral
region of interest is given next to the full spectra. The spectrum
measured with the Globar clearly exhibits high noise, which
exceeds any expected PLL signal. In contrast, the signal-to-
noise ratio (SNR) of the synchrotron spectrum is significantly
higher, and a distinct resonance stands out from the spectrum,

despite a significantly shorter measurement time compared to
the Globar. For a better visibility of this feature, we indicate the
bare antenna resonance in a short-dotted line. This bare
antenna profile is obtained by a Lorentzian fitting method (see
Supporting Information). The signal exactly matches the
spectral position of the amide-I vibration at around 1648 cm™"
which is characteristic for an a-helical polypeptide conforma-
tion and reaches an SNR of approximately 13. Further
information regarding the calculation of the SNR is given in
the Supporting Information. Figure 2 also marks the position
of the f-sheet resonance at 1618 cm™'. Here, no signal is
detected, and we conclude the PLL monolayer to be
predominantly in the a-helical conformation. Our measure-
ment matches the expected polypeptide responses given in refs
1S and 16, where similar studies have been conducted on large
antenna fields. To determine the sensitivity of the synchrotron
light source, we calculated the RMS noise in the given spectral
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Figure 4. Comparison of measurements conducted in D,O (dark green) and D,0—SDS (light green) solutions. Whereas both PLL conformations
can be present in the first case, the polypeptides are expected to be mainly in the f-sheet state in the latter case. Antenna spectra that are recorded
with the Globar in order to characterize the antenna resonances in the different liquid environments are depicted in the left panel. The antenna
resonance of the 1.80 ym long antenna, measured in D,0—SDS, is found at ~1600 cm™". The right two panels of the figure depict the inset region
of the left panel, when investigated with the laser source, including Lorentzian fits (see Supporting Information) of the bare antenna background as
short-dotted lines. In contrast to the measurement in D,O solution (dark green), which only exhibits a strong a-helical signal, a broad peak in the
vicinity of the f-sheet resonance is visible in D,O—SDS solution (light green). Furthermore, no a-helical signal is detected in D,0—SDS, as
expected as a consequence of the denaturation of the polypeptides. This indicates that the polypeptide monolayer is predominantly in the f-sheet
conformation. From these observations, we conclude that both conformations can be distinguished well with the laser source. All spectra are shifted
in the y-direction for a better comparability. The a-helical and $-sheet polypeptide resonances are indicated by vertical long-dashed lines at around

1648 and 1618 cm™.

region for single spectra. Assuming the single shot detection
limit, i.e., the sensitivity, is reached at an SNR of 1, a signal
amplitude of 0.23% is required to be detected. In contrast to
the sensitivity, we define the detection limit to be dependent
on the integration time. Further information is given in the
Supporting Information. We would like to point out that our
definition might not be valid in general, but it is a
comprehensible measure for the presented data.

To make this concept feasible for tabletop applications, we
continue our studies utilizing the laser light source. For the
further experiments, the laser is tuned to a center frequency of
1634 cm™', which is in between the a-helical and S-sheet
resonances. Figure 3 depicts a typical spectral intensity
distribution, shown in gray, as an inset in the main figure.
The semitransparent areas mark the spectral range that is not
covered by the laser light. In this range the remaining laser
intensity is too low to be detected and the FTIR spectra are
dominated by noise. Only minor atmospheric absorptions are
visible as a consequence of the nitrogen purge. Following
Figure 2, we compare the measurement obtained with the laser
to the synchrotron spectrum. We employ a 1.75 um long
antenna for the laser measurement, as we did using the Globar.
The antenna profiles are fitted using a Lorentzian fit (see
Supporting Information) and are indicated as short-dotted
lines.

Comparing the slopes of the synchrotron and laser spectra,
the latter appears steeper, as well as blue-shifted. This is related
to the slightly shorter antenna length and the different
illumination geometries. Considering the different beam
shapes and qualities of the light sources, a higher light
intensity at the sample position, as well as a higher optical
throughput, is achieved with the laser, compared to the
synchrotron and Globar. This results in a significantly higher
intensity reaching the detector, leading to a better SNR. It

needs to be considered that the plasmonic resonance can
slightly shift, depending on the illumination of the antenna, i.e.,
plane wave or angled illumination."’

On the right-hand side of Figure 3, a detailed view on the
region of interest (1/¢* laser bandwidth) is given. Here, the
laser spectrum exhibits a distinct vibrational signal on top of
the antenna profile, which agrees well with the synchrotron
measurement, however, with a much better SNR of 58. The
signal also agrees well with literature data.'>'® The signal fits
the resonance of the a-helical amide-I vibration well, whereas
no signal at the expected p-sheet signal is observed. This
indicates an @-helical conformation of the PLL monolayer.

Besides the better SNR compared to the synchrotron, the
laser allows measurements within less than 6 times the
measurement time. Here, spectra are accumulated for 10 min,
although 2.5 min is sufficient to achieve an SNR comparable to
the synchrotron spectrum, as shown in the Supporting
Information. The single-shot sensitivity is reached at 0.23%
absorption, which is similar to the synchrotron single-shot
sensitivity. After 10 min integration time the detection limit
reaches 0.02%, and after 25 min it is at 0.015% absorption. In
comparison, the synchrotron detection limit is at 0.03% using a
10 min integration time and saturates at 0.019% after
approximately 30 min. The excellent detection limits and
sensitivities for both synchrotron and laser highlight the
potential of these light sources. The dominant noise sources of
the laser in long-term measurements are minimum wavelength
and power fluctuations, despite the very good long-term
stability of the laser as measured in ref 33 and mechanical
fluctuations of the microscope. The significant difference in
SNR between laser and synchrotron is mainly due to the high
signal amplitude, which we attribute to the higher brilliance of
the laser. We believe that fast measurements with excellent
SNR are of high importance, and a tabletop setup is required
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to conduct research on a daily basis at moderate cost and
effort, which is enabled with the presented approach.

So far, we conclude that the PLL monolayer on the
investigated antennas is predominantly in the a-helical
conformation. In a next step, we prepare a sample in the f-
sheet state by adding SDS to the D,0 solution in order to
examine the distinguishability of the individual conformations.
Initially, the sample is investigated employing the Globar and
spectra are accumulated for about 8 h. Figure 4 depicts the
measured spectrum (light green) in the left panel. In the
D,0-SDS environment, we utilized a 1.80 ym long antenna.
For a better comparison to the previous measurements, the
Globar spectrum (dark green) of the 1.75 ym long antenna
measured in D,0 is also plotted (dark green). The 1.80 ym
long antenna spectrum exhibits a higher noise level, as a
consequence of the added SDS to the D,O environment,
which exhibits OH vibrations in the considered frequency
range, adding noise to the spectrum. Please note that no
vibrational modes can be identified in the spectra taken with
the Globar, as expected.

Next, the sample is investigated employing the laser light
source, and the spectra are depicted in the right two panels of
Figure 4, including Lorentzian fits of the bare antenna
resonances (see Supporting Information) to visualize the
polypeptide signals. The measurement in D,O solution is
plotted in dark green. This is the same measurement as
previously shown in Figure 3. The measurement conducted in
D,0—-SDS is depicted in light green line color. Here, a broad
feature close to the expected f-sheet vibration is visible on top
of the antenna resonance, whereas the previously observed
strong a-helical signal vanished. This indicates that the
polypeptide monolayer mostly folded from the a-helical into
the f-sheet conformation. We calculated an SNR of 8, and the
single-shot sensitivity is measured to be 0.58%. Compared to
the measurements in D,0O, the sensitivity is more than a factor
2 weaker as a consequence of the OH vibrations in the D,0—
SDS environment. After 45 min integration time a detection
limit of 0.068% is reached. The lower SNR is due to the weak
signal amplitude as a consequence of the denaturated
polypeptides. Nevertheless, both conformational vibrations
can be detected and distinguished with the laser source,
without applying any changes. Several antennas have been
investigated in D,0—SDS solution, but no strong a-helical
signal is observed any more, whereas features at the f-sheet
resonance became more prominent. An additional antenna
measurement is given in the Supporting Information, with
evidence for both features. The measured polypeptide signals
match the literature data well.'>"¢

In general, several antennas have been investigated, leading
to similar results as presented. In the Supporting Information
we present measurements performed on antennas of different
length, which affects the plasmonic signal enhancement due to
a resonance detuning. Due to the sensitive functionalization
procedure, the detected protein conformation and signal
strength vary between the different samples, but are
comparable overall.

H CONCLUSION

To conclude, we investigated in vitro polypeptide monolayers
on single gold nanoantennas exploiting resonant vibrational
surface-enhanced infrared absorption spectroscopy. We
employed a tunable parametric light source based on a solid-
state laser, which additionally brought significant improve-

ments in terms of an increased signal-to-noise ratio and
decreased measurement times compared to Globar or
synchrotron light sources. We successfully detected resonances
attributed to both the a-helical and f-sheet conformation
within minutes, without frequency tuning of the light source.
Monitoring folding mechanisms is feasible with this laser
source, due to the broadband intensity profile compared to
other laser sources in the mid-IR range. These results enable
studies of species at attomolar® concentrations in attoliter
volumes on a daily basis with this novel tabletop system. In
combination with further advances of nanoantenna de-
signs*®™>” this might enable the detection of even fewer
molecules in the future. We believe that our concept opens up
opportunities for in vitro investigation of the protein folding
mechanism at a few or even single-molecule level in the near
future.
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