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ABSTRACT: Proteins perform a variety of essential
functions in living cells and thus are of critical interest for
drug delivery as well as disease biomarkers. The different
functions are derived from a hugely diverse set of structures,
fueling interest in their conformational states. Surface-
enhanced infrared absorption spectroscopy has been utilized
to detect and discriminate protein monomers. As an
important step forward, we are investigating collagen peptides
consisting of a triple helix. While they constitute the main
structural building blocks in many complex proteins, they are
also a perfect model system for the complex proteins relevant
in biological systems. Their complex spectroscopic informa-
tion as well as the overall small size present a significant
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challenge for their detection and discrimination. Using resonant plasmonic nanoslits, which are known to show larger specificity
compared to nanoantennas, we overcome this challenge. We perform in vitro surface-enhanced absorption spectroscopy studies
and track the conformational changes of these collagen peptides under two different external stimuli, which are temperature and
chemical surroundings. Modeling the coupling between the amide I vibrational modes and the plasmonic resonance, we can
extract the conformational state of the collages and thus monitor the folding and unfolding dynamics of even a single
monolayer. This leads to new prospects in studies of single layers of proteins and their folding behavior in minute amounts in a

living environment.
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P roteins are large, complex molecules performing many
critical functions in the body. They do most of the work in
living cells and are required for the structure, function, and
regulation of body tissues and organs. Proteins are long chains
of amino acids,”” whose linear sequences are termed the
primary structure of the protein.” Hydrogen bonding between
amino groups and carboxyl groups in the neighboring regions
of the protein chain lead to a distinct folding behavior.” These
stable folding patterns are the so-called secondary structures of
a protein. The final shape is typically the most energetically
favorable one.” During the folding process, the proteins might
undergo a variety of conformations before reaching their final
form, which is unique. Furthermore, chemical forces between a
protein and its immediate environment contribute to protein
shape and stability. Consequently, some misfolded proteins are
believed to cause systematic or neurodegenerative diseases.”’

A number of different techniques allow for the examination
of protein secondary structure (e.g., nuclear magnetic
resonance (NMR) spectroscopy or atomic force micros-
copy).”*""> However, to detect the structural changes for
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small amounts, such as on a monolayer scale, using those tools
is extremely difficult or even impossible, as they require large
amounts of analyte or cannot be performed in vitro, that is, in
aqueous surroundings. In contrast, infrared (IR) vibrational
spectroscopy is a powerful tool for the identification of the
structural conformation of molecules, which is in principle
scalable.'™"® The molecular bonds result in a unique optical
response due to vibrational excitations at characteristic
frequencies, causing distinct so-called vibrational fingerprints.
Monitoring the spectral response of an analyte enables a label-
free optical detection of molecular species. More importantly,
the optical response is modified whenever a certain molecular
structure changes due to an external stimulus.'”~** However,
similarly to the other mentioned techniques, conventional
vibrational spectroscopy requires large amounts of molecules
in order to detect the molecular conformation due to the
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relatively small infrared absorption cross sections of the
molecules. Resonant plasmonic nanoparticles can overcome
this limitation and enable vibrational spectroscopy at low
concentrations. Namely, surface-enhanced infrared absorption
(SEIRA) spectroscopy utilizes the strong near-fields of the
metallic nanostructures to enhance the infrared vibrational
modes of molecules.”*™*° One can also reach much higher
sensitivity with resonant SEIRA,**™** where the frequency of
the plasmonic mode and the molecular vibration are matched.
It enables the detection of minute amounts of molecules on the
plasmonic structures down to attomolar sensitivity.”*** The
only difficulty lies with sample preparation, as the molecules
need to be positioned in the plasmonic near-fields. However,
the required surface modifications are in fact well under
control, and thus, SEIRA allows for in vitro probing of
molecular monolayers.

Nanoantenna arrays were already successfully used for
biosensing'*"**™*7 in air as well as aqueous surround-
ings,‘?'g_41 even in real-time,* demonstrating the reliable
detection of monolayers of proteins. In these studies, folding
of monomers, that is, single chains of amino acids, under
chemical stimulus has been detected and monitored.
Importantly, biologically relevant proteins and peptides are
in fact much larger or more complex than the monomers
studied to date and are commonly composed of several
individual monomers. Collagens are a particularly interesting
system, as they are so-called trimers, consisting of a triple helix
of peptides with polyproline helical structure. Such collagens are
in fact structural building blocks in many complex proteins and
thus constitute an ideal model system for the more complex and
biologically relevant systems.

In this contribution, we demonstrate in vitro monitoring of
structural changes of collagen-like molecules utilizing resonant
plasmonic nanoslits as a sensing platform based on surface-
enhanced infrared absorption spectroscopy. These results go
beyond the current state-of-the-art for two reasons: First, we
study more complex molecular entities, which show a diverse
and intricate spectral response. While this is an important step
on the quest for improved molecular recognition for
biologically relevant entities, it also requires better sensitivity,
as the collagens are in fact small molecules exhibiting
comparably small vibrational signal strengths. These expected
small signals require a modeling of the coupling between the
plasmonic resonance and the molecular vibration in order to
extract the conformational change from the spectral response.
Second, we are reporting the use of plamonic nanoslits as a
SEIRA platform, which is known for its improved specificity
compared to solid nanoantennas together with these more
complex biomolecules. Figure 1 illustrates the basic idea of our
experimental study. Standard Fourier transform (FT) infrared
spectroscopy is performed to probe the optical response of
resonant plasmonic nanoslits, in inverse reflection geometry.
According to Babinet’s principle,*”** the inverse nanostruc-
tures also feature plasmonic resonances and, as it was shown,
even provide a higher average SEIRA signal.*> Furthermore,
nanoslits exhibit a smaller resonance shift for a changing
effective refractive index, which is unavoidable during temper-
ature changes of the sensing solution. Thus, in order to
perform in vitro measurements, nanostructures are immersed
in the aqueous surroundings and are covered by a monolayer
of capped collagen peptides,*® which are about 5 kDa in weight
and can be used as a folding model for minicollagen proteins
(Figure SI in the Supporting Information). In the unfolded
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Figure 1. A monolayer of collagen-peptide 3x(PUG); is immobilized
on the gold (Au) surface of nanoslit arrays. The amide vibration of
3x(PUG); is enhanced if the plasmon is resonantly matched to the
molecular vibration. We apply an external stimulus, which leads to
structural changes of the molecules, resulting in different intensities of
the amide vibration, allowing optical tracking of the conformational
changes of molecules. The optical response is measured in inverse
reflection geometry. The SEM image depicts an exemplary nanoslit
array; the scale bar is 1 pm.

state, the distinct single chains of the molecule exhibit only
partial polyproline type secondary structures. A cooperative
folding behavior leads to collagen’s typical triple-helical
structure in the folded state. To observe folding of triple
helices, the monitoring of the intrahelical vibrations is
required,”” and thus, high SEIRA signal is necessary. The
conformational changes of collagen peptides are induced by
two different external stimuli, namely, a surfactant as well as
temperature change. Monitoring the amide vibration, which is
characteristic for bonded helices, we are able to detect the
secondary structure of the molecules and its dependence on
the surrounding properties.

B EXPERIMENTAL RESULTS AND DISCUSSION

In order to perform surface-enhanced infrared absorption
spectroscopy, we need to place the molecules into the so-called
“hot spots” of the nanostructure. As we are going to utilize
nanoslits, the collagen peptides should be located inside the
slits, where the near-field is maximum.** The most
straightforward option is to bind the peptides to the gold
surface itself with standard gold—thiol chemistry. The peptides
will therefore also be present inside the slits, as they can cover
the side walls. Instead of a sequential assembly as presented in
other work,**" we utilize specially synthesized capped
collagen peptides with a thiol group at the end (Figure S1 in
the Supporting Information).*® This allows us to directly dress
the gold surface with a self-assembled monolayer of collagen
peptides.
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To start with the folding studies, we utilize a tailored
reflection flow cell (Figure S2 in the Supporting Information),
which allows for measuring the nanostructures in an aqueous
environment in inverse reflection geometry. The nanoslit
fabrication consists of a standard electron beam lithography
(EBL) process and subsequent argon-ion milling.”> We used a
patterned poly(methyl methacrylate) (PMMA) layer as an
etching mask on top of a 50 nm thin gold mirror and thus were
able to produce nanoslit arrays (200 X 200 gm) of different
sizes. We varied the slits length between 1.4 and 2.1 ym with
an optimal constant lateral spacing of 3 ym in the x-direction
(along the long slit axis) and 2.5 ym in the y-direction (along
the short slit axis) and a slit width of 70 nm (Figure S3 in the
Supporting Information). As an adhesion layer on CaF,
substrate, we used titanium because of its chemical stability.
Here, one should mention that H,O exhibits vibrational signals
in the amide I spectral range, and thus, we perform the
measurements in D,0-based solutions, which vibrate at lower
energies.”' Finally, to study the structural changes of the
collagen-peptide monolayer, we cover the sample with
molecules by immersing the slits into 5 yM D,0O-based
solution of collagen peptides functionalized with thiol bonds
for 24 h.

Figure 2a depicts the reflectance of 1.7 pm long nanoslits
being immersed in D,O before (dark green) and after (dark
red) functionalization. First of all, a red shift of the plasmon
resonance frequency is observed after molecules covered the
sample. This is expected, as collagens adsorbed on the gold
surface slightly increase the effective refractive index. As we are
more interested in the spectral region of the amide vibration
(vertical dashed line), we zoom-in on the optical response at
this frequency, shown in Figure 2b. As one can see, a spectral
feature is imprinted onto the reflectance spectrum of
functionalized slits, which is not observed for the bare sample
(upper panel). At first sight, the signal appears very small.
However, such a weak signal is in fact expected due to the
small size of the molecules and thus the small number of C=0
stretch vibrations. As we want to observe the changes of amide
vibration, we therefore require another data representation. To
accomplish this, we plot the first derivative of the optical
response (lower panel). Indeed, the signal now becomes clearly
visible exactly at the frequency of collagen-peptides’ amide
vibration, which proves that a thin monolayer of molecules
covers the gold surface and allows us to track the changes of
spectral feature and consequently also the conformational
changes.

The visibility of the molecular feature depends on several
factors. For most efficient coupling and therefore most
prominent spectral splitting, the frequency of the molecular
vibration and the plasmon resonance should be similar. On the
other hand, the coupling strength is also influenced by the local
near-field strength, which is known to be maximum slightly
red-shifted with respect to the far-field scattering maximum,
and thus, the antenna resonance should be slightly blue-
detuned. Moreover, slight deviations in molecular coverage as
well as a possibly varying quality factor of the array due to
inhomogeneous broadening will influence the feature. All these
factors come together and influence the visibility in our
experiment. In order to choose dimensions with the best
visibility, we varied the antenna length. For all lengths,
qualitatively, the same results were obtained (see Figure S4 in
the Supporting Information). Using a slit array with a length of
1.7 pum, the amide I vibration is most pronounced being
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Figure 2. (a) Functionalization scheme. We cover the nanoslits with
collagen peptides by immersing the sample into S M D,0O-based
solution of molecules for 24 h. We acquired the reflectance spectra
before (dark green) and after (dark red) functionalization. The
spectral position of the amide vibration is marked by the dashed line.
(b) Zooming into the reflection spectrum (top panel), the spectral
feature is difficult to see and in particular to track, and thus, the first
derivative of the optical response is depicted (lower panel). The slope
of the reflectance reveals that the amide vibration at 1644 cm™ is
specific for the functionalized nanostructures, whereas such signal is
absent in the case of bare nanoslits.

located on a linear section of the first derivative and has
therefore been chosen for the discussion in the main text.
Additionally, we performed control experiments with collagen
peptides self-assembled on a bare gold surface; please refer to
Figure SS in the Supporting Information.

Having nanoslits functionalized with collagen peptides, we
continue with unfolding experiments of the prepared
monolayer. Similar to many proteins, the folding behavior of
collagen peptides is determined by the external environment.
Therefore, we can switch the conformation of the molecule by
changing the surroundings. It has been shown that heating of
the collagen-peptide surroundings leads to structural tran-
sitions.*®” On the other hand, sodium dodecyl sulfate (SDS)
is also known to change protein secondary structure.””' At
higher concentrations of SDS solution, the surfactant binds on
the protein hydrophobic sites,”" which causes unfolding of the
helices in collagen’s triple helix. In other words, SDS causes the
reversible denaturation of the biomolecules, similar to heating.

To examine if our nanosensor is able to detect a structural
difference of the collagen-peptide monolayer, we induce the
conformational changes with an SDS solution, which allows a
direct transition from natural to denaturated states (Figure 3).
The upper panel depicts the measured reflectance spectra,
where the first derivative of optical response is shown on the
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Figure 3. Changes in the secondary structure are induced by external
chemical stimuli. The upper panel depicts reflectance spectra
measured, whereas the lower one shows the first derivative of the
optical response. The position of the characteristic vibrational feature
of collagen-peptide 3x(PUG); is shown as a dashed line. Utilizing a
specially tailored flow cell, we immersed the sample into different
surroundings in the following sequence: D,0O (blue), SDS solution
(red), D,O (green). Monitoring the slope change of the amide I
spectral feature, we detect reversible structural changes of collagen
peptides: from triple-helix to unfolded and back.

lower panel. The array of nanoslits being immersed in D,0-
based solution has the plasmonic resonance frequency close to
the amide I vibration. As one can see at the lower panel, it is
convenient to monitor the change of the slope at the frequency
of amide vibration in order to track the changes of the
secondary structure. Similar to Figure 2b, the characteristic
vibrational feature of the molecules imprinted on the
plasmonic resonance (dashed line) is visible. The three
different measurements are color-coded here. We fill the flow
cell with D,O right after functionalization, which is now the
initial state (blue curve). Next, we exchange the solution in the
fluidic cell and by this add SDS impurity to the surrounding
(red curve). The slope represents a weaker vibrational
response of the molecules at amide I frequency. As mentioned
above, such behavior was expected, because SDS causes
denaturation of peptides. For collagen peptides, this starts by
breaking the bonding between helices of the triple helix at first
point. Therefore, there are less vibrations at the characteristic
frequency, leading to a weaker spectral feature. The recipe of
SDS solution we used was introduced previously in the
literature.>” At the last step, we remove the chemical stimulus
from the flow cell, which means replacement of SDS solution
with D,0 (green curve). Consequently, it is clear that further
solution exchange results in the triple-helical structure of
collagen peptides and leads to a more pronounced spectral
response. The same results are obtained for measurements
performed for the slit arrays of different length (see Figure S6
in the Supporting Information).

The conformational transition from folded to unfolded
states is the main focus in protein studies, and previous results
show that our nanosensor is capable of such experiments.

Thus, to track the step-by-step transition of the collagen-
peptide ensemble from the folded to the unfolded state, we
utilize a thermal stimulus of structural changes (Figures S7—S9
in the Supporting Information). Therefore, we proceed with
temperature-induced studies of the collagen-peptide mono-
layer (Figure 4). In the following studies, we measure the
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Figure 4. Monitoring thermally induced conformational changes of
collagen peptides. (a) The frequency of amide vibration of molecules
marked by a vertical dashed line; the temperature steps are color-
coded. Solid lines depict the optical response at each temperature
step. Reflectance spectra (upper panel) exhibit a spectral shift due to
the temperature variation. However, the first derivative of the optical
response (lower panel) reveals the change of the spectral feature at a
frequency of amide vibration. Dashed curves show the results of fitting
the experimental data by an analytical model, which shows excellent
agreement with the measured optical response. (b) We extracted the
intensity of molecular vibration by fitting a Fano profile to the
measured spectra. After a temperature increase of the D,O
environment, the vibrational feature decreases in a sigmoidal manner
(light green curve). However, in the control experiment, the SDS
surrounding prevents this behavior (dark green curve), which is
expected as molecules were denaturated at room temperature already.

spectra before heating, namely, at a temperature of 27 °C.
Next, we heat the solution with the help of a PID controller up
to 70 °C in steps of 10 °C. We perform reflection
measurement at each temperature step. Similar to heating,
we acquire the optical response at mentioned temperature
steps during the cooling of the system. Therefore, we plot the
spectra in a way that the measurement of the first temperature
point is on top and the last at the bottom (Figure 4a).

As one can see from the reflectance spectra (Figure 4a,
color-coded solid curves), the resonance frequency of the
nanoslit array shifts with temperature, as the heating of the
D,0-based solution results in sli%ht changes of the refractive
index (see also Figure S11).°° Similar to the previous
experiment, the first derivative of the measured spectra
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provides a more convenient way for monitoring folding of
collagen peptides. As expected, the vibrational feature is weaker
at higher temperatures. Despite this observation, we would like
to investigate whether this phenomenon is due to conforma-
tional changes. As we know from literature and our reference
measurements,”” the intensity of collagen-peptide amide I
vibration decreases with temperature and has reversible
behavior. Furthermore, the strength of this molecular signal
reveals the fraction of collagen folded.” Therefore, we extract
the vibrational signal of molecules from our experimental data
at each temperature step. To accomplish this idea, we perform
fitting of the experimental data.

To describe the optical response analytically, we utilize a
harmonic oscillator model. Namely, we assume that the
plasmonic resonance around the resonance frequency is
symmetric and thus has a Lorentzian profile. Also, because
of the coupling of the molecules to the nanostructure, the
vibrational feature of collagen peptide has a Fano profile.”
However, due to the mismatch of the dipole moment between
the molecular vibrations and plasmonic resonance of the
nanoslits, the coupling is weak despite the good match of the
resonant frequencies. Hence, the spectrum measured is the
sum of both

spectrum(w) = L(w) + F(w)

where
A
Lw)=1- S —
0 = D +1
FrES
w @, 2
— Wyip
( Ly + q)
Flw)=|[1- —2—"|I

@ — Dy 2
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There are a few characteristic constants: A is the modulation
depth of plasmonic resonance, I, is the full width at half-
maximum of the plasmonic resonance, w,, is the resonance
frequency of nanostructure, @, is the frequency of amide
vibration, [y, is the full width at half-maximum of amide
vibration, and ¢ is the asymmetry factor, which depends on the
tuning ratio @.;,/®,,. We obtain the resonance frequency of
the nanoslit array from the spectral centroid for each
temperature.”” In general, one would assume the asymmetry
factor to be temperature-dependent, as the plasmon resonance
is temperature-dependent due to a change of the effective
refractive index with temperature. However, this shift is very
small, which allows us to assume the asymmetry parameter of
the Fano profile g to be constant. The validity of this
assumption has been tested by assuming strongly varying
asymmetry factors, which in fact show negligible influence on
the results of the model (see Figure S10 in the Supporting
Information). Thus, it can be obtained from fitting of the first
spectrum (at 27 °C) and is used for all next fittings. The rest
of the parameters mentioned are fixed and thus the same for all
spectra (more details in the Supporting Information). Finally,
there is one parameter left, namely, I, which is related to the
intensity of molecular vibration.

Taking all mentioned points into account, we perform fitting
of each experimental spectrum with a single open parameter in
the vicinity of the nanoslit resonance (more in the Supporting
Information, Figure S10). The analytically obtained spectra

demonstrate good agreement with our experimental results
(Figure 4a, color-coded dash curves). As we introduced this
model in order to extract the molecular vibration from the
experimental data, we normalize the analytically obtained
amide vibration to the antenna profile and plot the resulting
signal versus temperature (Figure 4b, light green). This
delivers a scalar value that describes the strength of the
vibrational signal. The results depicted in Figure 4 demonstrate
a reversible conformational change of the collagen-peptide
monolayer under external stimuli. Similar to the bulk solutions,
heating the D,O surroundings of the molecules adsorbed on
the gold surface induces structural changes in expected fashion.

As a control experiment, we performed the same temper-
ature-induced measurements and data analysis for SDS-based
surroundings (Figure S11 in the Supporting Information),
where we expected the molecules to be denaturated from the
beginning, and thus, additional heating should have no effect
(Figure 4b, dark green). As expected, the SDS environment
denaturates the peptides, and in combination with heating,
there are no structural changes visible. Similar behavior was
detected for the slits with different lengths (Figure S12 in the
Supporting Information).

Thus, our measurements and analytical analysis clearly
validate our approach of in vitro monitoring of structural
changes of collagen molecules at low concentrations utilizing
resonant surface-enhanced infrared spectroscopy with plas-
monic nanoslits. Our concept allows for the observation of
conformational changes under different stimuli, including
temperature change, and detailed analytical analysis reveals
the conformational transition from one secondary structure to
another.

B CONCLUSIONS

To summarize, we experimentally demonstrated the unique
capabilities for ultrasensitive in vitro detection of the triple-
helical structure of collagen-like molecules at the monolayer
scale utilizing mid-IR resonant plasmonic nanoslits as a sensing
platform. As a result of the higher average SEIRA signal of the
inverse nanostructure in comparison to nanoantennas, "’
nanoslits are well suited for structural detections of
minicollagens as well as other proteins. Our biosensor enables
reliable tracking of collagen conformational changes under
various external stimuli via monitoring the amide I vibration.
The analysis of our experimental data with a simple analytical
model also reveals the expected folding behavior. Our
plasmonic-based nanosensor is promising for mid-IR secon-
dary structural analysis on minute protein samples including
transient species in dynamic conformational processes, which
might bring more degrees of freedom to applications in
medical diagnosis.
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