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A b s t r a c t

Infrared vibrational spectroscopy is a technique based on the
molecular vibrations, that is, the oscillation of individual atoms
with respect to each other. Each of these vibrations has a char-
acteristic resonance frequency which leads to the distinct vibra-
tional fingerprint of a molecule and thus enables a label-free,
non-destructive, and chemically specific detection of molecular
species.

The infrared absorption cross-sections, which characterize the
optical interaction strength, are relatively small. This is of mi-
nor importance for conventional spectroscopy, where large en-
sembles of molecules can be measured and thus contribute to the
overall signal. However, the small infrared absorption hampers
detection of molecules at low concentrations, which is of large
importance for medical diagnostics, for instance, where the de-
termination of the secondary structures of proteins is crucial due
to their role in many incurable diseases. A key to overcome this
limitation is to utilize plasmonic nanostructures, which confine
the electromagnetic radiation on the nanometer scale and allow
higher overall absorption.

In this dissertation, it is demonstrated that even a monolayer of
proteins can be detected using mid-infrared resonant gold nanos-
tructures. We use polypeptides as a model system and were
able to investigate the secondary structure of molecular mono-
layers in-vitro. Applying different external stimuli, we are able
to induce structural changes of polypeptides in aqueous envi-
ronments. In addition to a mid-infrared resonant nanoantenna,
nanoslits (or inverse antennas) can also enhance the optical re-
sponse of polypeptides, which allowed us to detect the secondary
structure of minicollagen monolayers. Both nanostructure de-
signs provided the possibility even to monitor reversible confor-
mational transitions of molecular monolayers.
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Scaling this approach down to a single nanostructure allows
to detect only a few thousands of polypeptides in liquid envi-
ronments. The demonstrated concept could lead to integrated
chip-level technology for biological and even medical applica-
tions, where biosamples with minute concentrations are inves-
tigated. With further advances, it could be possible to scale the
process to a few or single proteins and observe the structural
changes of individual entities.
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Z u s a m m e n f a s s u n g

Infrarot-Vibrationsspektroskopie ist ein optisches Messverfahren,
das auf Molekülschwingungen beruht. Dabei untersucht man
die Schwingungen einzelner Atome im Molekül relativ zueinan-
der. Jede dieser Schwingungen hat eine cha-rakteristische Reso-
nanzfrequenz, welche dem Molekül einen individuellen Finger-
abdruck verleiht und somit einen markierungs- und zerstörungs-
freien, sowie chemisch spezifischen Nachweis molekularer Spezi-
es ermöglicht.

Die Stärke der optischen Wechselwirkung wird durch den jew-
eiligen Absorptionsquerschnitt bestimmt, der im infraroten Spek-
tralbereich ziemlich klein ist. Für konventionelle Spektroskopie
Methoden ist dies von geringerer Bedeutung, da hier eine große
Anzahl Moleküle betrachtet wird, die zum Gesamtsignal beiträgt.
Die geringe Absorption im Infraroten erschwert jedoch den Nach-
weis von kleinen Molekülkonzentrationen, was aber von großer
Bedeutung in der medizinischen Diagnostik ist. Zum Beispiel ist
hier die Erkennung der Sekundärstruktur eines Proteins entschei-
dend, da diese eine bedeutende Rolle bei vielen unheilbaren Er-
krankungen spielt. Ein Schlüssel dies zu umgehen, ist die Ad-
sorption dieser Proteine an plasmonische Nanostrukturen. Diese
konzentrieren elektromagnetische Strahlung in ein Volumen auf
der Nanometer Skala, was zu einer größeren Gesamtabsorption
führt.

In dieser Arbeit wird gezeigt, dass mit Hilfe von Goldnanos-
trukturen, die im mittleren Infrarotbereich resonant sind, sogar
eine Proteinmonolage nachgewiesen werden kann. Dazu verwen-
den wir Polypeptide als Modellsystem, was eine in-vitro Unter-
suchung der Sekundärstruktur der molekularen Monolage ermög-
licht. Durch Änderung der äußeren Umgebung können struk-
turelle Änderungen der Polypeptide in wässriger Umgebung her-
vorgerufen werden. Neben Nanoantennen, die im mittleren In-
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frarotbereich resonant sind, können auch Nanoschlitze (bzw. in-
verse Antennen) die optische Antwort von Polypeptiden verstärk-
en, was den Nachweis der Sekundärstruktur von Minikollagen-
monolagen ermöglicht. Zusätzlich ermöglichen diese beiden Na-
nostruktur-Varianten die umkehrbare Konformationsänderung der
molekularen Monolage zu beobachten.

Skaliert man diesen Ansatz nun herunter auf eine einzelne
Nanostruktur, so erhält man ein System, mit dem man nur wenige
Tausend Polypeptide in Wasser basierten Lösungen nachweisen
kann. Dieses Konzept soll eine integrierte Technologie auf Chip-
Ebene für biologische und medizinische Anwendungen ermöglich-
en, wo organische Proben kleinster Konzentrationen untersucht
werden müssen. Ein nächster Schritt wäre, den Prozess noch
weiter bis auf einige wenige oder einzelne Proteine zu reduzieren,
um somit strukturelle Änderungen einzelner Bausteine beobacht-
en zu können.
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1
I n t r o d u c t i o n

Many different techniques were established to allow the investi-
gation of various molecular properties. Detection of protein con-
formational changes is of high importance in health and disease
for understanding the structural determinants of protein func-
tion. The secondary structure of proteins might be revealed by
circular dichroism (CD) spectroscopy [1–3], X-ray crystallogra-
phy [4, 5], nuclear magnetic resonance (NMR) spectroscopy [6–
8], and atomic force microscopy (AFM) [9, 10]. Nevertheless, the
techniques mentioned above have drawbacks, unfortunately. A
large amount of analyte is required for CD, NMR, and X-ray crys-
tallography for conformational studies. AFM, which can handle
smaller amounts, is, however, difficult to utilize for in-vitro mea-
surements. Therefore, infrared (IR) vibrational spectroscopy is
a very promising technique for the identification of molecules
and, in the case of proteins, determining the structural conforma-
tion [11–13]. The molecular bonds result in a unique spectrum
due to vibrational excitations at characteristic frequencies, which
cause a so-called vibrational fingerprint. Thus, an unambiguous,
nondestructive, and label-free detection of substances is possi-
ble, making infrared spectroscopy a powerful and indispensable
tool. Particularly, Fourier-transform infrared (FTIR) spectroscopy
is widely used in various fields of research, in industry, and
other applications for fast and routine structural investigations of
chemical compounds, monitoring of processes, and identification
of substances. Furthermore, as the optical response gets modified
if a particular molecular structure changes due to external factors
[14–19], IR spectroscopy is applicable to monitor the structural
changes of proteins during physiological processes, which is of
high importance for biological and medical applications.
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introduction

On the other hand, similarly to the techniques mentioned above,
conventional IR spectroscopy requires large amounts of molecules
to allow reliable detection. Resonant plasmonic nanoparticles can
overcome this limitation and enable vibrational spectroscopy of
molecular species at low concentrations. The so-called surface-
enhanced infrared absorption (SEIRA) spectroscopy utilizes the
strong near fields of the metallic nanostructures, which enhances
the infrared vibrational modes of the molecules [20–22]. Further-
more, it is possible to reach much higher sensitivity with a res-
onant SEIRA, where the resonance frequency of the plasmonic
mode matches the molecular vibration [22, 23], and thus detec-
tion of the molecules with attomolar concentration is achievable
[20, 24].

In recent years, many pioneering approaches have been devel-
oped, which revealed detailed information about the near field
distribution around the nanostructures and about interactions
with vibrational resonances of the molecules [25–28]. Adapting
this technique, it became possible to detect biomolecules on top
of the plasmonic chip [29–32]. These experiments demonstrated
the ability of SEIRA in the detection of biomolecules, which are
complex species and thus reveal rich vibrational spectra. Addi-
tionaly, peptides and proteins are able to change their structure in
an aqueous environment, which led to follow-up studies in liquid
surroundings [33–39]. Thus, it turned out that SEIRA allows not
only detection of proteins being immersed in liquid but also mon-
itoring molecular structural changes under the external stimulus.
In this dissertation, we demonstrate various ways, which further
develop the application of SEIRA for detection of biomolecules
and for monitoring their structural changes.

As a theoretical primer, chapter 2 presents some of the fun-
damental scientific concepts necessary to discuss the interaction
of electromagnetic waves with metallic nanoparticles, which con-
fines the electromagnetic radiation on the nanometer scale and
enhances molecular optical response in the vicinity of the nanopar-
ticle. Additionally, we show the analytical model, which de-
scribes the coupling between the nanoparticle and the molecule.
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introduction

Also, we discuss the Babinet’s principle, which brings the under-
standing to the design of inverse nanoantennas for SEIRA.

Chapter 3 briefly summarizes the methods necessary for the
realization of the in-vitro protein studies at monolayer scale. A
number of points are crucial here: the optimal design of nanos-
tructures, adsorption of the molecules, measurement setup and
geometry, as well as data analysis. All these aspects allow for
ultrasensitive experiments discussed in the next chapters.

Thus, in chapter 4, we start with a combination of resonant
mid-IR inverse nanoantennas (i.e., nanoslits) and a macromolecu-
lar model system, namely collagen-peptides. These molecules
can, upon a trigger such as a temperature change or adding
the chemical stimulus, reversibly change their confirmation. We
demonstrate that infrared measurements of only a molecular mo-
nolayer of collagen-peptides in a resonant nanoslit sensor can re-
veal structural folding and unfolding of these macromolecules
in-vitro.

In chapter 5, we realize a crucial step in sensing of large biomo-
lecules by demonstrating in-vitro observation of folding and un-
folding processes of the model system poly-l-lysine on a chip-
scale sensor. Utilizing resonant plasmonic nanoantennas for surfa-
ce-enhanced infrared spectroscopy, we monitored in-vitro the con-
formational change between α-helix and β-sheet states of poly-l-
lysine, induced by controlled external chemical stimuli.

We push the limits of nanoantenna-based detection of polypep-
tides in chapter 6. Namely, we demonstrate a combination of a
highly brilliant, pulsed laser source and an individual plasmonic
nanoantenna as an ultra-sensitive platform for table-top protein
studies at attomolar concentrations and attoliter volumes.

Finally, chapter 7 summarizes the main results of all studies
discussed and provides a short outlook on how future optical
nanosensors could be realized in order to reach the ultimate goal
of monitoring the dynamics of a few or even a single protein.
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2F u n d a m e n ta l s

This chapter is an introduction to the surface plasmon theory and
utilization of nanostructures for sensing applications. Therefore,
the optical properties of materials are discussed, aiming for an
intuitive understanding of the plasmon nature using simple oscil-
lator models. As this dissertation is focused on nanostructures as
a sensing platform, the chapter continues with the discussion of
localized surface plasmons and nanoantenna resonances. Thus,
we introduce individual, array, and inverse antennas which we
utilize for molecular detection in the next chapters. The chapter
ends with a brief introduction to the surface-enhanced sensing
approach, where we discuss antenna near-fields and coupling to
molecular vibrations leading to improved sensitivity.

2.1 optical properties of the materials

To explain the working principle of the optical sensors presented
in this dissertation, we should discuss the interaction of light
with materials. Therefore, we start with a simple model and de-
rive equations, which describe the optical properties of materials
[40, 41].

2.1.1 Lorentz oscillator equation

One can assume that the nucleus of an atom is much more mas-
sive than an electron. Having this in mind, one could build a
model where the electron-spring system is connected to an infi-
nite mass (fig. 2.1), which is the nucleus and does not move [42].
Depending on the case, the electron mass may be substituted by
the reduced or effective electron mass to account for deviations
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fundamentals

from the assumption introduced above, but first we take the de-
fault value of me = 9.11× 10−31 kg.

Figure 2.1: Schematic drawing of the Lorentz Oscillator

Furthermore, the assumption that the binding force behaves
as a spring works well for any kind of binding if the displace-
ment is small, meaning that only the constant and linear terms
in the Taylor expansion are relevant. Also, one should take into
account the damping term, which stands for internal collisions
in the solid and radiation emitted by the electron.

Finally, to complete the Lorentz oscillator equation, the driving
force needs to be determined. In the case of a solid placed in an
electric field E varying in time with angular frequency ω, but
independent of the displacement in the x direction, it looks as
follows:

~Fdriving = −q~E (2.1)

where q is the absolute value of the charge of the electron ( q =
1.602× 10−19 C ).

As the system, which we consider here, has charges displaced
one from another, we can consider it as a dipole. Thus, with an
oscillation of the spring, displacement of charges will oscillate as
well, leading to the change in polarization, which is:

~P = −qN~x (2.2)

The polarization vector is the density (per volume) of dipole mo-
ments, which are defined as the product of the charge and the
displacement vector. N stands for amount of the elementary
changes.
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2.1 optical properties of the materials

Here, the polarization vector changes due to the driving force.
Therefore we may start with a general harmonic oscillator:

m
d2~x

dt2
+mγ

d~x

dt
+mω20x =

~Fdriving (2.3)

to which, from the above, we take x̃(t) = −P̃(t)
Nq and ~Fdriving from

2.1 which leads to:

−
m

Nq

d2~P

dt2
−
mγ

Nq

d~P

dt
−
mω20
Nq

~P = ~Fdriving

d2~P

dt2
+ γ

d~P

dt
+ω20

~P = −
Nq

m
~Fdriving

d2~P

dt2
+ γ

d~P

dt
+ω20

~P =
Nq2

m
~E (2.4)

The equation 2.4 is the so-called Lorentz oscillator equation for
the polarization. Here, ω0 is the resonant frequency, m is the
mass of the electron, and γ is a damping due to the environment.

2.1.2 The plasma frequency

Next we introduce and discuss an important parameter, the so-
called plasma frequency, which is the natural resonant frequency
of a plasma oscillation. Simply stated, a plasma is an ionized,
electrically conducting gas of charged particles, usually occurring
under conditions of very high temperature and/or very low par-
ticle density. One of the most fundamental collective effects of a
plasma is the oscillation of the changed particles. Instead of deal-
ing with the individual motion of each electron and each nuclei,
one can consider the center of mass of the nuclei and the center of
mass of the electrons. In equilibrium, they coincide. When they
shift with respect to each other, a Coulomb force arises trying to
restore their position, which initiates an oscillatory behavior. The
frequency at which these oscillations resonate is called the plasma
frequency [43]:

ω2p =
Nq2

mε0
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fundamentals

which is equivalently:

ωp =

√
Nq2

mε0
(2.5)

where m is the mass of charged particle, N is the density of parti-
cles, q is the charge of particle, and ε0 is the vacuum permittivity
which is a constant and equals 8.854× 10−12 F m−1.

As we can see, the plasma frequency is proportional to the
electron density and thus can be calculated for any material for
which this density is known. The plasma frequency for, so-called,
non-plasma materials stands for the natural collective oscillation
frequency of the electrons in the bulk material, not of individual
dipoles.

Interestingly, electromagnetic waves can only penetrate the ma-
terial if their frequency is larger than ωp, otherwise they are re-
flected [43].

2.1.3 Permittivity

At this point we can simplify equation 2.4 by substituting the
definition of plasma frequency eq. 2.5 and continue with the so-
lution of it. Here, one should mention that in general case the
electric field is time dependent.

d2~P(ω, t)
dt2

+ γ
d~P(ω, t)
dt

+ω20
~P(ω, t) = ε0ω2p~E(ω, t) (2.6)

As the direction of both polarization and electric field vectors
is the same, we can omit the vector sign for simplicity. Next, as
we assume a sinusoidally-varying electric field and polarization:

P(ω, t) = P(ω)cos(ωt) = <e
{
P̃(ω)ejωt

}
(2.7)

where the P̃(ω) is independent of time and is a complex quantity
in order to account for any phase-lag between the driving electric
field and the polarization.
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2.1 optical properties of the materials

Similar to the polarization, we substitute the electric field in
the harmonic form and obtain:

d2
[
P̃(ω)ejωt

]
dt2

+ γ
d
[
P̃(ω)ejωt

]
dt

+ω20P̃(ω)ejωt = ε0ω
2
pEe

jωt

taking into account that P̃(ω) is independent of time, we continue
with derivatives:

(jω)2 P̃(ω)ejωt + jγωP̃(ω)ejωt +ω20P̃(ω)ejωt = ε0ω
2
pEe

jωt

Thus, for the complex polarization in the vector form we obtain:

~̃P(ω) =
ε0ω

2
p

(ω20 −ω
2
p) + jγω

~E (2.8)

From another side, the polarization of a material is related to
the applied electric field and the electric susceptibility of the ma-
terial:

~P = ε0χe~E

which may be easily modified into the complex form:

~̃P = ε0χ̃e~E

If we now recall the concept of relative permittivity, also called
the dielectric constant ε

ε0
= 1+ χe, we obtain:

~̃P = ε0

(
ε̃

ε0
− 1

)
~E (2.9)

Combining this with our previous result, eq. 2.8, we get:

ε̃

ε0
= 1+

ω2p

(ω20 −ω
2) + jγω

(2.10)

The above equation shows that the permittivity depends on
the frequency of the electric field, besides the plasma frequency
and damping (which are properties of the medium). A medium
displaying such behavior is called dispersive.
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fundamentals

Since our electric permittivity is a complex quantity, we can
break it down into a real and an imaginary part:

ε̃

ε0
= εr − jεi (2.11)

From this definition, and remembering that these quantities are
the functions of frequency of the driving electric field (eq. 2.10),
we can obtain the magnitude and phase of the polarization with
respect to the electric field, which is the amplitude and phase
of the displacement of the oscillator. Thus, after removing the
imaginary number from the denominator in equation 2.10:

εr(ω) − 1 =
ω2p

(
ω20 −ω

2
)(

ω20 −ω
2
)2

+ω2γ2
(2.12)

εi(ω) =
ω2pγω(

ω20 −ω
2
)2

+ω2γ2
(2.13)

The real and imaginary parts are plotted in fig. 2.2:

Figure 2.2: Real and imaginary parts of electric permittivity of dielectric material.
Here, one can see three type of optical ranges, where the material can be mostly
Transparent, Absorptive, and Reflective

2.1.4 Frequency analysis

From fig. 2.2, we can see that there is a peak in εi aroundω = ω0,
which is the resonance frequency of the material. This corre-
sponds to the strong absorption of the electromagnetic radiation
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2.1 optical properties of the materials

by the material near that frequency. Such a frequency-dependent
optical behavior of a material often is divided into regions of:
Transmission, Absorption, and Reflection.

The absorption is largest around the resonant frequency, as
was mentioned, and is about 2γ wide (marked with red). Before
this region and after ω = ωp the material is mostly transparent
(marked with blue). In the yellow region, the incident light is
reflected mostly.

We can also try to get a more intuitive understanding of this
frequency dependence. Thus, please note that the polarization
vector and the electric field are related by the electric susceptibil-
ity, which is equal to χ̃e = ( ε̃ε0 − 1) = (εr− 1) − jεi and therefore:

~̃P(ω) = ε0χ̃e~E

χ̃e(ω) = |χe(ω)| ejφχe(ω)

Thus, the magnitude is given by:

|χe(ω)| =
√

(εr − 1)2 + ε2i (2.14)

As we assumed ~E being real, the phase difference between the
polarization vector and the electric field will be equal to the phase
of the complex susceptibility, which is given by:

φP = φχe(ω) = arctan(
εi

εr − 1
) = arctan(

ωγ

ω20 −ω
2
) (2.15)

Let us have a look at extreme cases.

Low frequencies, ω ≈ 0:
εi(0) ≈ 0
|χe(0)| ≈ |εr − 1| ≈

ω2p
ω20

φχe(0) ≈ arctan(0) = 0
Thus, the amplitude of the displacement is somewhere in be-

tween the peak and zero, whereas the displacement is in phase
with the varying electric field.

11
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Near the resonant frequency, ω ≈ ω0:
εr(ω0) − 1 ≈ 0
|χe(ω0)| ≈ |εi| ≈

ω2p
γω0

φχe(ω0) ≈ arctan(
γω0
0 ) ≈ arctan(∞) = π

2

This demonstrates that the amplitude is much larger than the
low frequency scenario (as we assume γ� ω0) and the displace-
ment is 90◦.

High frequencies, ω→∞:
|χe(∞)| ≈ 0
φχe(∞) ≈ arctan(0) = 0 or π

As ω shows up to the fourth power in the denominator of
both εr and εi, which forces them to vanish. To figure out the
phase, we refer to the eq. 2.15, where the denominator is −ω2, so
the whole expression becomes a small negative number. Hence,
the displacement is minimal and it is 180◦ out of phase with the
electric field.

Figure 2.3: Drawing of an anology of each frequency regime

From intuitive side, an analogy can be made with pushing
someone on a swing at each frequency regime (fig. 2.3).

To summarize, depending on the frequency, the dielectric ma-
terial is:

• Transmissive for 0 < ω < ω0 − γ

• Absorptive for ω0 − γ < ω < ω0 + γ

12
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• Reflective for ω0 + γ < ωp

• Transmissive for ω > ωp

2.1.5 Drude-Lorentz model

The Drude model for electrical conduction is basically the exten-
tion of the Lorentz oscillaltor model, where the kinetic theory
is applied to electrons in a solid. Metals have a good electrical
conductivity as the electrons are not bound to the nuclei. The
so-called delocalized electrons are known as free electrons and
allow metals to conduct the electricity [44, 45].

Therefore, we can consider a particular change in our Lorentz
oscillator model. Namely, if the electrons are not bound, then
there is no restoring force of the ”spring”, Fspring = 0. That means
that the equivalent spring constant associated with it is equal to
0, so k = mω0 = 0 and thus ω0 = 0. However, the rest of terms
remain, which gives us the solution of the Drude-Lorentz model:

ε̃

ε0
= 1−

ω2p

ω2 + jγω
(2.16)

εr(ω) = 1−
ω2p

ω2 + γ2
(2.17)

εi(ω) =
ω2pγ

ω
(
ω2 + γ2

) (2.18)

Although more detailed models exist for metals, the Drude model
is very useful to get reliable predictions regarding the optical be-
havior of metals.

As one can see from fig. 2.4, metals do not exhibit the first
transmissive region. For the metals the absorption region starts
directly at low frequencies up to ω = γ, where γ usually is rela-
tively small. Similarly to the dielectric materials, for γ < ω < ωp
metals exhibit a reflective region and a transparent region for
ω > ωp. Thus, we can summarize these results, metals are:

• Absorptive for 0 < ω < γ

13
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• Reflective for γ < ω < ωp

• Transmissive for ω > ωp

Figure 2.4: Real and imaginary parts of electric permittivity of metal

2.2 nanoantenna resonance

2.2.1 Plasmons in the bulk

The Drude dielectric function, discussed in the previous section
(eq. 2.17, eq. 2.18), vanishes at ω ≈ ωp, for γ ≈ 0. This corre-
sponds to an excitation of collective electron oscillations. This
phenomenon is known as plasma oscillation and the excitation
called plasmon [46].

Figure 2.5: Surface plasmon polariton (SPP)

Plasmons, that travel along a metal–dielectric or metal–air in-
terface, are named surface plasmon polariton (SPP), see fig. 2.5.
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2.2 nanoantenna resonance

In fig. 2.5 the k-vector is a wavevector, which describes a prop-
agation of the electromagnetic wave, its absolute value is given
as:

k(ω) =
ω

c

√
ε(ω)

ε(ω) + 1
(2.19)

A surface plasmon polariton is the surface wave that involves
both charge motion in the metal (surface plasmon, SP) and elec-
tromagnetic waves in the air or dielectric (polariton).

As one can see from eq. 2.19, depending on the frequency, light
may cause different response at the metal-dielectric interface. As
for metals, typically γ ≈ 0, we can use eq. 2.16 for eq. 2.19 and
obtain:

k(ω) =
ω

c

√
ω2 −ω2p
2ω2 −ω2p

(2.20)

which is so-called dispersion relation of different types of plas-
mons (fig. 2.6). This dispersion relation allows us to investigate
at which frequencies SPPs may be excited.

Figure 2.6: Dispersion curves of volume plasmons (red) and surface plasmons
(blue). No plasmons can be excited in the frequency range indicated by the
dashed lines

Thus, as depicted in fig. 2.6, for ω = ωp the wave vector van-
ishes, which means that wave propagates through the metal. This
is so-called volume plasmon (VP), which is not possible to excite
by light. However, for ω > ωp plasmon propagation inside the
metal occurs known as volume plasmon-polariton (VPP).

Surface plasmons can be excited at the frequency ω =
ωp√
2

,
where the wave vector is approximated for large values. Below
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this frequency the SPP is possible to excite. Thus, we can define
the frequency of SP as:

ωsp =
ωp√
2
=

√
1

2

Nq2

mε0
(2.21)

Between the SPs and VPs, a frequency band is located in which
no plasmons can be excited.

Due to damping in the metal, SPs can only travel a limited
distance along the surface. However, in particles with dimen-
sions below wavelength (nanoparticles) the propagation distance
is instead limited by the particle size. In this case, a localized
surface plasmon polariton (LSPP) can directly be excited by light
(fig. 2.7).

Figure 2.7: Localized surface plasmon polariton (LSPP)

Thus, to fulfill the conditions discussed above and achieve the
oscillation of free electrons through all the surface length, the
particle needs to be half wavelength long. If this is the case, for
half of the period the wave drives the electrons towards one side
of the particle and vice versa for the second half period (fig. 2.7).

2.2.2 Nanoantenna

Similarly to the nanoparticle shown in fig. 2.7, a classical radioan-
tenna of smaller size can be produced, which will act as an an-
tenna in the infrared or visible spectral range and thus the fre-
quency LSPP can be tuned.

Assuming the nanoantenna to be a rod with length L, which is
much greater than its radius R (L � R), light interacts with the
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antenna and induces currents propagating directly at the surface.
As the tip ends of the antenna constitute hard boundaries for
these currents, one can conclude that resonances occur at [47]:

λres =
2nL

m
, ωres =

πmc

Ln
(2.22)

where n is the refractive index of the surrounding medium (for
air n = 1) and m is a positive integer giving the order of the
excited mode. As illustrated in fig. 2.8, even modes consist of a
symmetrical charge distribution and therefore exhibit no dipole
moment. In the ideal case, they cannot be excited under normal
illumination and are therefore referred to as ”dark modes” [48,
49].

Figure 2.8: Charge density distribution for the first four modes in rod antennas

For real antennas however, dark modes are often visible. One
reason for that are small defects in the antenna geometry, another
reason comes from the fact that real antennas usually are not
embedded in a homogeneous medium but are fabricated on a
substrate which results in a break of symmetry [50].

As was mentioned above and from fig. 2.22, we can tune the
resonance of an antenna by varing its length. Thus antenna
lengths in the centimetre and millimetre range result in reso-
nances in the micro- or radio-wave spectral range respectively,
whereas micrometer and submicrometer sized antennas exhibit
resonances in the spectral range of visible and infrared light.
These antennas are called ”nanoantennas”.

In the visible spectral range, the Drude-Lorentz model does not
fit the experimental observations due to the interband transitions.
This means that the interaction with light depends here on the
properties of the antenna material.
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In this thesis, antennas of the length of a few micrometers were
used to excite resonances with light in the MIR frequency range
(fig. 2.9). Here, the transmittance of single nanoantennas is sim-
ulated with finite-difference time-domain (FDTD) method (for
more details, see Methods). In this model, antennas are placed
on top a CaF2 substrate in an air environment. Important to
mention that simulation assumes a 15× 15µm2 area, which leads
to a weaker modulation depth for shorter antennas and a better
modulation for the longer ones due to a different extinction cross-
section (for more details, see Simulations of the nanoantennas).

Figure 2.9: Simulated transmittance of antennas with different length in air as
well as water surroundings on the CaF2 substrate, and measurement area of
15× 15µm2

As one can see, the spectral resonance position of an ideal
nanoantenna only depends on the antenna geometry and the re-
fractive index of the surrounding medium. Real nanoantennas
however, exhibit a deviation from this ideal behaviour. One rea-
son for this deviation is the finite conductivity of real metals in
contrast to the assumption of a perfect conductor in the ideal
antenna model. As a result, the electromagnetic field can pen-
etrate the metal over a short distance, which is a so-called skin
depth (δskin), causing the effective resistance of the conductor. For
surface-plasmons the skin depth is given by [51]:

δskin =
1√

k2 − ε(ω)ω
2

c2

(2.23)
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or with eq. 2.19:

δskin =
c/ω√

−
ε(ω)2

ε(ω)+1

(2.24)

We can simplify this expression if |εr| � 1 and |εi| → 0, where
εr is the real part of the dielectric function of the metal and εi an
imaginary one. The skin depth then becomes:

δskin =
c/ω√
−εr(ω)

(2.25)

For gold antenna in the MIR spectral region this penetration
depth is approximately δskin ≈ 22 nm. Unlike classical antenna
theory, where macroscopic antennas are studied, these fields can-
not be neglected as the skin depth is comparable to the dimension
of typical nanoantenna sizes (both width and height ∼ 100 nm).
As a result, the resonance position of a real antenna will also be
influenced by the antenna aspect ratio [52].

2.2.3 Nanoantenna array

Application of individual nanoantennas is not so straightforward
to do, due to the small absorption and scattering cross-sections
of such a nanostructure. Therefore, for single nanoantenna mea-
surements small areas should be probed by a light source with
high brilliance (synchrotron, laser) [20, 53].

Due to this reason, experiments are usually performed on ar-
rays consisting of many nanoantennas. As it was mentioned
in the introduction, the experiments described within this the-
sis deal with both antenna arrays and single antennas. First, we
start with biosensing based on antenna arrays as it is experimen-
tally easier and thus is a necessary step for the validation of the
concept before moving towards single nanoantenna applications.

However, there are interaction effects between antennas in pe-
riodically arranged arrays, which influence the spectral response
of the system [30, 54].

A typical design of a nanoantenna array is depicted in fig. 2.10.
In contrast to an individual structure, several parameters are to
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Figure 2.10: Design of a typical array of nanoantennas with length L. Indicated are
the spacings dx and dy, as well as the grating constants Λx and Λy. Here, the x-
axis is the parallel to the long antenna axis. Electric (~E) field vector perpendicular
to the substrate with a polarization parallel to the long axis of the antennas.

be considered in this case. Namely, grating constants Λx and Λy
as well as spacings dx and dy, where x-axis is towards the long
antenna axis.

Due to the periodic arrangement, so-called Rayleigh-Wood ano-
malies occur [30, 54], which Wood has investigated observing the
spectrum of a continuous light source utilizing an optical metallic
diffraction grating [55]. According to Rayleigh’s explanation of
this phenomenon, an anomaly in a spectrum occurs at a wave-
length corresponding to the passing-off spectrum of a higher
order. This means that anomaly has the wavelength of a scat-
tered wave, which propagates tangentially to the grating surface
[56, 57]. Therefore, the angle of incidence at which anomalies are
expected to occur are obtained from the equation:

sinθm = sinθ+m
λi

nsubsd
(2.26)

where m is an order of mode and is an integer, λi is the wave-
length of the light, d is the groove period, nsubs is the refrac-
tive index of the substrate on which the nanoantennas are pro-
duced, θ is the angle of incidence (measured anticlockwise from
the normal to the grating), θm is the angle of diffraction (mea-
sured clockwise). The passing-off of the order m occurs when
sinθm = ±1. Later, Fano achieved the first generic theoretical
solution on Wood’s anomalies [58].
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For the nanoantenna array case, grating modes are damped
due to the propagation along the substrate interface [30, 45]. This
damping leads to a broadening of the far-field response and
a drop of the plasmonic near-field intensity [59–62]. However,
if one follows the design demonstrated in [30], one achieves a
significant narrowing of the plasmonic far-field response and
an increase of the near-field intensity. As authors have demon-
strated, it is important to have evanescent instead of radiative
grating modes and thus the antenna resonance does not suffer
from damping.

2.2.4 Babinet’s Principle: Nanoslits

So far, only metal rod nanoantennas are discussed. However, ac-
cording to Babinet’s principle, so-called inverse nano-structures,
which consist of nanoapertures in a continuous metallic film, also
have plasmonic resonances [25, 63–66].

If one compares the optical response of nanoslits with nanoan-
tennas, one realizes that several quantities exchange their respec-
tive roles in the inverse system. Namely, reflectance and transmit-
tance or perpendicular and parallel polarization of the incident
light are swapped, which is a direct consequence of Babinet’s
principle and leads thus to a similar spectral response [67].

Therefore, a design of the sample with inverse nanostructures
is similar to the one shown in fig. 2.10, but with a few important
differences. Fig. 2.11 depicts a typical design of nanoslit arrays,
which is inverse to the nanoantenna array discussed above in
section 2.2.3.

As it is shown in fig. 2.11, the incident light needs to be perpen-
dicularly polarized to the long axis of the slits in order to excite
the plasmonic modes. To probe the optical response of such an
inverse sample, measurements in reflection geometry need to be
performed. Thus, utilization of the nanoslits requires the inves-
tigation of reflectance instead of transmittance, which is the case
for nanoantennas [67]. Nanoslits also feature the grating modes,
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Figure 2.11: Design of a typical array of nanoslits with length L etched in the
gold mirror. Similarly to the nanoantenna array, important parameters are: the
spacings dx and dy, the grating constants Λx and Λy. Here, the x-axis is the
parallel to the long antenna axis. Electric (~E) field vector perpendicular to the
substrate with a polarization perpendicular to the long axis of the slits.

discussed in section 2.2.3, similarly to the nanoantennas with the
same mathematical formalism.

2.3 surface-enhanced molecular sensing

2.3.1 Nanoantenna’s near-field

Both reflectance and transmittance are the characteristics of the
so-called far-field. However, a resonant nanoantenna features
also a strong near-field due to the electrons oscillating in the
metal (fig. 2.8). The near-field is the evanescent fluid in the vicin-
ity of the antenna [68–72].

The boundary between the near- and far- fields is only vaguely
defined, and it depends on the dominant wavelength emitted by
the antenna and size of the antenna. As we consider the nanoan-
tenna in the resonant regime, the near field of it is schematically
shown in fig. 2.12. In this case, the near-field region is on the
order of about the resonance wavelength.

For the electromagnetically long antennas, which are longer
than half of the wavelength of the radiation they emit, in the first
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Figure 2.12: Illustration of the electric field surrounding the antenna in resonant
regime, where a positive (red) and a negative (blue) charges are at the antenna
ends.

order approximation the near-field region is defined in terms of
the Fraunhofer distance [73]:

df = 2
L2

λ
(2.27)

where L is a length of an antenna and λ is a wavelength of emitted
wave.

The near-field region features the strongest electromagnetic en-
ergy very close to the antenna surface up to λ

2π , which is the so-
called reactive region. Here, the electric and magnetic fields are
not necessarily in phase with each other and the angular field
distribution is highly dependent upon the distance and direc-
tion from the antenna. Therefore, only numerical methods (see
Methods) can determine the structure of the field, as not all this
field radiates.

In this thesis, we explore a strong near-field of an antenna in
order to enhance the optical response of the molecules and thus
achieve a higher sensitivity. This means that molecules should be
located in the vicinity of the nanoantenna, which is resonant at
the frequency close to the vibration of molecule.

2.3.2 Molecular vibrations

Molecular vibration can be considered to be like the motion of
particles connected by springs. As a molecule consists of atoms,
which are connected by chemical bonds with no fixed length (the
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distance between atoms), the molecular vibration is the oscilla-
tion of the particle due to spring-like bonding [74]. The frequency
of the periodic motion is known as a vibration frequency. Typi-
cal frequencies of molecular vibrations are in the infrared range
approximately from 300 cm−1 to 4000 cm−1, which is the so-called
fingerprint region.

In first order approximation, we assume that the motion in a
normal vibration can be described as a kind of simple harmonic
oscillator is correct. This provides an intuitive explanation of
the fundamental frequency, whereas discussion of the overtones,
for example, would require the introduction of the anharmonic
oscillator model.

Figure 2.13: Sketches of the most common vibrations. Note that wagging and
twisting are out of the plane, whereas the rest of the motions are in the plane.

There are several common types of vibration (fig. 2.13), which
one may divide into two groups: in plane and out of plane. The
most common vibrations, which are usually found in organic
compounds, are:

• stretching, a change in the length of a bond which may be
symmetrical and asymmetrical

• bending, a change in the angle between two bonds

• rocking, a change in angle between a group of atoms
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• wagging, a change in angle between the plane of a group of
atoms

• twisting, a change in the angle between the planes of two
groups of atoms

Infrared (IR) spectroscopy exploits vibrational modes by prob-
ing the molecules with light. The infrared molecular spectrum
is recorded by passing a beam through the sample. When the
frequency of the IR is the same as the vibrational frequency, ab-
sorption occurs. Examination of the transmitted light reveals how
much energy was absorbed at each frequency and thus allows to
recognize the material investigated.

2.3.3 Protein folding

Proteins are complex molecules built from a set of amino acids
(fig. 2.14). Amino acids typically consist of a carbon atom linked
to the so-called amino group and carboxyl group, from one side,
and a variable component called a side chain (fig. 2.14 a). Mul-
tiple amino acids are linked together by peptide bonds, which
forms a long chain. This linear sequence of amino acids of the
protein is considered the primary structure of the molecule [75–
77].

Figure 2.14: Schematic drawing of the protein structure. (a) Different chemical
groups are linked together and thus form a the primary structure of the protein.
(b) The amino acids chain folds to a particular energetically favorable form, which
is the secondary structure.
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The primary structure of a protein drives the folding and in-
tramolecular binding of the linear amino acid chain, which conse-
quently determines the protein’s unique three-dimensional shape
(fig. 2.14 b). Thus, the protein chain sometimes causes certain
patterns of folding, which is the secondary structure of the pro-
tein. The final shape is typically the most energetically favorable
one, which means that surrounding of the molecule strongly in-
fluences the final molecular form [76, 78, 79].

Despite the fact that proteins, as well as polypeptides, are con-
sidered macromolecules, they are still too small to observe di-
rectly [80]. Therefore, one must utilize indirect methods to inves-
tigate these molecules [81]. As the vibrations are also influenced
by their respective surrounding, including peptide-bond angles
and hydrogen-bonding patterns, these frequencies are also sub-
ject to changes during conformational transitions [14, 16]. Thus, a
molecule in its different conformational states has distinct vibra-
tional spectra despite an identical chemical formula. This also al-
lows monitoring of the conformational changes of molecules dur-
ing physiological processes [10–12, 19, 82–85]. This information
is complementary to the mapped conformation as the transition
from one state to another provides important information about
the reaction pathways. This transition pathway, i.e., the exact in-
termediate states during folding and unfolding of the molecules,
can offer insight into the working principle of the underlying
processes.

2.3.4 Fano-resonances

Since molecular vibration and plasmon resonance may be as-
sumed as harmonic oscillators, these oscillators may be coupled,
if the molecule is located in the near-field of the nanoantenna.
Therefore, modified functional forms of coupled harmonic os-
cillators [36] or Fano-resonances [86–89] are used to derive an
intuitive understanding of the interaction between antenna and
molecule [90, 91].
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Fano-resonances turned out to be convenient for the fitting of
the experimental data because it allows for extracting the individ-
ual properties of the molecular and the plasmonic excitation.

In contrast to Lorentzian-type symmetric line shapes, Fano-
resonances feature an asymmetric profile (Fano-profile) [92]:

F(ω) =
(σ(ω) + q)

σ(ω)2 + 1
, σ(ω) =

ω−ω0
γ

(2.28)

where ω0 is the resonance frequency, γ is the width of the reso-
nance, and q is the Fano-parameter describing the asymmetry of
the molecular spectral feature (fig. 2.15).

Figure 2.15: Dependance of the Fano-profile on the asymmetry parameter q

The asymmetry takes place due to the constructive and destruc-
tive interference of a broad spectral line (continuum) and a nar-
row spectral line (discrete resonance).

In our case, a broad continuum is the plasmon resonance and a
narrow spectral line is the molecular vibration, because plasmon
mode is spectrally much broader than the molecular oscillation.
Depending how close they spectrally are, molecular signal may
have symmetric or asymmetric shape (fig. 2.15).

What is most important, is that the spectral response of the
molecule gets enhanced due to the coupling with an antenna
near-field if the molecule is located in the vicinity of the nanoan-
tenna [20].
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2.3.5 Enhancement

As was discussed above, the molecule–plasmon coupling has
a resonant nature. Therefore, the enhanced vibrational signal
strengths strongly depend on the antenna resonance frequency
[59, 72, 93, 94].

Due to this fact, a tailored design of antenna resonances for
an optimized surface-enhanced sensing is of high importance.
Therefore, this behavior was studied in order to determine the
best antenna tuning [89, 95, 96]. One can define a tuning ratio
as ωvibωres

, where ωvib is the vibrational frequency and ωres is the
resonant frequency of the antenna. It was found that the vibra-
tional signal enhancement peaks at ωvibωres

= 0.95 revealing a red
shift of the maximum plasmonic near-field intensity with respect
to the far-field antenna resonance [89].

The enhancement factor (EF) is calculated by normalizing the
enhanced vibrational signal strength S to the respective non-enha-
nced signal and the number of molecules actively contributing to
the signal. However, it is quite challenging to figure out how
many molecules contribute to the signal measured. Therefore,
there is another commonly used definition of EF, which relates
the enhanced signal strengths to standard IR techniques (trans-
mission, reflection) [20, 30, 72]:

EF =
ISEIRA
I0

A0
ASEIRA

(2.29)

where ISEIRA is the enhanced signal, I0 is the unenhanced signal,
ASEIRA is the area filled with molecules in surface-enhanced IR
absorption (SEIRA) measurements, and A0 denotes the area filled
with non-enhanced molecules.

To investigate the areas of the largest enhancement, Dregely et
al. investigated the relation between enhanced vibrational signal
and plasmonic near-field intensity by evaluating the SEIRA en-
hancement of selectively positioned nanometer-sized molecular
patches [26]. They found that the strongest vibrational signals
for molecular probes are located at the antenna tips. Moving the
molecular probe toward the center of the antenna or to the bare
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substrate leads to the weaker signals. This observation was intu-
itively expected, as the strongest near-field of resonantly excited
nanoantenna is at the antenna tips where the electric fields are
confined (see fig. 2.12 and simulations in 3.1.1).

Following the definition of EF in eq. 2.29, an enhancement fac-
tor of about 500 000 is possible to achieve, compared to standard
IR transmittance spectroscopy [20]. This corresponds to the de-
tection of approximately 50 attograms of molecules. Depending
on the antenna shape, material, and arrangement, enhancement
factors may vary in the range between 1000 and 500 000.
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This part comprises, the main steps required for the experiments
discussed in the next chapters. As already shown, tuning of
the plasmonic nanoantenna size, and thus resonance tuning, is
crucial for the efficient enhancement of the molecular vibrations.
Therefore, both nanoantennas and nanoslits utilized for the ex-
periments were produced according to an optimized design ob-
tained with the help of numerical simulations.

Here, simulations as well as nanostructuring are presented to
provide insight into the system explored. Next, we explain the ad-
sorption of collagen-peptides and poly-l-lysine (PLL) molecules,
as they are model systems to characterize our concept of an ultra-
sensitive biosensor. Also, we discuss our approach of in-vitro
measurements with the use of flowcells tailored for reflection
and transmission measurements under IR illumination of differ-
ent light sources. Finally, we discuss in detail the post-processing
of the data measured.

3.1 numerical simulations

Numerical studies of the investigated nanostructures are carried
out using a commercial software package Lumerical FDTD So-
lutions [97] based on the finite-difference time-domain (FDTD)
method [98]. As all the nanostructures are produced on CaF2-
substrates, we modeled it as a semi-infinite half space, which is
the medium with properties taken from [99]. Also, we took the
optical properties of gold from the same source and used them
for all our simulations.

The detailed geometry of the samples is discussed below, as it
may be split into two parts: the nanoantennas and the inverse
ones. However, they all have a few points in common. Namely,

31



methods

each of the simulations solves the problem of light propagation,
where we utilize a model of a plane wave illumination with a
given polarization [20, 89]. As we use the samples for in-vitro
measurements, we assume the refractive index of the medium
around the nanostructures to be n = 1.33, describing a water-
based surrounding [100–102].

3.1.1 Simulations of nanoantennas

We fix the height and width of nanoantennas to 100 nm. As
shown in fig. 2.9, it is important to take the extinction cross-
section into account, where the extinction cross-section is the sum
of the absorption and scattering cross-sections, which is typically
much smaller than experimentally probed areas.

Nevertheless, as our simulations show in fig. 2.9, it is possible
to measure the transmittance spectrum of a single nanoantenna
probing a 15× 15µm2 spot. One can measure smaller areas, how-
ever only up to 10× 10µm2, due to the diffraction limits.

Figure 3.1: Simulated transmittance of nanoantenna array. Left panel depicts
simulated transmittance of nanoantenna arrays with different grating distances,
whereas the right panel shows dependency on antenna length.

Similar to single antennas, we perform simulations of the an-
tennas in array arrangement. Here, the grating distances play an
important role, as it was discussed in section 2.2.3. The left panel
of the fig. 3.1 shows how transmittance of nanoantenna array de-
pends on periodicity in y-direction, dy (fig. 2.10).
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Simulations in fig. 3.1 demonstrate good agreement with theo-
retical discussions in sections 2.2.2 and 2.2.3. Therefore, it allows
us to find optimal parameters for the samples, which we produce
later and utilize as a sensing chip.

In addition to the optical response, Lumerical FDTD Solutions
allows to obtain the near-field of the nanoantenna (fig. 3.2).

Figure 3.2: SEM image and FDTD simulation of the local E and H fields of the
nanoantenna array with a length of 1.7µm.

The antenna arrays we produced for our studies have a period-
icity of antenna length plus 200 nm in x-direction, Λx (fig. 2.10).
As it was demonstrated, a higher enhancement factor can be
achieved with smaller dx [23]. However, small gaps are difficult
to produce in a reliable way. Furthermore, to allow polypeptide
molecules to be located at antenna tips, this gap of about 200 nm
is introduced, as shown in fig. 3.2 by an image taken with scan-
ning electron microscope (SEM).

3.1.2 Simulations of nanoslits

Lumerical FDTD Solutions also allow to simulate nanoslits, where
we are interested in the reflectance of inverse nanostructures.
Similarly to the nanoantennas discussed above, we perform sim-
ulations of the optical response for individual and array arrange-
ments of slits (fig. 3.3). Taking into account the results of nanoslits
optimization [67], we set width and height of the structures to be
50 nm for all samples we design.
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The left panel of fig. 3.3 depicts simulated reflectance of the in-
dividual inverted anntenas with different length. The right panel
shows simulations in the array arrangement with a constant lat-
eral spacing of 3 µm in x-direction and 2.5 µm in y-direction (see
fig. 2.11), which are different from the ones used for antennas.

Figure 3.3: Simulated reflectance of individual nanoslits (left) and slits array
(right) of different length. In both cases slits have width and height of 50 nm

.

Fig. 3.4 depits the SEM image of produced nanoslit array (left)
and simulated near-field distribution (right). One can see that H-
field distribution looks similar to the E-field of nanoantenna and
vice versa, which is expected due to the Babinet’s Principle.

Figure 3.4: SEM image and FDTD simulation of the local E and H fields of the
nanoslits array with a length of 1.7µm.

3.2 nanostructuring

There are many approaches to produce nanostructures [61, 67,
103]. The main technique we use for nanostructure fabrication
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is a standard electron beam lithography (EBL). Here we use
it to pattern a positive tone resist, poly(methyl methacrylate)
(PMMA), layer acting as a mask. This method offers the possibil-
ity to tailor the geometry and properties of the structures nearly
at will and allows to optimize their performance according to the
needs of the experiment. However, the manufacturing flow for
nanoantennas and nanoslits have some differences as discussed
below.

3.2.1 Manufacturing of the nanoantennas

The fabrication process of nanostructured gold antennas starts
with cleaning of the CaF2 substrate. First, we immerse it in ace-
tone for ten minutes at 50

◦C and subsequently rinse it with iso-
propanol. Next, we clean the substrate in O2 plasma and proceed
with EBL (fig. 3.5).

Figure 3.5: The manufacturing processes of nanoantennas. We start with a clean
CaF2 substrate (a) on top of which we spin coat a layer of PMMA resit (b). Next,
we continue with photoresist patterning using E-beam (c). After PMMA is chem-
ically developed (d), we deposit a gold layer on top (e). Finally, we immerse the
sample into NEP solution to remove the non-exposed resist mask (f).

E-beam lithography begins with a double layer of the long-
chain polymer PMMA, which we spin coat [104] on top of the
CaF2 wafer (fig. 3.5 b). We apply a 200 nm thick layer of low reso-
lution (200K PMMA) and 50 nm (950K PMMA) of high resolution
resist. After spin coating, we bake the photoresist film at 150

◦C
for 3 min in order to harden it.
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Afterwards, the desired antenna structures are written into the
PMMA with electron beam lithography (fig. 3.5 c). Here, elec-
trons are accelerated and focused onto the resist layer, which
leads to scission events due to inelastic collisions of electrons
with the polymer chains. Thus, a long polymer-chain of the resist
is cut into smaller chains. Since the bottom PMMA layer exhibits
a lower resolution, an undercut structure is written into the re-
sist which is important for the gold evaporation. By moving an
electron beam, the spot of collisions is moved across the sample,
which allows for arbitrary patterning of PMMA. It is important
to adjust the exposure dose and exposure time in order to write
rectangular shaped patterns with a width of 100 nm and lengths
between 1.0 and 2.0µm.

Next, we perform a development process to remove the ex-
posed PMMA areas. Here, we utilize methyl isobutyl ketone
(MIBK) solution in isopropanol (MIBK : Isopropanol = 1 : 2)
into which the sample is immersed for 90 s. To stop the develop-
ment, we subsequently put the sample into isopropanol solution
for 60 s, which allows us to achieve the mask (fig. 3.5 d).

As exposed areas have been removed by development and bare
substrate areas appear underneath, we can evaporate 100nm
thick gold layer on top via electron beam-physical vapour de-
position [105] (fig. 3.5 e). However, a 3nm chromium adhesion
layer is evaporated before.

Finally, we remove the remaining PMMA on top of the sub-
strate with the N-Ethylpyrrolidone (NEP) solvant. This lift-off
process removes the resist mask between the gold and wafer and
thus detaches gold (Au) except for the places where metal stuck
to the calcium floride (CaF2) directly.

3.2.2 Nanoslit fabrication

In contrast to the antenna fabrication, the manufacturing of in-
verse nanostructures starts with gold deposition onto the clean
substrate (fig. 3.6). Here, 50nm thick gold film is evaporated us-
ing electron beam-physical vapour deposition (fig. 3.6 b). Next,
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130nm PMMA (950 K) is spin-coated onto the evaporated gold
layer, followed by backing at 150 ◦C for 3min (fig. 3.6 c) on a
hotplate.

Having the films prepared, we write the slit pattern using
EBL similar to the antennas case (fig. 3.6 d). We develop the
exposed photoresist using a conventional MIBK and isopropyl
alcohol (IPA) solution with a mixture ratio of MIBK : IPA = 1 : 3

(fig. 3.6 e).

Figure 3.6: The manufacturing processes of nanoslits. We start with a clean CaF2
substrate (a) on top of which we evaporate a gold layer (b) and spin coat a layer of
PMMA resit (c). Next, we continue with photoresist patterning using E-beam (d).
After PMMA is chemically removed (e), we apply argon ion etching to remove
the non-exposed resist mask as well as gold areas where exposed PMMA was
developed (f).

At the final step, the patterned PMMA layer was used as an
etching mask to produce the nanoslit structures in the Au layer.
The parts of the gold layer not covered with a photoresist were re-
moved employing a physical argon etching technique (fig. 3.6 f).
To ensure that none of PMMA was left, we clean the sample in
acetone.

3.3 molecular cover

In order to utilize the fabricated nanostructures as a sensing plat-
form, one needs to place the molecular species into the hotspots
of the near-field. A few points are of importance here, namely
the geometry of the nanostructure, the size of molecules, and to
chemically bind the molecules to the gold surface.
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In order to accomplish mentioned tasks, these peptides require
sulfur atoms, as they can directly bind to Au. Here, thiols are
the compounds of choice, which we want to utilize as an anchor
for the organic molecules. Because thiol is an organosulfur com-
pound of the form R − SH, where R is any organic group, the
biomolecule may be located on the radical side while S is bonded
to Au on the other side.

3.3.1 Adsorption of collagen-peptides

The most convenient way of functionalization is to utilize syn-
thesized molecules, which have a thiol group at the end. There-
fore, we use specially synthesized by Felix Weiher capped col-
lagen peptides with a thiol group (fig. 3.7), which are about 5

kDa in weight and can be used as a folding model for minicol-
lagen proteins. In the unfolded state, the distinct single chains
of the molecule exhibit only partial polyproline type secondary
structures. A cooperative folding behavior leads to the collagen’s
typical triple-helical structure in the folded state.

Figure 3.7: Structure of a synthesized minicollagen 3×(PUG)5 with a thiol group
at the end. Here, the monomer, which consists of the amino acid sequence of
Proline (Pro, P), Hydroxyproline (Hyp, U), and Glycine (Gly, G), repeats five
times in each chain.

The peptide consists of three chains each of five Pro-Hyp-Gly
(Monomer, PUG) repetitions on the carboxyterminal cap (2× Ly-
sine + Ahx + Cysteine). The molecule forms a collagen-typical
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triple helix out of the three chains of (PUG)5 repeats (marked
with red, green, and blue in fig. 3.7). The 3×(PUG)5 unfolds re-
versibly into the distinct single chains, which exhibit only partial
polyproline type secondary structures. The carboxy-terminal cap-
ping that is at the beginning of the collagen-type triple-helix ends
with cysteine, which has the thiol group (−SH). This is beneficial
for functionalization of the gold surface, since thiol groups bond
very strongly to gold. More details regarding the synthesis and
its recipe can be found in [106].

To study the structural changes of the collagen-peptide mono-
layer, we cover the sample with synthesized molecules by im-
mersing the nanostructures into 5µmol D2O-based solution of
collagen peptides functionalized with thiol bonds for 24h.

3.3.2 Functionalization with poly-l-lysine

For real-world applications, the synthesized molecules are, how-
ever, not an option. Furthermore, typically investigated biospecies
are much larger in size and thus a close-packed molecular layer
may prevent the folding activity due to steric hindrance.

Therefore, thiol-linker chemistry is an alternative way for the
coverage of the nanostructures [107]. Here, we use two types
of thiols, namely 11-mercaptoundecanoic acid (MUA) and 11-
mercaptoundecanol (MUoL) for the antenna functionalization.
These bind to the gold antennas and provide the required larger
surface-polypeptide-distance as well as the lateral spacing be-
tween the molecules, because MUoL is not able to bind peptides
but binds to gold (fig. 3.8). Thus, an optimal ratio of MUA/MUoL
coverage allows poly-peptides to be anchored but still have fold-
ing/unfolding abilities.

Among the many polypeptides, poly-l-lysine is a suitable mod-
el system for our experiments, as it has the α-helical conforma-
tion in the folded state and β-sheet in unfolded. In other cases, it
may have a random coil conformation or exhibit a mixture of the
mentioned secondary structures.
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All chemicals necessary for the functionalization were purchas-
ed from Sigma Aldrich: ethanol, NaOH, HCl, deionized wa-
ter, trisodiumphosphate Na3PO4 (96%, CAS number 7601-54-
9), sodium chloride NaCl, 2-(N-Morpholino)-ethanesulfonic acid
(MES, 99.5%, CAS number 145224-94-8), 11-mercaptoundecanoic
acid (MUA, 98%, CAS number 71310-21-9), 11-mercaptoundecan-
ol (MUoL, 97%, CAS number 73768-94-2), N-Hydroxysulfosuccini-
mide sodium salt (NHSS, 98%, CAS number 106627-54-7), N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC,
99%, CAS number 25952-53-8), and poly-l-lysine (15 − 30 kDa,
CAS number 26124-78-7).

The functionalization of the gold surfaces with MUA/ MUoL
and PLL follows the protocol described by Fallah et al. [108]. For
our experiments, we varied only the immersion times and the
ratio of MUA/MUoL.

Figure 3.8: Functionalization scheme. PLL molecules are immobilized on a gold
surface using a mixed monolayer of MUA and MUoL. The intermolecular dis-
tance between PLL molecules, which can be adjusted by the composition of
MUA/MUoL, and their distance to the gold surface are crucial for conforma-
tional changes.

Prior to the functionalization, we cleaned the gold nanoanten-
nas in an O2 plasma (0.4mbar, 250W, 5min). We then immersed
the sample in a 1µmol solution of MUA/MUoL in ethanol for
48h. The ratio between MUA/MUoL in solution was 1:99. Af-
terwards, we rinsed it with ethanol and carefully dried it with
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nitrogen. Next, to predispose the carboxyl group of MUA for
the binding to the PLL, we immersed the sample into a mixed
NHSS/EDC solution (concentrations 15mmol/75mmol) in MES
buffer for two hours. Afterwards, the sample was rinsed with
D2O and directly transferred to a 1mg/mL PLL-solution in phos-
phate-buffered saline (PBS) buffer. After 60h in PLL solution,
the sample was rinsed with water and directly mounted into the
fluidic cell filled with D2O. All solutions were directly prepared
before the usage.

The advantage of this functionalization scheme is hidden in
the thiol-linker approach, as it allows for binding the different
molecules of different sizes to the gold surface by varying the
MUA/MUoL concentrations.

3.4 fourier-transform infrared spectroscopy

Most of results discussed in this dissertation are obtained via
Fourier-transform infrared (FTIR) spectroscopy. This section de-
scribes the basics of FTIR and provides insights into the measure-
ment geometries used. Also, we discuss the role of a light source
and light source applied in our measurements.

3.4.1 Working principle of FTIR spectroscopy

The scheme of the FTIR is depicted in fig. 3.9. Light may be
emitted by a built-in light source or it may be incoupled from an
external source. Next, the beam is split by a 50:50 beam-splitter.
After beams are reflected by the mirrors, they are superimposed
again at the beamsplitter and interfere constructively or destruc-
tively depending on the relative phase. The key component here
is a movable mirror, at each position of which the intensity of the
radiation is recorded. Plotting the intensity of the light versus the
respective mirror position x gives a so-called interferogram, shown
in the inset.

Optionally, the light is then guided to the microscope, where
it illuminates the sample. Here, two illumination geometries are
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possible (fig. 3.9). If the bottom movable mirror is moved aside
the beam path, light propagates through the transmission chan-
nel. Here, the sample located on the stage is hit by light from
the bottom side. However, if bottom movable mirror is placed
to reflect the light, it takes a reflection channel. In this case, the
sample is illuminated from the upper side and reflected light is
measured. Both transmitted and reflected optical signals are then
collected by the lens and recorded by a detector.

Figure 3.9: Scheme of the Fourier-transform infrared (FTIR) experimental setup.
Here, the beam from a light source is coupled to the Michelson interferometer.
Next, the light is coupled to the microscope, where both reflection and transmis-
sion measurements are carried out.

The spectral signal, taken with a detector, holds the spectral in-
formation not only of the light source but also of optical elements,
atmospheric gases as well as other influences of the surrounding.
Therefore, we eliminate these features by taking a reference mea-
surement, as it is shown in fig. 3.10. The key idea is to acquire
the reference spectrum of the bare substrate. Depending on the
measurement geometry, this can be done either by the measure-
ment next to the antennas (transmittance) or recording the opti-
cal response from the metal mirror (reflectance), which is made
of the same material as the nanostructure. After normalizing sig-
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nal spectrum to a reference one, we obtain the optical response
of the sample only. Hence, the final spectrum is either relative
transmittance or relative reflectance, which we analyze after the
measurements are carried out.

Figure 3.10: Scheme of the Fourier-transform infrared (FTIR) experimental geome-
tries. Here, the light either passes through or reflects from the sample. Depend-
ing on the measurement geometry, reference is taken either at the bare substrate
(transmittance) or at the metal mirror (reflectance).

In our lab, all infrared spectra are measured using a Bruker
Hyperion 2000 IR microscope coupled to a Bruker Vertex 80 spec-
trometer with an optical path purged with nitrogen. The polarisa-
tion of the incident light can be set with an IR wire grid polariser.
For the measurements of nanostructure array an aperture size
of 50× 50µm2 and 15-fold magnification is used, whereas indi-
vidual nanostructure was measured with 36-fold magnification
and 10× 10µm2 aperture size. Thus, we apply the apperture to
define the area which we measure. All spectra were acquired
with a liquid-nitrogen-cooled mercury-cadmium-telluride (MCT)
detector.

As proteins and polypeptides are able to undergo the desired
structural transitions being immersed into the aqueous surround-
ing, we designed tailored fluidic cells to carry out the in-vitro
measurements.

3.4.2 Fluidic cells

To perform measurements in inverse reflection geometry, we de-
signed a so-called reflection flow cell (fig. 3.11). Here, function-
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alized antennas are immersed in an aqueous environment and a
CaF2 substrate is used as a window to optically probe the sample.

Figure 3.11: Schematic drawing of the reflection flow cell

The cell consists of several parts: 1 – Sample holder made
out of TECAPEEK, 2 – Flow channel for different solutions, 3
– polydimethylsiloxane (PDMS) mask for sealing the cell, 4 –
flipped CaF2 wafer on which nanostructures are produced, 5 –
the heater. TECAPEEK was chosen due to its chemical and ther-
mal properties, as polypeptides folding was induced by temper-
ature change or chemical impurities of the aqueous surrounding.
For these reasons, the fluidic channel and heater are important
components of the cell.

Figure 3.12: Schematic drawing of the transmittance flow cell

Transmission fluidic cell has to be transparent for IR light from
both sides (fig. 3.12). To accomplish this requirement, we uti-
lized two CaF2 wafers, where the upper one has drilled channels
as well as the spacer to supply liquids, and the lower one has
the nanostructures manufactured. The cell consists of a metallic
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holder (1) with drilled flow channels (2), PDMS sealing at the bot-
tom (3), already discussed wafers (4), photoresist (7µm thin) or
SiO2 (1µm thin) flat spacer (5) etched in the middle, and O-Ring
sealing (6). The sealing inside the cell is achieved by the chemical
bonding of CaF2 with SiO2 [109] and PDMS mask outside [110]
the SiO2/CaF2 interface.

The materials chosen for both transmittance and reflection flow
cells are chemically stable, meaning that solutions in the channel
do not react with the cells. Also, the sample is mechanically
fixed and thus spectra are taken from the same spot always. In
the case of the reflection flow cell, TECAPEEK exhibits a weak
thermal expansion making the measurement stable at different
temperatures.

3.4.3 Light sources

As well as many other aspects, the light source plays an impor-
tant role in the FTIR measurements. A typical light source used
in most of FTIR studies is a Globar (fig. 3.13), which is spectrally
broad and thus allows for investigations of various molecular
species.

Figure 3.13: Globar spectrum measured through the a CaF2 window

However, signal-to-noise ratio (SNR) of a Globar may become
an issue for the studies of thin molecular layers, as root mean
square (RMS) of a light source needs to be lower than the signals
measured [111]. In other words, to reach a higher sensitivity one
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may utilize a light source with a higher brilliance [112], where
the brilliance is defined as:

brilliance =
photons

(s)(mm2)(sr)(0.1%BW)
(3.1)

Globars reach a brilliance of 1015(ph/s/mm2/sr/0.1%BW), which
is typical for thermal light sources.

A synchrotron light sources [113] are one of the possible alter-
natives providing a higher brilliance, which is several orders of
magnitude larger and reaches 1018 ph/s/mm2/sr/0.1%BW [114].
The drawback is that synchrotron radiation requires large central
facilities. However, it provides spectrally broadband light, simi-
larly to a Globar, but with better SNR (fig. 3.14).

Figure 3.14: Synchrotron spectrum measured at SLS, Paul Scherrer Institute

We have performed measurements at several synchrotron fa-
cilities, such as SOLEIL [114], ANKA [115], and Swiss Light
Source (SLS) [116]. The results presented and discussed in this
thesis are obtained at SLS, located in Paul Scherrer Institute (PSI),
Switzerland.

As already discussed, it would be ideal to have a broadband
tabletop light source with high brilliance and low RMS. A tun-
able laser light source is able to fulfill these requirements, which
allows to adjust the central wavelength of emitted light and thus
cover the spectral range of interest [117, 118]. Furthermore, if the
laser spectrum has a spectrally broad enough width, the mea-
surements of molecular vibrations are possible without wave-
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length tuning [119]. In general, many laser light sources are
suitable, but a fiber-feedback optical parametric oscillator (OPO)
was the one we utilized for the studies discussed in this disser-
tation [111, 112]. Beam path of such laser setup scheme is taken
from [111] and adopted in fig. 3.15. Here, the IR light is gener-
ated in a 2-mm long AgGeSe2 crystal by mixing signal and idler
beams of a post-amplified fiber-feedback optical parametric oscil-
lator (ffOPO) system.

1.048 μm, 2.5 W, 98 fs, 73 MHz 
Yb solid-state ocsillator 

1.33 - 2.0 μm 
ffOPO OPA 

DFG 1 W 1.5 W 

signal 1.33 - 2.0 μm 

idler 2.1 - 4.6 μm 

AgGeSe2 

coupled 
to FTIR 

Figure 3.15: The system is pumped with Ytterbium (Yb) solid-state oscillator, the
light of which pumps fiber-feedback optical parametric oscillator and optical
parametric amplifier (OPA). AgGeSe2 crystal performs difference frequency
generation (DFG), which provides the IR light required for the FTIR measure-
ments. Taken and adopted from [111].

This laser system was installed in our lab and coupled with
FTIR setup. Fig. 3.16 depicts its spectrum tuned to the wave-
length of amide-I vibration (around 1650 cm−1).

Figure 3.16: Spectrum of the optical parametric oscillator (OPO) tuned to cover
the amide-I spectral region
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3.5 data analysis

As discussed in chapter 3.13, the measured spectrum of a func-
tionalized, resonantly tuned nanoantenna holds spectral features
of both molecules and plasmon, where vibrational feature has an
asymmetric shape (Fano-profile). To extract the signal of interest
or visualize it in a more clear way, we apply a different methods
for data post-processing.

3.5.1 First derivative

Calculating the first derivative is one way to examine the spec-
trum for very weak vibrational features. In general, this means
that we plot dR

dν̃ versus ν̃, where R is a reflectance spectrum and
ν̃ is a wavenumber.

However, taking the first derivative without pre- and post-smo-
oth of the spectrum leads to noisy spectra. Therefore, we perform
a smoothing of the spectra measured in order to fix the parame-
ters for all data obtained (fig. 3.17).
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Figure 3.17: First derivative analysis with different number of smoothing points.
Spectral resolution is 2 cm−1.

The left panel of the fig. 3.17 shows the spectrum measured,
which exhibits a plasmonic resonance and a weak vibrational fea-
ture marked by the dashed line. The right panel depicts deriva-
tives taken with different pre- and post-smooth. Here, we per-
form a Savitzky-Golay smoothing [120] before and after taking
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derivatives applying smooth windows of a varying number of
points. As seen at the right panel, if we apply a narrow smooth-
ing window, a high noise hampers the visibility of spectral fea-
tures. Too strong smoothing, however, leads to loss of the fea-
tures. Therefore, we fix the smoothing window to be 12 cm−1

wide, as this is optimal for the visualization of vibrational fea-
tures in our experiments.

3.5.2 Baseline-correction

Another approach to reveal the vibration feature from the spectra
measured is a so-called baseline-correction. This method is based
on the perfect smoother developed by Eilers [121]. Here, we
reconstruct the broad asymmetric plasmon resonance (fig. 3.18).
Next, we normalize measured spectrum (blue) by a baseline re-
constructed (orange), which gives a so-called baseline-corrected
spectrum (red). After normalization, the vibrational features,
marked by dashed lines, are clearly visible.

Figure 3.18: Baseline-correction of measured spectra

Baseline-correction allows for obtaining the profile of the en-
hanced vibrational feature. It can thus be compared to a non-
enhanced molecular response measured by conventional infrared
spectroscopy. Consequently, molecular Fano-profiles and enhance-
ment factors were investigated in great detail [20, 122] with the
help of this analysis method.
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3.5.3 Principal component analysis

However, baseline-correction might not be the best choice to an-
alyze a dynamic system, where transitions are represented by
changes in vibrational features. The limiting factor is the base-
line reconstruction, which we perform for each spectrum and
thus imperfections of the baseline also cause differences in nor-
malized spectra. This might lead to artifacts if the changes in the
system are weak.

Analysis of the first derivative does not have this drawback.
However, due to a smoothing procedure (fig. 3.17), this method
might appear not sensitive enough.

Therefore, we also analyze experimental data utilizing a method
focused on a variance of the system, namely principal component
analysis (PCA). PCA is a standard method known from multi-
variate statistics, which extracts the correlation in the data set
by applying a principal axis transformation such as that the vari-
ance of the data is largest [123]. In other words, PCA is one of the
methods for identifying patterns and similarities in the data set,
which is also often applied in machine learning and data mining.

Technically speaking, this is a problem of finding the eigen-
vectors and eigenvalues. Meaning that common patterns, which
are present in all data sets, are represented as eigenvectors. The
stronger a particular pattern is pronounced, the larger eigenvalue
it has. Thus, the overall data set is considered as linear combina-
tion of a limited set of eigenvectors [124, 125]:

Spectrumi = A+

N∑
j=1

SCi,j · PCi (3.2)

where A is the average of all measured spectra, N is the amount
of measured spectra, SC is the spectrum-specific eigenvalues nam-
ed score, PC is an eigenvector called principal component. As
eq. 3.2 describes, we substract the average from each spectrum
measured and then decompose the data set into an orthogonal
and uncorrelated set of eigenfunctions (PCs) and eigenvalues
(SCs).
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As scores are spectrum-specific, the detailed analysis of them
allows for clustering the data based on system variances. For
more detailed discussion of the application of PCA in our studies
please refer to chapter 5 and [124, 125].
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o b s e r vat i o n

This chapter is based on the following publication [126]:

R. Semenyshyn, M. Hentschel, C. Huck, J. Vogt, F. Weiher, H.
Giessen, and F. Neubrech, ”Resonant plasmonic nanoslits enable in-
vitro observation of single monolayer collagen-peptide dynamics”,
ACS Sensors 4, 1966 (2019).

Nanoantenna arrays have been successfully utilized for biosens-
ing in air and water surroundings [8, 29–32, 34, 37–39, 127]. All
these studies have demonstrated the reliable detection of mono-
layers of proteins. Proteins, the misfolding of which is associated
with diseases [128–130], are in fact commonly composed of sev-
eral individual monomers and thus complex entities. Collagens,
for instance, are a good example, as they are so-called trimers.
In other words, they consist of a triple helix of peptides with
polyproline helical structure. Such collagens are in fact structural
building blocks in many complex proteins. Therefore, they are an
ideal model system for more complex and biologically relevant
systems.

In this chapter, we demonstrate in-vitro monitoring of struc-
tural changes of collagen-like molecules utilizing resonant plas-
monic nanoslits as a sensing platform based on surface-enhanced
infrared absorption (SEIRA) spectroscopy. While this is an im-
portant step on the quest for improved molecular recognition for
biologically relevant entities, it further requires higher sensitiv-
ity, as the used synthesized collagens are in fact small molecules
exhibiting comparably small vibrational signal strengths. These
expected small signals require a detailed analysis of the coupling
between the plasmonic resonance and the molecular vibration in
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order to extract the conformational change from the spectral re-
sponse.

As mentioned, we report the use of plasmonic nanoslits as a
SEIRA platform, which feature plasmonic resonances according
to Babinet’s principle (see chapter 2.2.4) and provide a higher av-
erage SEIRA signal inside the slit [67]. Furthermore, nanoslits
exhibit a smaller resonance shift for a changing effective refrac-
tive index of the surrounding due to smaller amount of solution
per unit cell. This is an advantage for the folding studies induced
by temperature changes.

slit

D O2

Au

CaF2

IR

folded

unfolded

ΔI

λ

R

Figure 4.1: We measure the reflectance (R) of the nanoslit array with peptides in
inverse reflection geometry (left). A monolayer of collagen-peptides is adsorped
on the gold surface of the nanoslits (middle). We apply an external stimulus to
induce changes of molecular secodary structure, resulting in different intensities
(I) of the amide I vibration (right).

The basic idea of our experimental study is shown in fig. 4.1.
We perform a standard Fourier-transform infrared (FTIR) spec-
troscopy to probe the optical response of resonant plasmonic
nanoslits in inverse reflection geometry (left). In order to per-
form in-vitro measurements, we cover the nanostructures by a
monolayer of capped collagen peptides (middle) and immerse
them into an aqueous surrounding (D2O). We analyze optical
responses of collagen-peptides in different surroundings and re-
veal changes in vibrational signal (right).

The synthesized collagen-peptides are about 5 kDa in weight
and can be used as a folding model for minicollagen proteins
[106]. In the unfolded state, the distinct single chains of the
molecule exhibit only partial polyproline type secondary struc-
tures. A cooperative folding behavior leads to the collagen’s typ-
ical triple-helical structure in the folded state. To observe folding
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of triple helices, monitoring the intrahelical vibrations is required
[131] and thus, high SEIRA signal is necessary.

In this experiment, the conformational changes of collagen pep-
tides are induced by two different external stimuli, namely, a
surfactant as well as temperature change. The goal is to detect
the secondary structure of the molecules and its dependence on
the surrounding properties by monitoring the amide I vibration,
which is characteristic for different conformational states.

4.1 nanoslits functionalization

To start in-vitro measurements, we utilize a tailored reflection
flow cell (fig. 3.11) which allows to measure the nanostructures in
an aqueous environment in inverse reflection geometry. The were
fabricated using a standard electron beam lithography (EBL) pro-
cess and subsequent argon-ion milling, more details can found
in chapter 3.2.2.

Figure 4.2: Using infrared reflection-absorption spectroscopy (IRRAS) measure-
ments (left), we acquired the optical response of a collagen-peptide monolayer
self-assembled on a gold mirror. Using IRRAS and transmittance measurements
(right) show a good agreement.

To perform SEIRA spectroscopy, we need to place the molecules
into the so-called “hot spot” of the nanostructures. As we uti-
lize nanoslits, the collagen-peptides should be located inside the
slits [67]. The most straightforward approach is to bind the pep-
tides to the gold surface itself with standard gold–thiol chemistry
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(chapter 3.3). Parts of the peptides will therefore also be present
inside the slits, as they can cover the side walls.

In order to check the self-assembly of molecules on the gold
surface, we immerse a gold mirror into D2O-based solution of
collagen-peptides (24 h in 5 µmol solution) and acquire infrared
reflection-absorption spectrum. For comparison, we utilized a
tailored microfluidic cell (fig. 3.12) and measured relative trans-
mittance of about 10 µm thick solution of collagen-peptides with
10 µmol concentration. Both optical signals demonstrate a good
agreement (fig. 4.2), which proves the binding ability of the syn-
thesized molecules.

Figure 4.3: Measured reflectance spectra before (dark green) and after (dark red)
functionalization (a). Zooming into the grey-shaded reflection spectrum inset
(b) reveals that the vibrational feature is difficult to see (left panel) and thus we
analyse the first derivative of the optical response (right panel).

Having the functionalization procedure defined, we cover the
sample with collagen-peptides. Figure 4.3 depicts the reflectance
of 1.7 µm long nanoslits being immersed in D2O before (dark
green) and after (dark red) functionalization. One should men-
tion that a red shift of the plasmon resonance frequency is ob-
served after molecules covered the nanostructures (fig. 4.3 a). This
observation is expected, because collagens adsorbed on the gold
surface slightly increase the effective refractive index [132].

The spectral region of the amide I vibration is marked by dashed
lines. Obviously, the vibrational feature is imprinted onto the re-
flectance spectrum of functionalized slits (left panel). Although
the signal appears small, it is not observed for the bare sample.
Such a weak signal is expected, as the molecules are small in
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size (minicollagens) and thus have a low number of vibrations
contributing to the amide I feature.

For a detailed analysis of the spectra, we plot the first deriva-
tive of the reflection spectra (right panel) according to the pro-
cedure discussed in chapter 3.5.1. Obviously, the amide I vibra-
tion is clearly visible. Thus, we are able to detect a monolayer
of collagen-peptide. Under these conditions we can track the
changes of amide signals, which means we can observe the con-
formational changes.

Figure 4.4: Measured reflectance of three slit arrays of different length immersed
into D2O before and after collagen-peptide functionalization. The upper panel
depicts reflectance spectra, whereas the lower shows the first derivative of the
reflectance. After functionalization of the bare slits (dark green), the amide I vi-
bration (spectral position marked by dashed line) is imprinted onto the plasmonic
resonance (dark red).

In addition to nanoslit lengths (see chapter 2.3), the intensity of
molecular features depend also on slight deviations in molecular
coverage as well as a possibly varying quality factor of the array.
In order to optimize the SEIRA performance, we varied the an-
tenna length. For all lengths, qualitatively, the same results were
obtained (fig. 4.4). The amide I vibration is most pronounced
when its energetic position is slightly detuned from the plasmon
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resonance. Thus we chose a slit array with a length of 1.7 µm as
the most promising one. Nevertheless, we performed all the mea-
surements with other arrays as a verification of the main results.

As we have nanoslits covered with collagen-peptides, we con-
tinue with unfolding experiments of the prepared monolayer. Sim-
ilar to many proteins, the folding behavior of collagen peptides
is determined by the external environment. This allows us to
switch the conformation of the molecule by changing the aque-
ous surroundings.

4.2 denaturation induced by chemical stimuli

It has been shown that sodium dodecyl sulfate (SDS) leads to a
change in secondary structure of proteins [3, 133]. At higher con-
centrations of SDS solution, the surfactant binds on the protein
hydrophobic sites, which causes unfolding of the triple helical
[133]. The neutral surrounding removes SDS from the molecule
so that a triple helical structure reforms back. In other words,
SDS causes a reversible denaturation of the biomolecules.

On the other hand, heating of collagen-peptides leads to struc-
tural transitions as well [106, 134]. In contrast to folding dynam-
ics induced by SDS, heating allows for tracking of intermediate
states during secondary changes. However, one needs to account
for the spectral shifts due to the refractive index changes [135],
which are larger in case of heating than addition of SDS impu-
rity.

To examine if our nanosensor is able to detect a structural dif-
ference of the collagen-peptide monolayer, we induce the confor-
mational changes with an SDS solution, which allows a direct
transition from natural to denaturated states, as shown in fig. 4.5
for two different length.

The upper panel of fig. 4.5 a depicts the measured reflectance
spectra, where the first derivative of the optical response is shown
on the lower panel. The array of nanoslits being immersed in
D2O-based solution has the plasmonic resonance frequency close
to the amide I vibration. As seen in the lower panels, it is con-
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4.2 denaturation induced by chemical stimuli

Figure 4.5: Changes in secondary structure are induced by external chemical stim-
uli. The upper panel of both (a) and (b) 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 is shown as
a dashed line. Utilizing a specially tailored flow cell, we immersed the sample
into different surroundings in the following sequence: D2O (blue), SDS solution
(red), D2O (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. The results are shown for two slit arrays: 1.7 µm(a) and
1.8 µm(b).

venient 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 fig. 4.3 a, the characteristic vibrational feature of the
molecules (dashed line) is visible. The three different measure-
ments are color-coded here. We fill the flow cell with D2O right
after functionalization, which is now the initial state (blue curve).

Next, we exchange the solution in the fluidic cell and add SDS
to the surrounding (red curve). The slope represents a weaker
amide I vibration. As mentioned above, such behavior was ex-
pected, because SDS causes denaturation of peptides. For colla-
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gen peptides, this starts by breaking the bonding between helices
of the triple helix structure. 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 [136].

As the last step, we remove the SDS solutionD2O (green curve).
Consequently, it is clear that the triple-helical structure of colla-
gen peptides reforms and leads to a more pronounced spectral
response, as observed.

The same results are obtained for measurements performed
for the slit arrays of different length (fig. 4.3 b), which proves the
reliability of our sensor.

4.3 thermally induced conformational changes

The conformational transition from folded to unfolded states is
crucial for understanding folding dynamics. Our previous re-
sults 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 ther-
mal stimulus to trigger structural changes.

Figure 4.6: Reference measurement of collagen-peptide induced thermally fold-
ing. (a) The collagen solution with a concentration of 10 µmol and thickness
of about 10 µm measured continuously during the heating from 21

◦C to 60
◦C,

which are 250 spectra in total. (b) To draw a clearer picture, each 50th spectrum
is depicted.
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First, we perform a reference measurement. We heated a 10 µmol
solution of collagen-peptides filled in a the transmittance flowcell
(fig. 3.12). We execute constant heating from room temperature
up to 60

◦C and acquire spectra continuously (fig. 4.6), which was
in total 250 spectra. A decrease in amide I vibrations with increas-
ing temperature is observed.

To further analyze the data, we applied principal component
analysis [137] to the spectra (fig. 4.7).

Figure 4.7: The principal component analysis (PCA) of the reference measure-
ment. (a) Three PCs with finite score values have been found, where the second
PC represents changes of amide I vibration due to heating. As 250 spectra were
accumulated during heating from 21

◦C to 60
◦C, we investigated each score of

the 2nd PC (b) to depict the variance of amide I during temperature change.

As discussed in chapter 3.5.3, PCA does not require any input
parameters or any knowledge about the physical processes in-
volved. Nevertheless, a physical interpretation of the PCs can be
assigned if there is a certain pre-knowledge on the system. In our
case, spectra of heated collagen-peptide solution have spectral
feature of amide I vibration at about 1644 cm−1. As the 2nd PC
has a spectral feature at the frequency of this vibration (fig. 4.7 a),
we can conclude that the 2nd PC holds the information about
collagen-peptides dynamics. Therefore, we plot the scores of the
2nd PC versus the number of spectra measured (fig. 4.7 b). For
more details regarding score and principal components, please
refer to chapter 3.5.3.
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The fig. 4.7 b shows that scores of the 2nd PC increase with
number of spectra. This indirectly indicates the way of the amide
I intensity changes. Taking into account the fact that each spec-
trum may be represented as the linear combination of the PCs
and that peak of the 2nd PC is facing upwards, the larger the
score of PC spectrum is, the less pronounced is amide I feature.

Thus, PCA of the reference measurement reveals that heating
of collagen-peptides solution leads to unfolding of the molecules.
We perform also a circular dichroism (CD) measurements at 224.2
nanometer using 1 mm cuvette (fig. 4.8). Here, we prepare a
60 mmol solution of collagen-peptides and heat it from 5

◦C up
to 95

◦C. Furthermore, similarly to heating, we measured CD
spectra during cooling of the system. The signal change with
temperature indicates unfolding-folding dynamics, which agrees
well with literature [134].

Figure 4.8: Circular dichroism CD measurements of a 60 mmol solution of
collagen-peptides heated from 5

◦C up to 95
◦C and cooled back to initial temper-

ature while acquiring CD spectra. The signal change with temperature indicates
unfolding-folding behavior.

Next, we proceed with temperature-induced studies of the colla-
gen-peptide monolayer adsorbed on the nanoslits (fig. 4.9). In
the following studies, we start our experiments at the temper-
ature of 27

◦C. Next, we heat the solution with the help of a
proportional integral derivative (PID) controller up to 70

◦C in
steps of 10

◦C. We perform reflection measurement at each tem-
perature step. Similar to heating, we acquire the optical response
in distinct temperature steps during the cooling of the system.
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4.3 thermally induced conformational changes

We plot the spectra in a way that the measurement of the first
temperature point is on top and the last at the bottom (fig. 4.9).

As seen from the reflectance spectra (fig. 4.9, color-coded solid
curves), the resonance frequency of the nanoslit array shifts with
temperature, as the heating of the D2O-based solution results
in slight changes of the refractive index [135]. Similar to exper-
iments of SDS-induced denaturation, the first derivative of the
measured spectra provides a more convenient way for monitor-
ing folding of collagen peptides. As known from literature and
our reference measurements, the intensity of collagen-peptide
amide I vibration decreases with increasing temperature and has
reversible behavior. Furthermore, the strength of this molecular
signal reveals the fraction of collagen folded [134]. Therefore, we
extract the vibrational signal of molecules from our experimental
data at each temperature step.

Figure 4.9: Monitoring thermally induced conformational changes of collagen
peptides. The frequency of amide vibration is marked by a vertical dashed line;
the temperature steps are color-coded. Solid lines depict the optical response at
each temperature step. Reflectance spectra (left panel) exhibit a spectral shift due
to the temperature variation. However, the first derivative of the optical response
(right panel) reveals the change of the spectral feature at the 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.

To describe the optical response analytically, we utilize a har-
monic oscillator model (chapter 2.3.4). We assume that a plas-

63



nanoslits for collagen-peptide dynamics observation

monic resonance around the resonance frequency is symmetric
and has a Lorentzian profile. Also, because of the coupling of
the molecules to the nanostructure, the vibrational feature of col-
lagen peptide has a Fano profile [86]. However, due to the mis-
match 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(ω) = L(ω) + F(ω) (4.1)

with
L(ω) = 1−

A(
ω−ωres
Γres

)
+ 1

(4.2)

and

F(ω) =

1−
(
ω−ωvib
Γvib

+ q
)2

(
ω−ωvib
Γvib

)2
+ 1

 · I (4.3)

A is the modulation depth of plasmonic resonance, Γres is the full
width at half-maximum of the plasmonic resonance, ωres is the
resonance frequency of nanostructure, ωvib is the frequency of
amide vibration, Γvib is the full width at half-maximum of amide
vibration, and q is the asymmetry factor, which depends on the
tuning ratio ωvib/ωres.

First, we obtain the resonance frequency of the nanoslits using
the spectral centroid method for each temperature [138]. In gen-
eral, one would assume the asymmetry factor to be temperature-
dependent, as the plasmon resonance is tempe- rature-dependent
due to a change of the effective refractive index with temperature
[86, 91, 127, 139]. However, this shift is very small, which allows
us to assume the asymmetry parameter of the Fano profile q to
be constant.

The validity of assumptions described above needs to be tested
by assuming strongly varying asymmetry factors. Therefore we
start with a centroid fit of the spectrum measured at the room
temperature, before heating, and obtain ωres = 1631.3 cm−1.
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From the reference measurements depicted in fig. 4.2, we ob-
tained ωvib = 1644 cm−1 and Γvib = 35 cm−1. A Lorentzian
fit of the measured spectrum at room temperature provided pa-
rameters A = 0.5 and Γres = 118 cm−1. Thus, we perform fitting
of the measured spectra at room temperature having fixed all ob-
tained parameters, which allow us to find initial values q = 0.30
and I = 0.46.

It is crucial to check whether slight changes of the asymmetry
factor q orωres result in changes of spectra similar to variation of
I. Therefore, we tune the parameters around the values obtained
and plot the first derivative of analytical results (fig. 4.10). We
performed a centroid fit of the spectra for all temperature steps
and obtainedωres between 1631.3 cm−1 and 1638.5 cm−1. Thus,
we plot results of the analytical model for values around this
range (fig. 4.10 a). The red shift of ωres does not explain our
experimental findings.

Figure 4.10: Influence of parameter variation on the results of our analytical
model. Derivative of analytical reflectance spectra obtained for different (a) plas-
mon resonance frequency, (b) Fano asymmetry factor, (c) Fano amplitude. The
ranges for ωres and q variation are taken from the experimentally observed red
shift of plasmon resonance due to heating. The variation of the Fano amplitude
is the only parameter which allows our model to fit the measurements.

Therefore, we try to explain the experimental observation by
changing the q parameter. We vary it around value of 0.30, as
shown in fig. 4.10 b. Here, the model also has no agreement
with the measured spectra.
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In contrast, the variation of the Fano amplitude I can explain
the measurements (fig. 4.10 c), whereas variation of q and ωres
could not. Thus, the introduced analytical model can be used for
the data analysis.

Thus, we have obtained the q parameter from the fit of the
first spectrum. Also, the rest of the parameters mentioned are
obtained and fixed, because they are the same for all spectra.
Finally, there is one parameter left, namely, I, which is related
to the intensity of molecular vibration. Therefore, we perform
fitting of each experimental spectrum with a single open param-
eter in the vicinity of the nanoslit resonance (fig. 4.9, color-coded
dash curves).

As we introduced this model in order to extract the molecu-
lar vibrations, we normalize the analytically obtained amide vi-
bration to the antenna profile and plot the resulting signal ver-
sus temperature (fig. 4.11, light green). This delivers a scalar
value that describes the strength of the vibrational signal. This
result demonstrates a reversible conformational change of the
collagen-peptide monolayer under external stimuli. Similar to
the bulk solutions, heating the D2O surroundings of the molecul-
es adsorbed on the gold surface induces structural changes in ex-
pected fashion.

Figure 4.11: We extracted the intensity of molecular vibration by fitting a Fano
profile to the measured spectra. After a temperature increase of the D2O en-
vironment, 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.
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As a control experiment, we performed the same temperature-
induced measurements and data analysis for SDS-based surround-
ings (fig. 4.12). Here, we expected the molecules to be denatu-
rated from the beginning, and thus, additional heating should
have no effect (fig. 4.11, dark green). As expected, the SDS envi-
ronment denaturates the peptides and additional heating causes
no structural changes.

Figure 4.12: Heating the array of 1.7 µm long slits in aqueous environment. First,
the nanostructures are without a monolayer of collagen-peptide. Afterwards, we
perform heating of the covered sample in D2O solution and continue with heat-
ing in an SDS environment. The measured spectra and their first derivative (solid
curves) were fitted by the analytical model introduced above (dashed curves).

Our measurements and analytical analysis clearly validate our
approach of in-vitro monitoring of structural changes of colla-
gen molecules at low concentrations utilizing resonant surface-
enhanced infrared spectroscopy with plasmonic nanoslits. Our
concept allows for the observation of conformational changes un-
der different stimuli, including temperature change. A detailed
analytical analysis reveals the conformational transition from one
secondary structure to another.
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To further check the reliability of our concept, we performed
similar measurements using different slit length, e.g. 1.8 µm long
(fig. 4.13 a). Here, a similar behavior was detected even though
the overall signal strength is weaker (fig. 4.13 b), as we discussed
above.

Figure 4.13: Heating of 1.8 µm long slits in aqueous surrounding. We perform
the heating cycle of a sample being immersed in D2O surrounding first (a, left)
and after SDS environment (a, right). We use the analytical model introduced
above to fit the experimental data (b). Here the molecular signal strength is lower
due to the less perfect overlap of molecular and plasmonic excitation.

To summarize, we experimentally demonstrated the unique ca-
pabilities for ultrasensitive in-vitro detection of the triple-helical
structure of collagen-like molecules at the monolayer scale utiliz-
ing mid-IR resonant plasmonic nanoslits as a sensing platform.
As a result of the larger average SEIRA signal of inverse nanos-
tructures, nanoslits are well suited to detect the structure of mini-
collagens as well as other proteins. Our biosensor enables reliable
tracking of collagen conformational changes under various exter-
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nal stimuli via monitoring the amide I vibration. The analysis of
our experimental data with a simple analytical model also reveals
the expected folding behavior.
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5M o n i t o r i n g f o l d i n g o f p o ly p e p t i d e

m o n o l ay e r

This chapter is based on the following publication [124]:

R. Semenyshyn, M. Hentschel, C. Stanglmair, T. Teutsch, C. Tarin,
C. Pacholski, H. Giessen, and F. Neubrech, ”In-vitro monitoring
conformational changes of polypeptide monolayers using infrared plas-
monic nanoantennas”,
Nano Letters 19, 1 (2018).

In the previous chapter we demonstrated a SEIRA-based con-
cept for monitoring the secondary structures of collagen-peptides.
This ultra-sensitive approach has significant limitations, namely,
molecules should be not larger than slit width, in order to match
the size of the ”hot spots” of the nanostructure. Another weak
point is the functionalization of the gold surface. Synthesized
molecules with a thiol group are perfect for the concept valida-
tion, but one would need a chemical recipe which allows for
binding of any biomolecules in order to bring this approach to
real-world applications.

In this chapter, we report the application of resonant surface
enhanced infrared absorption spectroscopy for in-vitro monitor-
ing of structural changes of a molecular monolayer of polypep-
tides, here poly-l-lysine (PLL) [140]. PLL has been chosen for
two reasons: On the one hand, it is a widely used polypeptide in
biological applications, such as the functionalization of surfaces
or sensors. On the other hand, poly-l-lysine can be well con-
trolled and functionalized, which are crucial prerequisites in our
experimental scheme.

Figure 5.1 illustrates the basic idea. Standard Fourier-transform
(FT)-IR spectroscopy is used to probe the optical response of reso-
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nant plasmonic nanoantennas in inverse reflection geometry. The
antennas are immersed in an aqueous environment with the help
of reflection fluidic cell (fig. 3.11), similar to the approach utilized
in the previous chapter.

Figure 5.1: Chip-level based SEIRA for in vitro monitoring of conformational
changes of polypeptides. A monolayer of poly-l-lysine (PLL) as a model system
for polypeptides is immobilized in the plasmonic hotspots of gold (Au) nanoan-
tennas. The amide vibration of PLL is enhanced if the plasmon is resonantly
matched to the molecular vibration. By adding external stimuli, the secondary
structure can be reversibly changed from the α to the β state resulting in dif-
ferent substructures of the amide vibration. The experiments are performed in
aqueous solution.

As already mentioned in chapter 4, rod antenna arrays were
already successfully used for monitoring protein dynamics in
air as well as liquids. These experiments gave detailed infor-
mation about the near-field distribution of light fields around
the nanoantennas and their interaction with the vibrational reso-
nances of the molecules [20, 22, 26].

Although nanoantennas provide less near-field enhancement
compared to nanoslits [67], they allow to investigate larger mole-
cules. Therefore, we optimize the nanoantenna design, as dis-
cussed later, in order to achieve the maximum of SEIRA enhance-
ment.

Here we aim to in-vitro monitoring of reversible conforma-
tional changes, namely, the cyclic transition from one conforma-
tion to another and back, of a single molecular monolayer.

Functionalization chemistry is used to cover the gold surface
with PLL molecules. The parameters may be potentially adjusted
to dress nanoantennas with theoretically any protein. The used
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PLL is 15-30 kDa in weight (CAS number 26124-78-7, Sigma Ald-
rich GmbH).

In these studies, chemical stimuli are used to switch the sec-
ondary structures of polypeptides (α-helix or β-sheet state) and
thus leave the system in a defined state. During the transition,
the defined and known states are then optically probed, allowing
us to monitor the induced conformational changes. The recorded
optical spectra will thus display the characteristic vibrational fea-
tures of the two specific conformations (i.e., the substructure of
the amide vibrations), allowing us to determine the secondary
structure from the optical response alone.

5.1 reference measurement and setup

Poly-l-lysine is a water-soluble polypeptide composed of natu-
rally occurring l-lysine, which contains amine groups on the
side chains. PLL can be found in three distinct conformations,
α-helix, β-sheet, and random coil (as well as mixtures) [141]. The
secondary structure is determined by the external environment
(e.g., solvents and temperatures) and can thus be switched at will,
an important prerequisite for our experiments. It has been shown
that conformational transitions can be induced by various exter-
nal stimuli, including heat [17], pH [108, 142–144], alcohol [143],
solvents [145], and surfactants [136, 146].

In contrast to previous studies, we strive to observe the fold-
ing and unfolding of PLL, ideally the cyclic transition between
α-helix and β-sheet states. Consequently, not all of the afore-
mentioned stimuli are suitable as in some cases the stimulation
causes permanent denaturation. Therefore, we focus on folding-
unfolding of PLL induced by surfactants, namely sodium dode-
cyl sulfate (SDS) as well as by variation of the external basicity
level. The recipe of SDS solution we used was introduced previ-
ously in the literature [136].

As mentioned above, molecules exhibit characteristic vibration-
al spectra in the IR spectral range. In our case, the amide I
band resulting from backbone vibrations [83], will be monitored

73



monitoring folding of polypeptide monolayer

to assign the secondary structures to poly-l-lysine. In the α-
helical conformation the amide vibration peaks at 1644 cm−1

and at 1618 cm−1 in the β-sheet state [16]. As H2O exhibits
vibrational fingerprints in the amide I spectral range, we utilized
D2O featuring vibrational features at lower energies as a solvent
in order to circumvent this parasitic H2O absorption. We are
therefore not tuning the pH level but rather the pD levels. To
reduce the D2O absorption in our experiments, a specially de-
signed transmittance flow cell (fig. 3.12) and an inverse reflection
setup (fig. 3.11) probing µL volumes of solution were used. All
IR spectra were taken in transmission (bulk solution) or inverse
reflection geometry (SEIRA measurements) with a standard FTIR
microscope on specifically designed resonant plasmonic nanoan-
tenna arrays (see the chapter 3.4).

Figure 5.2: IR optical properties of the poly-l-lysine model system. Relative trans-
mittance spectra of poly-l-lysine in bulk solution (D2O). The amide I vibration
reveals the secondary structure of PLL. Depending on external stimuli (SDS or ba-
sicity) the polypeptide is either in theα-helical state (1644 cm−1) or theβ-sheet
state 1618 cm−1.

As a first step, we characterized the utilized poly-l-lysine and
its properties (fig. 5.2), by measuring transmittance spectra of
highly concentrated aqueous solutions of PLL. The green curve
shows the response of 5 mmol PLL in D2O at a pD level of 12,
whereas the red curve shows PLL at the same concentration in
an SDS-D2O solution at pD = 7. As expected, the spectra reveal
the secondary structure of the polypeptide. At high basicity the
vibrational signal of the α-helical state at around 1644 cm−1 is
observed while no signal near 1618 cm−1 can be identified, indi-
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cating a near-unity α-helical state of the polypeptides. In contrast,
the polypeptides in an SDS solution show a distinct and strong
response at 1618 cm−1 indicative of the β-sheet conformation.
These solution-based measurements show that we are able to set
the conformational state of our model system poly-l-lysine.

Figure 5.3: Circular dichroism (CD) of PLL in different chemical surroundings. A
random mixture of α-helix to β-sheet inD2O with a pD value of 7 (blue curve)
is found. Changing the pD value to pD 12 forces the transition to the α-helical
state (green curve). If SDS is added, the polypeptides change to the β-sheet state
(red curve). The PLL concentration was 0.25 mg mL−1 and the optical path for CD
measurements was 0.2 mm.

Also, we perform another reference measurement. Here, we
utilized the solution of PLL performing CD measurements (fig. 5.3).
We diluted 0.25 mg L−1 and filled 0.2 mm thick cuvette with this
solution. The CD spectra are in good agreement with the lit-
erature [147] and reveal that our used PLL molecules undergo
structural transitions.

5.2 antenna functionalization

As we are going to enhance the vibrational signal utilizing reso-
nant plasmonic nanoantennas we need to controllably place the
polypeptides inside the local electric field around the nanostruc-
tures. This task is accomplished by a functionalization scheme,
which is sketched in fig. 5.4. Two points are of great importance:
On the one hand, the polypeptides need to be attached to the
antennas close enough to the surface as to interact with the local
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electric field [30, 93]. On the other hand, the polypeptides need
to be at distance from the surface as well as from their neighbor-
ing polypeptides large enough to be able to undergo the desired
structural transitions [108].

Figure 5.4: Functionalization scheme. PLL molecules are immobilized on a gold
surface using a mixed monolayer of MUA and MUoL. The intermolecular dis-
tance between PLL molecules, which can be adjusted by the composition of
MUA/MUoL, and their distance to the gold surface are crucial for conforma-
tional changes.

We use two types of thiols, 11-mercaptoundecanoic acid (MUA)
and 11-mercaptoundecanol (MUoL) for the antenna functional-
ization. These bind to the gold antennas and not the surround-
ing CaF2 and provide the required larger surface-polypeptide-
distance as well as the lateral spacing. To predispose the car-
boxyl group of MUA for the binding to the poly-l-lysine an
EDC/NHSS solution in MES buffer is used. For further details,
please refer to the chapter 3.3.2 and ref [108], where the recipe is
introduced and the role of MUoL is discussed as well.

The gold nanoantenna arrays (100 µm × 100 µm) were pro-
duced by standard electron beam lithography in a positive tone
resist (PMMA) via lift-off. Such top-down techniques offer the
possibility to tailor the geometry and properties of the antennas
nearly at will and as such optimize their performance according
to the needs of our experiment (more detailes are in chapter 3.2.1).
A number of issues are important here, namely, the strength of
the local field enhancement and the Rayleigh anomalies [30], as
well as the geometrical access of the polypeptides to the nanoan-
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tennas, i.e., the spacing and gap size between adjacent nanos-
tructures [148]. Taking into account these points, we varied the
length of the nanoantennas between 1350 and 1750 nm with a lat-
eral spacing constant of 200 nm in the x-direction (along the long
antenna axis) and a period of 3300 nm in the y-direction (along
the short antenna axis). The antennas width and height are fixed
at 100 nm. Titanium was used as an adhesion layer on the IR
transparent CaF2 substrates due to its chemical stability at large
pD levels.

Figure 5.5: Functionalization of nanoantennas. Reflectance spectra (averaged 50

spectra) of resonant nanoantenna arrays inD2O are taken before (red) and after
(green) functionalization with MUA/MUoL and poly-l-lysine (see illustrations).
(a) The resonance frequency is shifted due to the accumulation of polypeptides
on the antenna surface. Depending on the polarization a strong plasmonic re-
sponse is observed (see illustrations). (b) A close-up view shows the amide I
vibration enhanced by the plasmonic nearfields (upper panel). A baseline correc-
tion delivers the vibrational signatures of PLL in the α-helical and β-sheet state
(lower panel). No vibrational modes are found prior to functionalization (red)
and for illumination with perpendicular polarized light (light blue). The SEM
image depicts an exemplary antenna array; the scale bar is 1 µm.

Figure 5.5 depicts the measured spectra of one exemplary nano-
antenna array with an antenna length of 1500 nm acquired in an
inverse reflection geometry. The red curve shows the response of
the unfunctionalized antenna array inside the flow cell filled with
D2O. A pronounced plasmonic resonance can be observed for
light polarized along the antenna axis at about 1650 cm−1, nearly
perfectly match-ed to the energies of the vibrational modes which
are expected at 1644 cm−1 and 1618 cm−1.
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As one can see, after the functionalization with MUA/ MUoL
and poly-l-lysine, the sample was rinsed and placed in the flow
cell filled with D2O. It is important to note that during this pro-
cess the sample is always in aqueous environment. We observe
two distinct differences: The plasmonic resonance undergoes a
spectral red-shift which is caused by the larger effective refrac-
tive index of the surrounding [132] due to the deposition of the
functionalization layer and poly-l-lysine (fig. 5.5 a). In order to
extract the enhanced vibrational signal strength, which is a mea-
sure of the number of polypeptides in a certain conformation, we
need to perform a baseline correction (fig. 5.5 b). The baseline
characterizes the plasmonic response in the absence of the vibra-
tional modes and is calculated from the coupled system using
an adapted version of the asymmetric least-squares smoothing
algorithm proposed by Eilers [121] and is shown in black. Nor-
malization of this baseline to the measured spectra delivers the
so-called baseline-corrected vibrational spectra.

Figure 5.6: Optimization of the SEIRA enhancement. (a) Reflectance spectra of
nanoantennas covered with PLL in the α-helical state (upper panels). Depending
on the antenna length L, the ratio between the plasmonic resonance ωres and
the amide vibration (ωvib = 1644 cm−1, indicated by dashed lines) changes.
This results in vibrational signals of different strengths and line shapes (Fano-
profile) as seen in the baseline-corrected spectra (lower panels). (b) Enhanced
vibrational signal versus tuning ratio. The SEIRA enhancement is maximum if
the plasmonic excitation is resonantly roughly matched to the molecular vibration
(ωres/ωvib ≈ 1). As a guide to the eye, a Lorentzian was fitted to the measured
data (blue curve). The corresponding antenna length (L = 1.5 µm) is selected
for the in-vitro monitoring experiments.
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In fact, the array with 1500 nm long antennas is selected af-
ter an optimization procedure. We measured all functionalized
antenna arrays, which were produced on the substrate (fig. 5.6).
Figure 5.6 a depicts reflection spectra (three upper panels) of three
nanoantenna arrays: the shortest, the optimal, and the longest
ones. The lower panel shows the baseline-corrected spectra in or-
der to illustrate different signal enhancement. Figure 5.6 b prese-
nts a comparison of SEIRA enhancement for all the arrays mea-
sured. As a result of this optimization, we select the array of
1500 nm long nanoantennas as the most promising one. However,
to verify our main results, we perform all the measurements with
other arrays as well.

5.3 monitoring pll conformational changes

Figure 5.7 depicts our main findings and shows the cyclic fold-
ing and unfolding of a single monolayer of poly-l-lysine under
external chemical stimuli. The upper row shows a sketch of the
nanoantenna as well as the conformation of the polypeptides.
Again, it is important to stress that we are able to reliably and
controllably set the conformation of the polypeptides by an exter-
nal stimulus. This information serves as a benchmark for the vi-
brational fingerprints we are retrieving from our measurements.
The baseline-corrected vibrational features, which are imprinted
on the spectrum of the functionalized antennas, are displayed in
the bottom row.

Panel (a) of fig. 5.7 shows the response right after functionaliza-
tion. As discussed earlier, the polypeptides are now in a random
distribution of α-helical and β-sheet states. The measured spec-
tra reflect this known behavior. The baseline-corrected spectrum
exhibits the vibrational signatures of the of α-helical and β-sheet
states at 1644 and 1618 cm−1, respectively. We now perform a
pD-jump from 7 to 12 which is known to force the polypeptides
into the α-helical state [17], shown in panel (b). As expected,
the signature of the β-sheet state vanishes from the vibrational
spectrum, clearly showing a near-unity α-helical state distribu-
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Figure 5.7: In-vitro monitoring of PLL conformational changes. Baseline-
corrected SEIRA signals (bottom) of nanoantennas functionalized with PLL under
different external stimuli. (a) After functionalization, PLL molecules are in a ran-
dom mixture of α-helix to β-sheet as evidenced by the vibrational substructure
of the amide band. (b) If the basicity is increased to a pD-value of 12, the vibra-
tional signature of the β-sheet state (1618 cm−1) vanishes, and only the α-helix
(1644 cm−1) signature remains. (c) SDS forces a transition of the polypeptides
back to the β-sheet state. (d) A second increase in basicity (pD of 12) switches
the vast majority of molecules back to the α-helix state. The vertical dashed lines
indicate amide vibration of α-helix and β-sheet states.

tion. We now exchange the solution in our flow cell with an SDS
solution which switches the poly-l-lysine to the β-sheet confor-
mational state, depicted in panel (c). In the vibrational spectrum
we observe the reappearance of the β-sheet vibrational feature at
1618 cm−1. However, the fingerprint at 1644 cm−1 associated
with the α-helical state remains, yet significantly weaker.

This result indicates that only part of the polypeptides folds
back into the β-sheet state, while some remain in the α-helical
conformation, as seen in ensemble measurements (fig. 5.2). A
further and final pD-jump should again force all polypeptides in
the β-sheet state back to the α-helical one. The vibrational spec-
trum shown in panel (d) now indeed exhibits the mode solely at
1644 cm−1 indicating again a near-unity α-helical state distribu-
tion.
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5.3 monitoring pll conformational changes

Figure 5.8: Monitoring structural changes of PLL utilizing different antenna ar-
rays. Baseline-corrected SEIRA signals of nanoantennas with different lengths
(middle – 1.4 µm, bottom – 1.6 µm). Structures were functionalized with PLL
measured under different external stimuli, similar to fig. 5.7: (a) After function-
alization. (b) The basicity is increased to a pD value of 12. (c) SDS forces a
transition of the polypeptides back to the β-sheet state. (d) A second increase
in basicity (pD of 12) switches the vast majority of molecules back to the α-
helix state. The vertical dashed lines indicate the amide I vibration of PLL in the
α-helix and β-sheet states.

As mentioned above, we perform the same measurements for
the antenna arrays with different length, which proves the relia-
bility of our sensor (fig. 5.8).

To quantify the performance of our approach, we estimated the
number of molecules contributing to the enhanced fingerprints,
which are located in the area of the nanoantenna tip ends [72].
Based on this and on the assumption of a spherical PLL molecule
with a diameter of roughly (close packing) 4 nm [80, 140], we
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estimate the number to be about 1600 PLL molecules per antenna
which contribute to the enhanced signal.

5.4 pca of pll conformational changes

In order to further analyze the data and to support our inter-
pretation without performing a baseline correction, we applied
principal component analysis (PCA) on the raw data, which con-
tain 200 individual spectra in total (50 for each external stimulus).
PCA is a common method in multivariate statistics, which ex-
tracts the correlation of data points by applying a principal axis
transformation such that the variance of the data sets becomes
maximum [123]. Appropriate calibration measurements even al-
low extracting concentration ratios [149].

Applying PCA to our data (see chapter 3.5.3), we can express
each spectrum i (i ∈ [1, 200]):

Spectrumi = A+

200∑
j=1

(
ki,j · PCj

)
where A is the average taken over all 200 spectra. The principal
components PCj are therefore so-called correction spectra to the
average experimental spectrum. The principal components are
the same for all 200 experimental spectra, whereas the weighting
coefficients ki,j, also called scores of principal component j, are
related to the spectrum i.

PCA can be understood in an intuitive way: We are looking
for a basis set of fundamental functions such that all 200 spec-
tra can be expressed as linear combinations of these fundamental
functions, the so-called principal components. As a basis set, the
principal components are unique for the entire set and are spec-
tra in our particular case. If there were no correlation between
the 200 spectra, the PCA analysis would require 200 unique and
independent principal components in order to describe all exper-
imental spectra. Likewise, for large correlations only very few
principal components are needed to express all measured spec-
tra.
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5.4 pca of pll conformational changes

Figure 5.9: Principal component analysis (PCA) of PLL structural changes, the
first and second principal components. The first PC resembles intensity changes
of the resonantly scattered light. The second PC represents the changes of molec-
ular vibration under the external chemical stimuli. Thus, most of the variability
of each spectrum can be accounted for by a linear combination of the first and
second principal components with scores.

For PCA, the assumption of strong correlations is best justified
if the sum given in the equation above terminates after only a
few corrections or principal components. One can calculate the
impact of each principal component by the overall accuracy of the
representation of the measured spectrum by the PCA basis set af-
ter the corresponding order. In our case, the 1st principal compo-
nent has an impact of 82.3 %, the 2nd principal component 6.4 %,
the 3rd 0.6 %, the 4th 0.5 %, and the 5th 0.5 %. This means that
the 1st and 2nd principal components (fig. 5.9) hold the main
information about the differences in the dataset (between 200 in-
dividual spectra). It also implies that our assumption of strong
correlations between the measured spectra is well satisfied.

Figure 5.9 depicts the first and the second principal compo-
nents. The first principal component, interestingly, exhibits hardly
any spectral features but is nearly flat over the entire spectral
range. When inspecting the different measured spectra we ob-
serve a clear intensity drift in the magnitude of the plasmon res-
onance (see fig. 5.10). This drift is linked to experimental chal-
lenges in stabilizing the setup over hours of data acquisition. We
thus conclude that the first principal component captures this
drift and only shifts the absolute value of the spectra. Therefore,
it does not contain any information about the protein folding dy-
namics.
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Figure 5.10: Reconstruction of spectra using principal components. (a) Spectra re-
constructed using the 1st principal component (PC) only. No information on the
folding is obtained. Only a drift of the spectra caused by experimental instabili-
ties is seen. (b) Reconstructed spectra using 1st and 2nd principal components
provide information on protein folding. No higher principal components are
needed.

The second PC on the other hand exhibits pronounced spec-
tral features, most notably at the vibrational frequencies of the
α-helix and β-sheet states at 1644 cm−1 and 1618 cm−1, respec-
tively. On first sight, it is counterintuitive that both features are
present in this component. However, one has to keep in mind
that this component is a correction term to the shifted average
experimental spectrum and is the same for all experimental spec-
tra; only the scores will be different. As the average spectrum
has both features for the α-helical and β-sheet states, the scores
of PC2 for each spectrum correct the average according to the
secondary structure of the PLL for the corresponding measure-
ment step. The fact that PC2 has two features of opposite sign
underlines this interpretation. For example, to reconstruct the
spectrum of the α-helical state the average needs to be corrected
by PC2 with positive score and with negative score for a predom-
inantly β-sheet state. We thus conclude that the second PC and
its scores contain the information about the secondary structure
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5.4 pca of pll conformational changes

of the molecules. Therefore, the scores of PC2 can be used to
cluster the data to different conformational states.

In order to depict the results of all 200 experimentally obtained
spectra, we plot the scores of PC1 and PC2 in fig. 5.11 against
one another. The data points are color-coded according to the
four distinct data sets of 50 spectra each. The four measurement
sets can be clearly distinguished in the plot as they form strongly
correlated and non-overlapping clusters.
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Figure 5.11: Principal component analysis (PCA) of PLL structural changes, the
scores of first and second principal components in two-dimensional space. This
presentation depicts the clustering of the data set and thus represents the different
conformational states of PLL. Particularly, the clusters 2 and 4 (light and dark
green) are the one group attributed to α-helix, whereas the third cluster is the
group attributed to the β-sheet state, and first – a mixture of both α-helix and
β-sheet.

Directly after functionalization, the spectra are characterized
by scores of PC2 around zero, indicating that both conforma-
tional states of the molecules are present. After the first pD-
jump the scores of PC2 are strongly positive, which indicates
that the polypeptides have undergone a structural change to a
near unity α-helix state distribution. Addition of SDS leads to
spectra which are characterized by strongly negative scores of
PC2. This behavior implies that a clear structural transition from
the α-helix to the β-sheet state occurred. After the final pD-jump
the spectra are again characterized by positive scores of PC2, in-
dicative of predominantly α-helix state distribution. The α-helix
and β-sheet state distributions are very well separated and can
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be clearly distinguished. The two α-helix state distributions are
very similar, yet not identical with respect to their score values.
As mentioned above, we ascribe these differences to incomplete
structural transitions between the different states which lead to
different distributions.
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Figure 5.12: Reconstruction of preprocessed spectra using principal components.
Similar to the fig. 5.10, we performed PCA on the dataset. However, the spec-
tra were preprocessed this time in order to remove the intensity drift from the
spectra. (a) We find that now the 1st PC holds the vibrational information. (b)
Consequently, the scores of both 1st and 2nd PCs look different. (c) Using only
the 1st principal component, one can reconstruct the spectra. (d) Adding the
2nd PCs does not add additional physical information, as expected. Thus, it is
clear the score in (b) are nicely clusterized by the 1st component.
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As discussed earlier, the scores of PC1 do most likely not con-
tain information about the folding dynamics. However, even
when disregarding this value, the data points still form distinct
clusters well separated along the respective ki,2 value distribu-
tion.

To verify the statement that PC1 does not contain information
about polypeptide dynamics, one could perform preprocessing
of the dataset in order to suppress the drifts of the antenna ar-
ray resonance. This means that we shift spectra such that from
1680 cm−1 up to 1720 cm−1 all resonance profiles match. Thus,
one would expect the new 1st PC to represent the secondary
structure changes. In order to check this, we preprocessed each
spectrum so that antenna profile was as close as possible to the av-
erage spectra. This precorrected data was used for PCA (fig. 5.12).

The measurements shown in fig. 5.7 and principal component
analysis depicted in fig. 5.11 thus very clearly validate our con-
cept of in-vitro monitoring of the conformational changes of poly-
peptide monolayers using resonant surface enhanced infrared
spectroscopy with plasmonic nanoantennas. We can reliably track
the conformational changes of a monolayer of poly-l-lysine bound
to the surface of resonant nanoantennas. Our results of PCA also
reveal that the expected full conversion between the two confor-
mational states does not take place and part of the molecules
remain in the α-helical state, while others are pushed into the β-
sheet conformation, which is in fact a testament to our analysis
technique.

Thus, we have demonstrated in-vitro observation and tracking
of conformational changes of a PLL monolayer with the help of
resonant surface-enhanced infrared absorption spectroscopy and
principal component analysis.
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6
P u s h i n g t h e d e t e c t i o n l i m i t : s i n g l e

na n oa n t e n na

This chapter is based on the following publication [150]:

R. Semenyshyn, F. Mörz, M. Ubl, M. Hentschel, F. Neubrech, and
H. Giessen, ”Pushing down the limit : In-vitro detection of a polypep-
tide monolayer on a single infrared resonant nanoantenna”,
ACS Photonics, submitted (2019).

Previous experiments have demonstrated that resonant plas-
monic nanoslits and nanoantennas are reliable sensing platforms
to monitor protein dynamics. To follow up this approach, a sin-
gle nanoantenna may be explored for in-vitro investigation of the
protein conformation with minimal sample concentrations and
volumes.

Reaching the single-molecule level by exploiting plasmonic en-
hancement has been demonstrated in Raman spectroscopy [24],
but has not been achieved in FTIR spectroscopy yet. Recent pub-
lications as well as our results demonstrate the high potential
of this approach. Despite a significant increase of measurement
sensitivity, the amount of detected molecules on the plasmonic
nanoarrays is still on the order of hundreds of thousands.

The sensitivity can be further improved by using synchrotron
light sources, which exhibit orders of magnitude higher brilliance
[114, 151, 152], but at the expense of limited availability, accessi-
bility, and high costs.

In contrast to these far-field techniques, one can use atomic
force (AFM) [9] or scanning near-field optical (SNOM) [10, 153,
154] microscopy to detect vibrations on the level of a few proteins.
However, these approaches impede in-vitro measurements.
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The key element to further enhance the measurement sensitiv-
ity is the application of a mid-IR light source, which exhibits a
brilliance that exceeds that of synchrotrons and which has good
beam quality as well as a high coherence to enable efficient sam-
ple illumination. Furthermore, a single source is required, whose
bandwidth is sufficiently broad to detect all the desired molecu-
lar vibrations at once, avoiding the necessity for spectral sweep-
ing. Light sources that can match these requirements are mid-IR
lasers with ultrashort and hence broadband pulses [117, 155, 156].

Therefore, we combined a highly brilliant, pulsed laser source
and an individual plasmonic nanoantenna as an ultra-sensitive
platform for tabletop protein studies at attomolar concentrations
and attoliter volumes [20, 157].

6.1 reference measurements

Our light source is based on tunable parametric frequency con-
version, which covers a broad spectral tuning range from 1.33 to
8 µm (7500 - 1250 cm−1). The laser pulses exhibit a bandwidth of
about 125 cm−1 (1/e2-width), which is sufficient to cover molec-
ular amide I vibrations without frequency tuning. A detailed
discussion can be found in [111, 112, 158, 159].

Figure 6.1: Schematic drawing of the experimental procedure and our setup. The
conformation of a polypeptide monolayer on a single gold nanoantenna is inves-
tigated 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 combination with a Globar for tabletop experiments.
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6.1 reference measurements

We investigate in-vitro the conformation of polypeptide mono-
layers on single gold nanoantennas, exploiting the plasmonic sig-
nal enhancement of SEIRA. As control experiments, we addi-
tionally use a synchrotron and a Globar as light sources, which
are also commonly used in FTIR spectroscopy. Figure 6.1 depicts
the experimental procedure and our setup. For in-vitro measure-
ments a microfluidic cell is used (see fig. 3.12), allowing transmis-
sion measurements and control of the liquid environment.

The measurement setup consists of a Bruker Vertex 80 FTIR
spectrometer, which is attached to a Bruker Hyperion 2000 mi-
croscope (see chapter 3.4.1). During all experiments, we use a
36x condenser and objective for illuminating the measured sam-
ple area, which is limited to about 10× 10 µm2 via the micro-
scope aperture. Our FTIR setup includes a Globar and offers an
external light source input, which we use for laser incoupling.
We flush the setup with nitrogen to minimize atmospheric ab-
sorptions to a negligible extent. The measurements applying
a synchrotron light source were conducted at the Swiss Light
Source (SLS) at a similar Bruker FTIR microscope setup [116].

In contrast to the studies discussed in previous chapters, here
we utilize a transmittance fluidic cell only (fig. 3.12) to perform
in-vitro measurements. However, we still perform the PLL detec-
tion in D2O-based surroundings.

The utilized gold nanoantennas differ in length to ensure the
plasmonic resonance matches the polypeptide resonance for effi-
cient near-field enhancement [89]. The antennas are about 100 nm
in height and width, and between 1.7 and 1.9 µm long and placed
on a CaF2 substrate. The antenna length might vary between the
presented measurements, due to the different samples.

As was performed in previous experiments, we utilize the same
model system for the secondary structure analysis, namely poly-
l-lysine (PLL) [108, 140, 160, 161]. As discussed in chapter 5, it
exhibits different conformations and by analyzing the amide I
vibrations, structural changes can be detected. Spectral features
shift in frequency and differ in spectral shape as the conforma-
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tion changes, due to the rearrangement of intramolecular bind-
ings.

We again focus on the detection of the so-called α-helical and
β-sheet PLL conformations, which exhibit resonance peaks at
around 1648 cm−1 and 1618 cm−1 [108, 124], respectively. The
molecules are functionalized using the same recipe as in the pre-
vious chapter [108]. The estimated number of molecules con-
tributing to a plasmonically enhanced signal is 1600 for a single
antenna [124], assuming that only molecules in the vicinity of
the tip ends, where the near-field is highest, contribute to the
polypeptide signal [72].

Figure 6.2: Mapping procedure of single nanoantennas. (a) Alignment of the
sample in the microscope. An area of 20× 20 µm2 is mapped in steps of
2 µm around the coarse antenna position. On each position an IR spectrum is
measured. (b) The position at which the antenna signal is strongest, is defined
as the measurement position. For all measurements, the background position is
located on the bare CaF2 substrate.

In order to measure a single nanoantenna, the sample needs to
be carefully aligned in the microscope 10× 10 µm2 (fig. 6.2). For
coarse sample alignment, markers on the sample are used, but
fine tuning is carried out by mapping the sample in order to find
the maximum plasmonic antenna signal. The mapping is done
by measuring a 20× 20 µm2 area in steps of 2 µm at a resolution
of 32 cm−1 using the Globar light source (fig. 6.2 a). 50 spectra
are averaged per pixel. By evaluating the spectra, the position
of maximum signal amplitude is found (fig. 6.2 b). This position
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is defined as the measurement position for the presented Globar
spectra. This procedure is carried out in a similar fashion for the
laser and for the synchrotron light source.
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Figure 6.3: Comparison between synchrotron and Globar spectra of the polypep-
tide covered single antenna. A 1.80 µm long antenna is used for the synchrotron
measurement, whereas a 1.75 µm long antenna is used for the Globar. The spec-
tra are shifted in transmittance for better comparability and the bare profile of a
1.80 µm long antenna measured with the synchrotron is indicated with a short-
dotted line. The inset (magnified at the right panel) gives a more detailed view on
the region of interest. A distinct signal is observed with the synchrotron matching
the α-helical resonance peak. The Globar noise is significantly higher due to its
lower brilliance, and exceeds the expected signal. No β-sheet signal is observed
in either case. The α-helical and β-sheet polypeptide resonances are indicated
by vertical long-dashed lines at around 1648 and 1618 cm−1.

To validate our sensing concept, we first perform broadband
measurements using synchrotron and Globar light sources, which
fully cover the plasmonic resonance of the functionalized antenna.
Figure 6.3 depicts the recorded spectra of a 1.8 µm long antenna,
covered with molecules (synchrotron measurement) and a slightly
shorter antenna of 1.75 µm length (Globar measurement), exhibit-
ing broad plasmonic resonances with center frequencies of about
1700 and 1650 cm−1, 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 ex-
ceeds any expected PLL signal. In contrast, the signal-to-noise
ratio (SNR) of the synchrotron spectrum is significantly higher
and a distinct resonance is found, despite half the measurement
time of the Globar. For a better visibility of this feature, we in-
dicate the bare antenna resonance with a short-dotted line. This
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bare antenna profile is obtained by a Lorentzian fitting method
(see eq. 4.2). As one can see, no signal is detected at the spec-
tral position of β-sheet vibration and thus we conclude the PLL
monolayer to be predominantly in the α-helical conformation.

6.2 tabletop measurements

To make this concept feasible for tabletop applications, we con-
tinue our studies utilizing a broadband laser light source. For
further experiments, the laser is tuned to a center frequency of
1634 cm−1, which is in between the α-helical and β-sheet reso-
nances. Figure 6.4 depicts a typical spectral intensity distribution,
shown in grey, as an inset in the main figure. The semitranspar-
ent areas mark the spectral range which 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 in consequence of ni-
trogen purging. Following fig. 6.3, we compare the measurement
obtained with the laser to the synchrotron spectrum. We employ
a 1.75 µm long antenna for the laser measurement, as we did us-
ing the Globar. The antenna profiles are fitted using a Lorentzian
fit (see eq. 4.2) 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 synchrotron and Globar. This results in a signifi-
cantly 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 [162].

On the right panel of fig. 6.4, a detailed view on the region of
interest (1/e2 laser bandwidth) is given. Here, the laser spectrum
exhibits a distinct vibrational signal on top of the antenna profile,
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Figure 6.4: SEIRA using the synchrotron and laser. A typical laser intensity dis-
tribution is depicted in grey, measured in transmission through the bare CaF2
substrate (background measurement). The 1/e2-bandwidth reaches 125 cm−1, al-
lowing both polypeptide conformations to be detected equally well. Note that the
spectra are shifted in 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 mag-
nified inset from the left panel depicts a zoom-in view. Both spectra exhibit a
distinct and similar resonance at 1648 cm−1 on top of the antenna profile, which
matches the α-helical amide I vibration. The laser exhibits a significantly higher
signal strength after much smaller measurement time. The α-helical and β-sheet
polypeptide resonances are indicated by vertical long-dashed lines at around 1648

and 1618 cm−1.

which agrees well with the synchrotron measurement, however,
with much better SNR. The signal fits the resonance of the α-
helical amide I vibration well, whereas no signal at the expected
β-sheet signal is observed. This indicates an α-helical conforma-
tion of the PLL monolayer.

Besides the better SNR compared to the synchrotron, the laser
allows measurements within a much shorter measurement time.
Here, spectra are accumulated for 10 min, although 2.5 min are
sufficient to achieve a SNR comparable to the synchrotron spec-
trum, as shown in fig. 6.5 for two different individual antennas.
We believe that fast measurements are of high importance and
a tabletop setup is required to conduct research on a daily basis
at moderate cost and effort, which is enabled with the presented
laser approach.

95



pushing the detection limit : single nanoantenna

Figure 6.5: Antenna spectra measured with the laser at two different antennas
for a different integration times. Already after 1 min measurement time vibra-
tional features become visible. The SNR 1.75 µm long antenna is maximum, as
the antenna resonance and laser frequency are minimally detuned. The 1.70 µm
long antenna spectrum exhibits slightly higher noise. This can be attributed to
the detuning between laser frequency (around 1634 cm−1) and antenna resonance
(around 1750 cm−1).

6.3 detecting molecular conformation

So far, we conclude that the PLL monolayer on the investigated
antennas is predominantly in the α-helical conformation. In a
next step, we prepare a sample in the β-sheet state by adding
SDS to the D2O solution in order to examine the distinguishabil-
ity of the individual conformations. Initially, the sample is inves-
tigated employing the Globar and spectra are accumulated for
about 8 h. Figure 6.6 depicts the measured spectrum (light green)
in the left panel. In the D2O-SDS environment, we utilized a
1.8 µm long antenna. For better comparison to the previous mea-
surements, the Globar spectrum (dark green) of the 1.75 µm long
antenna measured in D2O, is plotted in green. The 1.8 µm long
antenna spectrum exhibits a higher noise level, in consequence
of the added SDS to the D2O environment, which exhibits OH
vibrations in the considered frequency range, adding noise to the
spectrum. Please note, that no vibrational modes can be identi-
fied in the spectra taken with the Globar, as expected.
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Figure 6.6: Comparison of measurements conducted inD2O (dark green)D2O-
SDS (light green) solutions. Whereas both PLL conformations can be present in
the first case, the polypeptides are mainly in the β-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 right two panels depict the inset region of the left panel, when in-
vestigated with the laser source, including Lorentzian fits of the bare antenna
background as short-dotted lines. In contrast to the measurement in D2O solu-
tion (dark green), which only exhibits a strong α-helical signal, a broad peak in
the vicinity of the β-sheet resonance is visible inD2O-SDS solution (light green)
and no α-helical signal is detected in D2O-SDS, as expected.

Next, the sample is investigated employing the laser light source
and the spectra are depicted in the right two panels of fig. 6.6, in-
cluding Lorentzian fits of the bare antenna resonances to visual-
ize the polypeptide signals. The measurement in D2O solution is
plotted in dark green. It is the same measurement, as previously
shown fig. 6.4. The measurement conducted in D2O-SDS is de-
picted in light green line color. Here, a broad feature close to the
expected β-sheet vibration is visible on top of the antenna reso-
nance, whereas the previously observed strong α-helical signal
vanished. This indicates that the polypeptide monolayer mostly
folded from the α-helical into the β-sheet conformation. But
most importantly, both conformational vibrations can be detected
and distinguished with the laser source, without applying any
changes.

Several antennas have been investigated in D2O-SDS solution,
but no strong α-helical signal has been observed any more, whereas
features at the β-sheet resonance became more prominent.
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Figure 6.7: Antenna spectra and calculated 1st derivatives of the laser measure-
ments using different antenna lengths. The bare antenna spectra are indicated
by Lorentzian fits as short-dotted lines to visualize the vibrational resonances on
top of the antenna profiles. (a) Measured antennas in D2O environment. Using
a 1.7 µm long antenna, the spectrum exhibits peaks at both the α-helical and β-
sheet resonances. The 1st derivative also exhibits these peaks. On a 1.75 µm long
antenna only a strong α-helical signal is visible, as discussed in the manuscript.
This strong peak is also clearly visible on the 1st derivative. (b) Measured an-
tennas in D2O-SDS environment. Here, a 1.75 µm and a 1.8 µm long antenna
are investigated. Both antennas exhibit signals at the β-sheet resonance, but at
a relatively low amplitude. One reason is the higher noise level caused by the
D2O-SDS environment. The β-sheet signals are also visible in the 1st deriva-
tives. The 1.75 µm long antenna might also exhibit a weak α-helical signal, as
indicated by both the spectrum and the 1st derivative.

We also investigated other nanoantennas in both surround-
ings. In fact, α-helical and β-sheet conformations can be seen
in D2O solution, as expected (fig. 6.7 a). We observe a similar be-
haviour for the D2O-SDS evironment, but regarding the β-sheet
conformation. One can see that PLL denaturates either to a near-
unity β-sheet state distribution or a combination of both states
(fig. 6.7 b).

Thus, we investigated in-vitro polypeptide monolayers on sin-
gle gold nanoantennas exploiting resonant surface enhanced in-
frared absorption spectroscopy. We employed a tunable paramet-
ric light source based on a solid-state laser, which additionally
brought significant improvements in terms of an increased signal-
to-noise ratio and decreased measurement times compared to
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Globar or synchrotron light sources. We successfully detected
resonances attributed to both the α-helical and β-sheet confor-
mation within minutes, without frequency tuning of the light
source.
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In conclusion, we have demonstrated in-vitro observation and
tracking of polypeptide conformational changes at the monolayer
level utilizing surface-enhanced infrared absorption (SEIRA) spec-
troscopy. We further extended the concept of plasmonic nanosen-
sors to vibrational detection and investigation of small biomolecu-
les, such as minicollages, as well as polypeptides of larger size
making use of their unique infrared spectral fingerprints.

On the route to single molecule vibrational detection of biolog-
ical entities and of their conformational state many intermediate
steps have to be considered and optimized to achieve this am-
bitious goal. These are in detail the nanostructure design, the
functionalization scheme, the experimental setup, and the data
analysis.

As the first milestone, we optimized the design of the utilized
nanostructures with the help of finite-difference time-domain sim-
ulations. One important goal is to maximize the near-field en-
hancement, which is critical for the sensitivity of the nanosen-
sors. We utilized two different concepts which are solid metallic
nanoantennas and nanoslits in metallic films, so-called inverse
antennas. While we could demonstrate outstanding sensing per-
formance with these structures, we envision that further opti-
mization for example, a fan-shaped or bowtie-design, can fur-
ther improve the sensitivity as these structures can localize the
near-field more efficiently [28, 109, 163–165] and thus allow to
address smaller volumes and thus fewer molecules. Furthermore,
metasurfaces made of non-standard plasmonic materials such as
graphene [32] or dielectrics [166, 167], allow for additional tun-
ing and optimization. These approaches allow the investigated
molecules to be located at the ”hot spots” of smaller size, mean-
ing that one could probe even fewer molecular items.
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The second important ingredient is the functionalization sche-
me, that is, the strategy for binding the molecular entities to the
plasmonic nanosensor. We explored in depth the different func-
tionalization schemes [108] and were thus able to bring this con-
cept closer to real-world applications. We applied specifically
designed thiol-linkers which bind well to gold surfaces and al-
low for tethering our molecular entities of interest to the nanoan-
tennas and into the near-field. Apart from this ansatz, we also
extended the tool box with more sophisticated functionalization
schemes which allow one to bind virtually any collagen, polypep-
tide, or protein molecule, not only artificially synthesized ones.
This opens up the pathway for using this approach in medical
applications.

To monitor protein folding dynamics, we designed specialized
fluidic cells for our measurements. As the proteins only undergo
structural changes in an in-vitro, that is, aqueous surrounding,
great care must be taken in the design of the sample cell. The
cells need to allow optical access to the sample in reflection or
transmission while allowing one to exchange the aqueous solu-
tions in the cell, heating and cooling the solutions, as well as
minimizing the optical path length in the highly IR absorbing
water environment.

Our studies demonstrated that the investigation of proteins in
minor amounts requires not only sophisticated experimental so-
lutions but also detailed data analysis. In addition to the stan-
dard baseline-correction, we widely applied principal component
analysis (PCA) to reveal the smallest dynamics of the system
probed. Recently, an adaptive baseline-correction method demon-
strated the ability to estimate solution concentrations [168]. Com-
bination of these approaches is a powerful tool for the data post-
processing, which allows for obtaining more insights and com-
pensates for experimental imperfections.

Via our comprehensive study, it was shown that all the men-
tioned aspects are of high importance for ultrasensitive molec-
ular detection. Therefore, our biosensor enables reliable track-
ing of conformational changes under various external stimuli
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via monitoring the amide I vibration. By binding polypeptide
molecules to gold nanoantennas, we certify that secondary struc-
ture changes of one protein monolayer can take place reversibly.

We believe that with further advances it will be possible to
scale the process to a few or single proteins and observe the con-
formational behavior of individual entities. As the first step in
this direction, we investigated in-vitro polypeptide monolayers
on a single gold nanoantenna exploiting resonant vibrational sur-
face enhanced infrared absorption spectroscopy. These experi-
ments face an additional limiting factor, namely, the use of stan-
dard light sources due to their limited brilliance. To make our
concept feasible for tabletop applications, we utilized the laser
light source, which allowed us to study species at attomolar con-
centrations in attoliter volumes on a daily basis.

Going beyond the approaches demonstrated and ideas discuss-
ed, the versatility of SEIRA, functionalization scheme, and the
laser light source will lead to a multitude of new optical sensor
designs and applications. In the future, integrated chip-level tech-
nology for biological and even medical applications and for point-
of-care testing of biosamples in minor amounts may tremendously
benefit neurodegenerative patients, as protein misfolding is be-
lieved to be at the root of these diseases [128, 169, 170].
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Au gold

CaF2 calcium floride

CD circular dichroism

NMR nuclear magnetic resonance

AFM atomic force microscopy

IR infrared

FT Fourier-transform

FTIR Fourier-transform infrared

SEIRA surface-enhanced infrared absorption

EF enhancement factor

PLL poly-l-lysine

FDTD finite-difference time-domain

EBL electron beam lithography

PMMA poly(methyl methacrylate)

E-beam electron beam

MIBK methyl isobutyl ketone

NEP N-Ethylpyrrolidone

IPA isopropyl alcohol

MUA 11-mercaptoundecanoic acid

MUoL 11-mercaptoundecanol
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NHSS N-Hydroxysulfosuccinimide sodium salt

EDC N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride

MES 2-(N-Morpholino)ethanesulfonic acid

PBS phosphate-buffered saline

MCT mercury-cadmium-telluride

PDMS polydimethylsiloxane

Globar glowbar

SNR signal-to-noise ratio

RMS root mean square

SLS Swiss Light Source

PSI Paul Scherrer Institute

OPO optical parametric oscillator

ffOPO fiber-feedback optical parametric oscillator

Yb Ytterbium

OPA optical parametric amplifier

DFG difference frequency generation

PCA principal component analysis

PC principal component

IRRAS infrared reflection-absorption spectroscopy

SDS sodium dodecyl sulfate

PID proportional integral derivative

SEM scanning electron microscopy

SNOM scanning near-field optical microscope

106



L i s t o f F i g u r e s

Figure 2.1 Schematic drawing of the Lorentz Oscillator 6

Figure 2.2 Real and imaginary parts of electric per-
mittivity of dielectric material . . . . . . . . 10

Figure 2.3 Drawing of an anology of each frequency
regime . . . . . . . . . . . . . . . . . . . . . 12

Figure 2.4 Real and imaginary parts of electric per-
mittivity of metal . . . . . . . . . . . . . . . 14

Figure 2.5 Surface plasmon polariton (SPP) . . . . . . 14

Figure 2.6 Dispersion curves of volume plasmons and
surface plasmons . . . . . . . . . . . . . . . 15

Figure 2.7 Localized surface plasmon polariton (LSPP) 16

Figure 2.8 Charge density distribution in rod antennas 17

Figure 2.9 Simulated transmittance of antennas with
different length in air as well as water sur-
roundings . . . . . . . . . . . . . . . . . . . 18

Figure 2.10 Design of a typical array of nanoantennas . 20

Figure 2.11 Design of a typical array of nanoslits . . . . 22

Figure 2.12 Illustration of the electric field surround-
ing the antenna in resonant regime . . . . . 23

Figure 2.13 Sketches of the most common vibrations . 24

Figure 2.14 Schematic drawing of the protein structure 25

Figure 2.15 Dependance of the Fano-profile on the asym-
metry parameter . . . . . . . . . . . . . . . . 27

Figure 3.1 Simulated transmittance of nanoantenna ar-
ray . . . . . . . . . . . . . . . . . . . . . . . . 32

Figure 3.2 SEM image and FDTD simulation of the
nanoantenna array . . . . . . . . . . . . . . 33

Figure 3.3 Simulated reflectance of individual nanoslits 34

Figure 3.4 SEM image and FDTD simulation of the
nanoslits array . . . . . . . . . . . . . . . . . 34

107



List of Figures

Figure 3.5 The manufacturing processes of nanoan-
tennas . . . . . . . . . . . . . . . . . . . . . . 35

Figure 3.6 The manufacturing processes of nanoslits . 37

Figure 3.7 Structure of a synthesized minicollagen . . 38

Figure 3.8 PLL functionalization scheme . . . . . . . . 40

Figure 3.9 Scheme of the Fourier-transform infrared
(FTIR) experimental setup . . . . . . . . . . 42

Figure 3.10 Scheme of the Fourier-transform infrared
(FTIR) experimental geometries . . . . . . . 43

Figure 3.11 Schematic drawing of the reflection flow cell 44

Figure 3.12 Schematic drawing of the transmittance flow
cell . . . . . . . . . . . . . . . . . . . . . . . . 44

Figure 3.13 Globar spectrum . . . . . . . . . . . . . . . . 45

Figure 3.14 Synchrotron spectrum . . . . . . . . . . . . 46

Figure 3.15 Beam path of the fiber-feedback optical para-
metric oscillator laser light source . . . . . 47

Figure 3.16 Spectrum of the optical parametric oscillator 47

Figure 3.17 First derivative analysis . . . . . . . . . . . 48

Figure 3.18 Baseline-correction of measured spectra . . 49

Figure 4.1 Reflectance measurements (R) of the nanoslit
array . . . . . . . . . . . . . . . . . . . . . . 54

Figure 4.2 Functionalization of the gold mirror with
collagen-peptides . . . . . . . . . . . . . . . 55

Figure 4.3 Nanoslits functionalization with collagen-
peptides . . . . . . . . . . . . . . . . . . . . 56

Figure 4.4 Functionalized nanoslits of different length 57

Figure 4.5 Changes in secondary structure induced
by external chemical stimuli . . . . . . . . . 59

Figure 4.6 Reference measurement of collagen-peptide
thermally induced folding . . . . . . . . . . 60

Figure 4.7 The principal component analysis (PCA)
of the reference measurement . . . . . . . . 61

Figure 4.8 Circular dichroism CD measurements . . . 62

Figure 4.9 Monitoring thermally induced conforma-
tional changes of collagen peptides . . . . . 63

108



List of Figures

Figure 4.10 Influence of parameter variation on the re-
sults of our analytical model . . . . . . . . . 65

Figure 4.11 Extracted intensity of molecular vibration
via fitting a Fano profile to the measured
spectra . . . . . . . . . . . . . . . . . . . . . 66

Figure 4.12 Heating the array of 1.7 µm long slits in
aqueous environment . . . . . . . . . . . . . 67

Figure 4.13 Heating of 1.8 µm long slits in aqueous
surrounding . . . . . . . . . . . . . . . . . . 68

Figure 5.1 Chip-level based surface-enhanced infrared
absorption for in vitro monitoring of con-
formational changes of polypeptides . . . . 72

Figure 5.2 infrared optical properties of the poly-l-
lysine model system . . . . . . . . . . . . . 74

Figure 5.3 Circular dichroism of PLL in different chem-
ical surroundings . . . . . . . . . . . . . . . 75

Figure 5.4 Scheme of functionalization with poly-l-
lysine . . . . . . . . . . . . . . . . . . . . . . 76

Figure 5.5 Functionalization of nanoantennas with poly-
l-lysine . . . . . . . . . . . . . . . . . . . . . 77

Figure 5.6 Optimization of the SEIRA enhancement . 78

Figure 5.7 In-vitro monitoring of poly-l-lysine con-
formational changes . . . . . . . . . . . . . 80

Figure 5.8 Monitoring structural changes of poly-l-
lysine utilizing different antenna arrays . . 81

Figure 5.9 Principal component analysis of poly-l-lysine
structural changes . . . . . . . . . . . . . . . 83

Figure 5.10 Reconstruction of spectra using principal
components . . . . . . . . . . . . . . . . . . 84

Figure 5.11 Scores clusters obtained with principal com-
ponent analysis of poly-l-lysine structural
changes . . . . . . . . . . . . . . . . . . . . . 85

Figure 5.12 Reconstruction of preprocessed spectra us-
ing principal components . . . . . . . . . . 86

Figure 6.1 Schematic drawing of the experimental pro-
cedure and our setup . . . . . . . . . . . . . 90

109



List of Figures

Figure 6.2 Mapping procedure of single nanoantennas 92

Figure 6.3 Comparison between synchrotron and Globar
spectra of the polypeptide covered single
antenna . . . . . . . . . . . . . . . . . . . . . 93

Figure 6.4 SEIRA using the synchrotron and laser . . 95

Figure 6.5 Antenna spectra measured with the laser
at two different antennas for a different in-
tegration times . . . . . . . . . . . . . . . . . 96

Figure 6.6 Comparison of measurements conducted
in D2O D2O-SDS solutions . . . . . . . . . 97

Figure 6.7 Antenna spectra and calculated 1st deriva-
tives of the laser measurements using dif-
ferent antenna lengths . . . . . . . . . . . . 98

110



B i b l i o g r a p h y

[1] S. M. Kelly, T. J. Jess, and N. C. Price, “How to study pro-
teins by circular dichroism,” Biochimica et Biophysica Acta
- Proteins and Proteomics 1751, 119–139 (2005).

[2] N. J. Greenfield, “Using circular dichroism spectra to es-
timate protein secondary structure.,” Nature protocols 1,
2876–2890 (2006).

[3] R. Gopal, J. S. Park, C. H. Seo, and Y. Park, “Applications
of circular dichroism for structural analysis of gelatin and
antimicrobial peptides,” International Journal of Molecular
Sciences 13, 3229–3244 (2012).

[4] S. Boutet et al., “High-Resolution Protein Structure Deter-
mination by Serial Femtosecond Crystallography,” Science
(New York, N.Y.) 337, 362–364 (2012).

[5] F. Schotte, M. Lim, T. A. Jackson, A. V. Smirnov, J. Soman,
J. S. Olson, G. N. J. Phillips, M. Wulff, and P. A. Anfin-
rud, “Watching a protein as it functions with 150-ps time-
resolved x-ray crystallography,” Science (New York, N.Y.)
300, 1944–1947 (2003).

[6] G. M. Clore and A. M. Gronenborn, “Structures of larger
proteins in solution: three- and four-dimensional heteronu-
clear NMR spectroscopy,” Science (New York, N.Y.) 252,
1390–1399 (1991).
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[77] K. Wüthrich, M. Billeter, and W. Braun, “Pseudo-structures
for the 20 common amino acids for use in studies of protein
conformations by measurements of intramolecular proton-
proton distance constraints with nuclear magnetic reso-
nance,” Journal of Molecular Biology 169, 949–961 (1983).

[78] J. Kubelka, J. Hofrichter, and W. A. Eaton, “The protein
folding ’speed limit’,” Current Opinion in Structural Biol-
ogy 14, 76–88 (2004).

[79] S. Govindarajan, R. Recabarren, and R. A. Goldstein, “Esti-
mating the total number of protein folds,” Proteins: Struc-
ture, Function and Genetics 35, 408–414 (1999).

[80] H. P. Erickson, “Size and shape of protein molecules at the
nanometer level determined by sedimentation, gel filtra-
tion, and electron microscopy,” Biological Procedures On-
line 11, 32–51 (2009).

120



Bibliography

[81] J. T. Pelton and L. R. McLean, “Spectroscopic methods for
analysis of protein secondary structure.,” Analytical bio-
chemistry (2000).

[82] L. A. Forato, R. Bernardes-Filho, and L. A. Colnago, “Pro-
tein structure in KBr pellets by infrared spectroscopy.,” An-
alytical biochemistry (1998).

[83] A. Barth and C. Zscherp, “What vibrations tell about pro-
teins,” Quarterly Reviews of Biophysics 35, 369–430 (2002).

[84] C. Kötting and K. Gerwert, “Proteins in action monitored
by time-resolved FTIR spectroscopy,” ChemPhysChem 6,
881–888 (2005).

[85] M. Rozenberg and G. Shoham, “FTIR spectra of solid poly-
l-lysine in the stretching NH mode range,” Biophysical
Chemistry (2007).

[86] V. Giannini, Y. Francescato, H. Amrania, C. C. Phillips, and
S. A. Maier, “Fano resonances in nanoscale plasmonic sys-
tems: A parameter-free modeling approach,” Nano Letters
11, 2835–2840 (2011).

[87] V. Giannini, Y. Francescato, H. Amrania, C. C. Phillips, and
S. A. Maier, “Fano resonances in nanoscale plasmonic sys-
tems: A parameter-free modeling approach,” Nano Letters
11, 2835–2840 (2011).

[88] E. J. Osley, C. G. Biris, P. G. Thompson, R. R. Jahromi,
P. A. Warburton, and N. C. Panoiu, “Fano resonance re-
sulting from a tunable interaction between molecular vi-
brational modes and a double continuum of a plasmonic
metamolecule,” Physical Review Letters 110, 1–5 (2013).

[89] J. Vogt, C. Huck, F. Neubrech, A. Toma, D. Gerbert, and
A. Pucci, “Impact of the plasmonic near- and far-field
resonance-energy shift on the enhancement of infrared vi-
brational signals,” Phys. Chem. Chem. Phys. 17, 21169–
21175 (2015).

121



Bibliography

[90] B. Gallinet, A. Lovera, T. Siegfried, H. Sigg, and O. J. F. Mar-
tin, “Fano resonant plasmonic systems: Functioning princi-
ples and applications,” AIP Conf Proc 1475, 18–20 (2012).

[91] C. T. Chong, N. J. Halas, H. Giessen, P. Nordlander, N. I.
Zheludev, S. A. Maier, and B. Luk’yanchuk, “The Fano res-
onance in plasmonic nanostructures and metamaterials,”
Nature Materials 9, 707–715 (2010).

[92] U. Fano, “Effects of Configuration Interaction on Intensities
and Phase Shifts,” Physical Review 124, 1866–1878 (1961).

[93] F. Neubrech, S. Beck, T. Glaser, M. Hentschel, H. Giessen,
and A. Pucci, “Spatial extent of plasmonic enhancement of
vibrational signals in the infrared,” ACS Nano 8, 6250–6258

(2014).

[94] A. Gandman, R. T. Mackin, B. Cohn, I. V. Rubtsov, and L.
Chuntonov, “Radiative Enhancement of Linear and Third-
Order Vibrational Excitations by an Array of Infrared Plas-
monic Antennas,” ACS Nano 12, 4521–4528 (2018).

[95] J. Zuloaga and P. Nordlander, “On the energy shift between
near-field and far-field peak intensities in localized plas-
mon systems,” Nano Letters 11, 1280–1283 (2011).
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