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“Nothing in life is to be

feared, it is only to be understood.
Now is the time to understand more,

so that we may fear less”

Marie Curie
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Abstract

In the past decades, metallic nanostructures were pursued for specific functionalities in
diverse areas including light harvesting, photo-catalysis, drug delivery and sensing.
These applications take advantage of the highly confined and enhanced electromagnetic
field intensity occurring at their surface upon the resonant excitation of surface plasmons.
Precise nanoscale control of the probing of specific sub-areas of such nanostructures by
the confined surface plasmon field is the key in order to unlock their potential and
translate this research to new viable technologies.

This thesis focuses on the development and implementation of new methods for the
facile preparation of well-defined hybrid plasmonic materials, which are composed of
gold nanoparticle arrays and hydrogels formed by responsive polymer networks. Such
systems are prepared over large surface areas to serve as a transducer that allows for
sensitive surface plasmon-enabled or surface plasmon-enhanced optical readout of
assays. They provide attractive properties such as tunability by externally applied
stimulus to serve in novel sensing schemes in surface plasmon resonance (SPR),
surface enhanced Raman spectroscopy (SERS) and plasmon enhanced fluorescence

spectroscopy (SPFS).

Firstly, there was developed an approach for the preparation of well-ordered gold
nanoparticle arrays on cm? surface areas with highly tunable size and spacing. It relies
on UV-laser interference lithography (UV-LIL) that is combined with dry etching and
endows the patterning in a rapid and cost-efficient manner. The homogeneity of the
prepared arrays as well as the performance of the metallic nanostructures to serve as

substrates in SERS were investigated.

Secondly, a template stripping was pursued in order to embed gold nanoparticle arrays
to a thin thermo-responsive hydrogel film. There were prepared tethered or free-standing
hydrogel membranes carrying the gold nanoparticle arrays supporting lattice collective
localized surface plasmons. The resonant excitation of these plasmonic modes display
remarkably sharper resonances, lower losses and enhanced electromagnetic field
intensity compared to regular localized surface plasmons. In addition, the plasmonic
characteristics of this material can be reversibly actuated by temperature variations and

solvent exchange.

Thirdly, there was achieved local attachment of functional hydrogel materials that can
serve as a three-dimensional binding matrix at the surface of gold nanoparticles. The

nanoscale precision to align the hydrogel-based biointerface with the nanoparticle arrays



was achieved by using photo-crosslinkable polymers and UV-LIL with a phase mask

configuration that generates a high contrast UV-interference pattern.

Fourthly, an immunoassay with plasmon-enhanced fluorescence readout was performed
using such material with thermo-responsive hydrogel binding matrix. The collapsing of
the hydrogel after the capture of target analyte was explored for additional amplification
based on the compacting of captured analytes at a narrow sub-area where
electromagnetic field is confined and that is also referred as to the plasmonic hotspot.
For the local decoration of plasmonic hotspot, an alternative approach based on
plasmon-enhanced two-photon cross-linking was also investigated by using
anthraquinone-based crosslinkers.

Moreover, this thesis comprises additional collaborative projects including the
characterization of bicyclic RGD peptides with superior selectivity and specificity for avz3
and a5B1integrin, and SPR and SERS study of affinity binding of analytes in plasmonic

nanohole arrays with flow-through configuration and actuated sensor response.
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Zusammenfassung

In den letzten Jahrzehnten wurden in vielfaltigen Bereichen wie Light Harvesting,
Photokatalyse, Drug Delivery und auch in der Sensorik metallische Nanostrukturen fir
spezifische Anwendungen entwickelt. Diese nutzen stark lokalisierte und verstarkte
elektromagnetischen Felder, die bei der resonanten Anregung von Plasmonen an der
Oberflache auftreten. Prazise Kontrolle der Anregung auf der Nanoebene ist der
Schlissel, um das Potential dieser Forschung zu entfalten und in neue nutzbare

Technologien umzuwandeln.

Diese Arbeit konzentriert sich auf die Entwicklung und Umsetzung neuer Methoden fur
die einfache Herstellung  von plasmonischen Hybridmaterialien aus
Goldnanopatrtikelarrays und Hydrogelen aus responsiven Polymernetzwerken. Solche
Systeme, grofflachig auf der Oberfliche aufgetragen, dienen als Transducer, um
Assays plasmonisch verstarkt optisch auszulesen. Die Mdglichkeit der Veranderung der
Eigenschaften durch extern angelegte Stimuli machen es mdglich, sie in neuartigen
Sensorkonzepten fir Oberflachenplasmonenresonanz (SPR), oberflachenverstéarkter
Raman-Spektroskopie (SERS) und plasmonenverstarkter Fluoreszenzspektroskopie

einzusetzen (SPFS).

Zuerst wurde ein Protokoll fur die Herstellung geordneter Goldnanopartikelarrays auf
cm2-grof3en Oberflachen mit definierter Gré3e und Periode entwickelt. Dabei wurde UV-
Laser-Interferenzlithographie (UV-LIL) mit einer Trockenatztechnik kombiniert und somit
eine schnelle und kostenglinstige Strukturierung der Oberflache ermdglicht. Die
Homogenitat der hergestellten Arrays, sowie die Performance der metallischen

Nanostrukturen als Substrate in SERS wurden untersucht.

Zweitens wurde Template-Stripping verwendet, um Goldnanopartikelarrays in einen
dinnen thermo-responsiven Hydrogelfilm einzubetten. Es wurden an die Oberflache
gebundene oder freistehende Hydrogelmembranen mit Goldnanopartikelarrays
entwickelt, die kollektiv lokalisierte Oberflachenplasmonen anregen. Die resonante
Anregung dieser plasmonischen Modi ergibt im Vergleich zu regularen lokalisierten
Oberflachenplasmonen viel scharfere Resonanzen, geringere Verluste und eine erhghte
elektromagnetische Feldstarke. Darlber hinaus konnen die plasmonischen
Eigenschaften dieses Materials durch Temperaturdnderungen und

Losungsmittelaustausch reversibel aktiviert werden.

Drittens wurden funktionelle Hydrogele lokal angebunden, um als dreidimensionale
Bindungsmatrix an der Oberflache von Goldnanopartikeln zu dienen. Die Ausrichtung

auf der Nanoebene der hydrogelbasierten Flache mit den Nanopartikelarrays wurde

vii



durch die Verwendung von photovernetzbaren Polymeren und UV-LIL mit einer
Phasenmaskenkonfiguration erreicht, die ein kontrastreiches UV-Interferenzmuster

erzeugt.

Viertens wurde ein Immunoassay mit plasmonverstérkter Fluoreszenz-Auslesung mit
thermo-responsiver Hydrogelbindungsmatrix durchgefuhrt. Fir das starke Amplifizieren
des Signals wurde hierbei das Hydrogel nach dem Binden des Analyten thermisch
kollabiert. Dadurch wurde der Analyt in einen Bereich transportiert, in dem das
elektromagnetische Feld lokalisiert ist, auch als ,plasmonischer Hotspot® bezeichnet.
Weiters wurde fir diese lokale Bindung an den plasmonischen Hotspot auch ein
alternativer Ansatz untersucht, der plasmonenverstarkte Zwei-Photonen-Vernetzung mit

einem Crosslinker auf Anthrachinon-Basis verwendet.

Dartber hinaus umfasst diese Arbeit weitere Kooperationsprojekte, wie die
Charakterisierung von bicyclischen RGD-Peptiden mit hoher Selektivitdt und Spezifitat
fur avB3 und a5B1integrin sowie eine SPR- und SERS-Studie zur Affinitdtsbindung von
Analyten in plasmonischen Nanoholearrays mit Durchflusskonfiguration und

angesteuerter Sensorantwort.
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Introduction

Light is behind many indispensable phenomena and plays a crucial role in our everyday
life enabling us to produce, store and transfer energy, see the world and its colors, or
take advantage of photosynthesis in plants, to name but a few examples. Light can be
described in form of electromagnetic (EM) waves and optics is the research field that
deals with its manipulation, generation, and detection. The work constituting this thesis
relates to the research sub-field of optics that is referred to as plasmonics, which
concerns the confinement and manipulation of light at the nanoscale by using metallic
nanostructures. Such plasmonic materials allow to overcome the diffraction limit of
conventional optics (e.g. dielectric lens) and capitalize on the surface plasmon
resonance (SPR) phenomenon that originate from collective oscillations of charge
density at metallic nanostructures. Development of plasmonic materials is rapidly
progressing in several fields enabling tailored manipulation and control of EM radiation
at deeply sub-wavelength scale! with capability to enhance weak spectroscopic signals?,
track molecular interactions in real-time3, enhance yield in photocatalysis* and locally
facilitate rapid heat generation®. These important key features offered by plasmonic
nanostructures enabled the development of tighter miniaturized opto-electronic devices®

" and among others impact in important field of biomedical sciences®.

Current developments in the design of biomaterials and methods for their preparation
and integration with plasmonic architectures have fostered new functionalities that find
application in tissue engineering®, controlled drug delivery'® 1!, sensing and coatings for
medical devices!? 3. Physical and chemical properties of those materials can be
engineered by carefully integrating functional groups and implemented with tailored
surface chemistries!*. Improved control of those interfaces is crucial in order to serve in
biomedical applications where specific capture of target species and avoiding of non-
specific interactions is of ultimate importance. Polymer networks forming hydrogels are
important examples of biomaterials that can be modified with specific functional moieties
that can also react to external stimuli such pH, temperature, light or electric current
among others, which enables to trigger specific responses “on-demand” opening up a

new range of possibilities for biomedical applications®.

1.1 Surface plasmon resonance

Surface plasmons (SPs) originate from the EM radiation coupled with collective density
oscillations of conductive electrons at the interface between a dielectric and metal below
its plasma frequency?®. SPs can travel along the interface of flat or corrugated continuous

metallic surfaces (propagating surface plasmons, PSPs) or be resonantly excited at
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subwavelength-sized nanostructures (localized surface plasmons, LSPs) as shown in

Figure 1.
L, LSP PSP
< LDT 1 A 5
H -5 o
- s
Metallic Metallic surface
nanoparticle

Figure 1. Schematic of localized and propagating surface plasmons with its typical penetration depth (Lp).
Image adapted from?'7,

1.1.1 Propagating surface plasmons (PSPs)

PSPs are evanescent waves with transverse magnetic (TM) polarization that travel along
metallic surfaces and for a flat interface between semi-infinite metal and dielectric their
complex propagation constant can be expressed as:

nZn?

B = ko (1.1)

nZ +n3’

Where n, and ng are the complex refractive indices of the metal and dielectric
respectively, and ko= 211/A is the wave vector of light in vacuum. The evanescent field of
PSPs exponentially decays perpendicular from the metal surface with a penetration
depth L,. It can be defined as a distance L,=(B?-ko’n?)*2, to which the field amplitude
drops by 1/e. The probing depth of the SP field intensity is generally represented as the
distance Ly/2 and for example, for PSPs at a gold surface in contact with aqueous

medium (n=1.33), it is about 100 nm for the red part of spectrum (A=633 nm)?%.

In order to transfer energy of EM radiation travelling in the far field to PSPs, their
momentum and frequency needs to be matched. However, Figure 2 shows that this is
not possible as such dependence of frequency on the momentum (referred as to
dispersion relation) does not intersect with that of PSPs at a metal surface with the
dielectric on its top. In order to fulfil this requirement, the momentum of EM radiation
needs to be increased, which can be achieved by several schemes including using a

high refractive index prism or by corrugating a metallic surface®®.
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[
-

ko Fkspp ko

Figure 2. Dispersion relation of photons in free space (red), after coupling with a prism (violet) and that of
PSPs (black). Image adapted from?®,

Attenuated total internal reflection (ATR) can be employed to attain the additional
momentum by using the prism. The Kretschmann configuration of the ATR is typically
utilized so that a light beam is launched through a high refractive index prism (np) with a
thin metallic film at its base. An evanescent wave penetrating into the metallic film is
generated when the angle of incidence (8) is higher than the critical angle (8.) and thus
the total internal reflection occurs. A fraction of the incident light is reflected back to the
prism and the other part is coupled to PSPs at the outer interface with the lower refractive
index dielectric (ng), as shown in Figure 3a. The SPR occurs when this coupling is
strongest, which is observed when the parallel component of the propagation vector of
the light beam matches the real part of the propagation constant of PSPs at the metal-
dielectric interface®. As seen in Equation 1.2, either the incident angle with a fixed
monochromatic light (A) or the wavelength of illumination at a fixed angle (8) can be

adjusted to excite PSPs:
2T .
Re{B} = = M sin(0). 1.2)

Another approach to excite PSPs is based on the employment of corrugated gratings
with a given period (A\) as illustrated in Figure 3b. Optical waves incident with a given
angle (8) and perpendicular to the grating grooves can be phase-matched via diffraction

under the conditions?* expressed as follows:
2THnd sin(@) + m% = +Re{f}, (1.3)

Where m is the integer diffraction order and Re{B} is the real part of the complex PSP

propagation constant.
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Figure 3. Schematics of the a) ATR and b) grating-coupled configuration supporting the excitation of PSPs.
Image adapted from?2,

The resonant excitation of PSPs at the dielectric interface is generally manifested as a
dip in the reflectivity spectrum at a certain combination of wavelength and angle of
incidence. Figure 4 shows how refractive index variations in the dielectric medium (with
ng at the interface with the metallic film) affect the resonant wavelength position of the

PSPs according to the equations 1.2 and 1.3 for both configurations, employing gold as

SPR-active material.

0.8
:-? > 0.6
2 =
S =

5]

% 2 0.41
¥ @
= DE: 0.2+
= = ——n=1.345 f

0.0 nd=1_35 w4

a) . b) —————u |
550 600 650 700 750 550 600 650 700 750
Wavelength A [nm] Wavelength A [nm]

Figure 4. Refractive index sensitivity of PSPs with a) grating-coupled scheme (A=440 nm, amplitude of 12.5
nm and 6=0 deg) and b) ATR configuration (50 nm thick gold layer, n,=1.845, 6=51.7 deg). Image adapted

from22.

1.1.2 Localized surface plasmons (LSPs)

LSPs supported by metallic nanostructures can be directly excited with an incident light
beam, which is manifested as an increase of the absorption and scattering at specific
wavelengths. The localized surface plasmon resonance (LSPR) can be observed in
metallic nanostructures with a characteristic size smaller than the incident wavelength
employed for excitation. LSPs can be excited on individual metallic nanoparticles?,

8
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dimers?*, higher-order ensembles?, arrays?, structured surfaces such as nanoholes?’
or hierarchically-organized structures®. The LSPR is accompanied with tighter
confinement of the EM field at the metallic nanoparticle surface? compared to the PSPs.
The spectral position of the LSPR is highly dependent on the size, shape, spacing and

material composition of the nanosized objects as well as the surrounding medium3° 31,

As shown in Figure 5a, similar to PSPs also LSPs are sensitive to refractive index
variations of the dielectric nq that surrounds the metallic nanoparticles. However, the
spectral shift of the respective absorption band is about one order of magnitude lower
compared to the variations in reflectivity dip associated with the excitation of PSPs
counterparts®2, Importantly, the probing depth L, is considerably shorter than for the
PSPs, typically in the range of ten of nanometers. Another approach that leads to strong
variations in spectral position of the LSPR peak is to change the distance between
closely arranged dimer particles or arrays (Figure 5b) that is ascribed to the near field-
coupling at the junctions between particles®. In addition, other class of metallic
nanostructures can also support both PSPs and LPs modes that are coupled. For
instance, nanohole arrays displaying extraordinary optical transmission exhibit such

phenomenon34,

Light beam

LSP n,
n, —‘l’+ n,
=+
=+
<~
d
20
——d=4 nm
——@=6 nm .
16 a=10 nm 64

——d=15nm
d=20 nm
12

Extinction cross section qe"f(erEM)

Extinction cross section crmf(rtDzM)

a)

500 550 600 650 500 5% 600 650

Wavelength A [nm] Wavelength A [nm]

Figure 5. a) Shifts in the LSPR for individual spherical Au particles with diameter D=30 nm by refractive
index variations (nd) and b) spectral position variations due to gap distance changes between a closely
arranged oblate nanoparticle dimer (D= 40 and 30 nm). Image adapted from?2.

LSPR-based nanostructures can be prepared on solid surfaces with macroscopic areas

by techniques that are evolving rapidly®* 3. The vast majority of reported structures use
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gold or silver as plasmon-active material. However, nanostructures made of these
materials suffer from strong non-radiative and radiative damping, exhibiting strong
Ohmic losses at visible and near-infrared wavelengths, which inherently broadens the
LSPR, limiting the performance of the engineered structures®. Aluminum can be used
in the UV part of the spectrum as a plasmonic material with relatively low losses®® *°.
Copper can also be a cheap alternative to gold, but it quickly oxidizes in air, which
impedes its optical performance®. If properly designed, semiconductors (e.g. doped
semiconductors) can also display a negative real part of permittivity in the near-infrared
and infrared part of spectrum needed for the excitation PSPs and LSPs*. The
broadening of the LSPR line-width can be greatly mitigated by employing periodically
arranged particle arrays exhibiting a symmetric refractive index environment at the
dielectric. This is accomplished by exploiting lattice collective localized plasmons
(cLSPs) originating from diffraction coupling of LSPs on individual metallic
nanoparticles*?. The optical properties are changed when such lattice modes are excited,
leading to spectrally sharper resonances associated with smaller optical losses*3. These
systems show similar characteristics as the architectures exploiting plasmonic Fano
resonances, which are engineered to generate weakly damped plasmonic resonances
by the use of constructive and destructive interference between discrete LSP modes with

modes exhibiting a continuous dispersion®* 45,

1.2 Preparation of plasmonic nanostructures

The spectrum of nanofabrication techniques that can be used to prepare substrates with
nanoscale features has expanded considerably in recent years*. A particular approach
can be selected depending on the intended application, with some methods being more
suitable for rapid and facile large-scale production and others more convenient to
achieve precisely controlled configurations. Nanostructures can be grouped in several
categories as outlined in Figure 6. OD structures associated with systems like colloidal
nanopatrticles, 1D linked with architectures like nanoslits, 2D for geometries like nanohole
or nanopatrticle arrays bound to a substrate, quasi 3-D like nanopillar configurations and

3D structures as photonic crystals*’.
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Figure 6. a) Schematic with different sorts of nanostructures classified with representative examples
including scanning electron images of b) OD systems, c¢) 1D systems, d) 2D architectures, e) Quasi 3D
architectures and f) 3D architectures. Image adapted from*’.

Methods for the wet synthesis of nanoparticles in solution have been extensively pursued
and a plethora of protocols have been developed for the synthesis of nanoparticles with
various shapes (e.g. stars, rods, cubes, and prisms)*5°, However, one of the main
challenges of the chemical synthesis of such building blocks is the control over the
process, often resulting in a random distribution of sizes. In addition, changes induced
by pH and ionic strength may cause the precipitation of the nanopatrticles. On the other
hand, those methods are very cost-efficient and the prepared nanoparticles can be
subsequently assembled in larger macroscopic structures via directed self-assembly®?.

Physical nanofabrication methods such as electron-beam lithography (EBL) and focused
ion beam lithography (FIB) are techniques able to create tailored plasmonic architectures
with fine nanometric resolution®> 3, E-beam lithography relies on the deposition of an
electron-sensitive material with subsequent scanning of an e-beam over the surface to
write the intended structure. Depending whether a negative or positive tone resist is
employed for the patterning, the exposed or the non-exposed regions with the e-beam
remain or are washed away upon the developing step, respectively. The developed
structures with well-defined geometries are employed either as a sacrificial layer or
directly coated by evaporating a metallic layer. Focused ion beam can directly write the
intended structure by directing a focused beam of ions onto the surface. Both
approaches are not suitable for scaled up production due to high-cost and low patterning

speed that limits their throughput.
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Soft lithography techniques use often poly(dimethylsiloxane) (PDMS) stamps to
repeatedly transfer the nanoscale features from a given surface to another one®.
Nanoimprint lithography employs a curable material (UV-curable or thermoplastic) to
generate the inverse motive pattern of the stamp®®. The plasmonic architectures are
attained by coating a thin metallic layer over the imprinted topology or use it as a mask
for additional etching steps. The main drawback of such techniques is the requirement
of a master for each engineered configuration, which is typically expensive.

Self-assembly to create templates at the nanoscale is a promising approach. Colloidal
lithography or nanoscale lithography use monodisperse nanospheres that self-assemble
forming a mask of closely arranged domains over a surface. Morphology, size and
spacing can be adjusted by tuning chemical and physical parameters®®. Wet etching or
reactive ion etching can be then employed to transfer the pattern to the surface via the
gaps between the spheres. The process is completed with the deposition of the chosen

material, including multilayer-structures.

Block copolymer lithography takes advantage of the self-assembly of block copolymers
over a surface forming nanostructured domains (typically from 10 to 100 nm)%’. Such
nanopattern acts as the template or mask for generating the metallic features. The
morphology of the features can be tuned to a certain extend by changing the process
parameters, such as the relative volume fraction of each polymer and its molecular

weight or the degree of polymerization®®.

In laser interference lithography (LIL), there is recorded an interference pattern
generated by two or more coherent optical beams to a photosensitive photoresist layer
followed by its development. This method allows for the rapid preparation of 2D and 3D
metallic nanostructures over macroscopic areas by coating the recorded features with a
metallic layer combined for instance with a lift off process or by using additional dry

etching steps % €,

1.3 Active / Adaptive Plasmonics

The advances in nanofabrication technologies we witnessed in the past decades have
paved the way for the preparation of nanostructures with almost arbitrary shape and size,
allowing for precise control of their plasmonic properties. For some applications, such
materials with fixed properties fulfill their task exhibiting durable and constant optical
response, while for other applications there are needed other materials that can be on
demand reconfigured. Important examples include plasmonic switches or modulators,
which are required for photonic circuits, or integrated optical polarizers and active color

filters®®- 2, In addition, optical biosensing platforms can also take advantage of adaptive
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plasmonic materials with actuated characteristics®®’. This new field is called active
plasmonics and relates to the reversible switching or tuning of the optical response of

noble metallic nanostructures and thin films, arising from the plasmonic coupling effect.

Several approaches have been pursued for reversible modulation of the SPR in metallic
nanostructures. These mostly rely on changes in refractive index of the dielectric medium
that surrounds the metallic nanostructure, which detunes the resonant coupling to SPs
as previously discussed in section 1.1. Besides systems with tuneable refractive index,
also the modulation of charge density in SPR active material and variation in distance
between near field coupled metallic nanoparticles have been engineered to actively
control the optical response as depicted in Figure 7 and have been extensively reviewed
by Jiang et al.*®,
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Figure 7. Three approaches to attain active plasmonic systems based on dielectric variations and tunable
carriers or spacing. Image adapted from*°,

In particular, the combination of plasmonic nanostructures with dielectric media
exhibiting tuneable refractive index represents a facile approach due to the diversity and
flexibility of such materials available and their ease of their preparation. The dielectric
function of such adaptable plasmonic materials can be reversibly controlled by a broad
range of external triggers (e.g. light, temperature, pH, shear stress and electric current)®®,
Organic photochromic molecules are promising candidates for all-optical control with fast
switching speed under light irradiation®® “°, but suffer from strong photo-bleaching and
limited long-term stability. On the other hand, electrically controlled hybrid graphene-
plasmonic nanostructures have shown to facilitate giant shifts in the NIR and MIR part of
the spectrum 72, Electrochemical switching by triggering reversible redox reactions with
conductive polymers such polyaniline (PANI) and poly (3,4-ethylenedioxythiophene)

(PEDOT) showed also remarkable switching performance. Such conductive polymers
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are also responsive to pH variations offering the possibility to actuate the LSPR
wavelength via the proton doping level with shifts of about 100 nm as shown in Figure 8
375 An alternative approach to the mentioned materials is to replace them by their
thermo-responsive counterparts. Stimuli-responsive polymer networks and brushes
exhibit the unique capability to actuate the optical properties of plasmonic structures by
inducing pronounced changes in the polymeric chains driven by e.g. temperature
external stimuli.”5"8
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Figure 8. a) LSPR shift of Au nanorods capped with PANI polymer (thickness of 39 nm) between its doped
and undoped state and b) its corresponding switching kinetics. Image adapted from?>.

1.4 Plasmonic biosensors

Sensors accompany us in everyday life and we routinely use them in areas ranging from
clinical diagnostic to industrial plants. Traditional methods for diagnosis based on
detection species that serve as biomarkers or specific harmful cells include enzyme-
linked immunoassays (ELISA) or cell cultures. However, these technigues can be
operated only in specialized laboratories as they are often time consuming, require
handling by highly trained personnel and rely on expensive equipment together with
complex sample preparation before the test. In order to overcome these limitations
biosensor technologies are pursued and we witness how they steadily revolutionize
biomedical diagnostics with increasing market demand, which is expected to reach 27$
billion by 2022 worldwide’: . The efforts are particularly devoted towards miniaturized
sensing platforms that offer real-time, highly sensitive, specific, and multiplexed
detection of chemical and biological species in a rapid and cost-effective manner. Point-
of-care systems interfaced with mobile phone devices and wearable sensors are clear
examples of technology that will impact personalized healthcare in the near future®® &,
Besides healthcare domain, other application fields include quality and safety control in

the food industry, environmental monitoring, and homeland security®-,
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By definition, a biosensor is a device, which uses biorecognition elements attached to a
physicochemical transduction system that translates the specific interaction with target
analyte into a measurable signal, detecting the presence of a targeted chemical and
biological entity. In general, a biosensor consists of three parts as depicted in Figure 9.

1. A biorecognition element (BRE) for specific interaction with a particular analyte.
A broad spectrum of biorecognition elements is available to meet different
specifications. Antibodies, peptides, aptamers, deoxyribonucleic acid (DNA) or
ribonucleic acid (RNA), enzymes and cells are typically employed as capture
elements in sensing platforms.

2. Physicochemical transducer, which converts the binding of target compounds
into a thermometric, piezoelectric, electrochemical, magnetic or optical signal.

3. Signal output scheme that is responsible for the processing of the measured

signal and generating the final sensor output.
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Figure 9. Components of a biosensor. Image adapted from?®,

Depending of the intended application, a biosensor device should ideally provide a broad
dynamic range with high sensitivity and selectivity for the particular compound of interest.
Moreover, fast response, accuracy, reliability and long-term stability are key features
together with the development of an easy-to-use device that is cost-efficient, robust and
eventually miniaturized. Interferences originating from the matrix, where the species of
interest are present, are often a major challenge in the implementation of biosensors. In
order to minimize or avoid non-specific interaction with non-target analytes, surface
chemistry strategies need to be implemented, which are dictated and tailored with
respect to the specific sample to be analyzed. In this regard, anti-fouling polymer brushes

and networks are emerging as excellent candidates®” & . In addition, the development
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of biosensors capable to perform early stage detection of biomarkers is of paramount
importance in the field of medical diagnostics. Sensors with sufficient sensitivity can
detect minute amounts of disease-related biomarkers, which allows for earlier treatment
and therefore improved outcome for the patients suffering from illnesses such as cancer,
especially before they present symptoms®®. Therefore, great efforts are being made to
engineer sensing technologies able to detect trace amounts of disease-specific
molecular targets present in complex media (e.g. blood and saliva)®. Another milestone
in sensing technologies is the continuous monitoring of arbitrary clinically relevant
analytes and each application exhibits its own technical requirements®!. Thus, advances
in novel materials and sensing platforms highlight the opportunities to tackle these

challenges related to the implementation of sensor systems in real clinical applications.

1.4.1 Refractometric SPR-based bhiosensors

Optical biosensors rely on the measurements of the properties of light that probe specific
interactions of biorecognition elements with target analyte. Changes in spectral
characteristics, interference, polarization, or decay time are exploited in common optical
sensing platforms. The sensitivity of an optical biosensor is determined by the capability
of the device to detect selected optical variations due to the interaction with target
analyte. Label-free SPR-based sensors rely on the measurement of refractive index
changes occurring at the sensor surface where specific capture of target analyte occurs.
It can be monitored through the variations in the SPR spectral characteristics that is
typically manifested as a reflectivity dip in wavelength or angular spectrum, see Figure 4
and 5. The refractive index increase on the sensor surface leads to a shift of this dip
with a sensitivity defined as a ratio of the change in resonant wavelength (Aspr) Or
coupling angle (Bspr), depending which one of the two modalities is utilized, and

refractive index change (nq):

5Aspr (or 80spR)
SB — SPR And SPR ] (14)

This enables the real-time detection of binding events from chemical and biological
species when the surface is modified with specific BRE®? such as antibodies, DNA, smalll
peptides or aptamers. These biomolecules can be immobilized at the metallic sensor
surface by using a plethora of established surface chemistries®® % and SPR techniques
have become an established technology for label-free studies of biomolecular

interactions and rapid detection of chemical and biological species®: .

The accuracy with which the shift in SPR can be monitored is determined by the full width

at half minimum / maximum (FWHM, AA, AB) of the SPR dip / peak. Sharper resonances
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with narrow linewidths allow for more precise resolving of the induced shifts and this is
typically quantified by the figure of merit (FOM). It takes into account both sensitivity and
FWHM and it is typically used to describe the performance of a given sensor.

Sp

FoM = FWHM (ALAB) ©

(1.5)

The resolution of a refractometric biosensor is defined as the smallest Rl change
detectable from the baseline noise (o) and can be expressed as follows:

RI resolution = — | (1.6)
Sp

The sensitivity of a plasmonic sensor to the capture of target analyte at their surface
depends on several parameters, one of the most relevant being the probing depth L,/2,
which is linked to the type of SP mode used for the probing of the binding event. Higher
bulk sensitivities (Equation 1.4) are typically attained with more delocalized modes such
as PSPs. Typical Sg of SPR instruments based on PSPs are on the range of 1000-10000
nm/RIU and they allow for detection of surface coverage changes of captured
biomolecules as small as 1 pg mm %, In addition, a thin gold layer embedded between
two dielectrics with symmetrical refractive index can support the excitation of long-range
surface plasmons, which exhibit lower losses and higher penetration depths. Slavik et
al. demonstrated a resolution of 57000 nm/RIU for such configuration®®. Also, recently
an hyperbolic metamaterial supporting plasmonic modes was developed vyielding a
sensitivity of 30000 nm/RIU%.

Bulk RI sensitivity for sensors exploiting LSPs on metallic nanostructures is lower than
their PSP-based counterparts and typically reaches 100-600 nm/RIU in the visible and
near-infrared part of the spectrum®: 19 |t is worth of noting that higher RIU sensitivities
are obtained for nanostructures resonant at longer wavelengths, independently of their
shape!®. For architectures that couple plasmonic modes via what is called plasmonic
hybridization the bulk sensitivity can be significantly increased!®®. Veren et al. reported
plasmonic architectures with a nhanocross geometry supporting Fano resonaces in the
near-infrared part of the spectrum, displaying a bulk sensitivity larger than 1000
nm/RIU%, Shen et al. prepared gold mushrooms arrays displaying a sensitivity of 1010
nm/RIU with a limit of detection of 200 pM*%°,

However, for LSPR-based nanostructures, stronger localization of the LSP leads to
shorter penetration depths Ly/2 which compensates for the lower bulk refractive index
sensitivity. In this case, the sensing performance can be rather evaluated in terms of
surface sensitivity Sp, which offers a more accurate picture of the sensing capabilities

than Sg. For plasmonic structures supporting coupled plasmonic modes a further
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approach based on the second order surface sensitivity was recently proposed by Li et
al. that evaluates the sensing performance more accurately'®. As shown in Figure 10,
the size of the biorecognition elements and target analyte can differ and for biomolecules
with a size up to 10 nm LSPs typically offer suitable means for the probing with
comparable penetration depth. For larger species such as lipid vesicles, viruses, or cells
the probing with more delocalized PSPs may be more appropriate.

MNanoplasmonic sensing

Protein Vasicle

Antibady

Mucleatide

DMA halix Wirus

Figure 10. Size distribution of common ligand molecules and target analytes. Image adapted from°7,

In addition, several strategies have been pursued in order to push the sensitivity of
plasmonic biosensors with novel sensing schemes or advanced system
configurations'®. A straightforward approach to increase the limit of detection (LOD) is
based on increasing the mass variations at the metallic surface by binding high molecular
weight analytes in a multilayer system (e.g. sandwich assay). Detection of femtomolar
analyte concentrations was attained by using, for instance, a sandwich immunoassays
with a secondary antibody labeled with gold nanoparticles'®. In order to enhance
sensitivity on LSPR-based biosensors, the design of structures that display high EM field
intensity is commonly pursued. This can be achieved, for instance, with nanoparticle
dimers, with a strongly confined EM in the gap between particles!'® 111, Other strategies
involve the specific targeting of such areas where the EM is the strongest as the edges
of nanostructures or gaps between closely arranged nanosized objects!'?. The latter
approach is further discussed in detail in section 1.5.4 as it is one of the main focus of

the presented work.

1.4.2 Plasmon-enhanced spectroscopy

Detection of low-molecular weight analytes present at minute concentration in analyzed

samples remains a challenge for classical SPR-based biosensors due to small variations
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of the refractive index changes occurring upon their capture at the metallic surface. In
order to circumvent this limitation, other spectroscopic techniques taking advantage of
the tight confinement and increased intensity of the EM field, provided by the resonant
excitation SPs at the metallic surfaces, have been used. These mainly include surface-
enhanced Raman spectroscopy (SERS), surface plasmon-enhanced fluorescence
(SPFS) and surface-enhanced infrared spectroscopy (SEIRA)? 114 In this work, mostly
SERS and SPFS experiments have been conducted with plasmonic architectures and
therefore these two methodologies are briefly described below.

1.4.2.1 Surface plasmon-enhanced fluorescence spectroscopy (SPFS)

Fluorescence originates from spontaneous radiative emission of EM radiation in a
guantum system that relaxes from its excited state to its ground state. Fluorescence is
exploited in analytical technologies by using fluorophores and typical examples are
quantum dots!'® ¢ and organic dye molecules!'’. The excitation of such systems is
attained by the irradiation with light at their absorption wavelength (Aas) that is
accompanied by the subsequent emission of light after relaxation, which occurs at longer

wavelengths (Aem) due to the Stokes shift, see Figure 11.

Proteins, peptides or nucleic acids can be conjugated with fluorophores in order to use
them as fluorescent labels for detection in assays, with a large number of coupling
strategies available in order to suit the intended application'*®. A fluorophore with a
reactive functional group is needed for the conjugation. Among the various options,
fluorophores carrying a reactive N-Hydroxysuccinimide (NHS) group are commonly
employed as it efficiently targets primary amines of the entity to be conjugated®®. The
labeled construct is utilized as detection probe in assays by excitation with light
coincident at the wavelength of absorption of the fluorophore and measuring its emitted
fluorescent signal. Direct or indirect schemes can be selected to fit the detection of the

specific target analyte.

The coupling of such labeled proteins with the intense field of SPs provide means to
greatly enhance the fluorescence intensity emitted from the vicinity of a metallic surface.
There are several mechanisms that contribute to such surface plasmon-enhanced
fluorescence phenomenon??® 12t The interaction of the fluorophores at their Aass and Aem
with the highly confined EM field at the SP modes modifies transitions between ground
and excited states with additional paths as shown in Figure 11. By this means,
enhancement of the excitation rate? 123, modification of the quantum yield of the
fluorophore, and faster radiative decay!?* % can occur and contribute to increased

intensity of detected fluorescence light without enhancing the background. In addition,
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fluorescence emission facilitated via SP modes allows for directional outcoupling from
the metal surface at certain preferable angles, which offers means to collect it more
efficiently compared to regular isotropic angular distribution6-128,
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Figure 11. Schematic of the additional radiative paths for the excitation of fluorophores via surface
plasmons. Image adapted from*21,

Tabakman et al. reported a 100-fold fluorescence signal enhancement employing an
antibody-labeled with a near infrared dye and a gold nanostructured film. In addition, the
multiplexed capability was also assessed in a microarray format with LOD in the low
femtomolar range!?®. Wang et al. also reported femtomolar sensitivity for fluorescence
detection of free prostatespecific antigen (f-PSA) using a 3D high binding matrix
exploiting the excitation of long-range surface plasmons modes®*°. An enhancement
factor of 1000 was also demonstrated by Kinkhabwala et al. with closely arranged bowtie
gold nanoantennas from an individual fluorophore with a low intrinsic quantum
efficiency3l. This technique can be also used to track and determine kinetic binding
constants that are consistent with those measured with label-free SPR platforms as

reported by Yu et al. for measuring DNA hybridization kinetics®2.

1.4.2.2 Surface-enhanced Raman spectroscopy (SERS)

Raman is the inelastic light scattering of photons due to excitation of molecular vibration
modes with energy gain (anti-Stokes) or loss (Stokes) as given in Figure 12. The
probability of the Raman process to occur is extremely low with an optical cross-section
in the range of ~101%-10"* nm?, making the detection of Stokes-shifted Raman bands
unpractical**3. In combination with metallic surfaces exhibiting sub-wavelength features,
this probability can be dramatically enhanced (reaching signal-enhancement values as
large as 10'°-10% in some cases) offering the possibility to detect analytes in trace
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amounts down to the single molecule regime* 135 This phenomenon is known as
surface-enhanced Raman spectroscopy (SERS) originating fundamentally from two
mechanism, the strong near-field EM confinement at the metallic surface due to LSPs
(main contribution ~101%1), and a chemical contribution (~10°%) that originates from the
capability of the molecules for transferring electrons to or from the metallic surface,
typically generating a molecule-metal bond**.
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Figure 12. Schematic of the Raman scattering process with a Jablonski diagram.

Raman spectra contain the fingerprint of the analyte giving chemical structural
information at molecular level, which has been for instance used to track DNA
mutations. In addition, SERS labels were developed for bioimaging in biomedical
applications and specific coatings were applied to the nanostructures in order to use
them for in vivo applications®®. Moreover, SERS-immunoassays have also been
developed for the detection of analytes with multiplexing capabilities'®®. Colloidal
nanoparticles in solution synthesized by wet chemical methods!*°, 2D assemblies on
solid supports!** or 3D hierarchical structures haven been extensively investigated as
SERS tags as well'*?, Generation of hotspots with high EM field confinement is pursued
with the design of nanostructures with sharp vertices and tips closely arranged in order
to increase the confinement of the EM field and push down sensitivity'*3. Typically, the
EM field intensity is the strongest as the gap distance decreases, in the range of a few
nanometers. Matching the LSPR peak of the plasmonic architecture with the laser

excitation wavelength plays also a crucial role to achieve strong SERS signal 144,

1.5 Biointerfaces

Anchoring of BRE to the sensor surface requires robust linkage surface chemistries.

Besides assuring sufficient surface density of the BREs tethered to the biosensor
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surface, the used biointerface architecture should also preserve BRE biological activity
and suppress non-specific adsorption of other non-targeted compounds that are present
in the analyzed sample. To this end, mostly self-assembled monolayers (SAMSs), polymer
brushes (PB) and polymeric networks were adopted for the preparation of biointerfaces
that (in part) fulfill the previous requirements. In addition, for LSP-based biosensors, the
design of interfaces exploiting tailored surface chemistries that allow for selective
attachment of BRE at specific locations (areas with strongly confined EM field) are
particularly attractive to increase sensing performance and specific examples are

described in section 1.5.4.

1.5.1 Self-assembly monolayers (SAMSs)

SAMs spontaneously assemble onto a given surface (e.g. metals and oxides) forming a
molecular ordered layer, which can be often deposited from a liquid or vapor phase and
are composed of head (surface active) and tailored tail groups with alkyl chains as spacer
between the two functional moieties'*. SAMs offer a high degree of flexibility in their
design and synthesis, representing an easy approach for the rapid functionalization of
various surfaces with specific properties for a great number of technical applications such
as coatings for biosensors and medical devices*®. One representative example are
organosilanes that form SAMs on hydroxilated surfaces (e.g. silicon oxide or glass) by
formation of Si-O-Si bonds. Organosulfur materials such as n-alkyl sulfide and di-n-alkyl
disulfides are very well known to form SAMs with metals like gold or silver, protecting the
metal from oxidation4’. Additionally, adsorption of fatty acids chains (CyH2n+1COOH) to
metal surfaces also occurs via the formation of a surface salt with the metal**8. Schematic
of the described SAMs is outlined in Figure 13.

Terminal functional moieties of the SAMs can be designed and introduced to obtain
specific properties and enable post-modification with BRE. For biosensing purposes,
mixed SAMs are commonly applied in order to prevent non-specific interactions at the
surface and to control the surface density of immobilized BREs. Commonly, thiolates
exhibiting poly (ethylene glycol) (PEG) or oligo(ethylene glycol) (OEG) as end groups
are mixed with thiolates containing amino or carboxylate terminal moieties allowing for
the post-modification with BRE via standard coupling strategies (typical ratios are 4:1 or
9:1)149. 150,
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Figure 13. Schematic of common SAMs depicting material composition. Image adapted from?51,

1.5.2 Polymer brushes (PB)

PB consist of polymer chains that are grafted onto a surface and can be covalently
anchored to the surface by applying “grafting to” or grafting from” approaches. The first
one relies on the direct attachment of polymer chains to the surface while the second
method employs an initiator molecule enabling the subsequent growth of the polymer
chain. The grafting density is an important parameter that represents the chain density
per surface area. PB with low grafting density have a tendency to randomly coil
(mushroom regime) while highly packed polymer chains are stretched perpendicular to
the surface (brush regime), as illustrated in Figure 14, together with the chemical

structure of commonly used polymer chains for the design of PB%2,
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Figure 14. Schematic of PB regimes with chemical structures of typical polymer chain employed. Image
adapted from?12,

Protein fouling, especially from complex matrix such as blood, serum or milk can severely
impair the performance of devices. Therefore, avoidance of non-specific adsorption of
proteins at the functional surface plays a crucial role on practical applications and it is a
major challenge for current systems. Non-fouling surfaces usually display high packing
densities of polymer chains at the surface, which results in relative low binding capacity

of BRE immobilized in such 2D biointerfaces. Huang et al. designed a hierarchical
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structure composed of a first film with highly dense polymer brushes to avoid nonspecific
interaction and a second layer with low surface packing density with high loading
capacity. The architecture was produced by two different surface-initiated polymerization
approaches as shown in Figure 153,
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Figure 15. Schematic of the architecture combining both low and high density PB for attaining high loading

capacity and nonfouling characteristics. Image adapted from®*>3,

1.5.3 Hydrogel polymeric networks

Hydrogels are materials with a high content of water composed of an insoluble 3D
network formed typically by natural or synthetic polymers. Such highly hydrophilic
network mimics a biological environment offering high degree of compatibility with soft
mechanical properties resembling that of living tissue, making hydrogels excellent
biomaterials'®*. The crosslinking of polymer chains is generally attained via physical (e.qg.
hydrophobic, ionic interactions or hydrogen bonding) or chemical interactions between
their specific segments (covalent bonding for instance by free radical polymerization)*.
Properties of the hydrogel are strongly influenced by the crosslinking degree of the
network. The swelling ratio of a cross-linked hydrogel system is defined as the change
of thickness of the polymer upon immersion in a liquid compared to that in its collapsed
or dry state. Structural parameters such as the polar groups inside the network or the
cross-linking degree affect greatly the hydrophilicity of the film**6. A highly cross-linked
hydrogel networks results in a lower swelling degree and a higher number of ionic
moieties largely increases the hydrophilicity'®’. The open 3D structure facilitates rapid
diffusion of chemical and biological species and provides a higher loading capacity when
modified with ligands compared to 2D configurations such as self-assembled

monolayers.
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In addition, hydrogel and PB can be designed to respond to stimulus when modified with
appropriate functional moieties. These structures can be then actuated via pH,
temperature, light or shear-stress among others, offering new functionalities in areas
such as tissue engineering®®, drug delivery®®°® or biosensing!°. Hydrogels can also be
tethered to a surface in order to improve mechanical stability and handling for certain
applications. The hydrogel polymer-backbone can be also modified with additional
moieties that render the network non-fouling®® or allow for the post-modification with

biorecognition elements!®2,

1.5.3.1 Hydrogel optical waveguide spectroscopy

A hydrogel film anchored to a metallic surface can support additional waveguide modes
when the thickness and refractive index of the film are adequately large. The propagation
constant (B) of the hydrogel waveguides (HW) can be obtained from the following
dispersion relation:

_ yank/ knd + ymni/ knk,
tan(kdn) = Tz iy ey (L7

Where dh is and ny, are the thickness and refractive index of the hydrogel, respectively
and nq is the refractive index of the dielectric (liquid) on the top of the hydrogel.
Transverse propagation constants of the hydrogel, metal and dielectric can be expressed

as (k?=ko?nn2-B?), ym?= B?- ko’nm? and y4?= B?- ko’ng¢?, respectively.

Sample ny

Hydrogel

Figure 16. Schematic of SPs and higher HW modes inside a hydrogel film. Image adapted from?8,

The excitation of SPs and hydrogel optical waveguide modes can be conducted by the
phase matching approach using the Kretschmann configuration previously described
(section 1.1). This resonant excitation with an incident monochromatic light is manifested
as resonant dips in the reflectivity spectrum R(0) at certain angles. Both transverse
magnetic (TM) and transverse electric (TE) modes can lead to the excitation of

waveguide modes as shown in Figure 16. This technique enables the real-time tracking
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of changes of the hydrogel such as density, thickness and refractive index variations.
Those parameters can be determined by fitting the data with a transfer matrix-based
model as previously reported!®2. This is an important tool because in contrast to the SPR
technique, hydrogel optical waveguide spectroscopy (HOWS) can discriminate the
changes in the thickness and refractive index of the hydrogel film independently in order
to accurately determine both the parameters. An example is shown in Figure 17, where
Toma et al. reported the swelling ratio and refractive index variations of pNIPAAmM-based
hydrogel films with temperature. The thickness and refractive index were calculated by
fitting the measured spectra in Figure 17a and summarized in Figure 17b. %3, Zhang et
al. also used the pNIPAAmM based network as a biosensing platform for detecting 17(3-
estradiol using the same principle®,
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x 6 dn,/dT = 1.44
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Figure 17. a) Reflectivity spectra obtained via SPR-HOWS measurements of a pNIPAAm thin film at different

temperatures. b) Swelling ration and refractive index as function of temperature. Image adapted from?63.

1.5.4 Selective functionalization of plasmonic hotspots

In the past years, several surface modification chemistry strategies have been developed
to attain local functionalization of EM hotspots on metallic nanostructures supporting
LSPs'®. This approach capitalizes on the selective attachment of ligands only at the
plasmonic hotspots, which are the areas where the EM field is the strongest (e.g. edges,
sharp tips, or gaps between closely arranged objects) exhibiting therefore highest
sensitivity for detecting molecular binding events. For instance, Feuz et al. demonstrated
this concept by selectively functionalizing the inner wall of short-range ordered gold
nano-hole arrays as depicted in Figure 18. TiO, was deposited to cover exposed areas
of the perforated film leaving the inner walls of the holes available for specific Au
functionalization with thiol-based surface chemistry (TiO2/Au/TiO2). An increased
response kinetics due to the neutravidin binding to biotin was achieved, which was about

20 times higher compared to the samples with binding events happening across the
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entire TiO2/Au layer surface or only across the TiO; active surface?®®. In addition, Zhang
et al. directed the binding to the gap between two closely-arranged gold particles by
depositing a 10 nm-thick Ti disk at the gap, achieving a 6 times higher shift of the LSPR
position in the scattering spectra®’. Recently, a method to attain partial passivation of
gold nanocrescent nanostructures leaving only the tips exposed for further
functionalization was also reported?®®. Another interesting approach reported by Beeram
et al. relies on the thiol-exchange mediated chemistry at the edges of asymmetric
crystalline gold nanoparticles resulting in 500 times increase detection of IgG antibodies
to bound anti-lgG %°. Light-triggered photochemical reactions represent another elegant
strategy. The generation of hot electrons was reported to attain nano-localized
chemistry!®. Simoncelli et al. induced plasmon-induced desorption of thiols mediated by
hot electrons that selectively cleave Au-S bonds at specific areas to control self-
assembly at the nanoscale '"t. Two-photon cleavage and three-photon assisted delivery

at the hotspot have also been introduced?!"2.
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Figure 18. Schematic of the three studied surface chemistries and its associated binding kinetics for case |

(Au targeted binding, blue), case Il (TiO2/Au active area, red) and case Il (TiOz-directed binding, green).

Image adapted from?*©®.

27



2 Research
aims









Research aims

Currently, we witness a lack of facile methods for the preparation of metallic
nanostructured materials with precisely controlled morphology that can be actively on
demand and adapted for a specific purpose. In addition, the interface of metallic
nanostructures requires precise chemical modification, particularly for sensing
applications, in order to selectively dock target species at narrow zones where the
electromagnetic field coupled to localized surface plasmons is confined (referred as to
plasmonic hotspots) and where they can be optically probed with maximum efficiency.
Local functionalization of those narrow areas is challenging, and only a reduced number
of approaches have been proposed and demonstrated to partially achieve this goal.
Thus, the combination of facile, cost-efficient preparation of metallic nanostructures over
large surface areas with the possibility to actively control their characteristics and tailor
their surface modification with nanoscale precision would fully unleash the potential of
plasmonic nanomaterials and boost up their applications in areas of analytical
technologies based on optical spectroscopy. Among other approaches, the use of
“smart” materials that are responsive to external stimuli represent an attractive approach
to modulate optical response of plasmonic nanomaterials. This thesis concerns the
utilization of responsive polymer networks for actuating of localized surface plasmon
resonance on metallic nanostructures by refractive index changes and modulated near
field coupling. In addition, optical methods for the spatially-controlled attachment of
responsive polymers that form hydrogels and can serve as an efficient large binding
capacity matrix are pursed. Developed materials are of particular interest for sensor
schemes relying on SPR, PEF, and SERS for sensitive detection of biomolecules. The

thesis is further organized in six chapters as follows:

In chapter 3.1, a method developed for the preparation of gold nanoparticle arrays with
controlled morphology and spacing is presented. It relies on laser interference
lithography combined with a dry etching approach. These structures constitute the
building blocks for the following projects in the thesis, allowing for the preparation of

hybrid plasmonic architectures and can also serve as SERS substrates.

In chapter 3.2, a new approach to actuate gold nanoparticle arrays by their embedding
to tethered and free-standing thermo-responsive hydrogel membranes is discussed.
They are prepared using a template stripping method and the excitation of collective
localized plasmon modes with sharp resonances and low losses is presented. The

reversible actuation of the LSPR is also demonstrated.

In chapter 3.3, a lithography approach based on the local attachment of responsive

polymer networks in the vicinity of gold nanoparticles using a high contrast UV-
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interference lithography is reported. The performance of the hybrid plasmonic substrate

is evaluated with plasmon-enhanced fluorescence readout of immunoassays.

In chapter 3.4, a plasmon-enhanced two photon crosslinking mechanism is investigated
in order to selectively attach and crosslink polymer networks at the edges of gold
nanoparticles where the plasmonic hotspot is located. The mechanical and optical
properties are studied in order to prove that the locally attached polymer network forms
a hydrogel that can swell and collapse.

In chapter 3.5, a collaborative project based on a nanohole array hybrid architecture
coupled with gold nanoparticles is reported. It utilizes a thermo-responsive hydrogel to
reversibly and rapidly actuate the structure and its possible utilization to probe molecular
binding events by SPR and SERS is demonstrated.

In chapter 3.6, another collaborative project focusing on the characterization of affinity
binding constants of bicycle RGD peptides with avB3 and a5pB: integrins is presented.
The study of molecular interactions is carried out measuring the binding kinetics of these

low molecular weight peptides by SPFS.
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Tunable laser interference lithography
preparation of plasmonic nanoparticle arrays
tailored for SERS
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The facile preparation of arrays of plasmonic nanoparticles over a square centimeter surface area is
reported. The developed method relies on tailored laser interference lithography (LIL) that is combined
with dry etching and it offers means for the rapid fabrication of periodic arrays of metallic nanostructures
with well controlled morphology. Adjusting the parameters of the LIL process allows for the preparation
of arrays of nanoparticles with a diameter below hundred nanometers independently of their lattice
spacing. Gold nanoparticle arrays were precisely engineered to support localized surface plasmon reso-
nance (LSPR) with different damping at desired wavelengths in the visible and near infrared part of the
spectrum. The applicability of these substrates for surface enhanced Raman scattering is demonstrated
where cost-effective, uniform and reproducible substrates are of paramount importance. The role of devi-
ations in the spectral position and the width of the LSPR band affected by slight variations of plasmonic

rsc.li/nanoscale nanostructures is discussed.

Introduction

Metallic nanostructures exhibiting localized surface plasmon
resonance (LSPR) are attracting increasing attention in numer-
ous fields that can benefit from their extraordinary optical pro-
perties. These particularly include research in nano-
photonics™* and their applications for light management in
thin film devices,>* amplified optical spectroscopy, and
analytical technologies.® These nanostructures possess the
capability to couple light energy to localized surface plasmons
(LSPs), which originate from collective oscillations of electron
density and associated electromagnetic field. The excitation of
these modes leads to enhanced absorption, scattering and
sub-wavelength confinement of light energy at narrow spectral
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windows. These phenomena are accompanied by strongly
increased electromagnetic field intensity, which is attractive
for amplifying weak spectroscopic signals such as Raman scat-
tering, fluorescence, and infrared absorption spectroscopy.
Enhancement factors up to several orders of magnitudes were
reported to open the door for the ultrasensitive detection of
chemical and biological species.”®

In the past decades, nanotechnology research took advan-
tage of rapidly advancing fabrication methods with gradually
improved precision and control in the preparation of nano-
structured materials. Electron beam lithography and focused
ion beam milling”™"" positioned themselves as irreplaceable
tools in the nanophotonics research domain and are routinely
used for the fabrication of plasmonic nanostructures with tai-
lored morphology. However, these techniques do not allow
fully harnessing the potential of such materials in practical
applications. The reasons are that they are not suitable for
scaled up production due to their limited throughput, costly
instrumentation and are capable of patterning only small
areas. In order to overcome these drawbacks, other methods
for nanoscale patterning that are simpler and cost-effective
have been pursued. These include nanoimprint lithography,
which offers the means for repeated replicating of nanoscale
features by using a working stamp casted from a pre-fabricated
master.">'* Other techniques were developed based on the
self-assembly of building blocks forming nanoscale periodic

This journal is © The Royal Society of Chemistry 2018
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features that can be employed as a lithographic mask."”™"’
This approach was utilized in nanosphere lithography or block
copolymer lithography for large area structuring; however, it
lacks long range order and suffers from edge defects and lower
homogeneity.'® Chemically synthesized metallic nanoparticles
can be assembled into tailored plasmonic nanostructures by
using atomic force microscopy'® or, for instance, end-to-end
coupling of metallic nanorods was reported for the preparation
of dimers with the use of selective local modification of end
tips.”® Interestingly, chemically synthesized gold nanoparticles
were infiltrated into a three-dimensional network of polymer
fibers to increase their surface density compared to two-
dimensional architectures and to take advantage of their
hydrophobic properties.>" In addition, natural materials carry-
ing hierarchical micro-nano-structures (e.g. rose petal, taro leaf
and lotus leaf) were coated with metal and demonstrated to
serve as low-cost SERS-active substrates with superhydrophobic
properties enabling efficient enrichment of chemical and bio-
logical species to specific areas probed with intense electro-
magnetic field intensity.>**?

Laser interference lithography (LIL) represents an alterna-
tive method that is suitable for the preparation of periodic
nanoscale features with controlled size and shape.>**® LIL
techniques offer the advantage of mass production-compatible
preparation®”*® and represent an attractive means for (argu-
ably) the simple and fast patterning of large areas of up to
hundreds of square centimeters. LIL utilizes the recording of
an interference field pattern into a photosensitive resist
material**?° and in combination with lift-off or ion etching
steps, it can be used for the preparation of arrays of metallic
nanoparticles. For the lift-off approach, metallic nanoparticles
are made by depositing a metal inside cavities formed in a
photosensitive resist, which is subsequently removed by a
solvent.’® In this variant of the LIL approach, the size of metal-
lic nanoparticles is controlled by the cavity diameter that is
typically proportional to the period length.**>* The employ-
ment of a sacrificial layer is frequently required in order to
facilitate the lift-off as it is often limited by the steepness of
the cavity sidewalls.*>*® The ion etching modality employs a
nano-patterned resist that serves as a mask on the top of a
metallic layer. This mask is transferred to the metal by a dry
etching step, which attacks areas that are not protected by the
resist material.>” *° In both approaches, the tuning of LSPR on
prepared arrays of metallic nanoparticles has been mainly
achieved by changing the angle 6 between the interfering
beams upon the recording of the mask. Then both the period
and diameter of metallic nanoparticles are varied and thus not
all geometrical combinations are accessible. In addition, lift
off-based LIL implementations are typically not suitable for
the preparation of features with size below hundred nano-
meters unless very small periods of the arrays are prepared or
complex systems such as extreme ultraviolet LIL with a beam
emitted from a synchrotron are employed.***>

Plasmonic nanostructures need to be carefully engineered
to couple light at specific wavelength bands**** for specific
applications. This requires highly tunable nanofabrication

This journal is © The Royal Society of Chemistry 2018
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methods as plasmonic properties of arrays of metallic nano-
particles strongly depend on multiple parameters including
particle size, shape, and inter-particle distance.*>** This paper
reports on the LIL implementation that enables the highly ver-
satile preparation of arrays of cylindrical metallic nano-
particles with independent control of their diameter and
period. In addition, diameters below hundred nanometers can
be achieved. The importance of such versatility is illustrated in
an experiment where gold nanoparticle arrays that are res-
onant in the red and infrared part of the spectrum are tailored
to serve as SERS substrates.

Results and discussion
Preparation of gold nanoparticle arrays over a large area

The LIL set-up employed in the reported experiments utilized
a Lloyd’s mirror configuration that is depicted in Fig. 1(a). The
period of rectangular arrays of metallic nanoparticles A was
controlled by the angle of two collimated interfering beams 6
hitting a photoresist layer. In order to prepare 2D arrays of
metallic nanoparticles, the exposure was performed twice with
the substrate rotated by 90° along the axis perpendicular to its
surface. The period A decreases when increasing the angle 6
according to the formula A = 1/2 sin(f), where 4 = 325 nm is
the wavelength of herein used coherent interfering beams. It is
worth noting that the structured illuminated area depends on
the length of the mirror Ly, and in the reported setup it was
about 2 cm. (Alternatively, another LIL configuration where
the beam is split into two equal parts that are recombined over
the resist surface can be used. Such a set-up allows for record-
ing over a larger area but the configuration is more sensitive to
fluctuations and more complex to align.”®) The two exposures
of interfering collimated beams form the pattern that is simu-
lated in Fig. 1(b). For the used positive photoresist, the area
exposed to high recording light intensity can be etched upon
the subsequent development step. By controlling the develop-
ment time ¢4y, the photoresist layer can be fully removed from
the exposed area to yield a mask in the form of periodic arrays
of resist features. Optimized dose and dilution of the develo-
per enable fine control over the process to create a homo-
geneous mask with arrays of cylindrically shaped photoresist
objects. Afterwards, directional ion milling with argon ions is
utilized in order to transfer these features to the gold layer that
was deposited underneath the photoresist film. The regions
that are not protected by the photoresist are etched away
forming gold nanoparticles. The remaining photoresist on top
of the gold nanoparticles is then removed with a gentle oxygen
plasma treatment of the surface, resulting in regular gold
nanoparticle arrays covering macroscopic areas. The fabrica-
tion process is briefly illustrated in Fig. 1c and an example of
the prepared glass substrate with arrays of metallic nano-
particles is shown in Fig. 1d. An atomic force microscopy study
(included in the ESIf) confirms that the oxygen plasma
reduces the height of nanostructures by about 20 nm because
of the removal of the residual photoresist mask. The height of
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Fig. 1 (a) Schematic of the Lloyd's mirror interferometer setup used for the LIL-based recording. (b) Simulations of the field intensity profile

recorded for the photoresist. (c) Development of the photoresist and dry etching of Au NP arrays on a substrate with a thin adhesion promoter (AP).
(d) Example of prepared gold nanoparticle arrays on a BK7 glass substrate with the size of 20 x 20 mm?.

metallic nanoparticles is 55-60 nm, which is slightly above the
thickness of the deposited Au film due to the effect of weak
etching into the glass substrate.

Tunability of the localized surface plasmon resonance

Gold nanoparticle arrays with a period between A = 260 nm
and 560 nm were prepared by varying the interference angle ¢
in the LIL recording step. In order to tune the diameter of
nanoparticles D, the exposure dose was kept constant at
6.75 mJ cm™> and the development time tq., Was varied. As
illustrated in Fig. 2a, arrays of holes are prepared in the gold

film for the short development time Z4e, = 95 s. On increasing
the development time to ¢4, = 110 s, arrays of rectangular-
shaped, not connected nanoparticles are observed in Fig. 2b.
Further prolonging the development time from ¢4, = 165 to
220 s yields arrays of cylindrical gold nanoparticles with dia-
meters decreasing from D = 185 to 85 nm, see Fig. 2c-e. The
resonant coupling to LSPs supported by prepared gold nano-
particle arrays is manifested as a narrow dip in the trans-
mission spectrum as shown in Fig. 2(f). The wavelength at
which the minimum of the dip occurs (Aispr) shifts towards
the near infrared (NIR) part of the spectrum when increasing

Transmission

0.0

800 1000 1200 1400

Wavelength [nm]

Fig. 2 SEM images of metallic arrays with nanoscale features for varied development time t4., and fixed period of A = 460 nm. (a) Nanohole
arrays for tge, = 95 s; (b) diamond-shaped nanoparticle arrays for ty4e, = 110 s, and arrays of cylindrical nanoparticles for (c) tyey = 165 s, D = 185 nm;
(d) tgey = 195 s, D = 115 nm; (e) tgey = 220 s, D = 85 nm. (f) Transmission spectra measured for indicated gold disk diameters D and period A =

460 nm by collimated beam illuminating area of about 0.5 mm?.
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Fig. 3 Measured dependence of the resonant wavelength 1, spr ONn the
diameter D and period between A of gold nanoparticle arrays in contact
with air.

the diameter D. For example, LSPR can be tuned in the spec-
tral window Apspr = 700-900 nm by changing the diameter
from D = 85 to 350 nm for the showed period of A = 460 nm.

In general, the LSPR wavelength 1;gpr 0n gold nanoparticle
arrays is a function of both period A and diameter D. Its shift
towards longer wavelengths by increasing the diameter D is
more pronounced for longer periods A. This can be explained
by diffraction coupling of LSPs for the interparticle distances
that are in the wavelength range of the incident light.*> The
possibility of independent control of both period and diameter
is demonstrated in Fig. 3. A series of samples with the period
varied in the range of A = 260-560 nm and diameter D =
70-350 nm were prepared and transmission spectra were
recorded. The analysis of these spectra confirms the tuning of
the LSPR wavelength A;spr between 620 and 1050 nm and
reveals that identical A;spr can occur for multiple combi-
nations of A and D.

Homogeneity of the prepared nanoparticle arrays

In order to characterize the spatial homogeneity of plasmonic
properties of prepared nanostructures, we performed a
mapping of the spectral position and width of LSPR bands on
two substrates carrying gold nanoparticle arrays with A =
400 nm and D = 215 nm (S1) and A = 500 nm and D = 165 nm
(S2). Fig. 4 shows an example of the LSPR transmission spectra
acquired from a series of spots on the substrate S1 and from
such a type of spectra, variations in the resonant wavelength
Arspr and the width of the full width in the half minimum
Adgwum Were determined.

Firstly, let us discuss the measurements performed by
using a collimated beam that exhibits a diameter of about
1 mm and which was scanned over arrays of spots arranged on
an area of 1 x 1 cm”. The determined mean LSPR wavelength
Arspr and the width AApwpy are summarized in Table 1 for
both substrates S1 and S2. The mean value and standard devi-
ation of these parameters yield A;spr = 782 + 4 nm and

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Comparison of LSPR spectra measured on substrate S1 after
functionalization with 4-mercaptobenzoic acid on (a) a series of spots
with a large 1 mm diameter arranged over 1 X 1 cm with collimated
beam and (b) with focused beam diameter 3 pm scanned over 200 x
200 pm. The dashed line in (b) shows the transmission spectrum
measured with a large diameter beam on the same sample for
comparison.

Adpwam = 221 + 15 nm for substrate S1. On the second sub-
strate S2 with a longer period, an almost identical spectral
position of Ajspr = 782 + 5 nm and narrower resonance
Aldpwam = 106 = 2 nm were observed (see the ESIT).

Afterwards, the transmission spectra were measured using
a confocal microscope at a series of spots with a smaller dia-
meter of about 3 pm. Interestingly, for substrate S1 the spectral
width of such LSPR spectra Algwiv Was significantly lower
and the variations in the spectral position A;spr Wwere more pro-
nounced than for the data measured with a large diameter
beam (compare examples presented in Fig. 4b and a). When
probing this smaller area, the spectral position of A;spr = 770
13 nm and the resonance width of Apwum = 172 + 12 nm were
determined. For substrate S2, similar variations in the spectral
position of A;spr = 787 + 7 nm were measured; however, wider
resonances Apwnm = 122 = 14 were observed with a focused
beam compared to a large diameter beam. This effect can be
ascribed to the proximity of the diffraction edge, which is
visible in the transmission spectra measured by a collimated
large diameter beam and which becomes smeared by the
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Table 1 Specification of investigated substrates, values measured for a spot area of 10 pmz are stated and for 1 mm? are in the presented brackets

Substrate Arspr [NmM]

Adpwim [Nm]

I(AZg1) [counts] I(AZgs) [counts]

S1,A =400 nm, D =215 + 6 nm
S2,A =500 nm, D =165+ 8 nm

770 + 13 (782 + 4)
787 +7 (782 + 5)

varied angle when performing the measurement with a
focused beam (see Fig. S2 in the ESIY).

In general, the variations in the LSPR spectra can be attrib-
uted to local deviations in the morphology of gold nano-
particles (particularly diameter D) that are related to imperfec-
tions of the LIL fabrication process. The analysis of the AFM
data (included in the ESI}) reveals that the diameter D varied
with a standard deviation of ¢(D) = 6 nm on the S1 substrate
and o(D) = 8 nm for the S2 substrate. From the slope in depen-
dencies D(Aspr) presented in Fig. 3, it can be obtained that
the LSPR wavelength changes with the diameter as dA;spr/0D = 1
and 1.3 for the prepared gold nanoparticle arrays with period
A = 400 (S1) and 500 nm (S2), respectively. Therefore, the
measured variations in diameter D correspond to standard
deviation in the LSPR wavelength of o(4;spr) = 6 nm for S1 and
o(Aspr) = 10 nm for S2. Such values are lower than those
experimentally observed when probing an area of about
10 pm” and this discrepancy can be ascribed to additional
effects such as the polycrystalline nature of prepared gold
nanoparticles and variations in roughness of the top nano-
particle surface and that of the glass substrate.

Surface enhanced Raman spectroscopy on gold nanoparticle
arrays

Arrays of gold nanoparticles can serve as an efficient substrate
for the amplification of Raman scattering on a probe molecule
when exposed to an intense LSP field. This effect occurs when
the resonant wavelength A;spr is located in the vicinity of the
impinging (laser) light 4, as well as that of Raman scattered
light at specific spectral bands centered at wavelengths 1g.*%*
In order to demonstrate the applicability of the used LIL
method for SERS, 4-mercaptobenzoic acid (4-MBA) was
selected as a probe and the laser wavelength of 4;, = 785 nm
was used (see Fig. 5a). In addition, other molecules including
4-aminothiophenol and 1,2-di(4-pyridyl)ethylene were tested
for the SERS measurement as seen in the ESL.{

It has been previously reported in several studies that the
highest SERS enhancement factor on gold nanocylinders
occurs with A;gpr located between the 4, and (red shifted)
Stokes vibrational band of the probe of interest, which has
been validated for the visible part of the spectrum.*>°
However, such a rule was found not to be valid for the gold
nanoparticles that are resonant in the NIR part of the spec-
trum. Then the optimum Agpr was observed to be significantly
blue shifted with respect to 4;.°" This can be partially attribu-
ted to the blue-shift of the maximum extinction (measured in
far field) compared to the wavelength where the strongest
enhancement in the near field occurs.*>* Another important
factor is a decrease of the near field intensity for nanoparticles
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with a larger diameter, supporting resonance in the NIR part
of the spectrum compared to that for resonances in the
visible,”” and related more complex spectral dependence of
the near field enhancement.>

Finite difference time domain (FDTD) simulations were
carried out in order to elucidate the spectral dependence of
Raman scattering efficiency on the prepared arrays of gold
cylindrical nanoparticles. The plasmonically enhanced field
intensity strength at laser wavelength 4;, and Raman band
wavelengths Az were simulated in order to evaluate changes in
the Raman scattering efficiency that is proportional to the
term ~|E(1)|?|E(Ar)|?. As illustrated by the experimental data
in Fig. 3, various combinations of period A and diameter D
can be chosen to tune A;spr on arrays of gold cylindrical nano-
particles close to the wavelength 4;. Furthermore, a set of four
pairs of period A and nanoparticle diameter D that define a
geometry exhibiting A;spr close to wavelength Ay, = 785 nm were
selected. The determined geometrical parameters that are
specified in the inset of Fig. 6a agree well with those deter-
mined experimentally (see Fig. 3). The simulated transmission
spectra presented in Fig. 6a show that when increasing the
period A and decreasing the diameter D, the spectral width of
the LSPR band decreases as the experimental data revealed.
The spectral width of the resonant feature is a signature of LSP
damping that directly affects the electromagnetic field
enhancement. For the simulated geometries, the enhancement
of electric field amplitude |E|/|E,| was obtained from near-
field plots (see an example in the inset of Fig. 6b) and it was
averaged over the surface of a nanoparticle at 2 nm distance
from its walls. At the wavelength 1;, = 785 nm, the averaged
electric field amplitude enhancement |E|/|E,| rapidly increases
with the period A while for the longer wavelengths 1z = 850
and 900 nm, the increase of |E|/|E,| is slower, see Fig. 6. These
simulations predict that the Raman scattering efficiency at
these wavelengths A (proportional to |E(A.)|?|E(4r)|?) is about
9 times higher for the period A = 500 nm than for A = 400 nm.

In following experiments, two substrates with the period
A =400 nm (S1) and 500 nm (S2) were used for SERS measure-
ments of 4-MBA. On these substrates, the diameter of the
nanoparticle arrays was adjusted to D = 215 nm and 165 nm,
respectively, in order to set LSPR to the desired spectral region
close to 785 nm. As can be seen in Fig. 5b and summarized in
Table 1, the mean LSPR wavelength on both substrates is
almost identical (A spg ~ 782 nm as determined by trans-
mission measurements with a collimated beam) but their reso-
nance width substantially differs. The denser nanoparticle
arrays with D = 215 nm show a wider resonance with Adgwinm =
172 nm, while the sparser arrays support narrower LSPR with
Alpwrm = 122 nm. In order to evaluate the strength and homo-

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Set of SERS spectra measured at different spots for 4-MBA

attached to the S1 substrate (red curve represents the averaged spec-
trum). (b) LSPR spectra measured on substrates S1 and S2 with a large
diameter beam.

geneity of the SERS signal on the prepared LIL substrates, the
focused laser beam at A;, was scanned over their surface after
4-MBA was attached. A series of spots on a grid with 50 pm
spacing were evaluated on substrates S1 and S2. On every spot,
the Raman spectrum was acquired when irradiating an area
with a diameter of about 1 pm (to which the beam at 4, was
focused) followed by the recording of the LSPR transmission
spectrum at the same location (with a diameter of 3 pum
defined by the hole in the used confocal microscope). As can
be seen in an example presented in Fig. 5a, the measured
Stokes vibrational Raman spectra exhibit two strong bands
attributed to the probe 4-MBA molecule located at wavelengths
shifted by Alg; = 1077 cm™" (corresponding to Ag; = 857 nm)
and by Alg, = 1588 cm™" (corresponding to Ag, = 896 nm).

The obtained SERS intensities are summarized in Table 1
and firstly, one can see that the average SERS peak intensity on
S1 is about 3.7 fold higher than that on the S2 substrate. This
observation is in stark contrast to performed FDTD simu-
lations that predict that the longer period substrate S2
enhances the Raman scattering efficiency 9-times stronger
than the S1 substrate. This discrepancy can be only partially
explained by about a two-fold larger area of the cylindrical
nanoparticles (normalized by the unit cell area) on the S1 sub-
strate, which can thus accommodate more target analytes. In
addition, weaker coupling strength and wider LSP resonance
(see Fig. 5b) were experimentally observed on S2 (see Fig. 5b)

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) Simulated LSPR transmission spectra for combinations of A
and D ensuring 4;spr ~ 800 nm. (b) Dependence of the average electric
field amplitude enhancement |E|/|Eo| on the nanostructure period A for
wavelength 1, and Az = 850 and 900 nm. The inset shows an example
of simulated near field intensity for A = 560 nm with a dashed line repre-
senting the surface over which the field amplitude was averaged. All
data were obtained for normally incident waves.

compared to the simulations (see Fig. 6a), which also decrease
the SERS signal on this substrate. However, very probably also
other parameters such as roughness, which was not taken into
account in the model, play an important role.

Secondly, there can be seen that when scanning the laser
beam over the surface of S1 and S2 substrates, a standard devi-
ation of SERS peak intensity of 20-30% of the mean value
occurs. These variations in SERS peak intensity can be mainly
attributed to local changes in the LSPR wavelength A;gpg. It is
worth noting that probing the area with a diameter of 1 pm
corresponds to the excitation of LSPs on ~3 nanoparticles,
which approaches the situation when individual nanoparticles
are monitored.>® Thus, even stronger variations in LSPR can be
expected than those observed in transmission measurements
on ensembles of about 10° nanoparticles carried on an area of
1 mm? and of 30 nanoparticles carried on 10 pm?® area (see
Fig. 4 and Table 1).

Experimental
Materials

A S1805 G2 positive photoresist and AZ 303 developer were
purchased from Micro Resist Technology (Germany).
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Propylene glycol monomethyl ether acetate was obtained from
Sigma-Aldrich (Germany). Mercaptobenzoic acid, 4-aminothio-
phenol and 1,2-di(4-pyridyl)ethylene were acquired from
Sigma Aldrich (France).

Preparation of gold nanoparticle arrays

A 2 nm thick chromium layer (adhesion layer) and a 50 nm
thick gold layer were sequentially prepared on clean glass
microscope slides (20 x 20 mm?). Both metals were deposited
by thermal evaporation (HHV AUTO 306 from HHV Ltd) under
a pressure better than 2 x 10~® mbar. Glass substrates were
spin-coated at 4500 rpm for 45 s using a Microposit S1805 G2
positive photoresist diluted (1 :2) with propylene glycol mono-
methyl ether acetate, originating a 100 nm thick film.
Afterwards, substrates were soft baked at 100 °C on a hot plate
for 120 s. Prior to the exposure, a black tape was attached on
the back side of the glass substrates in order to avoid back
reflection of the recorded beam. Then, substrates were
mounted to the Lloyd’s mirror interferometer. Exposure was
carried out utilizing a 4 mW HeCd laser (model IK 3031 R-C
from Kimmon) at wavelength 4 = 325 nm. A spatial filter
(x40 microscope lens and pinhole with a diameter of 10 um)
was employed to expand the beam. An additional lens with a
focal length of 1 m was used to collimate the beam to the
interferometer. The distance between the spatial filter and the
sample holder was around 1.8 m. The intensity of the laser
beam at the sample holder was found to be 30 uyW cm™. The
exposure dose was set to 6.75 m] cm 2. The periodicity of the
particle arrays A; = 260 nm, A, = 300 nm, A; = 400 nm, A; =
460 nm, A5 = 500 nm and A = 560 nm was achieved by adjust-
ing the angle of the interfering beams (6, = 38.68, 6, = 32.80,
0; = 23.97, 6, = 20.69, 05 = 18.97, O = 16.87). After exposure,
substrates were immersed in a diluted AZ 303 developer solu-
tion with distilled water at a ratio 1:15. Typical developing
times were between 90-240 s. Directional dry etching with an
argon milling system (Roth & Rau IonSys 500) was carried out
to transfer the pattern into the underlying gold layer (etching
time 450 seconds, 70 degrees). Finally, the remaining resist
was removed using oxygen plasma for 5 minutes, 1 mbar and
40 W.

Morphology measurements

Atomic force microscopy (PicoPlus from Molecular Imaging,
Agilent Technologies) was used to investigate the morphology
of nanoparticle arrays in the tapping mode. The average dia-
meter was determined by analyzing the grain distribution of
nanoparticle arrays using the free Gwyddion software.
Additionally, scanning electron microscopy (Zeiss Supra 40 VP
SEM) was employed to acquire complementary images.

Attachment of SERS-active molecules

LIL-prepared arrays of gold nanoparticles were cleaned with
ozone for two hours. Afterwards, the substrate with gold nano-
particles was rinsed with ethanol and immersed in 4-mercapto-
benzoic acid, 4-aminothiophenol or 1,2-di(4-pyridyl)ethylene
dissolved in ethanol at a concentration of 1 mM for one day in
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order to form a self-assembled monolayer via reaction by a
thiol group or to physisorb on a gold surface. Finally, the sub-
strate was rinsed with ethanol and dried.

Optical measurements

Transmission spectra were obtained by using a Bruker Vertex
70 Fourier transform spectrometer (FTIR) with a diameter of
the collimated polychromatic beam of 0.5 mm?”. In order to
perform combined SERS and LSPR experiments with a focused
beam, an Xplora Raman microspectrometer (Horiba Scientific,
France) with a x100 objective (numerical aperture of 0.9) was
used. On each substrate, several spectra were acquired on a
square area of 200 x 200 pm with a distance between neighbor-
ing spots of 50 pm. In the case of LSPR measurements, the
edge filter was removed and the transmission spectra were
measured in the whole spectral range of 400-900 nm. Each
spot was illuminated with a white lamp and the recorded
spectra were normalized by that acquired on a reference area
without the nanostructures. The transmitted light is collected
from an area with a diameter of 3 um defined by the hole of
the confocal microscope. The SERS measurements were per-
formed in the backscattering configuration at room tempera-
ture with the same lens and a laser beam at A;, = 785 nm
focused at a spot 1 pm in diameter. The power of the laser
beam at the spot was about 100 pW and the Raman spectrum
was accumulated by 20 s and artefacts corresponding to
cosmic rays were removed. The transmission spectra were ana-
lyzed in order to determine the spectral position and the width
of the LSPR band.

Numerical simulations

In this work, FDTD calculations based on commercial software
(FDTD solution, Lumerical Inc., Canada) are employed for
simulating the electromagnetic fields around the arrays of
gold nanoparticles arranged in a square lattice, taking into
account the size of nanoparticles and the spacing between
them. A single unit cell of the array, with a uniform mesh size
of 2 nm (x, y and z directions), was used to calculate the near
field electric intensity and far field transmission spectra.
Periodic boundary conditions are applied in the lateral direc-
tions while perfectly matched layers are placed above and
below the structure in the perpendicular direction to absorb
the transmitted and reflected electromagnetic waves. The
optical constants of gold are taken from the literature.’” The
plane wave source covers a wavelength range of 400 to 950 nm.
The structures are studied for the linearly polarized light
under the condition of normal incidence.

Conclusions

This paper reports on the not yet demonstrated tunability of
laser interference lithography for the preparation of gold nano-
particle arrays with precisely controlled geometry enabling tai-
loring their LSPR characteristics over a broad spectral range. A
series of substrates with arrays of cylindrical gold nano-
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particles exhibiting an LSPR wavelength in the red and near
infrared part of the spectrum were prepared by independently
varying the diameter between 70 and 350 nm and period
between 260 and 560 nm. Plasmonic substrates with identical
LSPR wavelengths tuned to the vicinity of 785 nm and
different spectral widths for SERS experiments were prepared.
The importance of controlling both the LSPR wavelength and
resonance width in order to enhance electromagnetic field
intensity at both excitation and Raman scattered wavelength is
demonstrated and sources of irregularities that affect the hom-
ogeneity of the SERS signal over the substrates are discussed.
When probing an area of about millimeter diameter, devi-
ations in the LSPR wavelength and spectral width of about
several nanometers were typically observed. Interestingly,
when such spectra were measured with a beam focused to a
smaller area with a diameter of several microns, these stan-
dard deviations substantially increased. Such changes were
ascribed to local variations in the morphology of disk-shaped
nanoparticles (exhibited standard deviation in diameter of
between 3 and 5%), which translate to the SERS signal exhibit-
ing standard deviation between 20 and 30% when scanning
over spots with an area of about 1 pm”. The presented method-
ology provides a tool for the preparation of highly tunable geo-
metries over a large area, opening the door for further develop-
ment of more complex and efficient plasmonic architectures
using the gold nanoparticle arrays as building blocks. In
future, this may include engineering of quasi-3D crystals®®
where surface plasmons on nanoparticle and nanohole arrays
interplay’®® and support narrow multi-resonant features that
potentially overlap with excitation wavelength and Raman scat-
tered wavelength bands.
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preparation of plasmonic nanoparticle arrays tailored for SERS
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After the LIL recording step, periodic particle arrays with sub-wavelength size are generated upon development of the positive
photoresist, with the height of the features around 100 nm. The dry etching treatment with argon ion beams removes the gold
from the areas non-protected with the resist pattern, reducing the height approximately 20 nm. Finally, an oxygen plasma
treatment is applied in order to remove the residual of photoresist on top of the prepared metallic nanoparticle arrays. This last
step, as can be seen from a cross-section obtained by atomic force microscopy (AFM) in Figure S1, effectively removes the
organic resist yielding a final height about 55-60 nm. The time and the power of the oxygen plasma treatment are optimized to
ensure removal of the resist while preventing the melting of the gold nanoparticles.
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Figure S1. AFM image and modulation depth of the gold nanoparticles arrays after argon milling (a) and oxygen plasma (b) with
A=460 nm and D=120 nm.

The subsrates S1 (A=400 nm and D=215 nm) and S2 (A=500 nm and D=165 nm) are tailored to exhibit a localized surface
resonance in the vicinity of the laser line at 785 nm. Spectral changes in the transmission spectra for the sample S2 over the
plasmonic substrate are measured with both a focused and collimated beam and given in the Figure S2. The study of the
morphology performed by AFM for both substrates is outlined in Figure S3.
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Figure S2. Comparison of the LSPR spectra measured on the substrate S1 on a) series of spots with a large 1 mm diameter
arranged over 1 x 1 cm with collimated beam and b) on with focused beam diameter 3 um scanned over 200 x 200 um. Dashed
line in b) shows transmission spectrum measured with large diameter beam on the same sample for comparison.
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Figure S3. AFM observation of arrays of metallic nanoparticles carried by substrates S1 and S2.

SERS spectra were measured for 4-mercaptobenzoic acid, 4-aminothiophenol and 1,2-di(4-pyridyl)ethylene attached to a
substrate with arrays of gold nanoparticles with A=500 nm and D=165 nm. These SERS measurements were performed in
backscattering configuration at room temperature with x100 lens and a laser beam at A;=785 nm focused at a spot of 1 um in
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diameter. The power of the laser beam at the spot was about 2.5 uW and Raman spectrum was accumulated by 30 s. Artefacts
corresponding to cosmic rays were removed and raw spectra were compensated for the background. As Figure S4 shows, all
measured spectra show broad bands at around 1400 cm™ and 1900 cm, which are attributed to the glass substrate. 4-
mercaptobenzoic acid shows three peaks at Adg;=1065 cm™?, AAg,=1166 cm™ and AAgs=1576 cm™ with the intensity of 1166, 127
and 886 counts, respectively. Structurally similar 4-aminothiophenol shows three peaks at AAz;=1072 cm™, AAz;=1164 cm™ and
Mg,=1573 cm? with the intensity 1523, 185 and 1016 counts, respectively. 1,2-Di(4-pyridyl)ethylene shows three weaker peaks
at AAg;=1095 cm, AAz,=1600 cm™ and AAg,=1632 cm™ with the intensity of 162, 169, and 137 counts, respectively. These
observations agree with SERS spectra reported before for other plasmonic nanostructures.'3
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Figure S4. SERS spectra of a) 4-Mercaptobenzoic acid, b) 4-Aminothiophenol and c) 1,2-Di(4-pyridyl)ethylene measured on 10
spots arranged on a substrate with A=500 nm and D=165 nm (solid red line represents averaged signal).
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Actively Tunable Collective Localized Surface Plasmons

by Responsive Hydrogel Membrane

Nestor Gisbert Quilis, Marcel van Dongen, Priyamvada Venugopalan, Daria Kotlarek,
Christian Petri, Alberto Moreno Cencerrado, Sorin Stanescu, Jose Luis Toca Herrera,
Ulrich Jonas, Martin Méller, Ahmed Mourran, and Jakub Dostalek*

Collective (lattice) localized surface plasmons (cLSP) with actively tunable

and extremely narrow spectral characteristics are reported. They are supported
by periodic arrays of gold nanoparticles attached to a stimuli-responsive
hydrogel membrane, which can on demand swell and collapse to reversibly
modulate arrays period and surrounding refractive index. In addition, it
features a refractive index-symmetrical geometry that promotes the generation
of cLSPs and leads to strong suppression of radiative losses, narrowing

the spectral width of the resonance, and increasing of the electromagnetic
field intensity. Narrowing of the cLSP spectral band down to 13 nm and its
reversible shifting by up to 151 nm is observed in the near infrared part of the
spectrum by varying temperature and by solvent exchange for systems with

a poly(N-isopropylacrylamide)-based hydrogel membrane that is allowed to
reversibly swell and collapse in either one or in three dimensions. The reported
structures with embedded periodic gold nanoparticle arrays are particularly

localized surface plasmons (LSPs) origi-
nating from collective electron density
oscillations coupled with the associated
electromagnetic field. The plasmonic
materials rapidly find their applica-
tions in thin film optical devices for light
harvesting,’] in photocatalysis,! nano-
photonic circuits,”! amplified optical spec-
troscopy,l®! and sensors of chemical and
biological species.” Recent advances in
nanofabrication technologies allowed for
the development of facile tools for the
preparation of metallic nanostructures
with precisely tailored plasmonic charac-
teristics.®l However, such properties are
typically fixed as, after their preparation,
the metallic nanostructures cannot be

attractive for biosensing applications as the open hydrogel structure can be
efficiently post-modified with functional moieties, such as specific ligands, and
since biomolecules can rapidly diffuse through swollen polymer networks.

1. Introduction

Plasmonics provides an efficient means for nanoscale manipu-
lation of light!!] in order to push forward the miniaturization
and performance characteristics of a variety of optoelectronic
technologies.l 1t utilizes metallic nanostructures that support

reconfigured. In order to overcome this
limitation, there is pursued a new class
of plasmonic materials that can be on-
demand actuated and thus opens the door
for actively controlled nanoscale manipu-
lation with light”) These materials are
particularly important for integrated optics components such
as modulators,'% switches,['!l and polarizers!!'?l as well as in
plasmonic high resolution displays,*! and advanced sensing
platforms.[1

Several strategies have been explored for the reversible
actuating of LSPs supported by metallic nanostructures.'!
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In particular, materials capping metallic nanostructures and
exhibiting a tunable real part of the refractive index (by an
external stimulus such as light,['l temperature,'”] pH,[8l and
electric current’) were pursued capitalizing on the sensi-
tivity of LSPs to the optical density of surrounding medium.
In addition, simultaneously modulating both the real and the
imaginary part of the refractive index was demonstrated to
strongly and reversibly shift the LSP excitation wavelength via
electrochemical switching.?”) Another approach to actuate LSPs
was explored based on the near field coupling between metallic
nanoparticles with modulated gap distancel?"?2 and by dynami-
cally controlled far-field coupling to LSPs on periodic arrays of
aluminum nanoparticles.?3! Chemically synthesized plasmonic
nanoparticles were actuated by the pH-responsive polymer
brushes??l and the lithographically prepared aluminum
nanoparticles were attached to polydimethylsiloxane elas-
tomer!?3l and mechanically stretched to reversibly vary the arrays
period enabling tuning the excitation of LSP over the whole vis-
ible part of the spectrum. Besides controlling the surrounding
environment of plasmonic nanoparticles, also the SPR-active
material itself can be actuated as was showed by modulating the
concentration of charge carriers in graphene nanostructures
leading to strong spectral shifts of the plasmonic resonances in
the near and mid infrared part of the spectrum.?

The vast majority of the reported actuated plasmonic nano-
structures exhibit shifts in the LSPR wavelength that are smaller
than the actual spectral width of the resonance, mostly because
of employing absorbing materials.?>) Therefore complete
switching “off” and “on” of the resonances is not possible, which
limits the utilization of active plasmonic materials in the envis-
aged applications. To decrease the damping of LSPs, periodic
arrays of metallic nanoparticles can be embedded in refractive
index-symmetric geometry and thus exploit the diffraction cou-
pling between neighboring nanoparticles.?®! Such structures
can be designed to support collective (lattice) localized plasmon
(cLSPs) with decreased radiative losses, which is manifested as
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spectrally sharp plasmonic features*”! and is associated with
stronger field intensity enhancement!?®! compared to regular
LSPs. These characteristics make plasmonic nanostructures
supporting cLSPs attractive candidates for sensing of molecular
species,?’l enhanced optical spectroscopy,* light harvesting, 3!l
and lasing.3?l As refractive index symmetry is required, typi-
cally immersion oils are employed to match the refractive index
above and below the particle arrays in order to observe the
cLSPs on glass or silicon substrates.}3! Only recently the using
of low refractive index fluoropolymer layers enabled the excita-
tion of cLSPs in aqueous environmentsi# and self-assembled
metallic nanoparticle arrays embedded to tethered responsive
hydrogel layer and swollen in water were reported for switching
of cLSP resonances.®! The present paper reports on the imple-
mentation and strong actuating of cLSPs by using structures
that rely on responsive hydrogel materials. A new approach
to prepare periodic arrays of gold nanoparticles supported by
either free-standing or surface-attached thermo-responsive
poly(N-isopropylacrylamide)-based (pNIPAAM) hydrogel mem-
brane was developed by using laser interference lithography
combined with template stripping. The specific design of the
geometry enables active tuning of the cLSP excitation by revers-
ibly changing the refractive index symmetry as well as the lat-
tice periodicity. In addition, the hydrogel materials swollen in
aqueous environment provide the refractive index symmetry
suitable for plasmonic biosensing applications and superior
performance characteristics in refractometric-based surface
plasmon resonance biosensors are demonstrated.

2. Results and Discussion

Two types of structures with actuated plasmonic properties were
prepared. As Figure 1 illustrates, these structures comprise gold
nanoparticle arrays embedded on the top of surface-attached (A)
or free-standing (B) responsive hydrogel membrane. The arrays

OSTEMER
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v

(B) Free-standing arrays of Au NP

Figure 1. Schematic of the route for the preparation of gold nanoparticles arrays carried by A) tethered and B) free-standing pNIPAAm hydrogel film.
The swelling of the structures in one and three dimensions is sketched in the right part together with examples of prepared materials.
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of gold nanoparticles were fabricated by the UV laser inter-
ference lithography (UV-LIL) on a glass substrate that was
modified with an anti-sticking layer. For the preparation of
the surface-attached structure (A), the gold nanoparticles were
decorated with photoactive benzophenone moieties (linker A).
Then, pNIPAAm-based terpolymer with benzophenone groups
attached to its chain (polymer A) was deposited on their top
with a layer thickness of dj, = 0.28 um followed by its simulta-
neous crosslinking and attaching to gold by irradiation with UV
light. Finally, the structure was contacted and bonded to another
glass substrate with a thin elastic Ostemer layer carrying epoxy
groups. After the curing, the structure was stripped yielding
the gold nanoparticles arrays supported by a surface-attached
pNIPAAm-based terpolymer cushion. The second structure
with a free-standing hydrogel membrane (B) utilized arrays of
gold nanoparticles that were reacted with N,N’-bis(acryloyl)cys-
tamine (linker B). On their top, a pNIPAAm layer (polymer B)
with a thickness of d}, = 40 um was in situ synthesized upon UV
light irradiation. Contrary to the previous structure, the thicker
crosslinked polymer layer with embedded periodic arrays of
gold nanoparticles was detached by its swelling in ethanol in
order to form a free-standing membrane.

2.1. Morphology of cLSP Arrays

The period A and diameter D of the arrays of gold nanoparticles
was controlled in the range A =360-560 nm and D=110-200 nm,
respectively, by adjusting the UV-LIL parameters.;’®l Figure 2a
shows an example of the topology of gold nanoparticle
arrays prepared on glass substrate prior to the attachment of

www.advopticalmat.de

pNIPAAm-based polymer. The topology was observed by atomic
force microscopy (AFM) and it reveals cylindrically shaped
gold nanoparticles with a height of about h = 50 nm. As seen
in Figure 2b, the height of the structure decreases after the
embedding of gold nanoparticles to a pNIPAAm polymer layer
in a surface-attached geometry (A). The pNIPAAm polymer
networks in such structure swell when brought in contact
with water (kept below the local solution critical temperature—
LCST), which lifts up the nanoparticle arrays by the formed soft
hydrogel cushion exhibiting low Young modulus.l’”! Then, the
in situ AFM does not capture the presence of gold nanoparti-
cles as indicated by Figure 2c. The measured topology of the sur-
face shows irregular features that can be attributed to the lateral
stress-induced buckling of a thin hydrogel film that, due to sur-
face attachment, is allowed to swell only in the direction perpen-
dicular to the surface. Interestingly, the periodic pattern of gold
nanoparticles suspended in swollen hydrogel retains its periodic
arrangement as observed by the complementary optical meas-
urements of structure B with a high numerical aperture lens,
see the inset of Figure 2c. When increasing the temperature
above pNIPAAm LCST of Tjcgr = 32 °C, the hydrogel polymer
network collapses, the Young modulus increases, and the AFM
performed in water again reveals the periodic arrays of gold
nanoparticles as documented by Figure 2d. In this figure, small
protrusions with characteristic size of about hundred nanom-
eters can be seen as dark spots in the structure topology. Such
domains were observed after the swelling and subsequent drying
of similar hydrogel films (without embedded gold nanoparticle
arrays) and they were attributed to the effect of “skin barrier”
that was reduced by the incorporation of polar methacrylic acid
to the polymer backbone (polymer A).B3¢

Collapse
v

S

Figure 2. AFM observation of gold particle arrays on a) glass substrate after the UV-LIL fabrication (prepared with A =560 nm, D =150 nm), b) after
their embedding to pNIPAAm-based polymer in a structure A followed by the rinsing with water and drying at a temperature above the pNIPAAM
LCST (both images were taken in air). Observation of the tethered structure A in contact with water c) at T= 30 °C in swollen state and d) at T=40 °C
in the collapsed state. The inset in figure (c) represents an optical microscopy image of the swollen free-standing hydrogel film (structure B prepared
with A =360 nm, D =140 nm) in water at room temperature.
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Figure 3. Angular-wavelength transmission spectra measured for the tethered structure A in contact with water at T = 22 °C. The spectra were
measured with TE polarization and the diameter of gold nanoparticles was varied as a) D =150 nm, b) D=125 nm, and c) D =110 nm while the period
was set to A =460 nm. d) Schematics of the used geometry with arrays of gold nanoparticles that are probed by an incident optical wave.

2.2. Optical Characteristics of cLSP Structures

The changing of temperature below or above Tjcsr of used
thermo-responsive pNIPAAm polymer networks is accompanied
by abrupt volume changes. These changes are associated with
the polymer density variations, which translate to the modulating
of hydrogel refractive index m,. The surface-attached pNIPAAmM
layer in its hydrated swollen state (T < Tjcgr) exhibits a low
refractive index of ny, = 1.36 while in its collapsed state (T> Tjcg7)
the refractive index increases to ny, = 1.46. These parameters were
measured by optical waveguide spectroscopy combined with sur-
face plasmon resonancel®¥ for the layer used in the geometry A.
The measurements revealed that the swelling of the film perpen-
dicular to its surface leads to the increase in its thickness from
dy, =275 nm to about 1 um (data not shown). In its swollen state,
the prepared pNIPAAm hydrogel exhibits a refractive index n,
that is close to that of water ny = 1.33, which generates nearly
symmetrical geometry around the arrays of gold nanoparticles.
Such configuration promotes the diffraction coupling of LSPs
supported by individual gold nanoparticles and it leads to the
establishment of collective (lattice) modes—cLSPs. As investigated
before, such modes occur when the spectral position of diffrac-
tion Rayleigh anomaly Ay, is in the vicinity to LSP wavelength
Aisp2% In order to tune the spectral distance between A;gp and
Aga, the diameter D of gold nanoparticle arrays was adjusted for a

Adv. Optical Mater. 2019, 7,1900342 1900342 (4 of 11)

period fixed at A = 460 nm. As reported before, varying diameter
of arrays of gold nanoparticles from D =150 to 110 nm leads to a
shift of the A;sp by 50 nm.B% Therefore, decreasing the diameter
D was utilized to push A;sp closer to the Rayleigh anomaly and
thus to generate the cLSP mode. Such behavior is observed in the
measured angular—wavelength transmission spectra presented
in Figure 3. In these data, one can see a characteristic V-shaped
feature centered at Agp = Any, =620 nm, which corresponds to the
splitting of Az, when deviating the incident angle 6. At longer
wavelengths, there can be seen a dip associated to the resonant
excitation of LSPs that is shifting from 700 to 650 nm when
decreasing the diameter D. Importantly, the LSP resonance
wavelength A;p become angular dispersive and its spectral
width AAd;sp decreases when decreasing D, which can be attrib-
uted to its gradual shifting to the vicinity to Az, and diffraction
coupling of cLSPs. The dispersive cLSPs band is observed for the
transversally electric polarization of the incident beam (TE, with
the electric field intensity vector parallel to the surface) as illus-
trated in Figure 3d showing the schematics of the geometry.

2.3. Actuating of cLSPs Arrays

The spectrally narrow resonances associated with the excita-
tion of cLPSs can be actuated by breaking the refractive index

© 2019 Austrian Institute of Technology. Published by WILEY VCH Verlag GmbH & Co. KGaA, Weinheim

54



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

symmetry or by varying the arrays period A. The surface-
attached structure A is allowed to swell and collapse only in
perpendicular direction and thus only changing the refrac-
tive index symmetry is possible. The free-standing structure
B is allowed to swell and collapse also in the lateral direction
and therefore one can take advantage of the combined effect
of modulating the arrays period A and refractive index ny.
The first approach was tested for the architecture A with
A =460 nm and D = 110 nm. As can be seen in Figure 4a,
the temperature-triggered variations in the refractive index
Any, =0.10 induced a reversible shift in the spectral position of
cLSP resonance A;gp. The shift of 64, ¢p = 18.5 nm was meas-
ured in the transmission spectrum for the normally incident
optical beam 6 = 0°. In addition, it illustrates that the perturba-
tion of refractive index symmetry by the increasing of tempera-
ture leads to an increase in the spectral width of the resonance
from Ald;sp = 38 nm in swollen state (cLSPs are excited) to
Alrsp = 73 nm when the hydrogel is collapsed (regular LSPs
are excited). Similar experiment was carried out for the struc-
ture B carrying arrays of gold nanoparticles with A = 360 nm
and D = 140 nm on the top of free-standing hydrogel mem-
brane. When swollen in water at a temperature below Ty gy, the
structure expands in lateral direction and the period of arrays
increases to about A = 525 nm, which is manifested as a shift
of the first diffraction order Rayleigh anomaly to A, = 700 nm.
As Figure 4b shows, the spectral position of the cLSPs is then
located at a longer wavelength of A;sp = 747 nm and exhibits
the spectral width Ad;sp = 66 nm. This width is wider com-
pared to that for the surface-attached structure (A), which can
be attributed to the larger diameter D of used nanoparticles.
When increasing the temperature above the NIPAAm Tjcs,
the spectral position A;sp shifts opposite compared to the struc-
ture A toward shorter wavelength of A;gp = 686 nm and the
spectral width increases to Ad;sp = 120 nm. The reason for
the blueshift of the resonance is the decreasing of the period
A below 380 nm due to the shrinking of the structure, which
stronger impacts the resonance compared to the increase of
refractive index n, (that redshifts the resonance position). It
is important to note that the observed temperature actuating
of responsive hydrogel membrane is accompanied with more
than one order of magnitude stronger refractive index changes
Any, compared to that occurring for water in the used tempera-
ture range.3% Interestingly, when incubating the structure in
ethanol, both Az and A;gp are redshifted to 820 and 838 nm,
respectively, and the spectral width of LSP resonance decreases
to Arsp = 22 nm. This observation can be explained by the fact
that ethanol acts as a better solvent than water. Therefore, the
period is prolonged to about A = 600 nm and refractive index
of more swollen hydrogel m;, is closer to that of the solvent n,.
In addition, the refractive index of ethanol ng is higher than
that of water, which further contributes to the red spectral shift.
The performed measurements reveal that reproducible revers-
ible shifts of 0A;sp = 61 nm were obtained by the repeated
switching between the collapsed and the swollen state in water
through modulating temperature T. Even stronger shifts of
OArsp = 151 nm were observed for the changing of solvent
between ethanol and water at a temperature above Tjcgt. It is
worth of mentioning that the pNIPAAm-based hydrogel film
does not exhibit thermo-responsive behavior in ethanol*! and

Adv. Optical Mater. 2019, 7,1900342 1900342 (5 of 11)
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Figure 4. Transmission spectra measured for a) tethered structure
(A, prepared with A = 460 nm, D =110 nm) and b) free-standing struc-
ture (B, prepared with A =360 nm, D =140 nm) in contact with water at
T=22°C (blue curve), T=45 °C (red curve), and in contact with ethanol
(green curve) at room temperature for the normally incident beam 6=0°.
c) Measured changes in the wavelength A sp upon series of five cycles of
swelling and collapsing in H,O and in ethanol for tethered (bottom) and
free-standing (top).

thus changing temperature T does significantly affect the cLSP
resonance in this solvent. The variations in A, sp are fully revers-
ible and no changes were observed after more than five cycles
of swelling in different solvents and modulated temperature,
see Figure 4d.
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2.4. Numerical Simulations

Based on the FDTD method, series of transmission spectra and
distribution of near field intensity were simulated for the struc-
ture B that resembles arrays of gold nanoparticles on the top of
the actuated free-standing hydrogel membrane (see Figure 4b).
The simulated transmission spectra are presented in Figure 5
and they were obtained for the geometry describing the col-
lapsed structure in water (I), swollen structure in water (II), and
swollen structure in ethanol (III). These data show that the spec-
tral positions of transmission dips A;gp associated with the res-
onant coupling to LSPs closely match the experimental values
while the spectral widths [AA;gp = 115 nm (I); Adsp = 34 nm
(I1); AArsp = 13 nm (III)] are narrower compared to experimental
values [AA;sp = 120 nm; Aligp = 66 nm; A gp = 22 nm, respec-
tively]. These discrepancies can be attributed to slight variations
in the morphology of the prepared gold nanoparticle arrays over
the measured surface area.’®! The near field simulations were

www.advopticalmat.de

carried out for the wavelengths A;sp corresponding to the reso-
nant excitation of LSPs. For the nonsymmetrical configuration I
(when regular LSPs are excited) the field intensity enhancement
peaks at the gold nanoparticle wall and decays when increasing
the distance from the wall of gold nanoparticle. When normalized
with the electric intensity of the incident beam, the field inten-
sity enhancement at the nanoparticle walls yields |E/Ey* = 100.
For the geometry resembling the nanoparticle arrays on hydrogel
cushion swollen in water II, the establishing of cLSPs leads to
stronger maximum field intensity enhancement of |E/Ey|* = 375.
Moreover, the increasing of the period A by swelling in ethanol
(IIT) shifts the resonance closer to the Rayleigh anomaly Aga
and the field intensity enhancement reaches a value as high
as |E/Eyf> = 814. The confined LSP field intensity probes to
the distance of d = 14 nm (field intensity drops to half) for the
geometry I and the mode supported at longer wavelengths on
the structure III exhibits more delocalized field intensity profile
probing up to the distance of 17 nm, see Figure 5c.

Electric field
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n,=1.46, A sp=708 nm
(collapsed in H,0)

I - A=525 nm, n,=1.33,
n,=1.34, A gp=764 nm
(swollen in H,O)

Distance from the wall d [nm]

III - A=600 nm, n,=1.36,
n,=1.37, A .gp=834 nm
(swollen in ethanol)

Figure 5. a) Simulated transmission spectra, b) spatial distribution electric field amplitude, and c) cross-section of the electric field intensity averaged
over walls of gold nanoparticle arrays (with D = 140 nm) for the geometry experimentally determined for the free-standing structure B observed in
Figure 4. The parameters used to represent the collapsed state in water (I, red), swollen state in water (Il, blue), and swollen state ethanol (I, green)
are stated at the bottom of the figure.
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2.5. Refractometric Sensing Measurements

The examined surface-attached structure A was prepared
by using a pNIPAAm-based terpolymer with incorporated
methacrylic acid that can be post-modified with biomole-
cules in order to serve as a large capacity binding matrix in
affinity biosensors. This functionality was already demon-
strated in a variety of assays based on refractometric surface
plasmon resonancel®®*! and surface plasmon-enhanced fluo-
rescencel*?! with amine coupling of ligand biomolecules!*!
that are specific to target analyte. The probing of target ana-
lyte biomolecules that diffuse through hydrogel open polymer
networks and become affinity captured can be performed by
the enhanced intensity of cLSP field. This approach holds
potential for improved sensitivity compared to classical LSP
resonance sensors due to the narrower resonance of cLSPs
resonances and thus improved figure of merit. The figure of
merit (FOM) can be defined as a ratio of refractive index sen-
sitivity of LSP resonant wavelength 6A;gp/0n, and the width of
the resonance AA;gp.

First, we investigated the dependence of the width of the spec-
tral band AA;sp, on the angle of incidence 6 for the structure A
with A =460, D =110 nm, and swollen hydrogel cushion. As seen
in Figure 3, the overlapping of the Rayleigh anomaly Az, with
Arsp can be adjusted by varying 6, which thus provides an addi-
tional facile handle to control the cLSPs damping. The measured
transmission spectra presented in Figure 6a show that increasing
0 leads to the splitting of the cLSP resonance and its long wave-
length branch is redshifted and its spectral width AA;gp is gradu-
ally decreased due to the approaching of Az to A;sp. These obser-
vations are summarized in Figure 6b and show that the increase
of the angle of incidence 6 from 0° to 8° shifts A;sp from 655 to
695 nm and is accompanied with a decrease of the full width in
the half minimum of the resonance AA;gp from 38 to 13 nm.

Second, we observed the refractive index sensitivity of pre-
pared structure OA;sp/dng for the same structure. Aqueous
solutions spiked with sucrose were prepared to control the
refractive index ny between 1.330 and 1.339 refractive index
units (RIU). These solutions were sequentially flowed over the
plasmonic structure surface and transmission spectra were
measured for the angle of incidence 6 = 8°. As can be seen in
Figure 7a, increasing of the refractive index n is accompanied
with a redshift of the cLSP wavelength A;sp and the refractive
index sensitivity of 0A;sp/Ong = 372 nm/RIU was measured. As
summarized in Table 1 for other investigated geometries, this
sensitivity is higher compared to that measured for the col-
lapsed hydrogel cushion as the swollen polymer networks sup-
porting the nanoparticle arrays enables accessing of the whole
volume probed by cLSPs for sensing. In a nutshell, the using of
hydrogel membrane carrying arrays of gold nanoparticle allows
tightly overlapping the A;sp and Ay, leading to a figure of merit
reaching values as high as FOM = 29 in aqueous environment.
In addition, the hydrophillic hydrogel networks can be post
modified with capture proteins as was demonstrated for cova-
lent attaching of IgG antibodies, which has been manifested as
a shift of 6 nm in the data presented in Figure 7b.

The developed material provides FOM above the values
reported before for other plasmonic nanoparticle arrays sup-
porting cLSPs on quartz substrate with refractive index
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Figure 6. a) Wavelength transmission spectra measured for a tethered
structure A as a function of the angle of incidence 6. The measurement
was done in TE polarization at T=22 °C (swollen state) for a structure with
A =460 nm and D =110 nm. b) Dependence of LSP wavelength position
Aisp and the spectral width (FWHM) AA sp on the angle of incidence 6.

symmetrical geometry generated by using high refractive index
oils, 3 which makes the structure not suitable for biosensing
applications. The response to the IgG antibody coupling is
about three times larger than the variations recorded (1-2 nm)
for a similar plasmonic architecture supporting cLSPs in
water, composed of Au nanodisks arrays prepared on top of
a low refractive index fluoropolymer (Cytop, refractive index
of 1.34).Y This can be explained by the larger probing volume
and higher binding capacity conferred by the 3D hydrogel
polymer networks compared to that of this architecture
relying on a 2D self-assembled monolayers capping the Au
nanoparticles. Moreover, it is important to note that fluoropoly-
mers (contrary to the used hydrogel) are not suitable for chem-
ical modification and are prone to unspecific sorption from com-
plex samples, which complicates their utilization in biosensing.

3. Conclusion

New responsive architectures enabling remarkably strong
modulation of extremely spectrally narrow localized surface
plasmon resonances are reported. These structures are made
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Figure 7. Measured dependence of LSP transmission spectra for teth-
ered structure A on a) refractive index of a liquid brought in contact
with the arrays of gold nanoparticles (prepared with A = 460 nm and
D=110nm) and b) measured transmission changes due to the post-mod-
ification of the pNIPAAm-based polymer network with IgG biomolecules
(structure prepared with A =460 nm and D = 150 nm). Measurements
were performed at the angle of incidence 0= 8°.

by a technique based on template stripping combined with
UV laser interference lithography. It allows for the prepara-
tion of hybrid structures with arrays of plasmonic nanoparti-
cles attached to a thermo-responsive hydrogel membrane with
tunable period and surrounding refractive index. Compared to
other approaches that combine self-assembly of synthetically-
made spherical metallic nanoparticles and thermo-respon-
sive polymer for actuating of hexagonal arrays with domain
size <mm,*! the reported approach offers more versatile prepa-
ration means with controlled shape of nanoparticles and lattice
configurations over larger areas with characteristic size >cm,
and it enables actuating of the arrays period for free-standing
membrane configuration. We demonstrate that the tempera-
ture modulation or exchanging the solvent allows for reversible
shifting of plasmonic resonances in the near infrared part of
the spectrum by up to 150 nm, which exceeds the spectral
width of the resonance as low as 13 nm and allows its complete
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switching “on” and “off.” The potential capabilities for bio-
sensing with the tethered configuration employing a hydrogel
that can be post-modified with protein ligands are assessed for
the refractometric localized surface plasmon resonance bio-
sensors, where a figure of merit as high as 29 was observed.
The plasmonic architectures with on-demand tunable optical
properties also hold potential to be employed as active plas-
monic substrates in other biosensor modalities taking advan-
tage of plasmonically amplified optical spectroscopy!'”% and
in miniature machines.*’”! For instance, the tunable plasmonic
wavelength may find its applications in multiplexed plasmon-
enhanced fluorescence sensing or for the fine-tuning of sur-
face-enhanced Raman spectroscopy enhancement for specific
vibration bands.

4. Experimental Section

Materials: Trichloro(1H,1H,2H,2H-perfluorooctyl)silane  (perfluoro-
silane) was obtained from Sigma-Aldrich (Germany). S1805 and A-Z303
from Microresist Technology (Germany) were employed as positive
photoresist and its developer, respectively. Ostemer 322 Crystal Clear
was purchased from Mercene Labs AB (Sweden). Polydimethylsiloxane
Sylgard 184 was obtained from Dow Corning (USA). Dimethyl sulfoxide
(DMSO), N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC), and immunoglobulin G
(IgG) antibody from mouse serum were purchased from Sigma-Aldrich
(Germany). Bis(acryloyl)cystamide (BAC, 98%) was from Alfa Aesar
(Germany). N,N’-Methylenebis(acrylamide) (99%), 2-hydroxy-4-(2-
hydroxyethoxy)-2-methylpropiophenone (98%), and tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP, 298%) were acquired from Sigma-Aldrich
(Germany).  N-Isopropylacrylamide  (97%) from  Sigma-Aldrich
(Germany) was recrystallized from hexane and stored under nitrogen
in the fridge until needed. In addition, a pNIPAAm-based terpolymer
(composed of N-isoproprylacrylamide, methacrylic acid, and N-(4-
benzoylphenyl)prop-2-enamide at a ratio of 94:5:1) together with
benzophenone-disulfide was synthesized as reported elsewhere.[*?]

Preparation of Gold Particle Arrays: Perfluoro-silane was vapor
deposited onto the surface of BK7 glass substrates. Briefly, the substrate
was placed into an evacuated desiccator with the volume of 5.8 L and
together with 13 pL of perfluorosilane heated to T =250 °C for 20 min.
Then, the substrate was removed and coated by a 50 nm thick gold film
by vacuum evaporation (HHV AUTO 306 from HHV LTD) in vacuum
better than 2 X 107® mbar. Afterward, the gold layer was structured in
order to yield periodic arrays of plasmonic nanoparticles. First, 100 nm
thick S1805 resist layer was spun on top of the gold surface, followed by
the recording of a periodic pattern by UV laser interference lithography
according to protocol reported before.l*¥! Coherent beam was emitted at
a wavelength of 325 nm from a HeCd laser (IK 3031 R-C from Kimmon,
Japan) and exposure time was adjusted for the recording to yield an
irradiation dose of 6.75 m) cm™2. The beam was split to two interfering
collimated waves with the angle between them set to 26.83°, 20.69°,
and 16.87°, which translates to periodicities A of 360, 460, and 560 nm
respectively. The pattern recorded in the photoresist layer was developed
by AZ-303 developer forming periodic arrays of photoresist cylindrical
features. The diameter of the photoresist features was adjusted by
varying the development time between 150-240 s. Finally, the relief
photoresist structure was transferred to the underneath gold layer by
ion etching (450 s, 70°) with the lonSys 500 instrument from Roth &
Rau (Germany). The remaining photoresist on top of the prepared gold
nanoparticles was removed by an oxygen plasma treatment (5 min,
1 mbar and 40 W).

Attachment of the Gold Nanoparticles to a Tethered Hydrogel Cushion:
First, the perfluoro-silane was deposited again in between the gold
nanostructures on BK7 glass substrate, as described above. Afterward,
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Table 1. Overview of actuating of LSP wavelength for tethered and free-standing structures and comparison of refractive index sensitivity to variations

in the bulk refractive index n.

Geometrical parameters SALsp [nm] Alisp [nm] OAysp/Ons [nm/RIU] Alisp [nm] OAisp/Ons [nm/RIU]
T=122-45°C Swollen T=22 °C Swollen T=22°C Collapsed T=45 °C Collapsed T =45 °C

A) Tethered hydrogel structure

A=1460 nm 18.5 38 (§=0°) 373 73 (0=0°) 190

D=110 nm 3(6=8)

A=460nm 28.6 8 (6=0°) 327 75 (6=0°) 134

D=150 nm 45 (9 8°)

A =560 nm 29.5 56 (§=0°) 475 98 (6=0°) 329

D =150 nm 35 (60=28°)

A =560 nm 28.2 135 (6=0°) 463 96 (6=0°) 246

D =200 nm 102 (0=8°)

B) Free standing hydrogel structure

A=360nm 61 (H,0) 66 (H,0) - 120 -

D =140 nm 151 (EtOH) 22 (EtOH)

the substrate was incubated overnight in a 1 x 107 m solution of
benzophenone-disulfide dissolved in DMSO in order to form a self-
assembled monolayer on the gold nanoparticles. Then a 3 wt%
ethanolic solution of the pNIPAAm-based terpolymer was spun at
2000 rpm for 60 s on the substrate, and dried overnight at T = 50 °C
in a vacuum oven. The resulting film with a thickness of about 275 nm
was crosslinked via the benzophenone moieties attached to the polymer
chains by the irradiation with UV-lamp at a wavelength of 365 nm
(irradiation dose of 10 ] cm™2). Subsequently, a drop of Ostemer resin
was deposited onto the surface of another clean BK7 glass substrate and
spread by pressing a flat block of PDMS on top of the droplet to form a
thin layer. The Ostemer was pre-cured by irradiation with UV light at a
wavelength of 365 nm (irradiation dose of 2 ] cm™2) through the PDMS
block. Then the PDMS block was peeled-off and the substrate with the
pre-cured Ostemer surface was pressed against the previously prepared
gold nanoparticle arrays covered with the crosslinked pNIPAAm-based
film. The elastic pre-cured Ostemer was overnight allowed to bind to the
pNIPAAm-based surface via its epoxy groups at T = 50 °C. Finally, the
hydrogel film with attached gold nanoparticle arrays was separated from
the perfluoro-silane modified BK7 substrate, see Figure 1.

Attaching Gold Nanoparticles to Free-Standing Hydrogel Cushion: The
functionalization of gold nanoparticles with a thiol-acrylates was done
by the in situ generation of N-(2-mercaptoethyl)acrylamide through
the reduction of BAC with TCEP. In a typical experiment 10.42 mg
(2 X 107 M) of BAC and 11.47 mg (2 x 107> m) TCEP were added to
20 mL of ethanol, and the mixture was heated to help dissolving the
solids. The gold nanoparticles arrays were incubated in the freshly
prepared solution for 1 h, followed by washing with ethanol and drying
with a stream of dry nitrogen. Afterward, pNIPAAm film was polymerized
on the top of this surface by using 1 g N-isopropylacrylamide
monomer, 13.6 mg N,N’-methylenebis(acrylamide) as a crosslinker and
19.8 mg 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone as a
photoinitiator dissolved in DMSO. The polymerization was made in a
home-built cell with a height of about 40 um under UV-irradiation in
nitrogen environment (O, < 0.5%). The final structures were obtained
by releasing the hydrogels by overnight incubation in ethanol yielding
free-standing polymer networks with the gold particles upon drying.

Morphological Characterization: Atomic force microscopy in tapping
mode was employed to study the topography of the tethered hydrogel
film with arrays of gold nanoparticles. The measurements in air were
performed by PicoPlus (Molecular Imaging, Agilent Technologies, USA),
while the measurements in water were carried out by Nanowizard
Il (JPK Instruments, Germany) with temperature control by a Peltier
element in the flow cell. The surfaces were probed by silicon nitride
cantilevers DNP-S10 (Bruker, USA) with a nominal spring constant of
0.24 N m~'. Optical microscopy observation of nanoparticle arrays was
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performed with a Nanopsis M instrument (Nanopsis Ltd., UK) utilizing
super-resolution microsphere amplifying lens with a focal length of
1-2 um (using a 20 pm diameter barium titanate microsphere attached
to the amplifying lens).

Optical ~ Spectroscopy of c¢LSPs:  Transmission  spectroscopy
measurements were carried out using an in-house developed optical
system that was described in detail before.35#1 Briefly, a sample with
arrays of gold nanoparticles was mounted on a rotation stage driven
by a stepper motor from Huber GmbH (Germany), in order to control
the polar angle of collimated polychromatic light beam 6 impinging at
its surface. The sample was interfaced with a flow-cell consisting of a
thin PDMS gasket and transparent quartz substrate. The flow-cell with
a volume of about 10 pL was temperature controlled by using a Peltier
devicel'” that was connected to a driver LFI3751 from Wavelength
Electronics (USA). The spectrum of light that passed through the
sample was recorded by the spectrometer HR4000 from Ocean Optics
(USA) or Shamrock SR-3031-B from Andor Technology (Ireland). The
data were acquired and analyzed by a home-developed software in
Labview from National Instruments (USA) or the software Solis from
Andor Technology (UK). The acquired transmission spectra were
normalized with the reference spectrum measured without the sample
and corrected for the dark signal. Transporting of liquid samples through
the flow-cell was conducted via fluidic tubing Tygon and a peristaltic
pump from Ismatec (Switzerland) at a flow rate of 50 puL min™". In
refractometric experiments, a series of water samples were spiked with
sucrose at a concentration between 2% and 6% (sucrose increases the
refractive index by 1.5 X 1073 refractive index units per %). The in situ
post-modification of tethered pNIPAAm-based hydrogel was carried
out incorporating 1gG antibodies. The carboxylic groups carried by the
crosslinked terpolymer were reacted with a mixture of EDC (75 mg mL™)
and NHS (21 mg mL™") in water for 30 min. After rinsing with phosphate
buffered saline (PBS), IgG protein dissolved (50 pg mL™") in acetate
buffer (pH = 4) was flowed over the hydrogel surface for 60 min and
finally rinsed with PBS.

Numerical Simulations: The finite difference time domain (FDTD)
method that was implemented in a commercial software from Lumerical
Inc. (Canada) was employed. The geometry of nanoparticle arrays was
described by using Cartesian coordinates with the x and y axis in the
plane and with z axis perpendicular to the plane of the arrays. A single
unit cell with a uniform mesh size of 2 nm in all three directions was used
to calculate the near field electric intensity and the far-field transmission
spectra. Convergence checks lead to the conclusion that this mesh size
was sufficient for accurate results. A transmission monitor was placed
0.4 um below the nanoparticle arrays and a 2D monitor in the xz-plane
was employed for simulating near field distribution of the electric field
intensity. The perfectly matched layers (PML) above and below the
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structure and periodic Bloch boundary conditions in x- and y-direction
were employed. Optical constants of gold were taken from literature.%
Refractive index of a collapsed hydrogel membrane was estimated as
ny, = 1.46, that of the membrane swollen in water as n, = 1.34 (refractive
index of solvent ng = 1.331 at 700 nm and T = 25 °C), and after swelling
in ethanol as n, = 1.36 (refractive index of water ny = 1.359 at 700 nm
and T = 20 °C). These values were obtained assuming the volumetric
swelling ratio in water of 8 (same material showed swelling in each
direction of about 2 as observed for micro-disks!'’#%l) and by relating
this swelling ratio to data measured for similar thin hydrogel films with
same volume swelling ratio.['”]
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ABSTRACT: A novel approach to local functionalization of plasmonic hotspots at
gold nanoparticles with biofunctional moieties is reported. It relies on photo-
crosslinking and attachment of a responsive hydrogel binding matrix by the use of a ~ .~
UV interference field. A thermoresponsive poly(N-isopropylacrylamide)-based ~
(pNIPAAm) hydrogel with photocrosslinkable benzophenone groups and carboxylic
groups for its postmodification was employed. UV-laser interference lithography with
a phase mask configuration allowed for the generation of a high-contrast interference
field that was used for the recording of periodic arrays of pNIPAAm-based hydrogel

Thermo-responsive
Phase mask POY™Mer Ve ﬂg&

e Recording

W UV field

>
>~

features with the size as small as 170 nm. These hydrogel arrays were overlaid and

attached on the top of periodic arrays of gold nanoparticles, exhibiting a diameter of 130 nm and employed as a three-dimensional
binding matrix in a plasmonic biosensor. Such a hybrid material was postmodified with ligand biomolecules and utilized for plasmon-
enhanced fluorescence readout of an immunoassay. Additional enhancement of the fluorescence sensor signal by the collapse of the
responsive hydrogel binding matrix that compacts the target analyte at the plasmonic hotspot is demonstrated.

B INTRODUCTION

A variety of naturally occurring or synthetic biopolymers has
been tailored for specific biomedical' and analytical®
applications, and among these, stimuli-responsive polymers
represent particularly attractive “smart” materials capitalizing
on their ability to undergo physical or chemical changes
triggered by an external stimulus.”™ Such materials can be
incorporated into architectures that are on-demand actuated
by stimuli, including temperature, pH, or electric current.”"* A
prominent example of a responsive polymer is the poly(N-
isopropylacrylamide) (pNIPAAm), which is well-known for its
thermoresponsive behavior. pPNIPAAm exhibits a lower critical
solution temperature (LCST) with pronounced and fully
reversible hydrophobic-to-hydrophilic transition close to the
body temperature.” pNIPAAm has been utilized in drug
delivery micro/nanogels,10 for modulating cellular interac-
tions,” ' biosensors,'” and in opto-responsive coatings."

The nanoscale patterning of responsive polymer materials is
important to let them serve in diverse areas ranging from
sensing,'* optical components,"> and catalysis'® to tissue
engineering'’ and cell biology.'® Self-assembly represents a
widely used method for the preparation of nano- and micro-
structures based on, for instance, block-copolymer that
combines hydrophobic and hydrophilic segments.'”*’ In
addition, casting of microstructures by polymerization in
template cavities has been utilized for the fabrication of
miniature responsive polymer objects actuated in aqueous
solution.”’ To prepare structures that are attached to a solid
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surface, photolithography has been extensively used for various
types of responsive polymer structures.”” Shadow mask
photolithography-based methods typically enable facile
means for the patterning of microstructures over macroscopic
areas. To gain finer nanoscale control of the morphology of
responsive polymer structures, electron beam lithography was
employed for the structuring on a small footprint.”>** In
addition, UV nanoimprint lithography has been introduced to
harness both nanoscale precision and compatibility with
scaled-up production.” This method is based on a transfer
of a target motif carried by a stamp to a polymer layer by the
subsequent polymerization”® or photocrosslinking.”’

Metallic nanostructures can be incorporated into responsive
polymer architectures to provide means for their optical
actuating”®”*” or to be employed for the optical readout in
bioanalytical applications.’® Metallic nanostructures support
localized surface plasmons (LSPs) that tightly confine the
electromagnetic field in their vicinity through its coupling with
collective charge density oscillations. The resonant excitation
of LSPs is accompanied by a strongly enhanced electro-
magnetic field intensity,31 locally increased ternperature32 or,
for instance, an emission of hot electrons.”> In bioanalytical
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Figure 1. (a) Optical configuration of the UV-laser interference lithography with Lloyd’s mirror configuration (left) and the phase mask
configuration (right). (b) Simulations of the interference field generated by Lloyd’s mirror configuration (left) and developed phase mask (right).
(c) Schematics of the phase mask carrying four circular transmission gratings marked as a, b, ¢, and d. (d) Schematics of the overlapping of
collimated waves at the recording plane with zero-order T, and first-order diffracted T,,_; beams.

sensing applications, the LSPs are utilized for the probing of
target molecules that are brought in contact with the metallic
nanoparticles. In affinity-based plasmonic biosensors, mostly
thiol self-assembled monolayers are deployed at the two-
dimensional (2D) surface of plasmonic nanoparticles for
attaching of ligand molecules that specifically capture target
molecules from the analyzed liquid sample.”” In general, the
sensitivity of LSP-based biosensors can be advanced by
strategies that allow for selective capture of target analytes
only at the regions where the electromagnetic field is confined
(e.g, edges and walls of cylindrical gold nanoparticles),
commonly referred as to “plasmonic hotspots”. To deploy
ligand molecules that specifically capture target species at the
plasmonic hotspot, 2D surface architectures were combined
with lithography-based strategies generating masks.”” * In
addition, other strategies, including material-orthogonal
chemistries,”” surface plasmon-triggered polymerization,”®
and surface plasmon-enhanced two-photon cleavage of photo-
sensitive organic moieties,”” have been reported to attain local
functionalization of metallic nanostructures.

The LSPs typically probe rather small subareas of the
metallic nanoparticles, and their field reaches only a short
distance of several tens of nanometers away from their
surface.” Therefore, the performance of various LSP-based
biosensor modalities is hindered by the reduced probability of
analyte capture in these narrow spatial zones, where the
electromagnetic field is confined. The use of biointerfaces
composed of 3D polymer brushes or networks provides means
to increase the surface area and respective binding
capacity,*""** offering higher capture probability of the target
analyte in the hotspot zones probed by LSPs. The present
paper reports on the local attachment of a 3D hydrogel binding
matrix in the vicinity of well-ordered gold nanoparticles, which
can be postmodified for specific affinity capture of target
analytes and actuated for their compacting at the plasmonic
hotspot.

B METHODS

Materials. OrmoPrime08, S1805 and SU-8 photoresist,
SU-8 2000 thinner, and an AZ303 developer were purchased
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from Micro Resist Technology (Germany). Dimethyl sulfoxide
(DMSO), acetic acid, propylene glycol monomethyl ether
acetate, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) were obtained from Sigma Aldrich (Germany).
pNIPAAm-based terpolymer composed of N-isopropylacryla-
mide, methacrylic acid, and 4-methacryloyloxybenzophenone
(in a ratio of 94:5:1), benzophenone disulfide, and 4-
sulfotetrafluorophenol (TFPS) were synthesized in our
laboratory as previously reported.** "

IgG from mouse serum (mlgG, I 5381), Tween 20 (P9416),
and bovine serum albumin (A2153) were purchased from
Sigma Aldrich (Austria). Phosphate-buffered saline (PBS) and
sodium acetate were obtained from VWR Chemicals (Austria).
Alexa Fluor 790 goat anti-mouse IgG (a-mlgG, A11375) was
acquired from Life Technologies (Eugene, OR).

Optical Configuration of Laser Interference Lithog-
raphy. A He-Cd laser (IK 3031 R-C) from Kimmon (Japan)
emitting at 4 = 325 nm with 4 mW was employed. The
coherent beam was expanded with a spatial filter consisting of a
pinhole (10 gm) and x40 microscope lens. For Lloyd’s mirror
configuration, the expanded beam was collimated and
impinged at a substrate carrying a photosensitive polymer
and a UV-reflecting mirror with the area of several cm” The
measured intensity of the beam in the recording plane was
around 30 yW cm™> For recording with the phase mask
configuration, the power of the recording field in the recording
plane was increased to 400 4W cm™>.

Preparation of a Phase Mask. OrmoPrime08 was
employed as an adhesion promoter to prevent delamination
of the resist. A Quartz substrate (20 X 20 X 1 mm) was
dehydrated on a hot plate for 5 min at 200 °C, and the
Ormoprime solution composed of organofunctional silanes
was subsequently spun on the top at 4000 rpm for 60 s. Then,
the substrate was placed on the hot plate for S min at 150 °C.
Afterward, undiluted S1805 positive photoresist was deposited
at a spin rate of 4500 rpm applied for 45 s followed by a hard-
bake treatment at 100 °C for 2 min. The substrate with a
photoresist was placed in Lloyd’s mirror setup for recordlng by
laser interference lithography as previously reported.”® An
interference pattern, originating from two 1nterfer1ng beams,

https://dx.doi.org/10.1021/acs.jpcc.9b 11059
J. Phys. Chem. C 2020, 124, 3297-3305
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was recorded in the photoresist layer, and a stencil mask with
two symmetric circular apertures was utilized to define the area
to be exposed. Custom-made stainless stencil masks were
fabricated from PIU-PRINTEX (Austria) and carefully placed
on top of the photoresist-coated glass substrates. The
irradiation dose of 18 mJ cm™ was used for the recording of
two circular gratings, and subsequently, the substrate was
rotated 90° and exposed once more to the same interference
field with the same dose. Finally, the phase mask carrying 4
transmission gratings with two perpendicular orientations was
obtained by immersing the substrate in the AZ303 developer
solution diluted with deionized water (1:15 ratio) for 40 s. The
angle of the collimated interfering beams was set to 6 = 13.6°,
yielding a period of the four gratings of Apy = 690 nm. The
circular patterned area of each of the four gratings exhibited a
diameter of 4 mm (see Figure 1). The measured depth of the
resist gratings was about 250 nm (see Figure S1). This depth
was achieved by optimizing the developing time after the
recording step, and it corresponds to that providing the
maximum efficiency of the first-order diffraction in trans-
mission mode (of about 30%, data not shown).

Preparation of Gold Nanoparticles. Gold nanoparticle
arrays were prepared as previously reported by the use of two-
beam laser interference lithography with Lloyd’s configura-
tion.*® Briefly, 2 nm Cr and 50 nm Au were evaporated (HHV
AUTO 306 from HHV Ltd) on top of BK7 glass slides with
the size of 20 X 20 mm. Subsequently, a 100 nm thick layer of
$180S positive photoresist (diluted 1:2 with propylene glycol
monomethyl ether acetate) was deposited at a spin rate of
4500 rpm applied for 45 s. Hard-baking of the resist was
conducted at 100 °C for 2 min. The angle between the
interfering beams was set to @ = 20.69° yielding a period of Ag
= 460 nm, and the dose was set to 6.75 mJ cm™> The
parameters were adjusted to obtain arrays of cylindrical resist
features with a diameter of D = 132 + 5 nm after the
development step using the AZ303 developer (1:15 ratio
deionized water). The arrays of resist features were transferred
to the underlying gold layer using a dry etching process
consisting of the bombardment of the surface with argon ions
(Roth & Rau IonSys 500). Resist-free gold nanoparticles were
finally obtained by exposing the substrate to an oxygen plasma
process.

Preparation of Hydrogel Nanostructures. Covalent
attachment of the pNIPAAm-based polymer to a BK7 glass
substrate was achieved using a thin SU-8 linker layer. SU-8 was
dissolved with its thinner (2% solution) and spun onto the
surface of the BK7 glass substrate at the spin rate of 5000 rpm
for 60 s. Afterward, the coated substrate was thermally cured in
an oven at 50 °C for 2 h. To attach the pNIPAAm-based
polymer to gold nanoparticles, their gold surface was modified
with UV-reactive benzophenone moieties by reacting overnight
with 1 mM benzophenone disulfide dissolved in DMSO.
Subsequently, a 2% pNIPAAm-based polymer dissolved in
ethanol was spun (2000 rpm for 2 min) over the flat substrate
(with SU-8 or with gold nanoparticle arrays carrying
benzophenone disulfide), followed by its overnight drying in
a vacuum oven (T = 50 °C). The pNIPAAm-coated substrate
was placed in the laser interference lithography setup. The 4-
beam phase mask with Apy = 690 nm and the pNIPAAm-
based polymer-coated substrate were made parallel to each
other and separated by a distance of 5.6 mm by in-house made
dedicated holders. The recording was carried out by four
interfering beams transmitted through the phase mask (T_,
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and T, transmission diffraction orders) with the middle part
blocked to prevent the interference with a normally
propagating beam (T)). The irradiation dose was set between
84 and 240 mJ cm ™ for the SU-8 substrates by adjusting the
irradiation time and by keeping the intensity of the UV beam
fixed (400 uW cm™). Local crosslinking of the pNIPAAm-
based polymer on top of gold nanoparticle arrays was attained
by exposure to the UV interference field with a dose of 108 m]
cm™? and the same UV beam intensity (400 4W cm™>). The
irradiation dose was obtained as a product of the power of the
collimated UV beam and the irradiation time that was set
between 210 and 600 s. The pNIPAAm-based polymer in the
nonexposed regions was washed away with deionized water,
and the obtained structure was dried on the hot plate at a
temperature above the LCST of pNIPAAm. For the control
experiment, a 30 nm thick pNIPAAm hydrogel layer was
attached and crosslinked on a flat 100 nm Au film that was
reacted with benzophenone disulfide using a UV lamp (365
nm) and an irradiation dose of 2 J cm™>.

Morphological Characterization. Atomic force micros-
copy (AFM) measurements of the patterned structures in
contact with air were performed in tapping mode with the
PicoPlus instrument (Molecular Imaging, Agilent Technolo-
gies). The topography in contact with water was observed in
situ with the Nanowizard III (JPK Instruments, Germany)
using a temperature-controlled module consisting of a flow cell
with a Peltier element. Silicon nitride cantilevers DNP-S10
(Bruker) with a nominal spring constant of 0.24 N m™" were
utilized. Height, diameter, and lateral spacing of the nanoscale
features were determined by employing Gwyddion free
software.

LSPR Transmission Measurements. The polychromatic
light beam emitted from a halogen lamp (LSH102 LOT-Oriel,
Germany) was coupled to a multimode optical fiber. This
beam was out-coupled from the fiber, collimated with a lens,
and made normally incident at a substrate carrying arrays of
gold nanoparticles. The transmitted beam was collected by a
lens to another multimode optical fiber and delivered to a
Shamrock SR-303I-B spectrometer from Andor Technology
(Ireland). The obtained transmission spectra were normalized
with that obtained without the investigated substrate. A flow
cell with a Peltier element'” was clamped against the substrate
with the gold nanoparticles to control the temperature of the
liquid flowed over its surface. Deionized water was flowed
through using a peristaltic pump from Ismatec (Switzerland).

Plasmon-Enhanced Fluorescence Instrument. Fluo-
rescence experiments were conducted with an in-house-
developed fluorescence reader utilizing epifluorescence geom-
etry.”” The biochip carrying arrays of gold nanoparticles
wrapped by the pNIPAAm-based hydrogel was placed in a
microfluidic module with a flow cell and illuminated with a
collimated beam at a wavelength of 785 nm and an intensity of
12 mW cm™. The spatial distribution of intensity of
fluorescence light emitted at a wavelength of 810 nm at the
biochip surface was collected and then detected with a cooled
CCD camera. The optical system can be seen in Figure S2. It
consisted of a diode laser (IBeam Smart 785 nm, TOptica,
DE) that emitted a collimated monochromatic beam, which
passed through a narrow bandwidth laser clean-up filter (LLO1-
78S, Semrock) and a spatial filter built from a 60X microscope
objective, a 40 ym pinhole, and a collimating lens (AC-254-40-
B, Thorlabs) to reduce the speckles. The excitation beam
traveled through a lens (AC-254-35-B, Thorlabs) and was

https://dx.doi.org/10.1021/acs.jpcc.9b 11059
J. Phys. Chem. C 2020, 124, 3297-3305


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11059/suppl_file/jp9b11059_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11059/suppl_file/jp9b11059_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11059?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Recording pNIPAAM-based

polymer:

field '\

SuU8linker layer  BK7

Rinsing and drying

(a)

1=84 mJ/cm’

(b)

Interference Photo-crosslinkable

132 mJfcin:

| Irradiation dose / [mJ/cm?’]

4 —132
—84

Height [nm]

200 300
Distance [nm]

100

400 500

Height [nm]
1=240 mJ/ami ® ® 100

0

Figure 2. (a) Schematics of the local crosslinking of a responsive pNIPAAm-based polymer layer with arrays of interference maxima. The effect of
the irradiation dose on (b) overall topography as observed with AFM and (c) the polymer feature cross-section.

reflected at a dichroic mirror (Di02-R78S, Semrock) toward
the biochip with arrays of gold nanoparticles. The incident
excitation beam was then passed through another lens (AC-
254-35-B, Thorlabs) to become recollimated before impinging
on the biochip. The biochip was placed in the focal plane of
the last lens in an in-house built microfluidic device. It was
clamped against a flow cell that was temperature-controlled by
the use of a Peltier device. Fluorescence light emitted at the
biochip surface at a wavelength of 810 nm was collected by the
same lens and passed through the dichroic mirror toward the
detector. After passing an imaging lens (AC-254-80-B,
Thorlabs), the remaining light at the excitation wavelength
of 785 nm was blocked with a notch filter (NF03-785E-25,
Semrock) and a fluorescence bandpass filter (FF01-810/10-25,
Semrock) before hitting a scientific EM-CCD camera (Ixon
885K, Andor, UK). The camera was operated at a stable
temperature of —70 °C, and 10 images for 1 s exposure time
were accumulated for an increased dynamic range. The whole
device was controlled, and the data were collected by the in-
house developed dedicated LabView-based software. It was
used for the acquisition of fluorescence intensity from arrays of
circular spots (each spot exhibited a diameter of 220 ym). The
acquired fluorescence intensity from each spot was averaged
over its area from the raw image acquired by the optical system
with an optical resolution limited to about 4 ym owing to the
size of the CCD camera pixel of 8 pum and optical
magnification of 2.

Immunoassay Experiment. COOH groups carried by the
pNIPAAm-based polymer chains on the biochip surface were
activated by reacting for 15 min with EDC and TFPS dissolved
in water at a concentration of 75 and 21 mg/mlL, respectively.
A substrate with pNIPAAm-based polymer networks forming a
hydrogel nanostructure overlaid with gold nanoparticle arrays
or a thin hydrogel layer on the top of a flat gold film was then
rinsed with deionized water, dried, and reacted with mIgG
dissolved at a concentration of 50 yg/mL in acetate buffer (pH
4) for 90 min under shaking. Afterward, the surface was
washed two times for 15 min with PBS working buffer, which
contained 0.05% Tween 20 and 1 mg/mL BSA. Then, the
substrate was rinsed, dried, and clamped into a flow cell to
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perform plasmon-enhanced fluorescence observation of affinity
binding inside the pNIPAAm-based hydrogel matrix. The flow
cell was connected to a peristaltic pump through a microfluidic
tubing system with a total volume of ~#1 mL. After establishing
a stable baseline in the fluorescence signal upon a flow of
working buffer (PBS with Tween and BSA), changes in the
fluorescence signal emitted from different spots on the biochip
due to the affinity binding were measured using dedicated
LabView-based software. A dilution series of a-mIgG
(conjugated with Alexa Fluor 790) at concentrations of 1, S,
10, 50, and 100 pM and a volume of 1 mL were flowed over
the biochip surface for 15 min, followed by a S min rinsing
with the working buffer in between.

B RESULTS AND DISCUSSION

At first, the patterning of pNIPAAm-based nanostructures by
UV-laser interference lithography (UV-LIL) with a phase mask
configuration is described. This approach allows for generating
a high-contrast UV interference field pattern that is used for
nanoscale control of the attachment and crosslinking of a
responsive pNIPAAm-based polymer. This strategy is then
employed to overlay at the nanoscale pPNIPAAm structure with
periodic arrays of gold nanoparticles supporting LSPs. The
LSPs supported by these nanoparticles are employed to
observe swelling and collapsing of the pNIPAAm hydrogel,
which caps the gold nanoparticle surface, by means of detuning
the resonant wavelength at which the LSPs are optically
excited. In addition, this wavelength is closely tuned to the
absorption and emission wavelengths of a fluorophore that
serves as a label in fluorescence immunoassays. Consequently,
the pNIPAAm-based hydrogel is employed as a binding matrix
that is postmodified with a protein ligand and utilized for
surface plasmon-amplified fluorescence readout of the assay.
Additional signal enhancement by the collapse of the gel is
demonstrated using the developed hybrid plasmonic material.

UV-Laser Interference Lithography with a Phase
Mask. As illustrated in Figure 1a, laser interference lithography
relies on the recording of an interference pattern formed by
overlapping coherent optical beams to a photosensitive
polymer layer. In the UV-LIL configuration with Lloyd’s
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mirror shown in Figure 1b, a periodic sinusoidal pattern is
recorded by two plane waves impinging on a layer of the
photosensitive polymer at an angle 0. The recorded structure
typically exhibits smoothly varying features™® arranged in an
array with a period equal to A = 4/2sin(6), where 1 is the
wavelength of the recording interference beam. To record a
periodic pattern with higher contrast, we employed four
interfering waves with a setup shown in Figure la, featuring a
phase mask. This phase mask consists of four transmission
gratings a, b, ¢, and d on a UV-transparent glass slide, as
depicted in Figure lc. The area between the gratings is made
reflective; thus, only the coherent plane wave impinging on the
grating regions of the mask is transmitted. Each grating
diffracts the coherent incident beam to a series of transmission
orders marked as T_;, T, and T,,, as shown in Figure 1d.
These orders propagate to different directions, and the mask
was designed so that four coherent diffractive beams T_; and
T,, overlap in the central zone at a distance of 5.6 mm,
forming an interference field as indicated in Figure lc. This
pattern exhibits arrays of more confined peaks in the harmonic
spatial distribution of the interference field intensity when
compared to that achieved by the conventional Lloyd’s mirror
configuration with two interfering beams, see Figure 1b. The
intensity of the pattern generated by four interfering beams
(phase mask configuration) drops to zero between the peaks,
while that for the sequential orthogonal recording of two
interfering beams (Lloyd’s mirror configuration) does not. The
period of the pattern generated by the four coherent interfering
beams is A = Apy/ \/2, where Apy, is the period of the
transmission gratings on the phase mask. The full width of the
half maximum (FWHM) of the peaks in this pattern is of A/2.
To observe the interference pattern formed by the phase mask
with a grating period of Apy = 690 nm at a wavelength of 4 =
325 nm, it was recorded to a layer of S1805 positive-tone
photoresist with a thickness of 100 nm. After developing the
recorded field distribution (an irradiation dose of 27 mJ cm™2),
atomic force microscopy (AFM) was employed for the
observation of the structured resist topography. The obtained
results presented in Figure S1 show a series of circular holes in
the resist layer with a periodicity of A = 490 + 4 nm, which is
in agreement with the simulated profile of the interference field
distribution, as shown in Figure 1b.

Recording of pNIPAAm-Based Hydrogel Arrays. To
prepare arrays of responsive pNIPAAm-based hydrogel
features, the terpolymer shown in Figure 2a was used. This
terpolymer carries pendant benzophenone groups for photo-
crosslinking and covalent attachment to a solid surface upon
irradiation with UV light.*’ In addition, methacrylic acid was
copolymerized, as the incorporated carboxyl groups promote
swelling in water and provide a chemical postmodification site
for the incorporation of biomolecules via amine coupling.*’

The pNIPAAm-based polymer layer with a thickness of 70
nm was spun onto a glass substrate carrying a thin adhesion-
promoting SU-8 film. After complete drying of the pNIPAAm
polymer layer, the substrate was placed in the 4-beam UV-LIL
optical system and exposed to the interference pattern
generated by a phase mask to record a crosslinked structure
with a period of Ay = 488 nm. Upon irradiation, the
pNIPAAm-based polymer in the area of high UV intensities is
crosslinked and attached to the substrate, while the unexposed
areas remain unchanged. Therefore, after subsequent rinsing of
the layer with ethanol and water, the crosslinked pNIPAAm
network remains in the exposed zones and only noncrosslinked
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polymer is washed away in the area in between. After drying on
a hot plate at temperature T = 100 °C, AFM images of the
pNIPAAm surface topography were acquired. In Figure 2b, a
periodic pattern of nonconnected domains of crosslinked
pNIPAAm with a height similar to the initial thickness of the
original polymer layer can be seen. When increasing the
irradiation dose of the UV light from I = 84 to 132 and 240 m]J
cm™?, the pNIPAAm domains exhibit an increasing diameter
(FWHM) of D = 168 + 9, 208 + 8, and 293 + 9 nm,
respectively, which were determined from the cross-sections
presented in Figure 2c. These values are around FWHM of the
peaks in the interference field pattern of Ay/2 = 244 nm, and
the changes in D reflect the nonlinear dependence of the
crosslinking on the irradiation dose. In addition, the height of
the structure between 50 and 65 nm determined from the
cross-sections in Figure 2¢ are lower than the thickness of the
original (noncrosslinked) pNIPAAm film, which can be
ascribed to the effect of smearing of the recorded features
after their swelling and drying before the AFM observation.
Interestingly, the topography of the pNIPAAm-based
domains changes depending on the conditions in which they
are dried prior to the AFM observation in air. As Figure 3

Height [nm]
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AL | [ o -~
e Vatie Ve et
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Figure 3. AFM observation of nanostructured pNIPAAm hydrogel
topography dried at a temperature below and above the LCST. The
structure was prepared with an irradiation dose of 240 mJ/cm?.

illustrates, the height of the features strongly decreases, and the
diameter increases when the surface is rinsed with water and
dried at room temperature. This observation relates to what is
already reported for sinusoidal corrugation of similar
pNIPAAm crosslinked layers*® and nanoimprinted nano-
pillars.”” It can be attributed to the strong deformation of
the elastic polymer network by the surface tension of the
aqueous medium upon evaporation. The elasticity of the wet
pNIPAAm network is strongly temperature-dependent due to
its thermoresponsive solvation properties: below the LCST of
32 °C, the network swells in water and forms a soft structure
that is planarized in the drying process (the height decreases by
a factor of about 10). However, above the LCST in water, the
polymer network collapses and forms more compact, rigid
domains that are resistant to mechanical deformation upon
drying. This swelling behavior was also investigated by
acquiring AFM images of the prepared thermoresponsive
nanostructures in water at varying temperatures around the
LCST. As shown in Figure 4, at T = 30 °C, the topography of
the swollen soft pNIPAAm structure is barely captured by the
AFM tip. However, when the temperature is increased above
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Height [nm]

Figure 4. AFM observation of nanostructured pNIPAAm hydrogel
topology in water for the temperature T = 30, 35S, and 40 °C. The
structure was prepared with an irradiation dose of 240 mJ/cm?.

the LCST to T = 35 °C, the inscribed pattern becomes
apparent for the collapsed and more rigid hydrogel network.
Interestingly, upon further temperature increase to T = 40 °C,
the observed geometry in water fully resembles the
morphology that was recorded in air, as presented in Figure 2b.

Hybrid Au-pNIPAAm Nanostructures. The developed
approach for the preparation of arrays with thermoresponsive
pNIPAAm-based features was further applied to gold nano-
particle arrays to yield a hybrid plasmonic nanomaterial. First,
gold nanoparticle arrays were prepared on a glass surface using
UV-LIL with Lloyd’s mirror conﬁguration and a dry etching
protocol, as previously reported.** The obtained cylindrical
gold nanoparticle exhibited a diameter of D = 132 + 5 nm, a
height of about 50 nm, and an array periodicity of Ag = 463 +
2 nm, as revealed by the AFM image in Figure Sa. Afterward,
the gold surface of the nanoparticles was modified with a self-
assembled monolayer (SAM) of benzophenone disulfide, on
top of which a pNIPAAm polymer film was deposited (the
benzophenone disulfide serves here as a linker for the covalent
photoattachment of the polymer chains to gold**).

Then, the same phase mask-based procedure (for recording
the four-beam UV interference field with the period of Ay =
488 + 2 nm) was applied to generate arrays of pNIPAAm-
based polymer structures, followed by rinsing with water and
drying.

To circumvent the difficulty to precisely align both arrays of
the hydrogel features and the gold nanoparticles, a slight
mismatch of the array periodicities by 5% was intentionally

applied to yield a Moiré effect between both features. As a
result, it is expected that the topography will vary periodically
across the surface, resulting in a repeating pattern of areas with
aligned and with misaligned geometry. The characteristic size
of these domains can be estimated as Ay-Ag/(Ay — Ag) in
the range of about 8 ym. Figure Sb shows an AFM image for
the topography of a 2 X 2 pm subarea of the structure that
exhibits hydrogel features aligned with the gold nanoparticle
arrays after drying below the LCST. Apparently, the gold
nanoparticles are visible as areas with an increased height of
about 85 nm surrounded by partially planarized pNIPAAm
zones of lower height that spread to a diameter of about 400
nm (see also the representative cross-section in Figure S3).
When the structure is exposed to water and dried again above
the LCST, the morphology changes, as shown in Figure Sc.
The metallic nanoparticle topography is not protruding
through the pNIPAAm hydrogel, which appears more
compacted and spreading to a smaller diameter of about 300
nm. The maximum height of the pNIPAAm features (with
metallic nanoparticle inside) of 90 nm is slightly higher than
for the structure dried below LCST. The morphology
variations due to drying in the swollen and collapsed state of
pNIPAAm networks attached to gold nanoparticles are less
pronounced than on the flat SU-8 film. It can be attributed to
different means of the attachment (swelling and collapsing on
the curved surface of Au nanoparticle walls) and to the
potential difference in the interaction of pNIPAAm chains with
SU-8 and BK?7 glass (surrounding the hydrogel structure). For
comparison, an area where the gold nanoparticles and hydrogel
features are misaligned is presented in Figure S5d. The
patterned hydrogel features around the metallic structures
exhibit more irregular morphology compared to those
measured without the gold nanoparticles in Figures 2—4.
This observation can be attributed to gradually changing
alignment between the center of the hydrogel feature and the
gold nanoparticle along the surface and the fact that the
collapse tends to pull pNIPAAm-based polymer toward gold
where the attachment is utilized via the benzophenone
disulfide linker.

Actuating of LSP. The collapse of the pNIPAAm hydrogel
is associated with an increase of the polymer volume fraction
and the refractive index on the surface of gold nanoparticles.
Therefore, the pNIPAAm collapse around these metallic
objects detunes the localized surface plasmon resonance
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Figure 5. AFM topography of (a) gold nanoparticle arrays subsequently covered with covalently attached pNIPAAm-based nanostructures that are
aligned with the gold nanoparticles and dried (b) below and (c) above the LCST. (d) Example of misaligned arrays of gold nanoparticles with

pNIPAAm-based nanostructures dried below the LCST.
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(LSPR) and manifests itself as a redshift of the resonant
wavelength. Figure 6a shows the transmission spectra
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Figure 6. (a) Measured reversible shift in LSPR spectra upon
temperature-induced swelling and collapse of the pNIPAAm-based
hydrogel wrapped over metallic nanoparticles. (b) Employment of the
hybrid material for plasmonic amplification of a fluorescence
immunoassay with the pNIPAAm-based hydrogel serving as an
affinity binding matrix that can be swollen and collapsed by an
external temperature stimulus. The red-colored lines show the
fluorescence signal acquired from spots with a diameter of 220 pm
at different locations on the same biochip carrying the pNIPAAm-
based hydrogel that was functionalized with ligands. The black curves
correspond to control spots on the same biochip that were not
functionalized with the ligand molecules, and the green curves show
the control experiment on a planar-functionalized hydrogel binding
matrix attached to the flat gold film. The analyte concentration is
clearly indicated in the graph, and B corresponds to the rinsing step

with working buffer.

measured over the area of about 1 mm? which averages the
variations in the alignment between gold nanoparticles and
hydrogel features with a domain size <10 ym. LSPR for the
structure at the temperature T = 25 °C manifests itself as a dip
in the transmission spectrum centered at a wavelength of A; spg
= 763.9 nm. The gradual collapse of the hydrogel induces a
red-shift of the LSPR wavelength upon an increase in the
temperature. At a temperature of T = 37 °C, far above the
LCST, the LSPR wavelength shifts to 771.9 nm. These changes
are fully reversible, as after cooling to T = 25 °C, the LSPR
spectrum shifts back to the original shape. It is worth noting
that the observed shift of about 6 nm is half of that measured
for a structure covered with a compact pNIPAAm hydrogel
film (data not shown), which can be ascribed to the fact that
about half of the nanoparticles is not in contact with the
polymer due to the periodic regions of misalignment in the
Moiré pattern.

LSP-Enhanced Fluorescence Assay. Finally, the devel-
oped structure was tested to serve as a biochip interface for the
fluorescence readout of an immunoassay. First, the responsive

3303

69

pNIPAAm-based hydrogel features wrapping (about half) of
the gold nanoparticles that were postmodified with mouse IgG
antibodies (mIgG). The polymer carboxylic groups were
employed for establishing covalent bonds between the lysine
groups of the protein and the polymer chain based on the
established amine coupling scheme.”” Then, the substrate was
clamped against a flow cell, and a series of liquid samples with
an increasing concentration of goat antibodies specific to mIgG
(a-mIgG) were pumped over its surface. To detect the affinity
binding, the goat antibody a-mIgG was labeled with an organic
dye (Alexa Fluor 790). This label exhibits its absorption and
emission wavelengths (1, = 785 nm, A, = 810 nm) in the
vicinity of the LSPR wavelength (4, ¢pr = 764 nm). Therefore,
the kinetics of the affinity binding of a-mIgG from the liquid
sample was measured using plasmon-enhanced fluorescence.”
The surface of the sample was irradiated by a laser beam at a
wavelength of 785 nm that resonantly couples to LSPs and
locally excites the bound fluorophores with its enhanced field
intensity. The emitted light at a wavelength of 810 nm was
collected with a home built instrument”’ separated from the
excitation beam using a dichroic mirror, bandpass filter, and
notch filter and detected with a cooled CCD camera. The
fluorescence signal was acquired with dedicated software from
a series of spots carrying the gold nanoparticle arrays in
reference to an area without nanoparticles, and the data were
tracked in time upon sequential flow of analyte samples. The
fluorescence intensity was averaged over the surface of each
circular spot with a diameter of 220 ym that was much larger
than the size of domains with aligned and misaligned arrays of
gold nanoparticles and hydrogel features. The liquid samples
were prepared from phosphate-buffered saline that was spiked
with a-mIgG at concentrations of 1, S, 10, 50, and 100 pM.
Each sample was flushed over the surface for 15 min, followed
by S min rinsing. As Figure 6b shows, the binding of a-mIgG
manifests itself as a gradual increase in the fluorescence signal,
and upon rinsing, a fluorescence intensity decrease occurs due
to bleaching of the emitters. The fluorescence signal on gold
nanoparticle arrays capped with the pNIPAAm hydrogel matrix
(red curves in Figure 6a) is about 6 times higher compared to a
control experiment (green curves in 6a). The control
experiment was carried out on the hydrogel biointerface
prepared in the form of a layer attached to a flat nonstructured
gold film. It is worth noting that the plasmonic enhancement
on the structured surface is probably higher than the factor of 6
due to the fact that the control flat architecture exhibits a larger
area for the capture of the target analyte and that at least half of
the metallic nanoparticles are not capped with the hydrogel
binding matrix due to the miss-alignment. The measured data
for a structured hydrogel biointerface overlaid with gold
nanoparticles indicate that the limit of detection of the
prepared biochip is 0.7 pM (determined for the standard
deviation fluorescence signal baseline of 2 counts/s and the
slope of the fluorescence signal of 9 counts/s/pM). After this
titration experiment, the temperature of the biochip surface
was increased from 25 to 40 °C, above the LCST of the
hydrogel. As seen in Figure 6b, the induced collapse of the
responsive hydrogel with the affinity-captured and fluoro-
phore-labeled a-mIgG leads to an increase of the fluorescence
signal by about 20%. This is due to the collapse and
compacting of the hydrogel, which increases the polymer
volume fraction and affinity-bound analyte molecules closer to
the gold surface, where the plasmonic hotspot is located. This
observation corroborates that affinity binding occurs in the
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vicinity of the metallic nanoparticles within the matrix of the
responsive pNIPAAm-based polymer network and indicates
that the triggered collapse can provide an additional enhance-
ment mechanism for high sensitivity fluorescence assays.

B CONCLUSIONS

A technique based on four-beam laser interference lithography
utilizing a phase mask-based configuration allows for the
preparation of well-defined responsive hydrogel nanostructures
with the tailored spacing and diameter. Periodic arrays of
pNIPAAm-based hydrogel nanostructures exhibiting a disk
shape with a tunable diameter, as low as 170 nm, were
prepared with a submicron period. The temperature-induced
swelling and collapse of the inscribed polymer features were
investigated, and their local attachment on top of the periodic
gold nanoparticle arrays was achieved based on the Moiré
effect. The fully reversible actuation by temperature changes
was demonstrated by measuring the variations in LSPR of the
gold nanoparticle arrays. In addition, the pNIPAAm-based
hydrogel was postmodified with biorecognition elements to
serve as a 3D high binding capacity matrix, and a model
bioassay based on fluorescence readout was conducted. The
limit of detection was proven to be in the sub-picomolar range
owing to the plasmonic amplification of the fluorescence signal
by the plasmonic nanoparticles. Finally, the capability of the
pNIPAAm network to compact the affinity-captured analyte at
the plasmonic hotspots by a temperature-induced polymer
collapse was tested. The presented hybrid architecture provides
a novel approach for the local attachment of chemical and
biological species in the vicinity of metallic nanostructures to
fully exploit the probing with the LSP field at the so-called
plasmonic hotspots, where the optical field intensity is the
strongest.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11059.

Schematic and atomic force spectroscopy images of the
phase mask and recorded interference pattern employing
a positive photoresist; schematic of the optical setup
used for the plasmon-enhanced spectroscopy assay;
cross-sections of AFM topography of hydrogel nano-
structures (PDF)

B AUTHOR INFORMATION

Authors

Nestor Gisbert Quilis — BioSensor Technologies, AIT-Austrian
Institute of Technology GmbH, 3430 Tulln, Austria

Simone Hageneder — BioSensor Technologies, AIT-Austrian
Institute of Technology GmbH, 3430 Tulln, Austria

Stefan Fossati — BioSensor Technologies, AIT-Austrian Institute
of Technology GmbH, 3430 Tulln, Austria

Simone K. Auer — BioSensor Technologies, AIT-Austrian
Institute of Technology GmbH, 3430 Tulln, Austria

Priyamvada Venugopalan — BioSensor Technologies, AIT-
Austrian Institute of Technology GmbH, 3430 Tulln, Austria;
CEST Kompetenzzentrum fiir elektrochemische
Oberflachentechnologie GmbH, TFZ, Wiener Neustadt, 2700
Wiener Neustadt, Austria

3304

70

Anil Bozdogan — CEST Kompetenzzentrum fiir
elektrochemische Oberflichentechnologie GmbH, TFZ, Wiener
Neustadt, 2700 Wiener Neustadt, Austria

Christian Petri — Macromolecular Chemistry, Department
Chemistry-Biology, University of Siegen, Siegen 57076, Germany

Alberto Moreno-Cencerrado — Institute for Biophysics,
Department of Nanobiotechnology, University of Natural
Resources and Life Sciences Vienna (BOKU), Vienna 1190,
Austria

Jose Luis Toca-Herrera — Institute for Biophysics, Department
of Nanobiotechnology, University of Natural Resources and Life
Sciences Vienna (BOKU), Vienna 1190, Austria

Ulrich Jonas — Macromolecular Chemistry, Department
Chemistry-Biology, University of Siegen, Siegen S7076,
Germany; ® orcid.org/0000-0002-2161-4541

Jakub Dostalek — BioSensor Technologies, AIT-Austrian
Institute of Technology GmbH, 3430 Tulln, Austria;

Orcid.org/0000—0002—043 1-2170

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.9b11059

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

N.G.Q. acknowledges funding from the European Union’s
Horizon 2020 research and innovation program under Grant
agreement no. 642787, Marie Sklodowska-Curie Innovative
Training Network BIOGEL. P.V. was supported by the project
jointly funded by Agence Nationale de la Recherche (ANR)
and the Austrian Science Fund (FWF) under the grant
agreements ANR-15-CE29-0026 and I 2647, respectively. S.H.,
S.F., CP, and ].D. received support from the European
Union’s Horizon 2020 research and the innovation program
under Grant Agreement no. 633937, project ULTRAPLACAD.
S.A. is grateful for the support from FEMTEC and S.H,, S.F,,
and J.D. were supported by the Austrian Research Promotion
Agency (FFG) with Grant agreement no. 861578 (ERANET
project PLABAN).

B REFERENCES

(1) Green, J. J.; Elisseeff, J. H. Mimicking Biological Functionality
with Polymers for Biomedical Applications. Nature 2016, 540, 386.

(2) Mateescu, A; Wang, Y.; Dostalek, J.; Jonas, U. Thin Hydrogel
Films for Optical Biosensor Applications. Membranes 2012, 2, 40—69.

(3) Liu, F; Urban, M. W. Recent Advances and Challenges in
Designing Stimuli-Responsive Polymers. Prog. Polym. Sci. 2010, 35,
3-23.

(4) Wei, M;; Gao, Y; Li, X;; Serpe, M. J. Stimuli-Responsive
Polymers and Their Applications. Polym. Chem. 2017, 8, 127—143.

(5) De las Heras Alarcon, C.; Pennadam, S.; Alexander, C. Stimuli
Responsive Polymers for Biomedical Applications. Chem. Soc. Rev.
2008, 34, 276—285.

(6) Jiang, N; Zhuo, X.; Wang, J. Active Plasmonics: Principles,
Structures, and Applications. Chem. Rev. 2017, 118, 3054—3099.

(7) Huck, W. T. Responsive Polymers for Nanoscale Actuation.
Mater. Today 2008, 11, 24—32.

(8) Sidorenko, A.; Krupenkin, T.; Taylor, A.; Fratzl, P.; Aizenberg, J.
Reversible Switching of Hydrogel-Actuated Nanostructures into
Complex Micropatterns. Science 2007, 315, 487—490.

(9) Haq, M. A;; Su, Y.; Wang, D. Mechanical Properties of Pnipam
Based Hydrogels: A Review. Mater. Sci. Eng, C 2017, 70, 842—855.

https://dx.doi.org/10.1021/acs.jpcc.9b 11059
J. Phys. Chem. C 2020, 124, 3297-3305


https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11059?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b11059/suppl_file/jp9b11059_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nestor+Gisbert+Quilis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simone+Hageneder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefan+Fossati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simone+K.+Auer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Priyamvada+Venugopalan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anil+Bozdogan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christian+Petri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Moreno-Cencerrado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Luis+Toca-Herrera"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ulrich+Jonas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2161-4541
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakub+Dostalek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0431-2170
http://orcid.org/0000-0002-0431-2170
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11059?ref=pdf
https://dx.doi.org/10.1038/nature21005
https://dx.doi.org/10.1038/nature21005
https://dx.doi.org/10.3390/membranes2010040
https://dx.doi.org/10.3390/membranes2010040
https://dx.doi.org/10.1016/j.progpolymsci.2009.10.002
https://dx.doi.org/10.1016/j.progpolymsci.2009.10.002
https://dx.doi.org/10.1039/C6PY01585A
https://dx.doi.org/10.1039/C6PY01585A
https://dx.doi.org/10.1039/B406727D
https://dx.doi.org/10.1039/B406727D
https://dx.doi.org/10.1021/acs.chemrev.7b00252
https://dx.doi.org/10.1021/acs.chemrev.7b00252
https://dx.doi.org/10.1016/S1369-7021(08)70146-9
https://dx.doi.org/10.1126/science.1135516
https://dx.doi.org/10.1126/science.1135516
https://dx.doi.org/10.1016/j.msec.2016.09.081
https://dx.doi.org/10.1016/j.msec.2016.09.081
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11059?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(10) Guan, Y; Zhang, Y. Pnipam Microgels for Biomedical
Applications: From Dispersed Particles to 3d Assemblies. Soft Matter
2011, 7, 6375—6384.

(11) Nash, M. E.; Healy, D.; Carroll, W. M,; Elvira, C.; Rochev, Y. A.
Cell and Cell Sheet Recovery from Pnipam Coatings; Motivation and
History to Present Day Approaches. J. Mater. Chem. 2012, 22,
19376—19389.

(12) Toma, M.; Jonas, U.; Mateescu, A.; Knoll, W.; Dostalek, J.
Active Control of Spr by Thermoresponsive Hydrogels for Biosensor
Applications. J. Phys. Chem. C 2013, 117, 11705—11712.

(13) Kawano, T.; Niidome, Y.; Mori, T.; Katayama, Y.; Niidome, T.
Pnipam Gel-Coated Gold Nanorods for Targeted Delivery Respond-
ing to a near-Infrared Laser. Bioconjugate Chem. 2009, 20, 209—212.

(14) Erickson, D.; Mandal, S.; Yang, A. H,; Cordovez, B.
Nanobiosensors: Optofluidic, Electrical and Mechanical Approaches
to Biomolecular Detection at the Nanoscale. Microfluid. Nanofluid.
2008, 4, 33—-52.

(15) Paquet, C.; Kumacheva, E. Nanostructured Polymers for
Photonics. Mater. Today 2008, 11, 48—56.

(16) Ghosh, S.; Kouamé, N. A.; Ramos, L.; Remita, S.; Dazzi, A,;
Deniset-Besseau, A.; Beaunier, P.; Goubard, F.; Aubert, P.-H.; Remita,
H. Conducting Polymer Nanostructures for Photocatalysis under
Visible Light. Nat. Mater. 2015, 14, 505.

(17) Slepicka, P.; Kasalkova, N. S.; Siegel, J.; Kolska, Z.; Bacakova,
L.; Svorcik, V. Nano-Structured and Functionalized Surfaces for
Cytocompatibility Improvement and Bactericidal Action. Biotechnol.
Adv. 2015, 33, 1120—1129.

(18) Nie, Z.; Kumacheva, E. Patterning Surfaces with Functional
Polymers. Nat. Mater. 2008, 7, 277.

(19) Cheng, J. Y; Mayes, A. M,; Ross, C. A. Nanostructure
Engineering by Templated Self-Assembly of Block Copolymers. Nat.
Mater. 2004, 3, 823.

(20) Hu, H.; Gopinadhan, M.; Osuji, C. O. Directed Self-Assembly
of Block Copolymers: A Tutorial Review of Strategies for Enabling
Nanotechnology with Soft Matter. Soft Matter 2014, 10, 3867—3889.

(21) Zhang, H.;; Mourran, A.; Mdller, M. Dynamic Switching of
Helical Microgel Ribbons. Nano Lett. 2017, 17, 2010—2014.

(22) Chen, J.-K; Chang, C.-J. Fabrications and Applications of
Stimulus-Responsive Polymer Films and Patterns on Surfaces: A
Review. Materials 2014, 7, 805—875.

(23) Yu, Q; Ista, L. K; Gu, R; Zauscher, S,; Lopez, G. P.
Nanopatterned Polymer Brushes: Conformation, Fabrication and
Applications. Nanoscale 2016, 8, 680—700.

(24) Idota, N.; Tsukahara, T.; Sato, K.; Okano, T.; Kitamori, T. The
Use of Electron Beam Lithographic Graft-Polymerization on
Thermoresponsive Polymers for Regulating the Directionality of
Cell Attachment and Detachment. Biomaterials 2009, 30, 2095—2101.

(25) Traub, M. C,; Longsine, W.; Truskett, V. N. Advances in
Nanoimprint Lithography. Annu. Rev. Chem. Biomol. Eng. 2016, 7,
583—604.

(26) Guo, L. J. Nanoimprint Lithography: Methods and Material
Requirements. Adv. Mater. 2007, 19, 495—513.

(27) Pirani, F.; Sharma, N.; Moreno-Cencerrado, A.; Fossati, S.;
Petri, C.; Descrovi, E.; Toca-Herrera, J. L.; Jonas, U,; Dostalek, J.
Optical Waveguide-Enhanced Diffraction for Observation of
Responsive Hydrogel Nanostructures. Macromol. Chem. Phys. 2017,
218, No. 1600400.

(28) Mourran, A,; Zhang, H,; Vinokur, R; Moller, M. Soft
Microrobots Employing Nonequilibrium Actuation Via Plasmonic
Heating. Adv. Mater. 2017, 29, No. 1604825.

(29) Volk, K; Fitzgerald, J. P. S.; Retsch, M,; Karg, M. Time-
Controlled Colloidal Superstructures: Long-Range Plasmon Reso-
nance Coupling in Particle Monolayers. Adv. Mater. 2018, 27, 7332.

(30) Valsecchi, C.; Brolo, A. G. Periodic Metallic Nanostructures as
Plasmonic Chemical Sensors. Langmuir 2013, 29, S638—5649.

(31) Halas, N. J; Lal, S;; Chang, W.-S,; Link, S.; Nordlander, P.
Plasmons in Strongly Coupled Metallic Nanostructures. Chem. Rev.
2011, 111, 3913—3961.

3305

71

(32) Baffou, G.; Quidant, R. Thermo-Plasmonics: Using Metallic
Nanostructures as Nano-Sources of Heat. Laser Photonics Rev. 2013,
7, 171-187.

(33) Brongersma, M. L.; Halas, N. J.; Nordlander, P. Plasmon-
Induced Hot Carrier Science and Technology. Nat. Nanotechnol.
2015, 10, 25.

(34) Mayer, K. M.; Hafner, J. H. Localized Surface Plasmon
Resonance Sensors. Chem. Rev. 2011, 111, 3828—3857.

(35) Goerlitzer, E. S. A,; Speichermann, L. E.; Mirzaa, T. A;
Mohammadia, R.; Vogel, N. Addressing the Plasmonic Hotspot
Region by Site-Specific Functionalization of Nanostructures. Nano-
scale Adv. 2020, 2, 136.

(36) Piliarik, M.; Kvasnicka, P.; Galler, N.; Krenn, J. R.; Homola, J.
Local Refractive Index Sensitivity of Plasmonic Nanoparticles. Opt.
Express 2011, 19, 9213—9220.

(37) Jonsson, M. P.; Dahlin, A. B.; Feuz, L.; Petronis, S.; Hook, F.
Locally Functionalized Short-Range Ordered Nanoplasmonic Pores
for Bioanalytical Sensing. Anal. Chem. 2010, 82, 2087—2094.

(38) Herzog, N.; Kind, J.; Hess, C.; Andrieu-Brunsen, A. Surface
Plasmon & Visible Light for Polymer Functionalization of Mesopores
and Manipulation of Ionic Permselectivity. Chem. Commun. 2018, S1,
11697—-11700. 3

(39) Dostert, K.-H.; Alvarez, M.; Koynov, K.; del Campo, An.; Butt,
H.-J. r; Kreiter, M. Near Field Guided Chemical Nanopatterning.
Langmuir 2012, 28, 3699—3703.

(40) Mazzotta, F.; Johnson, T. W.; Dahlin, A. B.; Shaver, J.; Oh, S.
H.; Hook, F. Influence of the Evanescent Field Decay Length on the
Sensitivity of Plasmonic Nanodisks and Nanoholes. ACS Photonics
2015, 2, 256—262.

(41) Wang, Y.,; Brunsen, A; Jonas, U, Dostalek, J.; Knoll, W.
Prostate Specific Antigen Biosensor Based on Long Range Surface
Plasmon-Enhanced Fluorescence Spectroscopy and Dextran Hydrogel
Binding Matrix. Anal. Chem. 2009, 81, 9625—9632.

(42) Huang, C. J; Dostalek, J.; Knoll, W. Long Range Surface
Plasmon and Hydrogel Optical Waveguide Field-Enhanced Fluo-
rescence Biosensor with 3d Hydrogel Binding Matrix: On the Role of
Diffusion Mass Transfer. Biosens. Bioelectron. 2010, 26, 1425—1431.

(43) Beines, P. W.; Klosterkamp, 1.; Menges, B.; Jonas, U.; Knoll, W.
Responsive Thin Hydrogel Layers from Photo-Cross-Linkable Poly
(N-Isopropylacrylamide) Terpolymers. Langmuir 2007, 23, 2231—
2238.

(44) Sergelen, K; Petri, C.; Jonas, U.; Dostalek, J. Free-Standing
Hydrogel-Particle Composite Membrane with Dynamically Con-
trolled Permeability. Biointerphases 2017, 12, No. 051002.

(45) Gee, K. R;; Archer, E. A; Kang, H. C. 4-Sulfotetrafluorophenyl
(Stp) Esters: New Water-Soluble Amine-Reactive Reagents for
Labeling Biomolecules. Tetrahedron Lett. 1999, 40, 1471—1474.

(46) Quilis, N. G.; Lequeux, M.; Venugopalan, P.; Khan, I; Knoll,
W.; Boujday, S.; de la Chapelle, M. L.,; Dostalek, J. Tunable Laser
Interference Lithography Preparation of Plasmonic Nanoparticle
Arrays Tailored for Sers. Nanoscale 2018, 10, 10268.

(47) Dostalek, J.; Knoll, W.; Fossati, S.; Hageneder, S.; Jungbluth, V.
Plasmon-Enhanced Fluorescence Spectroscopy Imaging by Multi-
Resonant Nanostructures. European Patent Application No.
19164960.72019.

(48) Sharma, N.; Petri, C.; Jonas, U.; Dostalek, J. Reversibly Tunable
Plasmonic Bandgap by Responsive Hydrogel Grating. Opt. Express
2016, 24, 2457—2465.

(49) Aulasevich, A; Roskamp, R. F.; Jonas, U; Menges, B;
Dostalek, J.; Knoll, W. Optical Waveguide Spectroscopy for the
Investigation of Protein-Functionalized Hydrogel Films. Macromol.
Rapid Commun. 2009, 30, 872—877.

(50) Bauch, M.; Toma, K; Toma, M.; Zhang, Q. Dostalek, J.
Plasmon-Enhanced Fluorescence Biosensors: A Review. Plasmonics
2014, 9, 781—799.

https://dx.doi.org/10.1021/acs.jpcc.9b 11059
J. Phys. Chem. C 2020, 124, 3297-3305


https://dx.doi.org/10.1039/c0sm01541e
https://dx.doi.org/10.1039/c0sm01541e
https://dx.doi.org/10.1039/c2jm31748f
https://dx.doi.org/10.1039/c2jm31748f
https://dx.doi.org/10.1021/jp400255u
https://dx.doi.org/10.1021/jp400255u
https://dx.doi.org/10.1021/bc800480k
https://dx.doi.org/10.1021/bc800480k
https://dx.doi.org/10.1007/s10404-007-0198-8
https://dx.doi.org/10.1007/s10404-007-0198-8
https://dx.doi.org/10.1016/S1369-7021(08)70056-7
https://dx.doi.org/10.1016/S1369-7021(08)70056-7
https://dx.doi.org/10.1038/nmat4220
https://dx.doi.org/10.1038/nmat4220
https://dx.doi.org/10.1016/j.biotechadv.2015.01.001
https://dx.doi.org/10.1016/j.biotechadv.2015.01.001
https://dx.doi.org/10.1038/nmat2109
https://dx.doi.org/10.1038/nmat2109
https://dx.doi.org/10.1038/nmat1211
https://dx.doi.org/10.1038/nmat1211
https://dx.doi.org/10.1039/c3sm52607k
https://dx.doi.org/10.1039/c3sm52607k
https://dx.doi.org/10.1039/c3sm52607k
https://dx.doi.org/10.1021/acs.nanolett.7b00015
https://dx.doi.org/10.1021/acs.nanolett.7b00015
https://dx.doi.org/10.3390/ma7020805
https://dx.doi.org/10.3390/ma7020805
https://dx.doi.org/10.3390/ma7020805
https://dx.doi.org/10.1039/C5NR07107K
https://dx.doi.org/10.1039/C5NR07107K
https://dx.doi.org/10.1016/j.biomaterials.2008.12.058
https://dx.doi.org/10.1016/j.biomaterials.2008.12.058
https://dx.doi.org/10.1016/j.biomaterials.2008.12.058
https://dx.doi.org/10.1016/j.biomaterials.2008.12.058
https://dx.doi.org/10.1146/annurev-chembioeng-080615-034635
https://dx.doi.org/10.1146/annurev-chembioeng-080615-034635
https://dx.doi.org/10.1002/adma.200600882
https://dx.doi.org/10.1002/adma.200600882
https://dx.doi.org/10.1002/macp.201600400
https://dx.doi.org/10.1002/macp.201600400
https://dx.doi.org/10.1002/adma.201604825
https://dx.doi.org/10.1002/adma.201604825
https://dx.doi.org/10.1002/adma.201604825
https://dx.doi.org/10.1002/adma.201503672
https://dx.doi.org/10.1002/adma.201503672
https://dx.doi.org/10.1002/adma.201503672
https://dx.doi.org/10.1021/la400085r
https://dx.doi.org/10.1021/la400085r
https://dx.doi.org/10.1021/cr200061k
https://dx.doi.org/10.1002/lpor.201200003
https://dx.doi.org/10.1002/lpor.201200003
https://dx.doi.org/10.1038/nnano.2014.311
https://dx.doi.org/10.1038/nnano.2014.311
https://dx.doi.org/10.1021/cr100313v
https://dx.doi.org/10.1021/cr100313v
https://dx.doi.org/10.1039/C9NA00757A
https://dx.doi.org/10.1039/C9NA00757A
https://dx.doi.org/10.1364/OE.19.009213
https://dx.doi.org/10.1021/ac902925e
https://dx.doi.org/10.1021/ac902925e
https://dx.doi.org/10.1039/C5CC03507D
https://dx.doi.org/10.1039/C5CC03507D
https://dx.doi.org/10.1039/C5CC03507D
https://dx.doi.org/10.1021/la300009a
https://dx.doi.org/10.1021/ph500360d
https://dx.doi.org/10.1021/ph500360d
https://dx.doi.org/10.1021/ac901662e
https://dx.doi.org/10.1021/ac901662e
https://dx.doi.org/10.1021/ac901662e
https://dx.doi.org/10.1016/j.bios.2010.07.072
https://dx.doi.org/10.1016/j.bios.2010.07.072
https://dx.doi.org/10.1016/j.bios.2010.07.072
https://dx.doi.org/10.1016/j.bios.2010.07.072
https://dx.doi.org/10.1021/la063264t
https://dx.doi.org/10.1021/la063264t
https://dx.doi.org/10.1116/1.4996952
https://dx.doi.org/10.1116/1.4996952
https://dx.doi.org/10.1116/1.4996952
https://dx.doi.org/10.1016/S0040-4039(98)02695-1
https://dx.doi.org/10.1016/S0040-4039(98)02695-1
https://dx.doi.org/10.1016/S0040-4039(98)02695-1
https://dx.doi.org/10.1039/C7NR08905H
https://dx.doi.org/10.1039/C7NR08905H
https://dx.doi.org/10.1039/C7NR08905H
https://dx.doi.org/10.1364/OE.24.002457
https://dx.doi.org/10.1364/OE.24.002457
https://dx.doi.org/10.1002/marc.200800747
https://dx.doi.org/10.1002/marc.200800747
https://dx.doi.org/10.1007/s11468-013-9660-5
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.9b11059?ref=pdf

Supporting Information

UV-Laser Interference Lithography for Local
Functionalization of Plasmonic Nanostructures with

Responsive Hydrogel

Nestor Gisbert Quilis®, Simone Hageneder?, Stefan Fossati®, Simone K. Auer®, Priyamvada
Venugopalan®®’, Anil Bozdogan®, Christian Petri¢, Alberto Moreno-Cencerrado?, Jose Luis

Toca-Herrera®, Ulrich Jonas® and Jakub Dostalek®*

aBioSensor Technologies, AIT-Austrian Institute of Technology GmbH, Konrad-Lorenz-Strasse

24, 3430 Tulln, Austria

bCEST Kompetenzzentrum fiir elektrochemische Oberflachentechnologie GmbH, TFZ, Wiener

Neustadt, Viktor-Kaplan-Strasse 2, 2700 Wiener Neustadt, Austria

‘Macromolecular Chemistry, Department Chemistry-Biology, University of Siegen, Adolf

Reichwein-Strasse 2, Siegen 57076, Germany

dInstitute for Biophysics, Department of Nanobiotechnology, University of Natural Resources

and Life Sciences Vienna (BOKU), Muthgasse 11, Vienna 1190, Austria

72 S1



Observation of the interference field profile formed by the phase mask. A thin layer of the
S1805 positive photoresist (diluted 1:2 with propylene glycol monomethyl ether acetate) with a
thickness of 120 nm was deposited by spin-coating (4500 rpm, 45 s) on top of a BK7 substrate.
Afterward, the sample was mounted in a home-built set-up together with the phase mask to
verify the recording pattern. The distance of the photoresist-coated substrate in respect with the
phase mask (recording plane) was kept to 5.6 mm. At this distance the first order diffraction
gratings overlap at the center of the mask for a A=690 nm. Thus, the samples were irradiated

once to 27 mJ cm and developed for 35 sec.
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Figure S1. (a) Schematics of the prepared phase mask with orientation of the transmission gratings
(left) and their topography obtained by AFM (right). (b) Recorded interference pattern into the

S1805 positive photoresist using the prepared phase mask.



Plasmon-enhanced fluorescence readout of model assay
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Figure S2. Schematics of the optical setup configuration of the reader that enables in situ readout

of fluorescence signal kinetics from the sensing spots on a sensor chip: NF — notch filter, BP —

bandpass filter, Ap — aperture, POL — polarizer, fl — focal length.
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Figure S3. Cross-sections of representative areas of AFM topography showed in Figure 5 for
bare gold nanoparticles (black curve), gold nanoparticles capped with pNIPAAm-based hydrogel

dried below its LCST (blue curve) and above its LCST (red curve) and associated AFM images.
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ABSTRACT: We report on a new approach to local attachment of functional materials at sub-areas of metallic nanoparticles that are
referred as to plasmonic hotspots, where they can be exposed to strong electromagnetic field intensity associated with the resonant
excitation of localized surface plasmons (LSPSs). It is based on plasmonically enhanced two-photon crosslinking (PTPC) of polymers
that are conjugated with photo-active anthraquinone groups. We show that on metallic nanostructures that are tuned to support LSPs
at a wavelength coincident with the recording pulsed near-infrared laser beam, simultaneous crosslinking and attachment of the
poly(N,N-dimethylacrylamide-co-acylamido-3-hydroxyanthraquinone) hydrogel occurs in spatial zones resembling the plasmonic
hotspot. Their mechanical properties and swelling behavior of the PTPC hydrogel features is investigated with atomic force micros-
copy and compared to those observed with UV-crosslinked and two photon crosslinked structures prepared from the same polymer.
This approach represents the first step towards the development of new class of plasmonic materials that take advantage of the precise
spatial control of the coupling with intense LSP electromagnetic field.

INTRODUCTION deep subwavelength confinement of light energy, which origi-
nate from collective oscillations of electron density and the as-
sociated electromagnetic field.!> * The optical excitation of
LSPs is accompanied with strong enhancement of the incident
light intensity at a narrow spatial volume with a characteristic
size below several tens of nanometers. The spatial distribution
of increased enhanced electromagnetic field intensity is not ho-
mogeneous around metallic nanostructures and it is particularly
intense at specific regions (e.g. edges/tips or gaps between
closely arranged metallic objects) that are commonly referred
as “plasmonic hotspots”.!* Therefore, various strategies to spa-
tially control the attachment of functional chemical moieties at
these regions have been pursued in order to precisely control
the strength of their interaction with LSPs.'>18 These include
the use of a photoresist mask with windows overlaying with
plasmonic hotspots made by electron beam lithography?®, de-
velopment of orthogonal surface chemistries'®, and the employ-
ment of a static electric field gradient for attracting the species
at sharp parts of metallic nanostructures®. In addition, the use

Multi-photon absorption has opened the door for a variety of
mask-less lithography tools enabling the preparation of micro-
structures! with sub-diffraction spatial resolution that reaches as
low as 200 nm.? Up to now, this method has been utilized for
the fabrication of 3D architectures serving in diverse areas in-
cluding micro-optics®®, micro-robotics® 7, and tissue engineer-
ing® °® to mention few examples. The vast majority of materials
that are structured by the use of multi-photon absorption lithog-
raphy rely on the two-photon polymerization (TPP) process.®
Typically, a femtosecond pulsed laser beam with a near infrared
wavelength is focused and scanned through a monomer solution
in order to trigger polymerization in its small focal volume,
where the threshold of the TPP process is exceeded.!! A free
radical polymerization reaction is employed with the use of a
photo initiator molecule, which is excited via the two-photon
absorption process. After the recording step, the structure is re-
vealed by washing away the unreacted regions with a solvent.

Metallic nanostructures offer means for much tighter con- of chemical reactions that are locally triggered by LSPs has
finement of |Ight than far field OptiCS conventionally utilized in been exp|0red based on the LSP-generation of hot e|ectr0n521’
multi-photon absorption lithography. The resonant excitation of LSP-enhanced two-photon absorption in a negative tone resist

localized plasmons (LSPs) on metallic nanoparticles allows for
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material??> and multiphoton absorption — activated linkers for
docking of proteins.?*%

Besides multi-photon lithography with TPP chemistries,
there was recently reported an alternative approach based on
two-photon cross-linking (TPC) of polymers composed of
chains carrying anthraquinone photosensitive moieties. This ap-
proach was demonstrated for the preparation of microstructures
by scanning a focused near infrared beam at a wavelength of
about 780 nm across a polymer layer that were afterwards
washed in order to remove non-crosslinked polymer chains.?
We present an extension of this approach and investigate the
recording of nanoscale structures based on surface plasmon-en-
hanced two photon crosslinking (PTPC). We employ plasmonic
nanoparticle arrays with their localized surface plasmon reso-
nance (LSPR) tuned to that of the NIR beam for the crosslink-
ing. After coated by a polymer layer with polymer chains car-
rying anthraquinone pendant groups, the resonantly excited
LSPs triggered the crosslinking and attachment of the polymer
chains to certain sub-areas around the metallic nanoparticle.
When exposed to water, the attached polymer network forms a
hydrogel that swells and it features a size of about 75 nm, which
corresponds to the distance probed by LSPs away from the
metal nanoparticle surface.

METHODS

Materials. Poly(N,N-Dimethylacrylamide-co-Acylamido-3-
hydroxyanthraquinone) P(DMAA-co-AAHAQ) was synthe-
tized as previously reported®. S1805 and SU-8 resist and
AZ303 developer were purchased from Micro resist (Germany).
Benzophenone disulfide was synthetized as reported else-
where?.

Synthesis of p(DMAA-co-AAHAQ) For the synthesis of the
Acrylamido-3-hydroxyanthraquinone, 2-Amino-3-hydroxyan-
thraquinone (0.5 g, 2.1 mmol, 1 eq) was dissolved in 30 ml of
dry dioxane. A mixture of acryloyl chloride (0.15 g, 1.7 mmol,
0.8 eq) dissolved in 10 ml of dry dioxane was then dropped into
the solution under cooling and stirring. When finished, the mix-
ture was heated to reflux for 3h and was stirred for additional
36 h. The precipitate of a yellow product was filtered and re-
crystallized from ethanol to obtain a yellow powder (0.16 g,
33%). Poly(N,N-dimethylacrylamide) was polymerized by free
radical polymerization. For the reaction, DMAA (0.5 g, 5.04
mmol) was dissolved in dry and distilled DMF. The reaction
was degassed by three freeze and thaw cycles and have been
initiated by AIBN (4.3 mg, 0.5 mol %). The reaction was car-
ried out at 56°C for 24 h. The reaction was aborted by precipi-
tation of the reaction mixture in ice-cold diethyl ether. The re-
sulting polymer was purified by repeated dissolving in metha-
nol and precipitation in diethyl ether to obtain a white powder
(210 mg, 45%). The copolymerization of DMAA and AAHAQ
was carried out at 75°C by free radical polymerization in dry
and distilled DMF under an inert gas atmosphere. For the
polymerization AAHAQ (60 mg, 0.2 mmol) and DMAA (385
mg, 3.8 mmol) were dissolved in DMF (4 ml). The reaction
mixture was degassed by three freeze and thaw cycles and ini-
tiated by AIBN (3.5 mg, 0.5 mol %). The polymerization then
was stopped by precipitating the reaction mixture in ice-cold
diethyl ether. The polymer was purified by repeatedly dissolv-
ing in MeOH and precipitating in diethyl ether to obtain a yel-
lowish powder (290 mg, 64%). The amount of AAHAQ in the
produced polymer was determined by integration of the 1H-
NMR spectra and was found to be approximately 4 mol %.
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Preparation of hydrogel-coated gold particle arrays. Peri-
odic arrays of gold nanoparticles with a diameter D=165+ 10
nm and A=400 nm were employed as plasmonic substrate.
Briefly, a BK7 glass substrate coated by thermal evaporation
with 2 nm of Chromium and 50 nm of gold was spun coated
with the S1805 positive photoresist (1:2 ratio diluted with pro-
pylene glycol monomethyl ether acetate), yielding a thickness
of 120 nm. A periodic interference pattern was recorded em-
ploying a He-Cd laser (A=325 nm) with the Lloyd’s mirror set-
up as previously reported by our group?. The well-defined re-
sist particles with sub-wavelength dimensions were revealed by
using the AZ-303 developer (1:15 ratio with deionized water).
Finally, the inscribed pattern was transferred by etching the
gold from the non-protected areas using an Argon milling sys-
tem. The remaining photoresist was removed by applying an
oxygen plasma treatment. The prepared plasmonic substrate
was immersed overnight in a 1 mM solution made of benzophe-
none-disulfide dissolved in DMSO in order to form a self-as-
sembly monolayer on the pristine gold surface. The hydrogel
thin film was subsequently spun coated (3% w/w in ethanol) on
top of the particle arrays at a rate of 2000 rpm for 60 s and dried
overnight in a vacuum oven at 50°C.

Observation of UV-crosslinked p(DMAA-co-AAHAQ)
thin films. Surface plasmon resonance (SPR) and optical wave-
guide spectroscopy (OWS) measurements were conducted us-
ing an optical setup based on the attenuated total reflection with
the Kretschmann configuration®. Briefly, the hydrogel-coated
substrate was mounted into an in-house developed flow cell and
clamped into a high refractive index prism, previously matched
with immersion oil. A polarized beam of light at A=633 nm
emitted from a He—Ne laser (2 mW) was passed through the
prism (n, = 1.845) containing the matched substrate with the
hydrogel film. The construct with the prism, the coated sensor
chip and the flow-cell was placed on a motor-controlled rotation
stage (Huber AG, Germany). A photodiode connected to a lock-
in amplifier (Princeton Applied Research, USA) was employed
to collect and measure the intensity of the reflected laser beam
at the surface. The acquired angular reflectivity spectra were
fitted in order to determine the bulk refractive index (ns) and the
thickness of the layer (dn). The Winspall software (Max Planck
Institute for polymer research, Germany) based on a transfer
matrix-based model was employed for the fitting® . As a sub-
sensor, glass substrates were coated by thin gold film with a
thickness of 50 nm (and 2 nm of chromium as adhesion layer)
by vacuum thermal evaporation. The gold surface was reacted
overnight in a 1 mM benzophenone disulphide solution in
DMSO. A 3% (w/w) solution of the p(DMAA-co-AAHAQ)
polymer (using ethanol as a solvent) was spun in the top of the
gold at 2000 rpm for 60 sec and dried in a vacuum oven over-
night at 50°C. The UV-curable polymer film was cross-linked
with 2J cm2 employing a UV-lamp with a wavelength of A=
264 nm. Subsequently, the films were rinsed with ethanol to re-
move the loosely bound polymer.

Two-photon cross-linking of p(DMAA-co-AAHAQ) thin
films. Firstly, a um-thick film was deposited by drop-casting a
3% solution of the P(DMAA-co-AAHAQ) polymer on a cover-
slip slide and it was subsequently dried overnight at 50 °C in-
side an oven. The adhesion to the cover slip was promoted by
the pre-coating of an epoxy-based film (SU-8 photoresist) that
was spun coated at 5000 rpm for 2 min and cured in the oven at
50°C for 2 h. Afterward, the hydrogel-coated substrate was
mounted into the Photonic Professional (GT) system (Na-



noscribe GmbH, Germany), equipped with a Er-doped femto-
second laser source (4=780 nm, pulse duration of ~100 fs and a
repetition rate of 80 MHz) and connected to a 3D-piezo scan-
ning stage. The 63x oil-immersion objective (NA: 1.4) was se-
lected for the inscribing of the pattern via the two-photon cross-
linking process. The laser power for this specific objective con-
figuration was tuned and determined as follows: Laser power
(mW) = laser power (0-100%) x power scaling (1) x 50 mW.
Series of square-shaped structures with dimensions consisting
of 100x100x15 um with varying laser power (5-3.75x10% mw
) and writing speed (1000- 2500 I/s) were recorded to clarify the
conditions to form 3D defect-free hydrogel structures. Addi-
tionally, a geometry consisting of another square-shaped struc-
ture (25x40x10 pm; 3.5x10° mW laser power; 2500 I/s writing
speed) connected by its base to a bigger rectangular-shaped
structure was inscribed (250 x 125x 10 um; 4.5x10° mW laser
power; 5000 I/s writing speed) using the Nanoscribe software
to clearly visualize the swelling ratio of the material. After the
recording step, the unbound material was rinsed away by im-
mersing the structure in ethanol. Afterwards, the remaining
structure was observed in dry and swollen state (deionized wa-
ter) with a help of an optical microscope.

Plasmon-enhanced  two-photon  cross-linking  of
p(DMAA-co-AAHAQ). In a similar manner, p(DMAA-co-
AAHAQ) was deposited in the top of gold nanoparticle arrays
carried by a glass substrate as described above. The substrate
was mounted into the Photonic Professional (GT) system for the
recording step, with the side carrying the plasmonic architec-
tures facing a clean cover slip. The interface was selected by
focusing on the surface with the gold nanoparticle arrays and
the correct z plane was selected by recording square features
with the highest writing speed and laser power and visually ob-
serving the recording of the um size features with the equipped
microscope camera. Once the proper interface was founded, a
recording script was loaded and squares (100x100x1 pum) with
different parameters were inscribed. The scan speed was varied
between 10000-2500 pum s and the laser power between 2-
5x10° mW. After the recording step, the unbound polymer was
removed with ethanol.

Morphological characterization. Atomic force microscopy
(AFM) images of the patterned samples in air were acquired
with the PicoPlus (Molecular Imaging, Agilent Technologies,
USA) in tapping mode. The AFM measurements in water were
carried out with the Nanowizard (JPK 111, Germany) instrument
equipped with the inverse microscope and a liquid chamber. Im-
aging of the samples in water was performed in contact mode
and quantitative imaging (QI) mode (0.3 N/m cantilevers with
10 nm tip radius). The mapping to determine the mechanical
properties was conducted in force volume mode both in water
and in air (force curve at each pixel with 10 pm/s, maximum
force of 5 nN, up to 200 x 200 resolution for 2 x 2 um image).
The Young‘s Modulus was determined by fitting the approach
part with elastic model (Hertz model with Sneddon extension
for geometry). Cantilever properties: k = 9 N/m (+/- 2), reso-
nance frequency 150 kHz, beam shaped, 175 um, Al coating on
backside, OPUS shape (tetrahedral), radius below 7 nm, 35°
back angle.

RESULTS AND DISCUSSION

In the presented experiment, we used a terpolymer poly(N,N-
Dimethylacrylamide-co-Acylamido-3-hydroxyanthraquinone)
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p(DMAA-co-AAHAQ, ratio 96:4) that was copolymerized of
DMAA and AAHAQ by free radical polymerization. At first,
the conditions to effectively form networks from p(DMAA-co-
AAHAQ) polymer layers by UV light (wavelengths of /=264
and 360 nm) and by two—photon crosslinking (TPC wave-
length of 2=780 nm) were investigated and their reversible
swelling was characterized. Afterwards, this polymer was de-
posited on top of gold nanoparticle arrays that were prepared by
UV-laser interference lithography with a geometry that tuned
its associated LSPR wavelength close to 780 nm. Such sub-
strates were finally tested for the plasmon-enhanced two-pho-
ton crosslinking (PTPC wavelength of 780 nm) in order to lo-
cally attach and crosslink the p(DMAA-co-AAHAQ) polymer
network at the plasmonic hotspots as observed by AFM topog-
raphy and Young modulus measurements.

Figure 1

UV-crosslinking and polymer network swelling. For the
testing of the crosslinking with UV light, thin polymer layers
were prepared and their thickness and polymer volume density
were measured by a combination of surface plasmon resonance
(SPR) and optical waveguide spectroscopy (OWS)?2. The poly-
mer films were prepared on the top of a flat 50 nm thick gold
film that was modified with a self-assembled monolayer formed
from benzophenone-disulfide. The polymer p(DMAA-co-
AAHAQ) layer was deposited with a thickness of 154 nm. Af-
terwards, we observed that the polymer layer was not cross-
linked for the irradiation with UV light emitted at A=365 nm
(data not shown) with a dose as high as 20 J/cm? as all the pol-
ymer was washed away in the rinsing step. Interestingly, the ir-
radiation at shorter wavelength of /=264 nm with a dose of 2
Jlcm? generated stable polymer networks. As illustrated in Fig-
ure 2, the angular reflectivity spectra measured for such film
shows a series of resonant dips due to the excitation of guided
waves travelling along the surface. These spectra were fitted
with a Fresnel reflectivity-based model. For a dry layer in con-
tact with air, a thickness of d,=154 nm was determined for the
assumed refractive index of n,=1.45%L, Subsequently, the reflec-
tivity spectrum was recorded for the same polymer film that was
swollen in water and a thickness of d,=357 nm and a refractive
index of n,=1.35 was determined under the assumption that the
polymer surface mass density does not change. These results
translates to a swelling ratio of 2.3 was determined between the
dry and swollen layers in the perpendicular direction to the sur-
face (1D swelling).

Figure 2

Two-photon crosslinking. In the second step, the p(DMAA.-
co-AAHAQ) polymer layer was cross-linked via the scanning
of a NIR laser, in order to test the TPC mechanism. For this
purpose, a layer with a thickness of 10 um was used and a struc-
ture was recorded by scanning a pulsed laser beam over the pho-
tonsensitive material with the commercial lithography tool,
Photonic Professional (GT) system (Nanoscribe GmbH, Ger-
many) followed by rinsing in ethanol to remove the non-cross-
linked polymer chains. The films were prepared by drop-casting
a 3% ethanol solution of the p(DMAA-co-AAHAQ) on the top
of a glass substrate that carried a SU8 thin film that promotes
adhesion to the p(DMAA-co-AAHAQ). In order to control the



irradiation dose, the laser power (LP) and writing speed (WS)
were varied between 2-5x10° mW and 1000-10000 lines/s re-
spectively. In order to determine the patterning conditions, for
which the p(DMAA-co-AAHAQ) polymer layer is sufficiently
crosslinked, square shaped structures with lateral dimension of
100 pm were inscribed and after rinsing with ethanol, observed
with an optical microscope. Figure 3a shows that for slow WS
and high LP, irregular structures with defects are formed, which
can be attributed to possible burning of the layer. For the
WS=1000 I/s a flat surface free of defects is achieved for LP
below 3.75x10° mW and for the WS=2500 I/s the laser power
can be increased up to 4.25x10° mW without introducing de-
fects. In order to confirm that the polymer networks form a hy-
drogel that swells in water, another structure was recorded con-
sisting in two blocks. As a support a rectangular shaped blocked
measuring 250 um in length and 125 pum in width was inscribed
(LP=4.5x10° mW and WS=5000 I/s). To one of the shorter sides
a smaller rectangular-shaped structure (50 x 25 pm) was also
patterned connected to the larger structure by its base with a
LP=3.5x10° mwW and a WS=2500 lines/s. As depicted in Fig-
ure 3b, the square-shaped hydrogel architecture (50x25 pm)
was still increasing its volume by a factor of two. The length of
the shorter side that was not connected to the structure increased
from 25 pum to 44 pm, which indicates that the crosslinking TPC
mechanism occurs and preserves the hydrogel properties.

Figure 3

Plasmon-enhanced two-photon crosslinking. Gold nano-
particle arrays exhibiting a LSPR in the vicinity of 780 nm were
engineered aiming to enhance and support the 2PC process
around the plasmonic structures. As seen in Figure 4a, the pris-
tine arrays of metallic nanoparticles were characterized via
atomic force microscopy, displaying a period of A=400 nm and
a diameter of D= 165+ 10 nm. The surface of the particles was
modified with a linker carrying photoactive benzophenone moi-
eties immersing the substrate in a benzophenone disulphide so-
lution. In a similar manner as for the thin hydrogel films, a thin
layer of the P(DMAA-co-AAHAQ) was coated on the top of
the metallic particles by spin-coating using a 3% (w/w) solution
of the polymer yielding a thickness around 150 nm. Addition-
ally, transmission spectroscopy was carried out to determine the
resonance position of the arrays as displayed in Figure 4b. Prior
the coating with the polymer film carrying anthraquinone moi-
eties, the resonance position was located at 706 nm. After the
coating with the polymer film, the resonance was red shifted to
774 nm due to the higher refractive index of the hydrogel in the
dry state (np= 1.45). The unexposed samples were mounted on
the Nanoscrybe holder for irradiation with the femtosecond la-
ser. After the recording and washing step with ethanol, the pat-
terned structures were investigated with atomic force micros-
copy. As can be seen in Figure 4c, the attachment of the poly-
mer along the longitudinal axes of the particle arrays is clearly
attained, employing a LP of 4 mW 10° mW and a WS of 2500
I/s for the recording. In Figure 4d, the cross-section of a gold
nanoparticle with the locally attached hydrogel is shown with
its corresponding height profile. As a reference, the height pro-
file of the same nanoparticle in the direction orthogonal to that
of the patterned hydrogel is also included. The attached hydro-
gel can be distinguished with two peaks with lower height as
for the gold nanoparticle. The patterned hydrogel spreads to a
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distance of 75£9 nm with a height of 44+3 nm averaged over
22 patterned hydrogel features at 11 Au NPs.

Figure 4

It is worth noticing that the selective crosslinking only occurs
for samples with a LSPR matching the wavelength of the laser
source. This was demonstrated employing particles slightly big-
ger in size (D~210 nm, Figure 5a) with the corresponding red-
shift of the LSPR and detuning of the resonance respect to the
laser source?. In this case, a continuous layer of hydrogel is
formed around the particles as seen in Figure 5b for a LP of
3.75x10° mW and a WS of 2500 I/s. This manifests the im-
portance of the LSPR position in order to plasmonically-en-
hanced the 2PC process and attach the hydrogel only at the re-
gions where the electromagnetic field profile is more strongly
confined. Interestingly, the areas irradiated with a LP below
3x10° mW do not display crosslinking of the anthraquinone hy-
drogel around the the gold nanoparticles (data not shown).

Figure 5

Mechanical properties and swelling degree. The mechani-
cal properties of the locally attached hydrogel were evaluated
by determining the Young‘s Modulus in air (Figure 4a) and in
water (Figure 4b) and calculated using the elastic contact model
according to Hertz with the Sneddon extension for the tip ge-
ometry. It is clearly visible, that the Young‘s Modulus of the
hydrogel in air is around 10x stiffer than for the hydrogel im-
mersed in water (0 to 25 GPa for air and 0 to 2 GPa for water).
The stiffness values for both the Young‘s Modulus in air and in
water were derived by making histograms of the hydrogels YMs
at random orientations (around 30 Au-NPs). The maximum of
the fitting, representing the most probable value, was then de-
termined as 1.542 + 0.162 GPa in air and 0.119 + 0.008 GPa in
water. In addition, the swelling of the polymer was determined
by comparing the size of the hydrogel (distance between upper
and lower) in either air or water (N = 50) from AFM images in
contact or Ql-mode (data not shown). The size of the hybrid
features in air was of 320.3 £ 2.6 nm while in water was slightly
larger with 349.2 + 2.2 nm displaying a swelling of around 10%.

Figure 6

CONCLUSIONS

Selective attachment of an anthraquinone-based hydrogel to
the plasmonic hotspots regions of metallic nanostructures with
sub-wavelength resolution is achieved. The hybrid architectures
are attained by using well-ordered gold nanoparticle arrays with
a LSPR in the vicinity of the laser source, which results on the
local attachment of the hydrogel at the areas where the electro-
magnetic field is strongly confined via the plasmon-enhanced
2PC process. This strategy endows a future possibility to probe
a larger distance from the hotspot regions of the metallic nano-
particles compared to most standard configurations based on
self-assembled monolayers where only a limited area of the



probing field of the LSPR is employed in biosensing applica-
tions. In addition, hydrogels can serve as high capacity 3D bind-
ing matrices with high-loading capacity when modified with bi-
orecognition elements, facilitating the diffusion and capture of
target analytes inside the polymeric network®, This is but a first
step proving the capability of the approach to selectively deposit
the hydrogel at the plasmonic hotspots and further experiments
with a novel material allowing for the post-modification of the
hydrogel with biorecognition elements will be pursued.
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Herein, we report a new approach to rapidly actuate the plasmonic characteristics of thin gold films perfo-
rated with nanohole arrays that are coupled with arrays of gold nanoparticles. The near-field interaction
between the localized and propagating surface plasmon modes supported by the structure was actively
modulated by changing the distance between the nanoholes and nanoparticles and varying the refractive
index symmetry of the structure. This approach was applied by using a thin responsive hydrogel cushion,
which swelled and collapsed by a temperature stimulus. The detailed experimental study of the changes
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and interplay of localized and propagating surface plasmons was complemented by numerical simulations.
We demonstrate that the interrogation and excitation of the optical resonance to these modes allow the
label-free SPR observation of the binding of biomolecules, and is applicable for in situ SERS studies of low
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Metallic nanohole arrays (NHAs) have attracted increasing
attention after Ebbesen’s observation of the extraordinary
optical transmission' assigned to surface plasmon-mediated
light tunneling through periodically arranged subwavelength
pores. Subsequently, NHA structures have been employed in
diverse application areas including optical filters,>* amplifica-
tion of weak spectroscopy signals such as fluorescence™ and
Raman scattering,’® second-harmonic generation,'® and par-
ticularly sensing. To date, NHA-based sensors have been uti-
lized for the direct optical probing of proteins,"""*>™* exo-

somes,"” viruses,'>"” bacteria,'® and even cancer cells'*** and
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molecular weight molecules attached in the gap between the nanoholes and nanoparticles.

organelles.”’ Moreover, NHA have enabled studies on lipid
membranes that span over the holes** and allowed the facile
incorporation of membrane proteins for interaction studies
with drug candidates.'®?*

NHA structures enable the electromagnetic field to be
strongly confined inside subwavelength nanoholes*® due to
the excitation of two types of surface plasmon modes, propa-
gating surface plasmons (PSPs, also referred to as surface
plasmon polaritons) traveling along the metal surface and
localized surface plasmons (LSPs), which occur at the sharp
edges of the holes. The coupling to these modes can be tai-
lored for specific purposes by controlling the structure geome-
try, including hole shape, diameter, and lateral periodic or
quasi-periodic spacing.>® In addition, a more complex spec-
trum of supported plasmonic modes can be utilized by com-
bining complementary geometries that support LSP modes at
similar wavelengths based on Babinet’s principle.”® When the
NHA geometry approaches that of complementary metallic
nanoparticle (NP) arrays, additional LSP resonance is intro-
duced, which can near-field couple with the NHA.”” Moreover,
NHA structures that comprise stacks of periodically perforated
metallic films®® and NHA + NP structure with a defined lateral
offset of NPs with respect to the nanohole center* have been
investigated. Herein, we report a new approach to rapidly
actuate the plasmonic characteristics of thin gold films perfo-
rated with nanohole arrays by thermo-responsive hydrogel and
demonstrate its utilization to sensing with flow-through
format SPR and SERS readout.®” It is worth noting that arran-

This journal is © The Royal Society of Chemistry 2020
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use of responsive hydrogel cushion implemented by materials with the chemical structure shown in (b).

ging the metallic nanoholes and nanoparticles in periodic
arrays also decreases the damping of plasmonic modes by
their diffraction coupling through the formation of the so-
called surface lattice resonances.**

Perforated metal layer structures with NHA have been
recently prepared using a range of lithography processes. In
top-down approaches, a variety of geometries become accessi-
ble using focused ion beam milling (FIB) and electron beam
lithography (EBL).**** Nanoimprint lithography and template
stripping®* are used to partially alleviate the limited through-
put of EBL and FIB by the replication of the NHA structure
from pre-fabricated templates. Alternatively, NHAs were also
prepared using bottom-up approaches, mostly relying on the
self-organization of colloid particles.*> Using sub-monolayer
surface coverage of colloids, the colloid particles are used as a
mask for the preparation of sparse and disordered nanoholes,
while dense monolayers of colloids are employed to create
well-ordered nanohole geometries.*®***® This approach allows
the pattern period, A, to be controlled by the size of the colloid
particles and the hole diameter, D, can be independently
adjusted via isotropic etching of the assembled particles
before metal deposition. This technique was further extended
for the preparation of nanoholes on cavities,”” and a lift-off
approach of the NHA membrane was also adopted for its sub-
sequent transfer to more complex structures with multiple
stacked patterned metallic layers.>®

Typically, NHAs used for sensing applications are prepared
via stripping-based techniques or lithographic methods
directly on a non-permeable solid support, which is loaded to
a microfluidic device.*®**° However, the liquid sample to be
analyzed is flowed over the perforated NHA surface with
closed-ended pores, where the liquid flow velocity is equal to
zero, and consequently, the transport of molecules to and
inside the pores is dominantly driven by slow diffusion.*®*!

This journal is © The Royal Society of Chemistry 2020

Thus, to overcome this limitation, there a flow-through assay
format has been developed, in which the analyte solution is
transported internally across the nanoporous film.®'®*"*?
However, these experiments typically rely on the structure of
the NHA prepared on thin nitride membranes, which requires
multiple lithography steps and complicates their application
in sensing experiments.

The present study demonstrates a new type of NHA + NP
structure, which is supported by a thermo-responsive hydrogel
cushion. It is made from an N-isopropylacrylamide hydrogel
material that can expand and contract in an aqueous environ-
ment, thereby actuating the plasmonic properties of metallic
nanostructures.*** In this architecture, the hydrogel cushion
accommodates arrays of gold NPs, which are located below the
NHA and their mutual distance, g, can be on demand actuated
(Fig. 1). Herein, we investigate the spectra of supported PSP
and LSP modes and their spectral detuning by temperature-
induced reversible swelling and collapsing of a hydrogel
cushion. In addition, the hydrogel can serve as a three-dimen-
sional binding matrix for the immobilization of bio-functional
molecules and the applicability of the structure for SPR
(surface plasmon resonance) and SERS (surface-enhanced
Raman scattering) detection is demonstrated with the use of
plasmonic modes that probe the open pores, through which
aqueous samples can be actively flowed.

Results and discussion

We developed a method to prepare a nanostructure geometry
that combines thin gold films perforated with NHA and arrays
of gold NP, which are suspended in a thin layer of a poly(N-iso-
propyl acrylamide) (pNIPAAm)-based hydrogel. It serves as a
responsive cushion, which responds to temperature changes

Nanoscale, 2020, 12, 9756-9768 | 9757
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since pNIPAAm exhibits a lower critical solution temperature
(LCST) of 32 °C. Below its LCST, it is hydrophilic, and it con-
tains large amounts of water in its polymer network structure.
When the temperature increases above its LCST, it abruptly
collapses by expelling water. In the nanostructure geometry
(Fig. 1a), the pNIPAAm-based hydrogel cushion was allowed to
swell and collapse via the diffusion of water through the NHA
pores and its volume changes were utilized for active control of
the distance, g, between NHA and NP. In addition, the hydro-
gel was made from a terpolymer that carries pendant groups
attached to its backbone, enabling its post-modification with
bio-functional molecules (Fig. 1b) for application in optical
spectroscopy and biosensors.*® It is worth noting that this
thermo-responsive hydrogel cushion allowed the controlled
opening and closing of the nanohole arrays of pores, and
switching to the open state was accompanied by the rapid
diffusion of water, which drags contained biomolecules
through the pores, where a plasmonic hotspot occurs. The
spectrum of plasmonic modes probing the pores of the struc-
ture and their near field coupling was investigated in detail, as
follows.

Preparation of NHA + NP structure with hydrogel cushion

The NHA + NP structure featuring actively tunable plasmonic
properties was prepared by a combination of UV nanoimprint
lithography (UV-NIL) and template-stripping (Fig. 2a). Arrays of
nanopillars cast to the transparent OrmoStamp material were
used as a template. AFM observation of the structure topogra-
phy showed that the arrays of nanopillars exhibited a diameter
of D = 100 nm, height of 100 nm, and they were arranged in
rectangular arrays with a set period of A = 460 nm (Fig. 2b).
The arrays of OrmoStamp nanopillars were then activated by
UV-ozone treatment and modified with perfluoro-silane using
vapor deposition to reduce their surface energy. Subsequently,
the nanopillars with a perfluoro-silane anti-adhesive layer were
coated by a gold layer with a thickness of 2 = 50 nm. SEM
observation (Fig. 2c¢) revealed that the gold deposition led to
the formation of a continuous layer, which is protruded by the
nanopillars and their top is capped by gold that is not con-
nected to the bottom continuous gold layer. Afterward, the
outer gold surface was modified by a self-assembled monolayer
of photo-active benzophenone-disulfide, and subsequently
coated with a pNIPAAm-based terpolymer layer. This terpoly-
mer contains the same photo-reactive benzophenone groups
in its backbone (see Fig. 1b) and upon irradiation with UV
light these chains were simultaneously covalently crosslinked
and attached to the gold via the benzophenone-disulfide
linker. Then, the outer surface of the crosslinked pNIPAAm-
based polymer was pressed against a glass substrate with a
soft adhesive layer (Ostemer resin pre-cured with UV light),
which was subsequently thermally cured overnight at a temp-
erature of 50 °C. Finally, the assembly was stripped at the
OrmoStamp-gold interface (treated with anti-adhesive layer) to
yield a structure with a thin gold film perforated by NHA,
which were attached to the pNIPAAm-based -crosslinked
polymer networks and underneath comprised of embedded

9758 | Nanoscale, 2020, 12, 9756-9768
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gold NPs spatially separated from the perforated continuous
gold film. The AFM topography image in Fig. 2d shows that
the pores exhibit the same diameter, D, as the nanopillars and
the SEM image of an edge of the structure in Fig. 2e confirms
that under the NHA, arrays of gold NPs are present (which
were stripped from the top of the OrmoStamp pillars). It is
worth noting that the distortions of the surface that are visible
in Fig. 2e are a result of breaking the sample to obtain the
cross-section image.

Optical observation of plasmonic modes

The spectra of the LSP and PSP modes supported by the pre-
pared nanostructure were investigated via optical transmission
measurements. To distinguish between the diffraction coup-
ling to the dispersive PSP modes (traveling along the gold film)
and non-dispersive LSP resonances (supported by the pores in
the NHA + NP nanostructure), transmission spectra were
measured via collimated beam impinging on the NHA + NP
structure at angles in the range of & = 0° to 25°. The trans-
mitted beam emitted from a halogen light bulb was then ana-
lyzed with a spectrometer in the wavelength range of A =
500-850 nm. Firstly, the wavelength-angular dependence of
the transmission was measured for a structure that was dry
and in contact with air (with a refractive index of ng = 1). As
presented in Fig. 3a, the acquired spectrum shows that the
excitation of non-dispersive resonance is manifested as a dip
centered at a wavelength of 1, = 600 nm. Moreover, an
additional dispersive mode occurs, and its excitation is associ-
ated with the dip in the transmission spectrum at A% =
750 nm, which splits when the angle of incidence, 0, deviates
from zero. Secondly, the structure was clamped to a flow-cell
and water (with a refractive index of n, = 1.33) was flowed over
its surface, which was kept at a temperature of T'= 40 °C. This
temperature is above the LCST of pNIPAAm, and thus this
material exhibits hydrophobic properties, preventing the
diffusion of water into the polymer networks through the NHA
pores. Since the refractive index of the dielectric above the
structure n, increased, a new dispersive dip resonance cen-
tered at a wavelength of A3 = 650 nm appeared, while the reso-
nance features 1, and 44 changed negligibly (Fig. 3b). Thirdly,
the structure in contact with water was cooled to T = 22 °C,
which is below the LCST of pNIPAAm. Then, a strong blueshift
in the 1, and A3 resonances occurred in the transmission spec-
trum, and also much weaker spectral shift of A4 accompanied
by a decrease in coupling efficiency at this wavelength
(Fig. 3c). These observations indicate that the resonances at 1,
and 24 are associated with the coupling to the surface
plasmon modes that confine the electromagnetic field in the
inner side of the structure in contact with the pNIPAAm-based
hydrogel (with a refractive index of n, = 1.47 at T = 22 °C and
ny = 1.37 at T = 40 °C, see ESI, Fig. S17). The resonance ﬂg
probes the upper part of the structure in contact with water (ng
= 1.33), which changes its refractive index with temperature
much less than pNIPAAm. Since the resonances at A4 and A3
are dispersive, they can be attributed to the PSP modes travel-
ling at the upper or bottom interface of the gold film, respect-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Schematic of the preparation steps of the investigated NHA + NP nanostructure, (b) AFM image of the template with arrays of nanopillars

cast to OrmoStamp, (c) SEM image after coating of the template with a 50 nm thick gold layer, (d) AFM image of the topography of the stripped
surface with gold NHA, and (e) SEM image of a broken edge of the NHA + NP structure tethered to a solid surface via the responsive pNIPAAM-

based polymer. All scale bars are 1 ym in length.

ively. The non-dispersive nature of the 1, resonance indicates
it can be ascribed to the LSP mode.

A more detailed dependence of the transmission spectra on
temperature 7' was investigated for the normal angle of inci-
dence € = 0 (Fig. 3d). The spectra were measured using a
different light source (supercontinuum laser) in order to
extend the wavelength range to 900 nm, which allowed us to
observe an additional feature manifested as a transmission
peak at 2% = 810 nm. Moreover, this showed more clearly that
close to A4, a peak appeared at a wavelength 5. It is worth
noting that the measured transmission spectra were normal-
ized with that obtained for a flat 50 nm thick gold film, which
exhibited a rapidly decreasing transmission with wavelength in
the red and near infrared region of the spectrum. Therefore,
the measurement of absolute transmission values was not
possible, and thus only relative values are presented. In
addition, the spectral positions of the resonances in Fig. 3a, b
and d slightly differ since they were measured with different

This journal is © The Royal Society of Chemistry 2020

(although fabricated under identical conditions) NHA + NP
nanostructures.

Identification of plasmonic modes aided by simulations

The five observed resonant features in the measured trans-
mission spectra were identified using numerical finite differ-
ence time domain (FDTD) simulations. This model was
employed to calculate the absorption wavelength spectra and
near-field distribution of the electromagnetic field occurring
in the structure upon a plane wave normally impinging at its
surface. The simulations of the absorption spectra allowed us
to distinguish the resonant excitation of the LSP and PSP
modes (which is accompanied with damping) from other fea-
tures occurring in the transmission spectrum, which are
related to the interference between multiple specular and non-
specular diffracted beams and their falling after the horizon in
the superstrate or substrate. As shown in Fig. 4a (blue curve),
we initially analyzed a structure composed of only arrays of
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for the swollen state of pNIPAAm cushion in water at T = 22 °C (ns = 1.33 and n;, = 1.37). (d) Comparison of the wavelength transmission spectra for 6
and NHA + NP structure in contact with water at varying temperature, T. The transmission spectra were normalized with that measured for the flat

structure without the perforated Au film.

cylindrically shaped nanoparticles (NPs with a height of & =
50 nm, average diameter of D = 100-120 nm, and period of A =
460 nm) embedded between dielectrics with the refractive
indices of n, = 1.47 and ng = 1.33. The simulated spectrum
reveals that the resonance associated with the coupling to LSP
on the arrays of NPs is manifested as a strong absorption peak
at a wavelength of about 707 nm. The complementary NHA
structure was composed of a 50 nm thick gold film that was
perforated with arrays of cylindrical nanoholes exhibiting the
same diameter D and sandwiched between the same dielec-
trics with refractive indices of n;, = 1.47 and ng = 1.33. The
absorption spectrum in Fig. 4a (red curve) shows three reso-
nances located at the wavelengths of 1, = 630 nm, 1z = 676 nm,
and Ac = 774 nm. At these wavelengths, the near-field distri-
bution of the electric field amplitude |E| (normalized with that
of the incidence plane wave |E,|) was simulated, as can be
observed in the right part of Fig. 4a. These plots reveal that the
resonance at wavelength 1, exhibits the characteristics of the
dipolar LSP mode, which confines the field inside the nano-
hole. The resonance at the longer wavelength Az shows a more
delocalized field profile on the top interface of the gold film
with the superstrate ng = 1.33, which confirms it is due to first-
order diffraction coupling to the traveling PSP mode at this

9760 | Nanoscale, 2020, 12, 9756-9768

surface. The resonance at the NIR wavelength Ac is
accompanied with the confinement of the electric field at the
bottom gold layer interface with the dielectric ny, = 1.47, which
peaks at the mouth of the pore and its distribution suggests
the main origin corresponds to the first-order diffraction coup-
ling to the PSPs traveling along the bottom gold film surface.
It should be noted that these simulations were carried out for
the mouth of the nanopores filled by a dielectric with a refrac-
tive index ng since the fabrication procedure involving strip-
ping from arrays of nanopillars suggests this geometry (see
Fig. 2a).

The simulations in Fig. 4b (brown curve) reveal that the
short wavelength resonance was blue-shifted to 1, = 621 nm,
the middle resonance blue-shifted to 1, = 672 nm, and the
long-wavelength resonance red-shifted to Ac = 813 nm after the
coupling of the nanohole arrays with the cylindrical nano-
particle arrays (NHA + NP). In these simulations, the gap dis-
tance between the bottom edge of the nanopore and the upper
surface of the cylindrically shaped nanoparticle was set to g =
50 nm, which corresponds to the difference between the
nanopillar height of 100 nm and the thickness of the gold
layer of 7 = 50 nm (see Fig. 1 and 2). When the refractive index
of the superstrate decreased from ng; = 1.33 (representing
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Fig. 4 Simulation-based investigation of the spectrum of supported plasmonic modes: absorption spectra obtained for normally incident beam at
(a) structure with a thin gold film perforated with arrays of nanoholes (NHA), with arrays of cylindrical nanoparticles (NP), and for the combined geo-
metry (NHA + NP) with superstrate refractive indices ng = 1 and 1.33 and substrate refractive index n,, = 1.47. (b) Absorption spectrum simulated for
the NHA + NP geometry for superstrate refractive indices ny = 1 and 1.33. The substrate refractive index was of n,, = 1.47, gap distance between NP
and NHA was of g = 50 nm, period of A = 460 nm, diameter averaged between D = 100-120 nm, and height of h = 50 nm. The cross-section of
spatial distribution of the electric field amplitude was simulated for the plasmonic modes as indicated in the inset.

water) to ng = 1 (representing air), the middle-wavelength reso-
nance disappeared, as shown in Fig. 4b (green curve). This
observation agrees with the measurements presented in Fig. 3
and confirms that the middle resonance occurs due to the
first-order diffractive coupling to the PSP mode at the outer
gold layer surface, which is the most sensitive to variations in
refractive index on the upper interface (superstrate ng). In
addition, this refractive index decrease led to a slight blue
shift in 1, and A since the field distribution corresponding to
these resonances also partially probe the dielectric ng. The
spatial profile of the near field-enhanced electric field ampli-
tude in the right part of Fig. 4b shows that the presence of
gold disk nanoparticles slightly perturbed the nanohole LSP
resonance at 4, as the field is dragged to the bottom part of
the disk nanoparticle. The resonance at Ag due to the PSPs tra-
veling on the top interface only weakly couples with the disk
nanoparticles, contrary to the bottom PSP mode Ac, which
exhibits a field distribution with a more pronounced confine-
ment in the gap.

Interestingly, the simulations predicted that only three plas-
monic modes are supported in the investigated wavelength

This journal is © The Royal Society of Chemistry 2020

range (Fig. 4b, brown curve) when the geometry of NHA (with
three plasmonic modes, black curve Fig. 4a) and NP arrays
(with one mode, blue curve in Fig. 4a) are combined to yield
the experimentally investigated structure NHA + NP. However,
five features were identified in the experimental transmission
data presented Fig. 3, which is greater than the number of pre-
dicted plasmonic modes. The discrepancy between the simu-
lated absorption spectra and experimentally measured specu-
lar transmission can be explained by the Fano shape of the
two measured transmission resonances. The middle wave-
length peak at A and dip at ¢ can be attributed to the exci-
tation of a single PSP mode at the interface of the structure
with superstrate ng and its asymmetric shape can be ascribed
to the interference with additional waves generated by the
structure in a broader wavelength range (previously observed
related plasmonic by simulations?).
Similarly, the long wavelength peak at 4}, and dip at A can be
attributed to the excitation of the PSP mode at the opposite
interface of the structure with superstrate ny,.

In the next step, we performed more detailed simulations

for nanostructure

to reveal the spectral detuning of the resonances by the refrac-
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Fig. 5 Simulated absorption spectra for the structure NHA + NP for varying: (a) refractive index of substrate n,, and (b) distance g between NHA and
NP. From these spectra, the spectral shift of three resonant features were determined for changes in (c) n, and (d) g. The superstrate refractive index
was set to ng = 1.33, the substrate refractive index for (b) and (d) was n, = 1.47, gap distance between NP and NHA for (a) and (c) was set as g =
50 nm, period was A = 460 nm, average diameter between D = 100-120 nm, and height h = 50 nm.

tive index changes of the bottom dielectric n, and distance g
between the gold NPs and NHA. These simulations represent
the expected effect of the swelling and collapsing of the
PNIPAAm-based hydrogel cushion. In general, an increase in
swelling is assumed to be accompanied with a prolongation of
distance g, a decrease in polymer volume content, and conse-
quently a decrease in the refractive index n;,. Fig. 5a and b
show that the refractive index ny, gradually increased from 1.38
to 1.46 and distance g varied between 50 and 100 nm, respect-
ively. The increase in the substrate refractive index n;, led to a
redshift for all three resonances (Fig. 5a), which is consistent
with the experimental data presented in Fig. 3d. For small
changes in the refractive index, the variations in the resonant
wavelengths can be assumed to be linear, and accordingly, the
determined refractive index sensitivity of 81g/dn, = 190 nm
RIU™! and 8A¢/8n, = 390 nm RIU™! were obtained from the
simulated data. These values are in the range reported for
another SPR sensor configuration, which utilizes grating coup-
ling to PSP modes.”” The lower sensitivity of 8A,/8n, = 90 nm
RIU™ for the LSP mode is also in accordance with the previous

9762 | Nanoscale, 2020, 12, 9756-9768

observations on LSPR.** Similarly, the refractive index sensi-
tivity of the three plasmon modes to a change in the refractive
index of the superstrate ng was determined to be 81,/0ns =
137 nm RIU™Y, 81p/dng = 260 nm RIU™! and 8A¢/8ns = 83 nm
RIU™" according to the data presented in Fig. S2.1 Apparently,
the highest sensitivity is observed for the mode at 1y, which is
ascribed to the PSP at the outer interface, where the field is
dominantly confined.

The simulated spectra for varying gap distances g are pre-
sented in Fig. 5b. They show more complex behavior and the
resonances 1, and Ap are weakly blue-shifted with a decrease
in distance g, while A¢ is strongly red-shifted. These changes
exhibit non-linear behavior, and for the shorter distances of g,
they are more pronounced than for the longer distances of g.
Therefore, this observation can be attributed to the near-field
coupling between the gold NPs and NHA, which is particularly
pronounced for the resonance A¢ with its field tightly confined
in the gap (see right part of Fig. 4b). Interestingly, for the long
distance g, an increase in the absorption close to the wave-
length of 700 nm occurred, which may be due to the re-occur-
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93


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr00761g

Open Access Article. Published on 22 April 2020. Downloaded on 7/5/2020 2:18:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

rence of the LSP resonance supported by gold NP arrays not
coupled with NHA, as presented in Fig. 4a.

Actuating of plasmonic modes

The swelling and collapsing of the pNIPAAm-based hydrogel
cushion by varying the temperature around its LCST were
further exploited for actuating the plasmonic modes supported
by the prepared structure NHA + NP. In this experiment, we
varied temperature in the range of T = 20-38 °C and tracked
the resonant positions of all the identified spectral features,
including the transmission dip at 4, = 577 nm due to the LSP
in the nanoholes, spectral dip at A4 = 641 nm and peak at A} =
658 nm, which are ascribed to the Fano resonance of the PSPs
on the top NHA surface, and spectral dip at A4 = 684 nm and
peak at a wavelength of % = 825 nm attributed to the Fano
resonance of PSP at the bottom NHA surface coupled with
arrays of NPs (measured at temperature 7 = 20 °C). The
obtained response was measured with time upon a step-wise
increase and decrease in temperature 7 according to the ana-
lysis of the spectra presented in Fig. 3d. The obtained time
kinetics in Fig. 6 show that the changes are reversible. The fea-
tures presented in Fig. 6a show a gradual increase in spectral
position with an increase in temperature 7. The Fano reso-
nance features A3 and A5 exhibit similar shifts and the
maximum change of about 20 nm occurred when the tempera-
ture increased from 7 = 22 °C to 38 °C. The highest slope in
the shift occurred close to the LCST of pNIPAAm of 32 °C. At a
higher temperature, it was not possible to track the spectral
shift in the peak due to the fact that it became weakly pro-
nounced. The spectral dip AS showed the same trend and
exhibited a stronger maximum shift of 40 nm for the tempera-
ture increase from 7'= 22 °C to 38 °C.

504 —s4d
— 548
401 s T

32°C
250

0 50 100 150 200

Time [min]

300

350

View Article Online

Paper

Interestingly, the dependence of 4, and 4% shows different be-
havior. When the temperature increased above 7 = 22 °C, an initial
decrease in the resonance A, occurred followed by an increase with
a local maximum at 7' = 29 °C, then it decreased again, and above
the LCST of pNIPAAm, it rapidly increased and shifted by about
20 nm. The peak position 42 showed a complementary trend and
it strongly decreased by 15 nm when the temperature increased
from 22 °C to 27 °C, and then it increased with the local
maximum at 30 °C, and when passing the LCST it rapidly red-
shifted by 38 nm. These anomalous dependencies can be
explained by the competing effect of the near-field coupling (which
is dominantly controlled by distance g and exhibit non-linear
dependence, as shown in Fig. 5d) and refractive index change,
which shifts the resonance linearly (see Fig. 5c). The anomalous
changes occurred below the LCST of pNIPAAm, which indicates
that distance g is not directly proportional to the swelling degree of
the hydrogel cushion layer, and other effects such as filling the
pores with the swelling polymer networks can occur.

Local probing of molecular binding events

To explore the potential of the developed hybrid nanostructure
for applications in sensing, we employed the plasmonic reso-
nances for local probing of molecular binding events at
specific parts. In the first experiment, we directly monitored
the binding of biomolecules in the pNIPAAm-based hydrogel
cushion from the associated refractive index changes. These
changes detuned the SPR wavelengths, where the excitation of
the modes probing different the sub-parts of the structure
occurred. After the stripping of the structure, the outer gold
surface and the mouth of the pores were passivated by the
thiol SAM with oligoethylene glycol (OEG) groups. Then, the
PNIPAAm-based hydrogel cushion was post-modified in situ by
covalent coupling of mouse immunoglobulin G, mIgG. The

b)
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Time [min]

Fig. 6 Dependence of spectral position of plasmonic features plotted as function of time for different temperatures in the range of T=22°Cto T =
38 °C: (a) gradual variation in the spectral positions of dips A3 and 42 and peak at 4§ and (b) anomalous variations in the spectral positions of dip ia

and peak 2.
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spectral positions of the resonances at 4, and A$ were moni-
tored by tracking their spectral detuning upon the surface reac-
tions, as can be seen in Fig. 7a. These two resonances were
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Fig. 7 (a) Probing of covalent coupling of immunoglobulin G molecules
(IgG) to pNIPAAmM hydrogel polymer networks with the plasmonic
modes centred at 14 and 2. (b) SERS spectra measured before and after
post-modification of the stripped area of gold with 4-MBA, as measured
with a laser wavelength of 785 nm. The structure NHA + NP was swollen
in water. (c) Comparison of the acquired Raman spectra from the top
(dry NHA + NP structure) and bottom (swollen and dry NHA + NP
structure).
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selected since they probe different parts of the structure and
are well pronounced in the transmission spectrum. To activate
the carboxylic groups within the hydrogel cushion, they were
reacted with EDC/TFPS and then a solution with mIgG was
flowed over the surface in the time range of 45 to 120 min.
After rinsing with a buffer at time 120 min, resonance A%
shifted by 6 nm due to the covalent coupling of mIgG, while
resonance 1, showed a much weaker shift of about 0.5 nm.
This observation proves that the mIgG molecules could diffuse
through the pores and bind to the bottom swollen hydrogel
(probed at A%), while they do not attach to the pores (probed at
Aa)- Then, a series of PBS solutions with sucrose dissolved at a
concentration of 2%, 4% and 8% was flowed over the surface
to change the bulk refractive index by 2.8, 5.6 and 11.2 x 10~°
RIU, respectively. These low molecular weight molecules did
not interact with the structure but freely diffused into the
pNIPAAm-based hydrogel, and thus changed the refractive
index on both sides of superstrate ny and substrate hydrogel
cushion ny,. From the measured shifts in 1, and /18, the sensi-
tivity of these resonances was determined to be di,/d, =
218 nm RIU™" and dAd/d, 454 nm RIU™", respectively. These
values are close to the predicted sum of the sensitivities dA/dng
and dA/dn, and support the fact that the refractive index
changes at both interfaces of the permeable thin gold film.

In the second experiment, we tested the structure as a sub-
strate for SERS detection. Accordingly, we probed the upper
and bottom interfaces by a laser beam focused from the super-
strate or substrate side by a lens with a numerical aperture of
0.5. The laser beam had a wavelength of 4 = 785 nm, which is
close to the resonance observed at A% associated with the con-
finement of the incident field in the gap between the NHA and
NP (see Fig. 4b). In this experiment, we directly used a struc-
ture that was stripped and compared the acquired Raman
(Stokes shifted) spectra with that acquired for the same struc-
ture in which the upper gold surface and the pore mouth were
modified with a Raman-active 4-MBA monolayer (see sche-
matic in Fig. 1b). The results presented in Fig. 7b show a
series of Raman peaks in the spectral range of 800-1800 cm ™"
for the pristine stripped structure that was probed from the
bottom substrate through the pNIPAAm-based cushion. These
peaks can be ascribed to the benzophenone molecules at the
inner gold interface since their spectral positions are close to
that reported in previous works.*® After modifying the pore
mouth and the upper gold interface with 4-MBA, two
additional peaks appeared at 1071 cm™" (aromatic ring breath-
ing, symmetric C-H in-plane bending, and C-S stretching) and
1581 cm™" (aromatic ring C-C stretching, asymmetric C-H in-
plane bending). These spectral positions are close to that
observed previously for this molecule.*®*°

Finally, a comparison of the Raman peak intensity was
carried out for probing from the top (through the superstrate)
and from the bottom (through the pNIPAAm cushion sub-
strate). As can be seen in Fig. 7c, the Raman peaks were
observed only for the probing from the bottom, where the
mode at 4% could be efficiently excited with the laser beam at
the wavelength of 785 nm. In addition, the spectral tuning of
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this mode by collapsing and swelling the structure led to vari-
ations in the Raman peak intensity. An increase in the Raman
peak intensity by about 45% occurred by collapsing the struc-
ture (by drying) with respect to the geometry when the hydro-
gel cushion was swollen in water. This can be attributed to the
potentially stronger field intensity enhancement in the gap
between the nanopores in the NHA and the bottom metallic
nanoparticles as well as the shift in the resonance at A}, to its
optimized spectral position with respect to the excitation wave-
length and Raman scattered peaks, which was observed to
provide most efficient SERS.”*>°

Conclusions

We developed a new approach for the preparation of a hybrid
plasmonic nanostructure that can be actuated and consists of
arrays of nanoholes in a thin gold film, which is connected to
arrays of gold nanoparticles by a responsive hydrogel cushion
attached to a solid substrate. We explored the spectrum of the
plasmonic modes supported by the structure and identified
their origin due to the resonant excitation of three localized
surface plasmons (confined in the nanopores and at the
surface of the nanoparticles) and diffractive coupling to propa-
gating surface plasmons (traveling along the top and bottom
interfaces of the thin gold film). By swelling and collapsing the
hydrogel cushion, the characteristics of these modes could be
changed on-demand and the field confinement as well as res-
onant wavelength (up to 50 nm shifts) could be actively actu-
ated. Among the modes, the near-field coupling between the
nanoparticles and nanoholes was observed, and the simu-
lations predicted that it leads to strong confinement of the
electromagnetic field in the respective gap in the near-infrared
part of the spectrum. This is particularly attractive for biosen-
sing applications, as demonstrated by SPR observation of the
attachment of 160 kDa IgG molecules inside the structure and
SERS measurement of low molecular weight Raman active
4-MBA molecules immobilized in the pore mouth. In addition,
this structure offers a unique opportunity to open and close
the pores by swelling and collapsing the hydrogel cushion.
Accordingly, the pores can be switched between the dead-end
geometry and open state when water molecules are actively
driven through the pores, dragging dissolved biomolecules
across the plasmonic hotspot by diffusion.

Experimental
Materials

OrmoStamp® resin was purchased from Micro Resist Technology
GmbH (Germany). Ostemer 322 Crystal Clear was purchased from
Mercene Labs AB (Sweden). Polydimethylsiloxane Sylgard 184
(PDMS) was obtained from Dow Corning (USA). Trichloro
(1H,1H,2H,2H-perfluorooctyl)silane  (perfluoro-silane), dimethyl
sulfoxide (DMSO) and 1-ethyl-3-(3-dimethylaminopropyl)carbodi-
imide (EDC) were obtained from Sigma Aldrich (Germany).

This journal is © The Royal Society of Chemistry 2020
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(11-Mercaptoundecyl)triethylene glycol (PEG-thiol, SPT-0011) was
purchased from SensoPath Technologies Inc. (USA). The
PNIPAAm-based terpolymer composed of N-isopropylacrylamide,
methacrylic acid, and 4-methacryloyloxybenzophenone (in a ratio
of 94:5:1), benzophenone-disulfide and 4-sulfotetrafluorophenol
(TFPS) were synthesized in our laboratory, as previously
reported.”®”” IgG from mouse serum (mIgG, I 5381) and Tween 20
(P9416) were purchased from Sigma Aldrich (Austria), and phos-
phate-buffered saline (PBS) and sodium acetate were obtained
from VWR Chemicals (Austria). Goat anti-mouse IgG (a-mlgG,
A11375) was acquired from Life Technologies, (Eugene OR, US).

UV-nanoimprint lithography

A template structure bearing arrays of nanopillars was fabri-
cated from a silicon master that carried 1 ecm?® rectangular
arrays of nanoholes with a diameter of D = 90 nm, depth
260 nm, and period A = 460 nm, fabricated by Temicon GmbH
(Germany). 200 pL of OrmoPrime was spun on a clean
BK7 glass substrate at 4000 rpm for 60 s and hard-baked at
150 °C for 5 min. The BK7 substrate coated with OrmoPrime
was contacted with the silicon master using a drop of
OrmoStamp and kept still for 10 min to spread over the struc-
ture and fill the pores. The OrmoStamp was cured using UV
light at 2 = 365 nm with the irradiation dose of 1 ] ecm™> (UV
lamp Bio-Link 365, Vilber Lourmat). Then, the silicon master
was carefully detached, leaving the BK7 substrate with an
imprinted pattern of nanopillars in the OrmoStamp resin. The
fabricated arrays of nanopillars were treated with UV-ozone for
5 min to remove the excess OrmoStamp and activate the
surface for silanization. An anti-adhesive layer was deposited
on the OrmoStamp structure under an argon atmosphere
using 13 pL of trichloro(1H,1H,2H,2H-perfluorooctyl)silane in
a desiccator (volume 5.8 L) heated to 7' = 250 °C for 20 min. A
50 nm thin layer of gold was deposited on the arrays of nano-
pillars, serving as a template, by vacuum thermal evaporation
(HHV AUTO 306 from HHV Ltd) at a deposition rate of 2 A s™*
in a vacuum greater than 10~° mbar. Each sample consisted of
a nanostructured region and a flat region for reference in the
optical measurements.

Deposition of the responsive polymer

The OrmoStamp arrays of nanopillars coated with 50 nm of
gold were incubated overnight in a 1 mM solution of benzo-
phenone-disulfide in DMSO to form a self-assembled mono-
layer serving as a linker. Then, this structure was coated with a
uniform layer of pNIPAAm-based terpolymer by spin-coating
3 wt% ethanolic solution of the polymer at a spin rate of 2000
rpm for 1 min. The layer of the pNIPAAm-based terpolymer
was dried overnight under vacuum at 50 °C yielding, a thick-
ness of 230 nm. The resulting polymer film was crosslinked
via the benzophenone moieties by UV light at A = 365 nm with

an irradiation dose of 10 ] cm™.

Template stripping

A drop of Ostemer epoxy was spread on clean BK7 glass by con-
tacting it with a flat piece of PDMS and irradiating it with UV-
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light at 2 = 365 nm (2 J cm™?). The PDMS block was peeled-off
leaving a glass substrate with a flat layer of pre-cured Ostemer
epoxy on its top. Then, the Ostemer surface was pressed
against the template coated with the crosslinked pNIPAAm-
based film and incubated overnight at 50 °C to allow its attach-
ment to the pNIPAAm-based surface via its epoxy groups. Due
to the pre-curing step, the Ostemer did not penetrate the
PNIPAAmM polymer network layer. Finally, the BK7 substrate
with a layer of Ostemer was used to strip off the pNIPAAm-
based film with the layer of gold from the template modified
with the thin anti-adhesive layer.

Morphological characterization

Atomic force microscopy (AFM) measurements of the pat-
terned structures in air were performed in tapping mode using
PPP-NCHR-50 tips (Nanosensors, Switzerland) and a PicoPlus
instrument (Molecular Imaging, Agilent Technologies, USA).
In addition, a scanning electron microscope (Zeiss Supra 40
VP (Carl Zeiss Microscopy GmbH, Germany) was used for
imaging of the longitudinal and cross-section interfaces of the
nanostructures at an electron high tension of EHT = 5 kV. The
height, diameter and lateral spacing of the nanoscale features
were determined using the Gwyddion free software (version
2.47 from gwyddion.net).

Optical configuration for angular-wavelength transmission
measurement

Transmission optical spectra were acquired using a polychro-
matic light beam emitted from a halogen lamp (LSH102
LOT-Oriel, Germany), which was coupled to a multimode
optical fiber and collimated with a lens. It was made incident
at the structure and the transmitted beam was collected by a
lens to another multimode optical fiber and delivered to a
spectrometer (HR4000, Ocean Optics, USA). The obtained
transmission spectra were normalized with that obtained on a
reference flat 50 nm thick gold film. A flow-cell with a Peltier
element®® connected to a controller from Wavelength
Electronics Inc. (USA) was clamped against the investigated
structure to control the temperature of the liquid flowed over
its surface. Deionized water was flowed by employing a peri-
staltic pump from Ismatec (Switzerland). The investigated
structure with a flow cell was mounted on a rotation stage
driven by a stepper motor from Huber GmbH (Germany) to
control the angle of incident light, . Transmission spectra
were recorded using the in-house developed Labview software
and processed using a dedicated Python script.

Tracking of resonant wavelengths

Polychromatic light emitted from a supercontinuum laser
source (WhiteLaser Micro, Fianium, UK) was collimated and
the beam was expanded and spectrally filtered by a long-pass
filter. The beam was made incident at a normal angle on the
structure mounted in the temperature-stabilized flow cell. The
transmitted beam was collected by a GRIN lens to a multimode
fiber and delivered to the input of a spectrometer (S2000,
Ocean Optics, USA). The acquired transmission spectra were
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normalized to that measured for a reference flat gold film
(thickness of 50 nm) and analyzed using the SPR UP software
developed at the Institute of Photonics and Electronics, Czech
Academy of Sciences.

Finite-difference time-domain simulations

FDTD simulations were performed using the Lumerical FDTD
Solutions software. The geometry of the nanoparticle arrays
was described using Cartesian coordinates with the x- and
y-axis in the plane and the z-axis perpendicular to the plane of
the arrays. Infinite arrays were considered in the simulations
by choosing periodic boundary conditions (symmetric or anti-
symmetric) along the x- and y-axis and using perfectly
matched layers (PML) above and below the structure. For the
field profile simulations, the simulation mesh was set to 2 nm
over the volume of the unit cell. A transmission monitor was
placed 0.4 pm below the nanoparticle arrays and a 2D monitor
in the xz-plane was employed for simulating the near field dis-
tribution of the electric field intensity. The structure was illu-
minated by a normally incident plane wave with its polariz-
ation set along the x-direction. The optical constants for Au
were taken from the CRC Optical Data Tables (450-950 nm).
To consider the deviations in the experimental geometry from
the (idealized) simulated geometry, the diameter D was varied
in the range of 100-120 nm and the respective optical response
was averaged.

Immunoassay experiment

The substrate carrying the NHA + NP structure was clamped
against a transparent flow-cell and loaded in an optical system
for tracking of the SPR dips or peaks in the transmission spec-
trum. A polychromatic optical beam was made incident at a
normal angle of incidence of § = 0° at the structure, and by
analysis of the transmitted light spectrum, the variations in
the resonant wavelengths were monitored with time. These
variations were determined by fitting the acquired spectrum
with a polynomial function, as reported previously,”” and
which allowed the spectral shifts of the dip or peak features to
be measured with the accuracy of 0.1-0.01 nm, depending on
the coupling strength and noise in the transmission spectrum.
Firstly, the baseline in the resonant wavelength kinetics was
established upon a flow of PBS for 20 min. Then, a mixture of
EDC/TFPS dissolved in water at concentrations 75 and 21 mg
mL™", respectively, was flowed over the structure for 10 min to
activate the carboxylic moieties of the pNIPAAm hydrogel. The
surface was quickly rinsed with pH 5 acetate buffer and
reacted with a solution of 50 pg mL™" mouse IgG in the same
buffer for 60 min to covalently attach the mIgG molecules to
the polymer chains. Finally, the structure was rinsed with PBS,
followed by the flow of PBS spiked with 2%, 4% and 8%
sucrose (An = 2.8 x 107°, 5.6 x 107> and 11.2 x 10~ RIU,
respectively).

SERS experiments

The NHA + NP structure was incubated overnight in 1 mM
ethanolic solution of 4-mercaptobenzoic acid to form a self-
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assembled monolayer of SERS-active molecules. Prior to the
experiment, the structure was rinsed with ethanol and dried.
The SERS experiments were performed using an Xplora Raman
microspectrometer (Horiba Scientific, France) with a x50 long
working distance objective (numerical aperture of 0.5). The
laser beam at 4 = 785 nm was focused at the investigated NHA
+ NP structure. The spectrum was accumulated for 20 s.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

DK acknowledges funding from the European Union’s Horizon
2020 research and innovation programme under grant agree-
ment no. 642787, Marie Sklodowska-Curie Innovative Training
Network BIOGEL. SF, JS, JD, JH and UJ were supported by
European Union’s Horizon 2020 research and innovation pro-
gramme under grant agreement no. 633937, project
ULTRAPLACAD. PV, ML, and MDLC are grateful for the finan-
cing from the project jointly funded by Agence Nationale de la
Recherche (ANR) and Austrian Science Fund (FWF) under the
grant agreements ANR-15-CE29-0026 and 1 2647, respectively.
SF and JD received support by the Austrian Research
Promotion Agency (FFG) with grant agreement no. 861578
(ERANET project PLABAN). JS and JH acknowledge financial
support from the Czech Science Foundation, grant agreement
#19-02739S. The Raman analysis was performed at the
Vibrational Spectroscopy platform of the IMMM, Université du
le Mans.

Notes and references

1 T. W. Ebbesen, H. ]J. Lezec, H. F. Ghaemi, T. Thio and
P. A. Wolff, Nature, 1998, 391, 667-669.

2 M. Najiminaini, F. Vasefi, B. Kaminska and J. J. L. Carson,
Sci. Rep., 2013, 3, 1-7.

3 M. S. Ahn, T. Chung and K. H. Jeong, Nanoscale, 2018, 10,
6313-6317.

4 A. G. Brolo, S. C. Kwok, M. G. Moffitt, R. Gordon,
J. Riordon and K. L. Kavanagh, J. Am. Chem. Soc., 2005,
127, 14936-14941.

5 Q. Zhang, L. Wu, T. 1. Wong, J. Zhang, X. Liu, X. Zhou,
P. Bai, B. Liedberg and Y. Wang, Int. J. Nanomed., 2017, 12,
2307-2314.

6 A. G. Brolo, E. Arctander, R. Gordon, B. Leathem and
K. L. Kavanagh, Nano Lett., 2004, 4, 2015-2018.

7 P. Zheng, S. K. Cushing, S. Suri and N. Wu, Phys. Chem.
Chem. Phys., 2015, 17, 21211-21219.

8 S. Kumar, S. Cherukulappurath, T. W. Johnson and S. Oh,
Chem. Mater., 2014, 26, 6523-6530.

9 T. Wu and Y. W. Lin, Appl. Surf. Sci., 2018, 435, 1143-1149.

This journal is © The Royal Society of Chemistry 2020

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

98

View Article Online

Paper

S. P. Sahu, A. Mahigir, B. Chidester, G. Veronis and
M. R. Gartia, Nano Lett., 2019, 19, 6192-6202.

M. E. Stewart, N. H. Mack, V. Malyarchuk,
J. A. N. T. Soares, T.-W. Lee, S. K. Gray, R. G. Nuzzo and
J. A. Rogers, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 17143—
17148.

A. A. Yanik, A. E. Cetin, M. Huang, A. Artar, S. H. Mousavi
and A. Khanikaev, Proc. Natl. Acad. Sci. U. S. A., 2011, 108,
11784-11789.

K. Nakamoto, R. Kurita, O. Niwa, T. Fujii and M. Nishida,
Nanoscale, 2011, 3, 5067-5075.

X. Li, M. Soler, C. 1. Ozdemir, A. Belushkin, F. Yesilkdy and
H. Altug, Lab Chip, 2017, 17, 2208-2217.

H. Im, H. Shao, Y. I. Park, V. M. Peterson, C. M. Castro,
R. Weissleder and H. Lee, Nat. Biotechnol., 2014, 32, 490-
495.

A. A. Yanik, M. Huang, O. Kamohara, A. Artar,
T. W. Geisbert, J. H. Connor and H. Altug, Nano Lett., 2010,
10, 4962-4969.

J. A. Jackman, E. Linardy, D. Yoo, J. Seo, W. B. Ng,
D. J. Klemme, N. J. Wittenberg, S. H. Oh and N. J. Cho,
Small, 2016, 12, 1159-1166.

J. Gomez-Cruz, S. Nair, A. Manjarrez-Hernandez,
S. Gavilanes-Parra, G. Ascanio and C. Escobedo, Biosens.
Bioelectron., 2018, 106, 105-110.

L. Tu, X. Li, S. Bian, Y. Yu, J. Li, L. Huang, P. Liu, Q. Wu
and W. Wang, Sci. Rep., 2017, 7, 11020.

J. T. Lim, Y. S. Yoon, W. Y. Lee, J. T. Jeong,
G. S. Kim, T. G. Kim and S. K. Lee, Nanoscale, 2017, 9,
17224-17232.

S. Kumar, G. G. Wolken, N. J. Wittenberg, E. A. Arriaga and
S. H. Oh, Anal. Chem., 2015, 87, 1973-11977.

M. P. Jonsson, P. Jonsson, A. B. Dahlin and F. H66k, Nano
Lett., 2007, 7, 3462-3468.

L. Plucinski, M. Ranjan, W. R. Arnold, A. Ameen, T. Chang,
A. Hsiao, G. Logan and A. Das, Biosens. Bioelectron., 2016,
75, 337-346.

W.-C. Liu and T. D. Ping, Phys. Rev. B: Condens. Matter
Mater. Phys., 2002, 65, 155423.

F. J. Garcia-Vidal, L. Martin-Moreno, T. W. Ebbesen and
L. Kuipers, Rev. Mod. Phys., 2010, 82, 729-787.

M. Horak, V. Krapek, M. Hrton, A. Konecna, F. Ligmajer,
M. Stoeger-Pollach, T. Samoril, A. Patak, Z. Edes, O. Metelka,
J. Babocky and T. Sikola, Sci. Rep., 2019, 9, 4004.

L. Wang, B. Xu, W. Bai, J. Zhang, L. Cai, H. Hu and
G. Song, Plasmonics, 2012, 7, 659-663.

C. Stelling and M. Retsch, Adv. Mater. Interfaces, 2018, 5, 1-
7.

R. Mohammadi, M. Ochs, A. Andrieu-Brunsen and
N. Vogel, J. Phys. Chem. C, 2020, 124, 2609-2618.

M. Hentschel, T. Weiss, S. Bagheri and H. Giessen, Nano
Lett., 2013, 13, 4428-4433.

V. G. Kravets, A. V. Kabashin, W. L. Barnes and
A. N. Grigorenko, Chem. Rev., 2018, 118, 5912-5951.

J. F. Masson, M. P. Murray-Méthot and L. S. Live, Analyst,
2010, 135, 1483-1489.

Nanoscale, 2020, 12, 9756-9768 | 9767


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr00761g

Open Access Article. Published on 22 April 2020. Downloaded on 7/5/2020 2:18:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

33 C. Escobedo, Lab Chip, 2013, 13, 2445-2463.

34 H. Im, S. H. Lee, N. J. Wittenberg, T. W. Johnson,
N. C. Lindquist, P. Nagpal, D. ]J. Norris and S. H. Oh, ACS
Nano, 2011, 5, 6244-6253.

35 S. H. Lee, K. C. Bantz, N. C. Lindquist, S.-H. Oh and
C. L. Haynes, Langmuir, 2009, 25, 13685-13693.

36 B. Ai, Y. Yu, H. M6hwald, G. Zhang and B. Yang, Adv.
Colloid Interface Sci., 2014, 206, 5-16.

37 J. Junesch, T. Sannomiya and A. B. Dahlin, ACS Nano, 2012,
6, 10405-10415.

38 H. Im, J. N. Sutherland, J. A. Maynard and S.-H. Oh, Anal.
Chem., 2012, 84, 1941-1947.

39 A. Barik, L. M. Otto, D. Yoo, J. Jose, T. W. Johnson and
S. H. Oh, Nano Lett., 2014, 14, 2006-2012.

40 J. Dostalek and W. Knoll, Plasmonics, 2012, vol. 2.

41 Y. Zhao, G. Gaur, S. T. Retterer, P. E. Laibinis and
S. M. Weiss, Anal. Chem., 2016, 88, 10940-10948.

42 C. Escobedo, A. G. Brolo, R. Gordon and D. Sinton, Anal
Chem., 2010, 82, 10015-10020.

43 N. Sharma, C. Petri, U. Jonas and ]. Dostalek, Opt. Express,
2016, 24, 2457.

44 N. Gisbert Quilis, M. van Dongen, P. Venugopalan,
D. Kotlarek, C. Petri, A. Moreno Cencerrado, S. Stanescu,
J. L. Toca Herrera, U. Jonas, M. Moller, A. Mourran and
J. Dostalek, Adv. Opt. Mater., 2019, 7, 1-11.

45 N. Sharma, H. Keshmiri, X. Zhou, T. I. Wong, C. Petri,
U. Jonas, B. Liedberg and ]. Dostalek, J. Phys. Chem. C,
2016, 120, 561-568.

46 A. Aulasevich, R. F. Roskamp, U. Jonas, B. Menges,
J. Dostalek and W. Knoll, Macromol. Rapid Commun., 2009,
30, 872-877.

9768 | Nanoscale, 2020, 12, 9756-9768

View Article Online

Nanoscale

47 A. T. Reiner, N. G. Ferrer, P. Venugopalan, R. C. Lai,
S. K. Lim and J. Dostalek, Analyst, 2017, 142, 3913-3921.

48 Y. Fleger, Y. Mastai, M. Rosenbluh and D. H. Dressler, Surf.
Sci., 2009, 603, 788-793.

49 N. G. Quilis, M. Lequeux, P. Venugopalan, 1. Khan,
W. Knoll, S. Boujday, M. L. de la Chapelle and J. Dostalek,
Nanoscale, 2018, 10, 10268-10276.

50 S.]J. Lee, Z. Guan, H. Xu and M. Moskovits, J. Phys. Chem.
C, 2007, 111, 17985-17988.

51 M. Chirumamilla, A. Gopalakrishnan, A. Toma,
R. P Zaccaria and R. Krahne, Nanotechnology, 2014, 25,
235303.

52 N. Guillot and M. L. de la Chapelle, J. Quant. Spectrosc.
Radiat. Transfer, 2012, 113, 2321-2333.

53 N. Guillot, B. Fremaux, H. Shen, O. Péron, E. Rinnert,
T. Toury and M. Lamy De La Chapelle, Appl. Phys. Lett.,
2010, 97, 023113.

54 S. Kessentini, D. Barchiesi, C. D’Andrea, A. Toma,
N. Guillot, E. Di Fabrizio, B. Fazio, O. M. Marago,
P. G. Gucciardi and M. Lamy De La Chapelle, . Phys. Chem.
C, 2014, 118, 3209-3219.

55 F. J. Colas, M. Cottat, R. Gillibert, N. Guillot, N. Djaker,
N. Lidgi-Guigui, T. Toury, D. Barchiesi, A. Toma, E. Di
Fabrizio, P. G. Gucciardi and M. L. De La Chapelle, J. Phys.
Chem. C, 2016, 120, 13675-13683.

56 P. W. Beines, I. Klosterkamp, B. Menges, U. Jonas and
W. Knoll, Langmuir, 2007, 23, 2231-2238.

57 K. Sergelen, C. Petri, U. Jonas and J. Dostalek,
Biointerphases, 2017, 12, 051002.

58 M. Toma, U. Jonas, A. Mateescu, W. Knoll and J. Dostalek,
J. Phys. Chem. C, 2013,117, 11705-11712.

This journal is © The Royal Society of Chemistry 2020

99


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0nr00761g

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2020

Supporting information

Actuated Plasmonic Nanohole Arrays for Sensing and Optical Spectroscopy
Applications

Daria Kotlarek?, Stefan Fossati?, Priyamvada Venugopalan®t<, Nestor Gisbert Quilis?, Jifi Slaby¢, Jifi Homolad, Médéric Lequeux®, Frédéric

Amiardf, Marc Lamy de la Chapellef, Ulrich Jonasg, Jakub Dostalek®

@ Biosensor Technologies, AlT-Austrian Institute of Technology GmbH, Konrad-Lorenz-StrafSe 24, 3430 Tulln an der Donau, Austria. E-mail:
Jakub.dostalek@ait.ac.at.
b-CEST Kompetenzzentrum fiir elektrochemische Oberflichentechnologie GmbH, TFZ, Wiener Neustadt, Viktor-Kaplan-Strasse 2, 2700 Wiener Neustadt,

Austria

¢ Current address: NYU Abu Dhabi, Saadiyat Campus, P.O. Box 129188, Abu Dhabi, United Arab Emirates

9 Institute of Photonics and Electronics, Academy of Sciences of the Czech Republic, Chaberskd 57, 18251, Praha 8, Czech Republic

e Université Paris 13, Sorbonne Paris Cité, Laboratoire CSPBAT, CNRS, (UMR 7244), 74 rue Marcel Cachin, 93017 Bobigny, France

F Institut des Molécules et Matériaux du Mans (IMMM - UMR CNRS 6283), Avenue Olivier Messiaen, 72085 Le Mans cedex 9, France
9 Macromolecular Chemistry, Department Chemistry-Biology, University of Siegen, Adolf Reichwein-Strasse 2, Siegen 57076, Germany

0.9

0.8 4

0.7 4

086

0.5+

Reflectivity R

0.4+

0.34

1 s

™ T=22°C

TET=22°C

da[nrm Mk

T=22°C| 2345 | 1.477

0.2
20

a)

25

T
30

T
35

40

Angle of incidence &[deg]

45

0.9

0.8

0.7 1

0.6

0.5+

Reflectivity R

0.4

0.3

TM T=22°C TET=22°C
—TM T=32°C —TET=32°C
—TM T=40°C —TET=40°C

T=22°C| 1034 | 1.367
T=32°C| 623.2 | 1.386
T=40°C| 285.2 | 1.452

0.2

b)

46.0 465 470 475 480 485 490 495

Angle of incidence &[deg]

Figure S1. Measurement of thickness and the refractive index of a flat pNIPAAm-based polymer layer on a gold surface a) in
a dry state and b) in water by using optical waveguide spectroscopy. Solid lines represent the measured angular scans and
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ABSTRACT: We describe the identification of bicyclic RGD
peptides with high affinity and selectivity for integrin a,f; via
high-throughput screening of partially randomized libraries.
Peptide libraries (672 different compounds) comprising the
universal integrin-binding sequence Arg-Gly-Asp (RGD) in the
first loop and a randomized sequence XXX (X being one of 18

canonical L-amino acids) in the second loop, both enclosed by

either an L- or D-Cys residue, were converted to bicyclic
peptides via reaction with 1,3,5-tris(bromomethyl)benzene

High-affinity
ELISA library screening Lead selection Optimization Integrin a,f; binders
e b "
5. S 2nd, 3d generation AT
S screening /' T
: X  —— . )
5000 | b s o s
000003 ey L A F
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(T3). Screening of first-generation libraries yielded lead bicyclic inhibitors displaying submicromolar affinities for integrin a,f3;
(e.g, C13HEQc3RGDeys, ICs, = 195 nM). Next generation (second and third) libraries were obtained by partially varying the
structure of the strongest lead inhibitors and screening for improved affinities and selectivities. In this way, we identified the
highly selective bicyclic @, f;-binders CrsHPQcp;RGDery (ICs, = 30 nM), Cr3;HPQC;RGDery (ICs, = 31 nM), and
Cp3HSQC;RGDey; (IC, = 42 nM) with affinities comparable to that of a knottin-RGD-type peptide (32 amino acids, ICy, =
38 nM) and outstanding selectivities over integrins ;s (ICs, > 10000 nM) and asf; (ICs, > 10000 nM). Affinity
measurements using surface plasmon-enhanced fluorescence spectroscopy (SPFS) yielded Ky values of 0.4 and 0.6 nM for the
CyS-labeled bicycle Cp;HPQcr3;RGDeyy and RGD “knottin” peptide, respectively. In vitro staining of HT29 cells with Cy5-
labeled bicycles using confocal microscopy revealed strong binding to integrins in their natural environment, which highlights
the high potential of these peptides as markers of integrin expression.

KEYWORDS: RGD, integrin, peptide—protein interaction, ELISA, bicyclic peptide, library screening, SPFS

B INTRODUCTION

(Multi)cyclic peptides represent an important platform in drug
development owing to their unique properties, such as
conformational restriction and low toxicity. Peptides produced
by nature, for example, romidepsin, vancomycin, and
ciclosporin, and semisynthetic peptides such as dalbavancin
are established peptide-based drugs." Over the past years, the
bicyclic CLIPS-peptide platform, first described by our group,”
has attracted considerable interest by combining high target
affinities and selectivities with appreciable proteolytic stabil-
ities.” It has been actively explored to provide a variety of
(enzyme) inhibitors. For example, Heinis et al. used the
technology in combination with phage-display library screen-
ing to identify a bicyclic peptide inhibitor
(AC1;SDRFRNC;PADEALC;G, T3 = 1,3,5-trimesitylenyl
scaffold), displaying nanomolar affinity to plasma kallikrein (K;
= 1.5 nM).” Here, the consensus motif SDRFRN was identified
in the first round of selection, followed by sequential
optimization of the second loop. Notably, the activities of

-4 ACS Publications  © 2019 American Chemical Society 198

the linear peptides were at least 250-fold lower in comparison
to the corresponding T3-bicycles. The same group also
reported a bicyclic peptide inhibitor
(ACy3SRYEVDC;RGRGSAC;G) of urokinase-type plasmi-
nogen activator (uPA) with a K; of 53 nM’ and, most recently,
an active bicyclic inhibitor (AC;HSRC3PQLPPC;G) of
sortase A (K; = 1.1 uM).° Luzi et al. also explored the high-
throughput potential of CLIPS phage-display libraries to
identify a potent bicyclic inhibitor (AC3PPC;LWQVLCrs,
Ky = 10 nM) to TNFaq, one of the key mediators of several
inflammatory disorders.” As an alternative to this, Lian et al.
developed a one-bead two-compound screening technology to
identify double-digit nanomolar bicyclic peptide inhibitors for
protein tyrosine phosphatase 1B (PTP1B), a type II diabetes
target,8 with the target-binding sequence in the first loop and
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the cell-penetrating peptide FORRRQ_(®: L-naphthylalanine)
in the second loop. Recently, the same group reported a
submicromolar bicyclic inhibitor for K-Ras, combining a cell-
permeable peptide sequence in the first loop with the K-Ras
binding motif AJFRnWID (J, p-Leu; ¥, L-propargylglycine) in
the second loop.”

In this paper we describe a novel approach to identify potent
bicyclic binders to integrin @,f3; by combining rational design'®
with medium diversity (total of 672 peptides). These bicycles
combine a “fixed” RGD loop (“Design”) with a second loop
(XXX, “Random”) that further supports the RGD-integrin
affinity and also brings selectivity into the peptide. Integrins
represent a family of cell adhesion receptors'' that are
potential targets for novel therapeutic agents resulting from
their significant role in pathological processes. A major
contribution to the investigation of integrin-binding peptides
was made by Kessler and co-workers, who developed the
potent a,f3; antagonist cilengitide,'” and other cyclopeptides
with decent affinities for integrins, such as a,f; asB;, and
agB. "¢ In addition, integrin affinity tuning via conforma-
tional confinement on of the RGD peptide on surfaces has
been reported.*"™ Recently, Cochran and co-workers
described a family of high-affinity integrin-binding “cystine-
knot” (knottin) RGD peptides, which are considered great
candidates for drug development.'"* However, these disulfide-
rich peptides basically do not express any selectivity in binding
to the integrins a5, asf, and a,f;. Here we describe a set of
bicyclic RGD peptides that display both high affinities and
outstanding selectivities for a,f;. Moreover, we also developed
a similar set of binders with selectivities for the integrin a;f,
the results of which will be disclosed elsewhere. We consider
this combined “random-design” approach also highly suited for
identifying high-aflinity and -selectivity binders to different
ECM target proteins based on e.g. the laminin-binding YIGSR-
or IKVAV-peptide motifs.

B RESULTS AND DISCUSSION

General Procedure for Library Screening. Our
approach involves the design of partially randomized libraries
of small, RGD—containing bicyclic CLIPS (chemical linkage of
peptides onto scaffolds)"> peptides to be used in an iterative
affinity and selectivity optimization process for the integrin
receptor a,f;. We used libraries of “label-free” peptides
comprising acetylated N-termini and C-terminal amides, the
individual o, f;-binding activities of which were evaluated by
measuring the extent of inhibition of biotinylated knottin-RGD
binding to integrin a,f3; using a recently published competition
ELISA setup (see Table S-1 in the Supporting Information).'®
A schematic representation of this setup is given in the
Supporting Information of ref 16. At first, all 672 bicyclic RGD
peptides were screened for inhibition at the highest
concentration (1 mM). For the top 96 hits from the first
screening (top 30 for second and third generations), which
showed at least 90% inhibition at 1 mM, a second screening
was performed at lower concentration (2.5—-10 uM) to
determine their affinities more accurately. Finally, the best
binders were resynthesized and HPLC-purified, followed by
determination of the ICs, values.

Design and Synthesis of RGD Peptide Libraries. We
designed linear peptide libraries consisting of two separate
binding motifs surrounded by three cysteines. The first motif
contains the well-known RGD sequence that should provide
the basal integrin affinity, while the second motif contains a

199

104

randomized sequence “XXX”, which is intended to support
binding of the RGD loop and also to provide integrin
selectivity. The motifs are enclosed by cysteines, which ensure
the double CLIPS cyclization (T3, Figure 1) and hence the
formation of a bicyclic peptide comprising two different loops.

Design of 1 Design of 2"
generation libraries generation libraries
CXXXCRGDC CXQADCcRGDGC
CXXXeRGDC CQADXcRGDec
CXXXCRGDe 1. Screening CXHEQecRGDEC
CXXXeRGDe¢c¢ 2. ICs determination CHEQXcRGDE ¢
cRGDCXXXC for best binders CXQWGCRGDGCC
CRGDcXXXC 3. Lead selection CQWGXCRGDec
cRGDcXXXC QAD, HEQ, QWG, CXWGDCRGDe¢¢
WGD, SYD, EIG, CWGDXCRGD ¢
in total 672 peptides CXSYDCRGDGC
CSYDXCRGDG¢C
Design of 3" CXEIGcRGDEG
generation libraries CEIGXcRGDECC

CXWQCRGDe

CHXQCRGDG ¢ 1. Screening CHXQCRGDE ¢

CHWXCRGDG C 2.1Cg determination CHXQe¢cRGDeEC
for best binders
CHWQCRGDX¢c

CHWQCXRGD ¢

3. Lead selection in total 261 peptides

HWQ

CHWQCGRGDX ¢

CHWQCXRGDS ¢ "T3"

4 -

in total 113 peptides

Figure 1. Methodology for the design of high-affinity bicyclic peptides
to integrin a,f;. X represents any canonical L-amino acid. L-cysteines
are indicated in yellow, D-cysteines in orange, and RGD motifs in
green. Lead motifs are shown in purple.

The primary challenge was to determine the proper size of
both the RGD and the random X(X),X loop. The well-known
integrin binder cilengitide (cyclo—[V(N—Me)RGDf])12 consists
of five amino acids. In a bicyclic peptide, a similar 5-mer loop is
generated by enclosing the 3-mer RGD sequence with two
cysteines; hence, the minimal integrin-binding motif CRGDC
was selected. We kept the RGD loop size constant in the first-
generation library and checked for further optimization at a
later stage. For the second, randomized loop, we considered a
trimer XXX motif suitable to provide the required level of
structural and conformational diversity. When all natural
amino acids (except cysteine and methionine) are included,
there are 324 (18%) possible variants of the dimer motif XX,
5832 possible trimer sequences XXX, and 104976 variants for
the tetramer motif XXXX. Therefore, 96 different XXX motifs
would cover 1.8% of the total viable natural L-tripeptide space,
which is reasonable when one considers the chance to overlook
a high-affinity integrin binder after several rounds of
optimization, in particular in comparison to the 0.09%
coverage of structural space when a tetrameric XXXX motif
is used.

The RGD motif was located either in the C-terminal/right
loop and the XXX sequence in the N-terminal/left loop or vice
versa. A total of 96 random XXX sequences were generated for
each loop by using the software program R. In view of the
apparent effect of p-amino acids on integrin binding
affinity,''” additional sublibraries comprising different combi-
nations of L- and D-cysteines were also designed. Hence, the
entire first-generation library consisted of four sublibraries with
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beotia o Cr3HPQersRGDery T Lead: CrsHWQC;RGDers
eptide s0 [NM] wn_o A Inhibition at 5 uM [%]
" _ X= XwQ HXQ HWX
1% generation o o o
H
CQADCcRGD ¢ 359 + 32 NN H\H\/" - A 7
CHEQcRGD ¢ 195 + 28 (I:Hz D
CQWGCRGD ¢ 625:90 [ : , E
HyC
CWGDCRGD ¢ 85%70 ° /Z‘)to (':3
L& | o /Q : H
”\ S NSO NH
2" generation ¥ Oﬁ 5 ﬁ,’;c, }|<
CHWQCRGD ¢ 15019 o "z" A
CHPQGcRGD ¢ 30:4 C N
CHWQGcRGD ¢ 225:21 P
CHNQcRGD ¢ 11619 Inhibition at Q
. ibition a R
CHFQCcRGD ¢ 11521 Peptide 1 M [%] s
CQBDcRGD ¢ 124 + 31 T
cHpQecrGDc [N V
3" generation w
CHPQCRGDc 31:2 AHPQcRGD ¢ 21 M
B
CHZQCRGD ¢ 73+9 Cj
Nle
CHRQCRGD ¢ 84+ 11 CAPQCcRGDEC 40 Nva
CHFQCRGD ¢ 157 + 17 CHAQCcRGDE C 1
CHWEC CRGD c 78 + 16 CHPACRGDGC 2
CHSQCRGD ¢ 42+ 6 Z
CHPQaRGDcC 25 f
cyclo[KRGDf] 35+6 ;
cilengitide 121+ 18 CHPQcAGDEC <0 a
knottin-RGD 38 + 5 CHPQcRADGC <0 h
CHPQcRGAGC <0 w
B: 2-aminobutyric acid, q
Z: 2-aminoisobutyric acid CHPQcRGDa 4 B: 2-aminobutyric acid, Nle: L-norleucine,

Nva: L-norvaline, 1: L-1-naphthylalanine,
2: L-2-naphthylalanine, Z: 2-aminoisobutyric acid.

Figure 2. (A) ICs, values for first-, second-, and third-generation bicyclic integrin a,f3; binders. Each concentration was tested in triplicate. ICq,
values were calculated via nonlinear regression analysis. Inhibition values were calculated on the basis of absorbance when the bicyclic competitor
was not present (0%, OD,os & 1.8), or when nonbiotinylated knottin-RGD was added at 30 uM (100%, OD 45 ~ 0.2). (B) Molecular structure of
the second-generation bicycle withthe highest integrin a,/f; affinity. (C) Alanine replacement analysis for the bicycle C13HPQc3RGDers. (D) Full
amino acid replacement analysis (HWQ motif) of the bicycle Cr;HWQC;RGDcy; using nonpurified peptides. If absorbances were not lower but
higher in the presence of nonlabeled peptide, inhibition values were reported as <0. Boldface, framed values refer to the lead peptide. p-Amino acids

are represented as small letters.

96 random sequences in the left loop and three sublibraries
with random sequences in the right loop, giving a total number
of 672 different T3 bicycles (Cp3;XXXCr;RGDCrs/
Cr3XXXcp3RGDCr3/Cr3XXXCr3RGDcepy/
Cr3XXXcr3RGDcrs/cpsRGDCpsXXXCopsy/
Cr3RGD ey XXXCry/crsRGDep; XXXCrpy, Figure 1). After
these libraries were screened for binding to integrin a,f3;
(method described below), various lead motifs for next-
generation libraries were derived from the sequences of the
best binders. The second loop in the second-generation
libraries comprised (i) all first-generation lead sequences (e.g,,
QAD), extended by one amino acid (XQAD or QADX), and
(ii) a full replacement set of the second amino acid (X in the
HXQ motif, in view of multiple positive hits: HEQ/2xHLQ).
After the best second-generation a,f3;-binders were identified,
a set of third-generation libraries was designed on the basis of
(i) a full set of replacement variants (86 peptides) based on the
HWQ motif and (ii) extension of the RGD loops on either or
both ends with one amino acid (e.g, RGDX/XRGD or
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GRGDX/XRGDS) while the second loop HWQ was kept
constant.

Screening Bicyclic Peptide Libraries for a,f;-Bindin.
About 4% of the 672 first-generation bicyclic RGD peptides
showed OD,; values below 0.4, corresponding to more than
80% inhibition of knottin-RGD binding to @,f3; (OD,gs = 0.2,
100% inhibition; OD,s = 1.2, 0% inhibition). For the
strongest a,f3;-binding bicycles, we observed an overrepresen-
tation of peptides comprising the RGD motif in the C-
terminal/right loop. Moreover, the best binders all had at least
one D-Cys attached to the RGD sequence, either C-terminal or
both N- and C-terminal, which is consistent with the results of
Kessler et al, who reported enhanced integrin binding for
(mono)cyclic peptides with a p-amino acid next to the RGD
motif."” Furthermore, we also found that peptides comprising
the motif HXQ (X = any L-amino acid) in the left loop mostly
showed significant inhibition. Surprisingly, approximately 50%
of the bicyclic RGD peptides showed OD,s values of higher
than 2.0, even though the OD,s of pure biotinylated knottin-
RGD peptide was only ~1.2. Apparently, those bicycles
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somehow activate either the @ f; for knottin-RGD binding or
vice versa. Another possibility might be that these bicycles
promiscuously bind to the integrin and streptavidin. In any
event, at this point we did not further investigate those bicycles
or considered them of interest as potent and selective a,f;
binders.

We then retested the best 96 hits from the first screening
using only a 100-fold excess (10 yM) over the knottin-RGD
peptide, and from these only 28% (27 peptides) showed >50%
inhibition. The four strongest binders from both screenings
(Cr3QADcr;RGDcr;, Cr;HEQer;RGDery,
Cr;QWGC3;RGDcq;, and Cry3WGDC3RGDeps) were then
resynthesized on a larger scale (20 pmol) and purified and
their activities determined (195 nM < ICy, < 835 nM, Figure
2A). These values are still significantly higher than those
determined for the knottin-RGD peptide itself (38 nM) and
the cyclo-[KRGDf] peptide (35 nM). To further improve
affinities, second-generation libraries were designed using the
six best binders from first screenings as a lead, having (i)
extended (4-mer) second loops, e.g. XQAD or QADX (total of
216 peptides, see Figure 1), (ii) a full set of replacements for
the glutamate (E) of the motif HEQ (25 peptides), (iii) a set
of 12 non-natural variants of various potent lead sequences
(see the Supporting Information), and (iv) the best 8 hits from
first-generation screenings. From the total set of 261 RGD
bicycles 31% (82 peptides) showed >50% inhibition at S uM,
while only 7% (18) showed even >70% inhibition. To further
narrow down the selection, we performed a rescreening of the
best 30 hits at 2.5 uM, in which only 6% of the peptides (15)
showed >50% inhibition and only 2% (6 peptides) showed
>70% inhibition. None of the six best binders comprised an
extended 4-mer sequence (such as XQAD or WGDX),
indicating the choice for a trimer sequence in the left loop
was correct. Instead, five peptides comprised the HXQ motif
(with X = W(2x)/P/N/F) and one the non-natural sequence
Q[Abu]D (Abu = vr-2-aminobutyric acid), with ICy, values
(measured with HPLC-purified peptides) ranging from 30 nM
(Cr3HPQer;RGDep3) to 225 nM  (Cr3HWQersRGDers,
Figure 2A). Molecular structures of the best a,f; inhibitors
are shown in Figure 2B. Five of the six second-generation
binders showed lower IC, values in comparison to the best
first-generation binder (Cy;HEQer;RGDeys, ICs, = 195 nM).
The strongest binder, C;;HPQc3;RGDcy3, displayed an ICq,
value of 30 nM, which is comparable to that of knottin-RGD
(38 nM) as reported by Kimura et al.'*

We then designed third-generation libraries comprising (i) a
complete set of single-replacement variants for the second-
generation lead HWQ_(86 peptides) and (ii) 4-mer and S-mer
RGD loops extended by an additional amino acid (X) at either
one or both ends, while the HWQ loop was kept constant (57
tetramer and 56 pentamer peptides, in total 113 peptides;
Figure 1). From the total of ~200 bicycles that were screened
at S uM, 35% (79 peptides) showed >50% inhibition, 18% (35
peptides) showed >70% inhibition, and only 4% (8 peptides)
displayed >90% inhibition. In the rescreening of the best 20
hits (at 2.5 uM), 95% (19) of the peptides showed >80%
inhibition, while only four peptides (20%) showed even >90%
inhibition. The best six binders (i.e, Cy;HPQCr;RGDcrs,
Cr3H[Aib]QC;RGDcy; (with Aib = 2-aminoisobutyric acid),
Cr3HRQC3RGDcr;, Cr3;HFQC3RGDcry,
CrsHWEC;RGDcy;, and Cr3sHSQC;RGDcys) were resyn-
thesized and purified for activity testing in a concentration-
dependent The most active binder

manner.
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(CrsHPQC3RGDeys, ICs, = 31 nM) differed only from the
best second-generation binder, i.e. Cp;HPQcr3;RGDcr;y
(Figure 2A), in the configuration of the second cysteine. The
other third-generation binders showed ICs, values ranging
from 42 to 157 nM.

An alanine replacement study, in which each amino acid of
the best a,f; binder C1;HPQc3;RGDcr; (85% inhibition at 1
uM) was sequentially replaced by 1- or p-alanine, revealed
significantly decreased affinities when R/G/D (<0%), H/P/Q
(40—69%), or either one of the L-/D-cysteine residues formed
monocyclic peptides (4—25%, Figure 2C). Furthermore, a full
replacement study on the HWQ loop of the second-generation
binder Cr;HWQer;RGDer; (Figure 2D) clearly revealed the
much higher importance of H (histidine) and Q (glutamine)
in comparison to W (tryptophan). This obviously is the reason
why so many W variants showed up as potentially improved
binders.

Essence of Cysteine Residues. We also tested variants of
the second-generation lead Cr;HWQC;RGDery (27 peptides
in total) in which one, two, or all three cysteines were replaced
by the non-natural variants L-/p-homocysteine (hC/hc), or L-/
p-penicillamine (Pen/pen) (Figure S2 in the Supporting
Information). All mutations showed a clear decrease in a,f;
binding, but the decrease was much stronger for the Pen
variants in comparison to the hC variants. For example,
CrsHWQ(hC)13RGDepy and Cr3HWQC;RGD (he)qy
showed 85/53% and 80/37% inhibition at 10 or 1 uM (88/
55% for the lead), whereas the corresponding Pen variants
CrsHWQ(Pen);RGDcp; and Cr;HWQC;RGD(pen)r;
basically showed no measurable inhibition (i.e, 0%) at 10
UM. Occasionally the Pen variants did show activities
comparable to those of the corresponding hC variants, as for
(Pen)sHWQC;RGDcp; (31%/8% at 10/1 uM) and
(hC)sHWQC;RGD(hc)p (20%/12% at 10/1 uM), but
an improved affinity was never observed, suggesting that the
additional methyl groups in penicillamine largely abolish the
integrin—bicycle interaction.

Single-Loop Controls. To illustrate the essence of the
bicyclic peptide format for binding activity, we synthesized and
tested the single-loop variants of some of the first-generation
binders in which one of the three p-/L-cysteines was replaced
by alanines. The single-loop variants (C/A-1,
AQADc,,1,RGDcy1y; /a2, Co1,QADaRGDc,1y; c¢/a-3,
Cr2QADcC,,1,RGDa) were synthesized using 1,3-bis-
(bromomethyl) benzene (mT2), which is the bivalent half of
the trivalent T3 scaffold (for more detailed information on
peptides constrained via CLIPS scaffolds T3 and mT2, see refs
2, 3b, 4, S, and 10). For C;3QADc3RGDeys, aff; binding
strongly decreased on opening the QAD loop (79% to 7% for
C/A-1), the RGD loop (79% to 0% for c/a-3), or both (79%
to 32% for c/a-2) (see Table S-2 in the Supporting
Information). Likewise, a vast decrease in affinity was observed
for single-loop wvariants of bicyclic peptides
Cr;HEQer;RGDepy (from 92% to 22% (C/A-1), 28% (c/a-
3), and 22% (c/a-2)) and Cr3WGDCr3;RGDcry (from 75% to
52% (C/A-1), 8% (c/a-3), and 23% (C/A-2)), which
exemplifies the essence of constraining both loops for optimal
a,f; inhibition. Moreover, the corresponding single-loop RGD
peptides also showed much lower binding values at 10 #M in
comparison to the best bicyclic binders (C,,RGDC,,ry, 23%;
Cir2RGDCray 57%; CoraRGDCpra, 41% (Table S-2 in the
Supporting Informtion), which underscores the importance of
the second loop for integrin a,f; binding.
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Binding of HPQ Bicycles to Streptavidin. The fact that
we identified high-affinity o, f; binders comprising the HPQ_
motif via a competition ELISA may complicate the assay
interpretation, as this motif is known to bind to streptavidin
under certain conditions.'® In order to exclude the possibility
that bicycles containing HPQ or similar motifs directly interact
with streptavidin, and so would falsely indicate a strong a,f3;
interaction, we directly measured the ability of a series of
bicyclic and monocyclic peptides comprising the HPQ motif to
bind to streptavidin-HRP in a simple binding ELISA (Table S-
3 in the Supporting Information). As expected, none of the bi-
and monocyclic peptides showed detectable binding to Strep-
HRP in the 0.005—30 uM concentration range as used in the
competition ELISA. Only the bicyclic peptide
Cp3HFQC3;RGDep; (OD =~ 0.2) and monocyclic control
C.r2HPQc,, 1, showed very weak binding to Strep-HRP at 100
uM (OD = 0.4), but this can by no means be held responsible
for the fact that bicycles C;;HPQC;RGDcp; and
Cr3HPQcr;RGDcp; were identified as the most potent RGD
bicycle binders to integrin a,f3;.

Determination of Affinity Binding Constants (Ky). We
also studied the bicycle—integrin interaction in a direct manner
using surface plasmon-enhanced fluorescence spectroscopy
(SPFES),"” an optical technique that combines surface plasmon
resonance (SPR) with fluorescence spectroscopy. For that
purpose, (i) the bicycle-peptide Cr;HPQcr;RGDepy (best
third-generation binder), (ii) linear GRGDS, (iii) cyclo-
[KRGDf] and (iv) knottin-RGD were resynthesized including
an N-terminal linker (K-PPPSG[Abz]SG, Abz = 4-amino-
benzoic acid) following earlier studies of Pallarola et al.
showing this linker to be minimally invasive with integrin
affinity.”” The N-terminal lysine was acetylated, while the
lysine side-chain amine was deprotected. Since the use of
conventional SPR lacked sensitivity (data not shown),
probably due to the low molecular weight (~2 kDa) of the
bicycles, the peptides were labeled with the fluorescent CyS tag
via coupling of a CyS-NHS activated ester to the lysine side-
chain amine, and the surface plasmon field intensity was
applied at the wavelength coincident with the absorption band
of CyS5 to locally excite a fluorescence signal in close proximity
to the gold surface. This approach increases the fluorescence
signal originating from the peptide binding at the surface with
an immobilized integrin receptor, which allows kinetic
measurements.'” Concentration-dependent fluorescence
curves F(c) were normalized to AF,,, (value measured at
saturation concentration) and fitted via Langmuir isotherm
(Figure 3A). The dissociation equilibrium constant (Kj) was
determined for CyS-labeled C13HPQcr;RGDcr;, which
turned out to be comparable to that of CyS-labeled knottin-
RGD (0.6 nM, Figure 3B). These results perfectly align with
the competition ELISA data (Figure 2A). For CyS-labeled
cyclo-[KRGDA], a slightly weaker affinity (K; = 4.1 nM) was
determined, indicating that CyS5 labeling affects a,3; binding of
cyclo-[KRGDf] more significantly than for knottin-RGD or the
bicyclic peptide (see ICy, values, Figure 2A). The linear
peptide CyS-GRGDS did not show measurable binding to a,f3;
in SPES.

Selectivity of Bicycle Binding to a,f;. Finally, we
compared the o, f; binding abilities of Cp;HPQcr;RGDers,
Cr3HPQC;RGDcy3, and Cr3HSQC3RGDceys, the three
highest-affinity bicycle peptides, and control peptides (knot-
tin-RGD and cyclo-[KRGDf]) with the corresponding binding
values for integrins asf; and a,fs by measuring ICs, values in
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Figure 3. (A) Concentration-dependent, normalized fluorescence
signals for selected CyS-labeled peptide binding to integrin a,f3; (B)
Overview of measured equilibrium dissociation constants (Kj).
Linker: PPPSG[4-Abz]SG.

competition ELISA. We found that none of the three bicycle
peptides showed any measurable interaction with either a,f;
nor asf; (ICs, > 10000 nM), which highlights their
outstanding selectivities for a3 (Table 1). In sharp contrast

Table 1. ICy, Values Determined Using Competition ELISA
for Three Best-Binding RGD Bicycle Peptides, cyclo-
[KRGDfS], Cilengitide, and Knottin-RGD for Different
Integrins®

ICs, (nM)
peptide avps afs asp,
CrHPQcrsRGDeys 30+4 >10000 >10000
CysHPQC3RGDcys 3142 >10000 >10000
CrsHSQC:RGDeys £2+6 >10000 >10000
cyclo-[KRGDA] 35+6 182 + 29 >10000
cilengitide 121 + 18 26 + S >10000
knottin-RGD 38+ 5 76 +£7 114 £ 8

“Bach concentration was tested in triplicate. ICy, values were
calculated via nonlinear regression analysis using GraphPad.

to this, cyclo-[KRGDf] did show strong binding to a,fs (ICs, =
182 nM) while not to a3, whereas knottin-RGD bound to all
integrins with equally strong affinity (a5, ICs, = 76 nM; agf3;,
ICy, = 114 nM). These data reveal that bicyclic RGD peptides
display a3; selectivities superior to benchmark RGD peptides,
such as knottin-RGD, cyclo-[KRGDf] and cilengitide."”
Recently, Neubauer et al. described peptidomimetics with
afBy/asf, selectivity ratios of ~0.006 and ~0.007 (ratio of
corresponding IC, values),"* which is still at least 2-fold less
selective in comparison to the highest-affinity bicyclic a,f;
binder C3;HPQcr;RGDcy;, for which this ratio is <0.003.
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Structural Analysis via 2D-NMR Spectroscopy. Bicycle
peptide Cr;HPQC;RGDcyp; was studied in detail by NMR
using different techniques (COSY/ROESY/TOCSY/HSQC).
Individual residues were identified through their 'H and "*C
(in particular H,/C,) chemical shifts (from edited HSQC) as
well as chemical shifts of the side-chain resonances (2D
TOCSY). From these data it can be concluded that the peptide
largely adopts a random coil structure rather than an ordered
secondary structure (Figure 4). This is fully in line with data
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Figure 4. Chemical shift difference plots for C, and Cj calculated by
A5(13Ca) = 6(13Ca,rc) - 5(13Ca,i) and A5(13Cﬂ) = 5(13C/i,i) -
8(8Cpe) (i = measured amino acid in bicycle, rc = random coil
chemical shift). Positive values reflect more f-sheet character, while
negative values represent more a-helical character. Amino acids that
are close to the baseline are indicative of a random coil structure or
show both a-helical and f-sheet character or alternatively structured
sequences.

from circular dichroism spectroscopy (data not shown) that
were also representative of mainly random-coil structures in
solution. Another possibility is that the peptide adopts a
different folded structure—apart from a-helix or f-sheet—that
cannot be detected with 2D NMR techniques. Interestingly,
the histidine residue shows a double set of aromatic proton
resonances at 8.66/8.60 and 7.33/7.29 ppm, which according
to 1D/2D-ROESY experiments are belonging to different
conformers in chemical exchange. Given the slight differences

in 'H and BC chemical shifts of the exchanging histidines, it is
unlikely the effect arises from 7/7 tautomerism. Rather, a more
likely explanation is that two different proline conformations
coexist (~3:1 ratio), which influences the chemical shifts of
neighboring residues, such as histidine and the N-acetyl methyl
resonance (1.91/2.03 ppm). This is supported by the
significant differences in the proline diastereotopic Hj
resonances (3.92 vs 3.66 ppm and 3.75 vs 3.50 ppm), and
the effect diminishes as one moves farther away from the
proline. Considering the sharpness of the resonances,
relaxation measurements were not pursued, as the structure
is most likely monomeric.

Membrane Binding on Integrin-Expressing Cells
(HT29). In order to prove that RGD bicycles also bind to
integrins in their natural environment of the cell membrane, we
labeled human colon cancer cells (HT29, express integrin a,
subunit) with the CyS-functionalized bicycle peptide
C3HPQC;RGDcypsy, knottin-RGD, and cyclo-[KRGDf] and
detected fluorescence emission via confocal microscopy.
Surprisingly, the bicycle shows very high staining levels,
much higher than that of the CyS5-labeled benchmark knottin-
RGD (Figure S), while the CyS-labeled cyclo-[KRGDf] peptide
is virtually silent under these conditions. Thereby, the peptide
is clearly located on the cell membrane and is hardly
internalized. Control studies with scrambled RGD bicycles
showed did not show any traces of cell staining (data not
shown), which proves that binding is clearly sequence specific.
These data illustrate the potential of RGD bicycles as powerful
markers of integrin expression on live cells.

B CONCLUSION

In this study, we presented bicyclic RGD “CLIPS” peptides as
a novel platform for high-affinity and -selectivity integrin a,f;
binders. These peptides offer a straightforward, cost-effective,
and versatile alternative for established binders, such as
knottin-RGD and cyclo-[KRGDf]. The observed high
selectivity for integrin a,f; suggests applications in integrin-
mediated in vivo tumor staining, cancer diagnostics, and/or
cancer therapeutics.”

Figure 5. Confocal microscopy images of HT29 cells incubated with benchmarks CyS-linker-knottin-RGD (A), cyclo-[K(CyS-linker)RGDf] (B),
and bicycle CyS-linker-Cp3HPQer;RGDcry (C). Cells were incubated on glass coverslips for at least 24 h, followed by addition of CyS-labeled
peptides for 30 min at 4 °C, washing, fixation with 4% PFA, and finally confocal analysis. All images were acquired under identical imaging
conditions and processed via Image] (LUT: Fire). The contrast is shown in arbitrary units (au): 0, no fluorescence; S0, maximum fluorescence.
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B MATERIALS AND METHODS

Reagents and Chemicals. Incubation and washing buffers
were prepared using standard protocols. Recombinant human
integrins were purchased from R&D Systems (Minneapolis,
USA). Strep-HRP (Streptavidin-Horseradish Peroxidase con-
jugate, Southern-Biotech, Birmingham, USA), was diluted
1:1000 for ELISA experiments. Amino acids were purchased
from Iris Biotech (Marktredwitz, Germany) and Matrix
Innovation (Quebec, Canada). Resins were purchased from
Rapp Polymere (Tiibingen, Germany) and Merck (Darmstadt,
Germany). MnCl,-4H,0, 1,3,5-tris(bromomethyl)benzene
(T3), 1,3-bis(bromomethyl)-benzene (mT2), 2,2-dithiobis(5-
nitropyridine) (DTNP), ethyl(dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanol-
amine, Tween20, ethylene glycol, and acetic acid and sodium
acetate for the preparation of acetate buffer were purchased
from Sigma-Aldrich (Steinheim, Germany). CaCl,-2H,0,
MgClL,-6H,0, and phosphate-buffered saline (PBS) were
purchased from Merck (Darmstadt, Germany). Tween80 was
purchased from Faryon (Capelle, The Netherlands), and I-
Block was purchased from Tropix (Bedford, USA). Disulfo-
CyS-NHS ester was purchased from Cyandye (Sunny Isles
Beach, USA). Dithiolaromatic PEG6-carboxylate (thiol-
COOH; SPT0014A6) and dithiolaromatic PEG3 (thiolPEG);
SPT-0013) were purchased from SensoPath Technologies
(Bozeman, USA). Sodium p-tetrafluorophenol-sulfonate
(TFPS) and S-3-(benzoylphenoxy)propyl ethanethioate
(thiol-benzophenone) were synthesized at the Max Planck
Institute for Polymer Research (Mainz, Germany) according to
the literature.”** Poly(N-isopropylacrylamide)-based terpol-
ymer with a 94:5:1 molar ratio of N-isopropylacrylamide,
methacrylic acid, and 4-methacryloyloxy benzophenone
(pPNIPAAm) were synthesized as previously described.””**

Peptide Synthesis. Synthesis of crude bicyclic peptide
libraries, purified bicyclic and monocyclic peptides, and Cy5-
labeled peptides was performed using standard Fmoc-based
peptide synthesis. All 672 peptides were synthesized and
collected separately (synthesis on 2 gmol scale on solid phase,
collection in 96-well polypropylene storage plates (each 2 mL).
For more detailed information, see the Supporting Information

ELISA. For buffer compositions and concentrations, see
Table S-1 in the Supporting Information.

Integrin Coating and Blocking. Plates were coated with
100 puL of a 0.25—0.5 pg/mL integrin solution in coating buffer
onto 96-well NUNC Polysorp plates (overnight, 4 °C)
followed by blocking with 150 uL of 1% I-Block in blocking
buffer (60 min, room temperature) and 3X washing with 400
uL of washing buffer.

Library Screening. In each screening experiment, 96 or 192
different peptides were tested. Bicyclic peptide libraries (2
umol) were dissolved in DMSO (10 mM stock solutions) and
further diluted to working concentrations (1 mM to 2.5 uM)
with incubation buffer. After incubation with a fixed
concentration of biotinylated knottin-RGD peptide in
incubation buffer (minimum 15 min, room temperature), the
individual bicycle solutions were added to the integrin-coated
plates (90 min, room temperature), followed by 3X washing
with washing buffer. Then the plates were incubated with 100
uL of 1:1000 Strep-HRP in Strep-HRP buffer (60 min, room
temperature). After 4X washing they were incubated with 150
UL of substrate buffer containing 0.91 mM ABTS (2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) and 0.006% H,O,
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in substrate buffer (0.2 M Na,HPO, adjusted to pH 4 using
0.2 M citric acid). Absorbance (405 nm) was measured after 4
min using a Molecular Devices Spectramax M2 plate reader.

ICso Determination. Peptides were mixed in eight different
concentrations (each 3-fold dilutions) with a fixed concen-
tration of biotinylated knottin-RGD (both in incubation buffer,
1S min, room temperature), followed by incubation of the
plates with peptide/biotinylated knottin-RGD solutions for 90
min at room temperature. Strep-HRP and ABTS incubation
steps were performed as described for library screening. All
concentrations were tested in triplicate. ICs, values were
calculated via nonlinear regression analysis using GraphPad
Prism software and represent the peptide concentration at
which 50% inhibition of biotinylated knottin binding is
observed.

Surface Plasmon-Enhanced Fluorescence Spectroscopy
(SPFS). For the description of the optical system, sensor chip
preparation, and the immobilization of the ligand, see the
Supporting Information.

Measurement of Equilibrium Dissociation Constant K.
For measurement of the binding affinity of CyS-labeled
peptides to immobilized integrin ligands, PBS with 1 mM
CaCl,, 0.5 mM MnCl,, 1 mg/mL BSA, and 0.05% Tween20
was used as the running buffer. Different concentrations of the
peptide (0.1, 1, S, 10, 50, 100, and 1000 nM) were sequentially
flushed over the sensor surface. The sample at each
concentration was allowed to react with the integrin for 30
min followed by rinsing the surface with running buffer
solution for 10 min. The binding of the target analyte was
monitored in real time by measuring the fluorescence intensity
F(t) originating from the close proximity to the sensor surface
that was probed by resonantly excited surface plasmons
(Figure S-4B in the Supporting Information). The fluorescence
signal F gradually increased upon binding of target analyte, and
for each concentration, the equilibrium fluorescence signal AF
was determined as a difference to the fluorescence baseline
after 10 min of rinsing with running buffer. The titration curve
was established on the basis of these values, and it was fitted
with a Langmuir isotherm model (function AF = AF, /(K4 +
¢)) in order to determine the equilibrium dissociation constant
K,

NMR. A detailed description of the acquisition of the NMR
spectra, devices, methods, and spectrum editing, as well as the
"H NMR spectrum of the bicycle Cr;HPQcr;RGDcyy (Figure
S-S) is depicted in the Supporting Information. T; measure-
ments were performed by properly calibrating the 90° pulse
length and then performing estimates using the 1D inversion
recovery sequence with excitation sculpting water suppression.
After the longest T| was determined to be approximately 2 s, a
pseudo-2D inversion recovery experiment was performed with
10 separate delays of 8 scans each with a total longitudinal
relaxation time of 10.3 s. T, measurements were acquired by
first performing estimates using the 1D PROJECT-CMPG
sequence25 with presaturation water suppression. After the
longest T, was determined to be approximately 1 s, a pseudo-
2D PROJECT-CPMG sequence experiment with presaturation
was performed with 12 separate delays of 8 scans each and a
cycle time of 4 ms with a total longitudinal relaxation time of
10.3 s.

Cell Integrin Staining and Confocal Microscopy.
Human colorectal adenocarcinoma cells (HT29) were
obtained from The Netherlands Cancer Institute (NKI) and
grown using standard procedures and conditions. For the
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experiment, the cells were allowed to adhere on clean glass
coverslips for at least 24 h until they reached approximately
40—50% confluency. Then, the glass coverslips were washed
two times with cold HCG buffer (carbonate-buffered saline,
pH 7.2, containing 140 mM NaCl, S mM KCl, 23 mM
NaHCOj;, 10 mM HEPES, 10 mM glucose, 1 mM CaCl,, 0.5
mM MgCl,, and 0.5 mM MnCl,) to remove nonadhered cells,
followed by adding cold HCG buffer and cooling of the glass
coverslips to 4 °C. Afterward, the CyS-labeled peptides were
added and allowed to incubate at 1 M for 30 min at 4 °C,
followed by at least five washing steps with HCG buffer,
fixation with 4% paraformaldehyde solution in PBS pH 7.4 (20
min), and another four washing steps with HCG buffer.
Subsequently, the cells were analyzed via confocal microscopy
using a Leica TCS SP8 confocal microscope equipped with a
supercontinuum white light laser (NKT Photonics) and water
immersion objectives (63x W PL APO CS2, NA 1.2/40x W PL
APO CS2, NA 1.1). The excitation wavelength was set to 633
nm while fluorescence was detected from 646 to 778 nm. All
images were acquired under identical imaging conditions and
processed via Image] (LUT: Fire).
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Figure S-1. Structures of biotinylated knottin-RGD, knottin-RGD and cyclo-[KRGDf].

Peptide synthesis, analysis and purification

Peptide synthesis was performed on fully automated peptide synthesizers (Multisyntech, Syro, 2-4 pumol
scale for crude libraries) or Gyros Protein Technologies (Symphony, 100-200 pumol scale, for bulk
production) using Fmoc-based solid-phase peptide synthesis on TentaGel® Ram resin using standard
protocols. Coupling of L- and D-cysteines was performed manually using 2,4,6-trimethylpyridine as a
base to maximally suppress racemization. Knottin-RGD peptide, cyclo-[KRGDf] and biotinylated
knottin-RGD peptide (structures shown in Supporting Information, Figure S-1) were synthesized
according to previously published protocols.!” For ICs, determination and selectivity experiments, all
peptides were purified by preparative HPLC on an RP-C18 column (Reprosil-Pur 120 C18-AQ 150x20
mm, Dr. Maisch GmbH, Ammerbuch, Germany) using an MeCN/H,O gradient (5-65%) including
0.05% TFA followed by lyophilization (Christ Alpha 2-4 LDplus). Library screening and inhibition
experiments with single-loop peptides were carried out using non-purified peptides.

Synthesis of crude bicyclic peptide libraries. Individual linear peptides (2 pmol) were dissolved in
DMF (0.5 mL). Then, 1,3,5-tris(bromomethyl) benzene in DMF (4.1 mM, 0.5 mL) was added and the
solution homogenized, followed by ammonium bicarbonate (150 mM, pH 8.0, 0.5 mL) again followed
by homogenizing of the resulting solution and after 1 hour standing at room temperature the reaction
mixtures were quenched with 0.5% ethanethiol (in 1:1 DMF/H,0, 0.1 mL/peptide). Bicyclic peptide
libraries were then lyophilized using a Genevac HT-4X evaporation system.

Synthesis of purified bicyclic and monocyclic peptides. To a solution of linear peptide dissolved at
0.5 mM in 1:3 MeCN/H,0, was added 1.1 equiv. of the appropriate scaffolds (T3 or mT2) dissolved in
MeCN, where after the solution was homogenized. Then, 44 equiv. ammonium carbonate (0.2 M
solution in H,O) were added and shaken for 60 min. After completion (monitoring by UPLC), the
reaction was quenched with 10% TFA/H,0 to pH <4, followed by lyophilization. Monocyclic peptides
were further used in crude form, and bicycles were purified via preparative RP-HPLC.

For S-S-oxidation, linear peptides were dissolved at 0.5 mM in 5% MeCN/H,O and 0.5 equiv. of DTNP
(5 mg/mL in MeCN) was added. 0.2 M ammonium bicarbonate solution was added until the solution
was basic (color changed to yellow). After 10 min, another 0.5 equiv. of DTNP was added. After
complete disappearance of the starting material, the reaction was quenched with 10% TFA/H,0O until
the solution was acidic (color change to green) and the S-S-oxidized peptide was subsequently purified
preparative RP-HPLC.
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Peptide labeling with Cy5. Peptides comprising an amine group were dissolved at 4 mM in DMSO,
followed by adding disulfo-Cy5 NHS (1.0 equiv., 20 mg/mL in DMSO) and DIPEA (10 equiv.). After
completion (30-60 min) reaction was quenched with 10% TFA/H,O, using twice the volume of
DIPEA, and subsequently purified using preparative RP-HPLC.

Peptide analysis and purification. UPLC analysis was performed on a Waters Acquity Ultra
Performance LC System, equipped with a Waters Acquity UPLC BEH130 C18 1.7 um column. A linear
gradient of 5-55% MeCN (0.05% TFA) in HO (0.05% TFA) was used. Peptides were purified by
preparative HPLC (Waters Prep LC) on an RP-C18 column (Reprosil-Pur 120 C18-AQ 150x20 mm,
Dr. Maisch GmbH, Ammerbuch, Germany) using an MeCN/H,O gradient (5-65%) including 0.05%
TFA.

Freeze-drying of the peptide libraries was performed using a GeneVac HT-4X centrifugal vacuum
evaporator.

Amino acids used in peptide libraries

The following amino acids were included in the peptide library syntheses:

Ala (A), Asp (D), Glu (E), Phe (F), Gly (G), His (H), Ile (I), Lys (K), Leu (L), Asn (N), Pro (P), Gln
(Q), Arg (R), Ser (S), Thr (T), Val (V), Trp (W), Tyr (Y).

Moreover, various non-natural amino acids were included for 3™ generation a,3;-libraries.
2-Aminobutyric acid (Z or Abu, also 2" gen), norleucine (Nle, also 2" gen), norvaline (NVa, also 2"
gen), 1-naphthyl alanine (1 or 1-Nal, also 2" gen), 2-naphthyl alanine (2 or 2-Nal, also 2" gen), 2-
aminoisobutyric acid (Z or Aib), D-Ala (a), D-Phe (f), D-His (h), D-Ile (i), D-Leu (1), D-GIn (q), D-Trp
(w).

Additional peptides 2"? generation libraries

Cr131GDC13RGDer; (1: L-1-naphthylalanine)
C132GDC13;RGDers (2: L-2-naphthylalanine)
C1r;Q1GC3RGDers

C13Q2GC13RGDers

C13Q(Abu)DersRGDer; (Abu: 2-aminobutyric acid)
C13Q(Aib)Deq3RGDers (Aib: 2-aminoisobutyric acid)
Cr;H(Nle)QersRGDer; (Nle: L-norleucine)
Cr3sH(Nva)Qcr3RGDers (Nva: L-norvaline)
C13:E(Nle)GersRGDers

C13E(Aib)GersRGDers

C13S1Dcer3RGDers

C13S2Dcr3RGDers
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Table S-1. Parameters varied in the two different competition ELISA setups (A), and selected setups for library
screening and ICsy determination (B).!

A

Setup 1

Setup 2

Coating buffer

Concentration of integrin

Blocking buffer

Washing buffer

Incubation buffer

Concentration of
biotinylated peptide

Concentration of
bicyclic peptide (1! screening)

Concentration of
bicyclic peptide (2™ screening)

Concentration range of
ICso determination

Strep-HRP buffer

0.1 M Na,HPO, pH 8
+1mM Ca®* 0.5 mM Mg**

0.5 pg/mL

0.05% Tween80/PBS
+ 1 mM Ca®" 0.5 mM Mg?*

0.05% Tween80/PBS
+1mM Ca®* 0.5 mM Mg**

PBS pH 7.4
+ 1 mM Ca®* 0.5 mM Mg®*

1 mM (1% generation)
5 uM (2" generation)
10 uM (1% generation)

2.5 uM (2™ generation)

0.1 uM

PBS pH 7.4
+1 mM Ca®* 0.5 mM Mn?*

0.25 pg/mL

0.05% Tween80/PBS
+ 1 mM Ca® 0.5 mM Mn?*

0.05% Tween80/PBS
+ 1 mM Ca® 0.5 mM Mn?*

PBS pH 7.4
+1 mM Ca®* 0.5 mM Mn?*

5uM

2.5uM

10 yM — 0.0046 uM (3" generation)
30 uM — 0.014 uM (1%t and 2" generation)

PBS pH 7.4
+ 1 mM Ca®* 0.5 mM Mg**

PBS pH 7.4
+1 mM Ca®* 0.5 mM Mn?*

B
Library Generation 18t 2nd 3
Screening 1 1 2
ICs¢ determination 2 2 2
S-4
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Table S-2. Inhibition values (determined using setup 1) for a,f; integrin for selected bicyclic peptides (three
cysteines, constrained with 1,3,5-tris[bromomethyl] benzene, T3) and their monocyclic analogues (two cysteines,
constrained with 1,3-bis[bromomethyl] benzene, mT?2).

Inhibition at
10 uM [%]
CQADaRGD ¢ 32
AQADCcCRGD ¢ 7
CQADCRGD a 0
CHEQaRGDc 16
AHEQCcRGD ¢ 22
CHEQCcRGD a 28
CWGDARGD ¢ 23
AWGDCRGD ¢ 52
CWGDCRGD a 8
CRGDC 23
CRGD ¢ 57
CRGD ¢ 41
SH SH
HS HS Q HS HS.| -
OH _OH H _OH OH _OH
HzNj\{( HN YT N YO NSO HN N
0] 0] (o) e) (0] (0]
L-Cys D-Cys L-HCy D-HCy L-Pen D-Pen
X' 1sHWQX3:3RGDers  Inhibition [%] X':sHWQX?13RGD113  Inhibition [%] X'sHWQX?:3RGD2r;  Inhibition [%]
x! x? 10uM 1 M x! X2 10 uM 1 uM x! X2 10uM 1 M
Cys Cys 55 Cys cys [EON &7 Cys Cys 0 5
Cys HCy 53 Cys HCy 20 12 Cys HCy <0 <0
Cys Pen <0 <0 Cys Pen 2 15 Cys Pen <0 <0
HCy Cys 30 <0 HCy cys 62N 33 HCy Cys <0 <0
Pen Cys 31 8 Pen Cys <0 24 Pen Cys <0 <0
HCy HCy 8 <0 HCy HCy 58 31 HCy HCy <0 10
HCy Pen <0 <0 HCy Pen 20 18 HCy Pen <0 <0
Pen HCy 49 22 Pen HCy 18 33 Pen HCy <0 6
Pen Pen <0 <0 Pen Pen <0 6 Pen Pen <0 <0
c: D-Cys 1: D-HCy 2: D-Pen

Figure S-2. A) Molecular drawings of L/D-cysteine (Cys) and non-natural amino acids L-homocysteine (HCy), L-
penicillamine (Pen), D-homocysteine (1) and D-penicillamine (2); B) Inhibition values (using setup 2, Table S-1)
for various derivatives of 2" generation a,B;-inhibitor CrsHWQC3RGDey3-T3.
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Binding ELISA protocol for testing HPQ-streptavidin binding

Greiner cell culture plates were coated with 100 pL 0.2% glutardialdehyde in PBS pH 7.4 coating buffer
(see setup 2, Table S-1) at r.t. for 4 h, followed by 3x washing with 400 puL washing buffer. Aoa-
functionalized peptides were incubated overnight at 4 °C, followed by 3x washing and blocking with
150 pL. 1% I-Block™ in blocking buffer (1 h, r.t). After another 3x washing plates were incubated with
100 pL 1:1000 Strep-HRP in strep-HRP buffer (1 h, r.t.), followed by 4x washing and incubation with
150 pL ABTS-substrate buffer at r.t. Absorbance was measured at 405 nm after 45 min using a
Molecular Devices Spectramax M2 plate reader and corrected for background absorbance (background
refers to absorbance without non-labeled peptide present). Experiments were carried out in triplicate.

Table S-3. Binding ELISA studies to measure streptavidin-affinity of selected 2" generation a,B3-binding bicyclic
peptides and control sequences (monocyclic HPQ and RGD, and biotinylated linear GRGDS). Absorbance values
shown as mean of triplicate including standard deviation.

Absorbance (405 nm)

Peptide 100 uM 10 uM 1uM
AcalPEGICH PQ ¢ RGD ¢ .0.01 £0.07 0.01 + 0.03 0.02 + 0.06
CHPQcRGD c [PEG] K(Aoca)  0.00 + 0.04 000 +0.04 0.02 + 0.03
AcalPEGICHN Q¢ RGD ¢ 003 +0.03 002 + 0.04 0.01 + 0.04
CHNQc R GD c [PEG] K(Aoca)  -0.02 + 0.04 0.01 +0.04 0.00 + 0.04
AcalPEG)CH FQ ¢ RGD ¢ 001 +0.04 001 +0.04 0.03 + 0.03
CHFQcRGD c [PEG] K(Aca)  0.13 + 0.08 0.00 + 0.03 0.03 + 0.05
Aca [PEG] CH P Q ¢ 039 + 0.08 -0.02 + 0.06 0.03 + 0.04
Aca [PEG] ‘¢ RG D ¢ 0.04 +0.05 -0.01 + 0.06 0.02 + 0.03
Biotin [PEG] G R G D S P [PEG] K(Aoa) 8180l + 0.03 N84 + 0.09 065 + 0.07

SPFS observation of affinity binding Kinetics

Optical system. An optical system combining surface plasmon resonance (SPR) and surface plasmon
enhanced fluorescence spectroscopy (SPFS) was used for direct investigation of affinity interaction of
selected peptides and integrins. The Kretschmann configuration of attenuated total reflection method
(Figure S-3) was used for the resonant excitation and interrogation of surface plasmons as described
before in more detail.? Briefly, a laser beam (633 nm) was coupled to a high refractive index glass prism
and glass substrate coated with SPR-active thin gold film, and optically matched to its base. The beam
was made incident at the angle of incidence that was tuned close to Ogpr Where surface plasmons are
resonantly excited at the outer interface of gold surface. A flow cell was clamped against the gold sensor
surface in order to flow liquid samples with a flow rate of 40 uLL/min. The reflected beam intensity was
measured with a lockin amplifier (EG&G, USA) in order to track changes in SPR signal. The
fluorescence signal excited via surface plasmons that was propagating from the sensor surface through
the flow cell was collected by a lens with a numerical aperture about NA=2, and detected by a
photomultiplier (H6240-01, Hamamatsu, Japan) connected to a counter (53131A, Agilent, USA). The
intensity of the excitation beam irradiating area on the sensor chip of about 1 mm? was reduced to 30-
60 uW in order to reduce bleaching of Cy5 excited by the enhanced field intensity of surface plasmons.
The fluorescence light emitted by Cy5 at wavelength of about 670 nm was spectrally separated from
the excitation light (633 nm) by using a set of laser notch filters (XNF-632.8-25.0M, CVI Melles Griot,
USA) and fluorescence band pass filters (670FS10-25, Andover Corporation Optical Filter, USA).
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Figure S-3. Schematics of the optical instrument used for the surface plasmon resonance (SPR) and surface
plasmon-enhanced fluorescence spectroscopy (SPFS) measurements with polarizer (POL), neutral density filter
(NDF), laser notch filter (LFN), fluorescence bandpass filter (FBPF).

Sensor chip preparation. Sensor chips were prepared on BK7 glass substrates which were
subsequently coated with 2 nm chromium and 50 nm gold films by thermal vacuum evaporation (Model
HHV FL400, HHV Ltd, UK). Onto the gold surface integrin a,f; was attached by using two surface
architectures (Figure S4). The 2D architecture relied on a mixed self-assembled monolayer (SAM) that
was formed by immersing the gold surface in a 1 mM ethanolic solution with a dithiol-PEG6-COOH
and dithiol-PEG3, mixed at molar ratio of 1:9. After overnight incubation, the gold surface was rinsed
with ethanol, dried in a stream of air, and stored under argon atmosphere.

Immobilization of ligand. The immobilization of integrin o,f; was performed in sifu by amine
coupling according to standard protocols. The surface reactions were monitored by SPR (Supporting
Information, Figure S-4A). First, PBS and acetate buffer (pH=4) were flowed over the gold surface to
reach a stable baseline SPR signal. Then, the sensor surface carrying carboxylic acid groups on mixed
thiol SAM layer was reacted with 75 mg/mL EDC and 21 mg/mL NHS dissolved in water for 15
minutes. Recombinant human integrins (c: 10 ug/mL), dissolved in acetate buffer (pH=4), was flowed
over the activated sensor surface for 90 minutes to immobilize the integrin molecules via their amine
groups to activated carboxylic groups. Finally, the remaining active ester groups were inactivated with
IM ethanolamine/H,O for 15 minutes.
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Figure S-4. Example of A) SPR sensorgram showing covalent immobilization of integrin a,f; ligand into a 3D
hydrogel binding matrix, and B) fluorescence signal kinetics acquired upon titration of peptide Cy5-functionalized
CT3HPQCT3RGDCT3-T3.

NMR

All NMR spectra were collected on a Bruker Avance I1I 500 MHz spectrometer equipped with a Prodigy
BB cryoprobe at 298 K. Samples were prepared by dissolving the compounds in D,O and adding a
small amount of DSS for internal referencing. '"H-NMR spectra were acquired using 32 scans and a
relaxation delay of 3 s. 2D COSYDQF spectra with presaturation were acquired with a 6000 Hz spectral
width in both dimensions using 2048 x 512 points and processed using 2048 x 512 points, 4 scans per
increment and a relaxation delay of 1.5 seconds. 2D gradient TOCSY spectra with presaturation were
acquired with a 5000 Hz spectral width in both dimensions using 1024 x 512 points and processed using
1024 x 1024 points, 8 scans per increment, a relaxation delay of 2 seconds and a TOCSY mix time of
100 ms. A TOCSY spinlock field of 8.3 kHz was applied. 2D gradient ROESY spectra were acquired
with a 6000 Hz spectral width in both dimensions using 4096 x 512 points and processed using 4096 x
512 points, 24 scans per increment, a relaxation delay of 1.5 seconds and a ROESY mix time of 0.3 s.
A ROESY spinlock field of 5 kHz was applied. Multiplicity-edited 'H-'*C HSQC spectra were acquired
using a 6010 Hz spectral width in F2 and 18868 Hz spectral width in F1 using 1024 x 512 points and
processed to 1024 x 1024 points, 2 scans per increment, relaxation delay of 1.5 seconds and 1-bond Jcy
= 145 Hz. '"H-3C HMBC spectra were acquired using a 5319.1 Hz spectral width in F2 and 22321.4 Hz
spectral width in F1 using 2048 x 512 points and processed to 2048 x 2048 points, 4 scans per increment,
relaxation delay of 1.5 seconds and a long-range Jcy = 8 Hz.
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Figure S-5. 'H spectrum of Cy3HPQersRGDer; acquired with composite pulse presaturation. The spectrum was
referenced to the trimethylsilyl peaks of the internal standard of DSS at 0.0 ppm. NS =32, D1 =3 s, AQ=3.3s.
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ABSTRACT: We report the identification of high-affinity and

selectivity integrin asf;-binding bicyclic peptides via “designed VO S fgzt;g: izifti'gi';y

random libraries”, that is, the screening of libraries comprising the Hit selection rjhﬁl . a
universal integrin-binding sequence Arg-Gly-Asp (RGD) in the first / v g )iL o
loop in combination with a randomized sequence (XXX) in the 00000 P L
second loop. Screening of first-generation libraries for asf,-binding @@@ O ® @ j
peptides yielded a triple-digit nanomolar bicyclic asf-binder @2 GOO®G i @ -
(C3RGDep;AYGCr;, ICs, = 406 nM). Next-generation libraries 00000 h%/ oS
were designed by partially varying the structure of the strongest first- “ICsp: 90 NM

generation lead inhibitor and screened for improved affinities and

selectivities for this receptor. In this way, we identified three high-affinity af3;-binders (Cr3RGDep3AYJCry, J = D-Leu, IC, =
90 nM; C13RGDcp3AYaCry, ICs, = 156 nM; Cr3RGDepsAWGCrs, IC, = 173 nM), of which one even showed a higher a4f3;-
affinity than the 32 amino acid benchmark peptide knottin-RGD (ICy, = 114 nM). Affinity for asf3;-integrin was confirmed by
SPES analysis showing a Ky of 4.1 nM for CyS-labeled RGD-bicycle C1;RGDcp3AYJCry (J = D-Leu) and a somewhat higher K
(9.0 nM) for CyS-labeled knottin-RGD. The asf3;-bicycles, for example, C13RGDc3AYJCry (J = p-Leu), showed excellent
selectivities over a,fs (IC, ratio a3,/ a,f3; between <0.009 and 0.039) and acceptable selectivities over @, f; (ICs, ratios agf3;/
a,f; between 0.090 and 0.157). In vitro staining of adipose-derived stem cells with CyS-labeled peptides using confocal
microscopy revealed strong binding of the af3;-selective bicycle Cp;RGDcp3;AWGCr; to integrins in their natural environment,
illustrating the high potential of these RGD bicycles as markers for af;-integrin expression.

KEYWORDS: RGD, integrin, peptide—protein interaction, ELISA, bicyclic peptide, library screening, SPFS

B INTRODUCTION thrombospondin.'” Several high-affinity af-integrin binders
not displaying any selectivity toward other integrins have been
reported, such as knottin-RGD (a,f3/a,fs/asp;-binder)"' ™"
or echistatin (binds a,f;, @B, @B aBs asfy, and
afBs). P Ligands with improved asf, selectivity, such as
the S-mer PHSCN (ATN-161) that proved to inhibit a3, in
immunoassays'® and in vivo,'®'” recently raised considerable
interest as potential cancer therapeutics. Also, high-affinity
peptidomimetic ligands with asf, selectivity were reported by
Heckmann et al. as potential antiangiogenic cancer therapeu-
tics.'® When covalently linked to a gold surface, these ligands
showed a much higher level of cell adhesion to asf-
transfected fibroblasts as compared to a,f;-transfected
cells."” However, these peptidomimetics require complex
multistep syntheses (in particular the building blocks), which

Integrins, a group of 24 different heterodimeric trans-
membrane proteins,"” are involved in many cellular processes,
such as signaling, proliferation, migration, and differentia-
tion.”" Integrin expression is a dynamic process that depends
on the microenvironment and developmental age of cells." For
example, epidermal and neural stem cells solely overexpress the
Pi-subunit, while adipose-tissue-derived stem cells overexpress
the heterodimeric a;f, in undifferentiated state, as well as
during chondrogenic differentiation.’

High levels of a;f-integrin expression increase the
invasiveness of breast cancer cells into 3D collagen fiber
matrices by 3-fold compared to cells with low levels of a8,
expression.’ Integrins also exhibit extensive crosstalk among
each other.” For example, integrin a3, is a regulator of
angiogenesis and was furthermore reported to control integrin

a,p; expression during in vitro migration and in vivo Received: April 18, 2019
angiogenesis.8 Moreover, asf3; efficiently mediates fibronectin Revised:  June 5, 2019
ﬁbrillogenesis9 and also binds osteopontin, fibrillin, and Published: July 3, 2019
ACS Publications  © 2019 American Chemical Society 598 DOI: 10.1021/acscombsci.9b00081
)4 ACS Comb. Sci. 2019, 21, 598—607
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Figure 1. Methodology for the structural design, affinity selection, identification, and characterization of high affinity bicyclic peptides to integrin

asp.

does (not yet) allow for economically feasible bulk production.
There is a strong need for novel peptidic af3,-integrin binders
that could circumvent this problem. Very recently, Kapp et al.
reported N-methylated, cyclic iso)DGR pegtides with high af-
selectivity over integrins a,f¢ and a,f;.>" Our group recently
described strong and selective o,f;-binders obtained via a
“designed random library” based approach involving medium-
throughput screening of libraries of bicyclic peptides
comprising both an RGD-loop combined with a second
randomized loop.”"** Bicyclic CLIPS peptides™ represent a
group of target-specific and proteolytically stable compounds
that recently showed great potential for therapeutic drug
development.”*">® For example, the bicyclic peptide
AC1;SDRFRNC;PADEALC;G (T3 scaffold derived
from 1,3,5-trisbromomesitylene) was identified as a nanomolar
plasma kallikrein-inhibitor (K; 1.5 nM) consisting of a
consensus binding motif (SDRFRN) in combination with an
optimized supporting sequence (PADEAL).”’

The excellent integrin a,f;-affinities and selectivities
observed with bicyclic RGD-peptides”' prompted us to test
the same libraries also for binding to the af, integrin receptor.
Here, we describe the results of those screenings together with
the structural optimization and characterization of high-affinity
bicyclic RGD-binders to integrin a;f3.

B RESULTS AND DISCUSSION

Design of RGD Peptide Libraries. We designed linear
peptide libraries consisting of two separate binding motifs,
surrounded by three cysteines. The first motif is the well-
known RGD sequence that should provide the basic integrin
affinity, while the second motif contains a random-diversity
sequence that is intended to provide integrin-selectivity. The
motifs are surrounded by cysteines that allow for the double
CLIPS-cyclization via 1,3,5-tris(bromomethyl) benzene (T3,
see Figure S6A), and hence the formation of a bicyclic peptide
comprising two different loops is achieved. According to the
design of high-affinity monocyclic RGD-peptides, as reported
by Dechantsreiter et al.,”® we synthesized bicyclic peptide
libraries containing two “S-mer” loops, that is, RGD and XXX,
each enclosed by L- or D-cysteines. Seven libraries, each
containing 96 peptides, were converted to bicyclic peptides via

T3 (Cp3XXXCr3;RGDCr;, Cr;XXXcp3sRGDCrs,
Cr3XXXCr;RGDecp;, and Cp;XXXcr;RGDeqs,
¢cr3RGDC3;XXXCr;, Cr3RGDcp;XXXCrps,

cr3RGDep XXXCrps, Figure 1). All 34 amino acid building
blocks that were applied in this study are listed in the
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Supporting Information (Table S-1). For more detailed
information on the design, we kindly refer to ref 21.

General Procedure for RGD Bicycle Library Screen-
ing. We screened the bicyclic RGD-peptide libraries for
integrin-binding using our recently developed and published
protocol for a competition ELISA (for experimental con-
ditions, see Table S-2).”

All 672 bicyclic RGD-peptides were screened for inhibition
of biotinylated knottin-RGD binding to integrin a3, and
sorted for the highest degree of inhibition. A second screening
with the best hits from the first screening was performed at 2.5
UM to further fine tune the differences in integrin affinities.
Following screening of the various crude bicycle peptide
libraries, the best binding bicycles were resynthesized and
HPLC-purified, followed by determination of their ICs, values.

Screening Data for asf;,-Binding Bicycles. We screened
the first-generation bicycle libraries for high-affinity binding to
integrin asf3;. Only nine out of 672 peptides (1.3%) showed
>70% inhibition, and all of these peptides comprised the RGD-
sequence in the left loop, enclosed by an N-terminal L-Cys and
a central D-Cys. Still 4% of the peptides (29) showed >50%
inhibition, whereas 80% (540 peptides) showed inhibition
levels <30%. Two bicycles, that is, Cp;RGDcp3AYGCry
(100%) and Cr3RGDcp;NWGCr; (91%) showed >90%
inhibition of (biotinylated) knottin-RGD binding after the
second screening. For Cp3;RGDer;AYGCr; an ICs, value of
406 nM was determined, whereas bicycle
C13RGDep;NWGCry exhibited an ICg, > 2 uM (Figure 2).
The IC;, value for C3RGDcp3AYGCry was much lower than
observed for cyclo-[KRGDf], cilengitide (each >10 yM), and
slightly higher than for knottin-RGD (114 nM). The
unexpected discrepancy between inhibition values of
Cr3;RGDc;NWGCr; in the screening (91% at 10 uM) and
ICsy (>2 uM) may be explained by the fact that “polymeric”
impurities in the crude peptide sample create an “apparent”
inhibition value that is much lower than the IC;, value as
determined using the purified bicycle peptide. On the basis of
the sequence of Cp3RGDcp;AYGCy;, we designed a set of
second generation libraries, including (1) a full position-
replacement analysis of the AYG-loop (i.e.,
Cr3RGDc3XYGCyr;, Cr3RGDcp3;AXGCyy,
Cr3RGDcp;AYXCrj), (2) the RGD-loop extended by an
additional amino acid “X”, while keeping the “AYG”-loop
constant (i.e, Cp3RGDXcp3AYGCr;, Cr3XRGDer;AYGCry),
and (3) the extended S-mer loops “GRGDX” and “XRGDS” in
combination with a constant “AYG”-loop (i.e.,
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Peptide 1Cso [NM]

1%t generation

2"¢ generation
Cs RGDecp VYG Cps 211+ 33
CT3 RGDCT3 A WG CT3 173+ 35
Cs RGDecp AY a Cp 156 + 23
Cs RGDecp AY i Cp 395 + 153
Cs RGDecp | YGCp 386 + 82
knottin-RGD 1148
cyclo-[KRGDf] >10,000
cilengitide >10,000
GRGDS >10,000

J: D-Leu

Figure 2. ICy, values of 1% and 2" generation bicyclic integrin asf3;-
binders.

Cr3GRGDXc3AYGCr3, CrXRGDScp;AYGCrs, Figure 1).
We screened all 196 second generation bicycles at 5 uM and
identified 18 bicycles (9%) with inhibition rates >70%. In a
second screening of the best 20 hits at 2.5 yM 15 bicyclic
peptides (75%) showed >70% inhibition and seven bicycles
(35%) displayed >85% inhibition. Also, eight of the 20 bicycles
exhibited higher inhibition values than C3;RGDcp3;AYGCrsy
itself (82% inhibition), for example, Cr3RGDep3; VYGCry (90%
inhibition) or C1;RGDcr;AYaCry (87% inhibition). Remark-
ably, the IC, of the best inhibitor C1;RGDc;AYJCrs (90
nM, J: p-Leu, Figure 2) was even lower than that for knottin-
RGD peptide (114 nM) and showed a 4-fold increased
inhibition as compared to the first-generation binder
Cp3RGDc;AYGCrs (406 nM). The other five peptides all
showed IC;, values below 400 nM, for example,
Cr3;RGDcp;AYaCry (ICs, 156 nM). Hence, a change from
“G” to “a” (i.e, p-Ala) at position 8, which is equivalent to the

introduction of a single methyl group at the a-carbon, led to
~2.5-fold improved affinity for integrin asf,. For bicycles
Cr3RGDcp;AWGCy; and Cp3RGDep3VYGCr; comparable
values were obtained (i.e. 173 and 211 nM, respectively),
whereas the ICyy’s for bicycles Cr3RGDcp;AYiCr; (395 nM)
and Cp;RGDcpIYGCrs (386 nM) were almost identical to
that of the lead.

Ala-Replacement Study for Selected asf; Binders. To
prove the unique binding affinity of the bicycles, we
synthesized peptide libraries based on the sequences of the
three highest-affinity a@sf,-binding bicycles, in which each
amino acid was replaced by alanine, followed by CLIPS
cyclization with mT2 (see Figure S6A) to give the
corresponding monocyclic peptides (for all Cys/Ala replace-
ments), or with T3 to give the corresponding bicyclic peptides
(for all noncysteine replacements). Subsequently, we analyzed
the libraries for the inhibition of asf;-binding in competition
ELISA at 1 uM. The inhibitory values of the three best asf3-
binding bicycles decreased massively when single amino acids
in the loops were substituted by Ala (Figure 3). In general, Ala-
replacements in the RGD loops gave the strongest effects. For
example, replacing R or G in bicycle Cp;RGDcp;AYJCrs
(Figure 3A), R or D in bicycle C3RGDcr3AYaCyy (Figure
3B), and R, G, or D in bicycle Cr3RGDc;AWGCr, (Figure
3C) led to a complete loss of asf;-affinity (% inhibition at 1
UM <). Similarly, Ala-replacement of the cysteines (and hence
loss of the bicyclic structure) also led to a massive decrease in
binding strength. For example, substitution of either the N-
terminal L-cysteine or the middle D-cysteine (“opening” of
RGD-loop) led to a complete loss of af;-affinity for bicycles
Cr3RGDcp3AYaCrs and CryRGDepsAWGCr; (% inhibition
each <0). Also, when replacing the C-terminal L-cysteine, the
inhibition values decreased significantly (e.g, to 26% for
bicycle Cp3RGDcy3AYJCr; or to 45% for
Cp3RGDc;AWGCr;), albeit to a much lower extent than
for the Ala-replacement of the amino acids in the RGD loop.

Finally, Ala-replacement of the non-RGD loop also resulted
in significant losses of asf;-affinity, albeit to a somewhat lower
extent. While the Y/A-replacement in Cp3;RGDcp;AYJCrpy
showed a complete loss of inhibition (from 73% to <0%),
Y/A-substitution in C3RGDecp3AYaCry had a much reduced
effect (inhibition from 60% to only 27%). In contrast to this,
the J/A or G/A-replacement at the third position of the non-

A B

Cc

Inhibition

Peptide at1uM [%]

Peptide

Inhibition
at 1 uM [%]

Inhibition

Peptide at1uM [%]

73
8

Crs RGD ¢3 AY J Crg
A RGDecmzAY JCun

Crs RGD ¢3 AY a Cpg
A RGDemzAY aCun

60
<0

A RGD curz AWG Coz <0

Cs AGD ¢3 AY J Cpy <0 Crs AGD ¢3 AY a Cpy <0 Crs AGD ¢3 AWG Cpy <0
Cs RAD ¢3 AY J Cpg <0 Crs RAD ¢3 AY a Cpg 12 Crs RAD ¢3 AWG Crg <0
Cs RGA ¢3 AYJ Cpy 20 Crs RGA ¢3 AY a Cpy <0 Crs RGA ¢r3 AWG Cpy 1
CozRGD a AY JCun <0 CozRGD a AY aCun <0 CozRGD a AWG Cup <0
Cs RGD ¢ AAJ Cp 33 Cs RGD ¢3 AAa C 27 Cs RGD ¢3 AAG Cp 27
Cs RGD ¢3 AYA Cpg <0 Crs RGD ¢3 AYA Cry <0 Crs RGD ¢r3 AWA Cpg 6

CozRGDenz AY J A 2

CozRGDenzAY a A

15 Cno2RG D ez AWG A 45

J: D-Leu

Figure 3. Ala-replacement study for asf3;-binding bicycles (A) C1;RGDep3AYJCrs, (B) Cpr3RGDep3AYaCrsy, and (C) Cp3RGDep;AWGCry. When
cysteines were replaced by L- or D-Ala (A/a), peptides were cyclized using the bivalent scaffold mT2. For all other (noncysteine) replacements,

peptides were cyclized using scaffold T3.
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% 1.0
W u K(Cy5)-linker-knottin-RGD Ka [nM] 1Cs0 [NM]
< ® K(Cy5)linker-Cr;RGDEr:AYJCrs Peptide asBs a,Bs Peptide 5By a.Bs afs
E 0.8
2 K(Cy5}Hinker-CrRGDEr;AY JCry 41 =100 C13RGDeAYJCry 90 +15  >10,000 1,019 137
@ 0.6 K(Cy5)linker-GRGDS* 100 100 C1;RGDeAYaCqy 15623  >4,000 992+103
2 C;RGDE,AWGC 173+35 >10,000 1,885+ 234
£ 04 cyclo-{K(K(Cy5HlinkenRGDA" >100 41 knottin-RGD* 114+8  76+7 385

§ K(Cy5)-linker-knottin-RGD* 9.0 0.6 cyclo {KRGDf]* >10,000 182 + 29 3516

§ 0.2 cilengitide* >10,000 26+6 121+ 18
g GRGDS*® >10,000 ~6,500  ~5,000
E 04 J: p-Leucine

01 1 10 100

Peptide concentration [nM]

Figure 4. (A) Concentration-dependent, normalized fluorescence signals for K(CyS)-linker-C3RGDcp3AYJCry and K(CyS)-linker-knottin-RGD
binding to integrin asf; (triplicate experiment). (B) Overview of equilibrium dissociation constants (K;) as determined by SPFS. Values for asf3,
were obtained by applying the 3D-hydrogel surface architecture. Values for a,/3; were obtained by applying the thiol SAM surface architecture; (C)
ICy values for three structurally fully optimized bicycles, knottin-RGD and cyclo-[KRGDf]. Each concentration was tested in triplicate. ICy, values
were calculated via nonlinear regression analysis. **These values were determined previously (* — ref 21, $ — ref 22).

RGD loop in bicycles Cr3RGDcp3AYJCyp; and
Cr3RGDcpr;AWGCy; also led to a complete loss of integrin
affinity. Much to our surprise, a simple change from D- to L-
alanine at the third position of the non-RGD loop in bicycle
C13RGDcp3AYaCyy also resulted in a total loss of asff-binding
activity, thus exemplifying the fact that very subtle structural
changes in the bicycles can have a drastic effect on their
binding activities.

Determination of Affinity Binding Constants (Kj).
Determination of ICg, values provides an indirect method to
estimate the corresponding binding affinities. In order to be
able to directly observe the bicycle-integrin interactions, we
employed an optical approach by combining surface plasmon
resonance (SPR) with surface plasmon-enhanced fluorescence
spectroscopy (SPFS). For this, we modified asf;-selective
bicycle Cr3RGDep;AYJCrg, linear GRGDS, cyclo-[KRGDS],
and knottin-RGD with a linker (K-PPPSG(Abz)SG; Abz = 4-
aminobenzoic acid; abbreviated hereafter as “K(Cy5)-linker*)
based on studies by Pallarola et al.”’ In the first SPR
experiment, the binding of RGD-bicycle to integrins attached
to the gold sensor surface was monitored directly from induced
changes in the refractive index (data not shown). However,
this approach did not provide sufficient sensitivity, probably
because of the low molecular weight of the bicycles (~2 kDa).
Therefore, we labeled the peptides with a fluorescent CyS-tag
and used its absorption band to locally excite the fluorescence
signal close to the gold sensor surface carrying the immobilized
integrins. This approach increases the fluorescence signal
originating from peptide binding at the surface, which allowed
us to measure the kinetics of the peptide-integrin interaction.*’
Dissociation equilibrium constants (K;) of selected peptides
were determined for both asf; and a,f; integrins by real-time
fluorescence signal analysis upon Cy5-labeled peptide binding
to the integrin-anchored surface at various different concen-
trations using either a 2D-architecture with thiol SAM (data
not shown),”" or a 3D-hydrogel matrix of ~100 nm thick. The
latter provided a significantly higher signal to noise ratio
because it allowed to avoid the effect of quenching. Binding
was measured at 0.1, 1.0, 10, and 100 nM, normalized to AF,,,
(value measured at saturation) and fitted via a Langmuir
isotherm model (Figure 4A). For the interaction of bicycle
K(CyS)-linker-C3RGDer3AYJCrpy with integrin asf;, a Ky of
4.1 nM was determined (Figure 4B). Interestingly, this value
indicates a substantially higher affinity as compared to knottin-
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RGD (Kj = 9 nM). It is worth noting that competition ELISA
values revealed a much lower difference in ICs, for knottin-
RGD and bicycle K(CyS)-linker-Cr;RGDcp;AYJCry (Figure
4B), which can be ascribed to the impact of attached CyS-
linker. For cyclo-[K(K(Cy$)-linker)RGDf] and K(CyS)-linker-
GRGDS binding in SPFS was not observed for integrin af), in
accordance with the ICy, measurements. The additional SPFS
results for the affinity interaction with integrin a,f; confirmed
the high selectivity of bicycle K(CyS)-linker-
C13RGDcp;AYJCp; between both integrins @, f; and asf; in
accordance with ELISA ICs, measurements.

Selectivity Studies. Finally, we investigated the integrin
selectivity of the three highest affinity asf, integrin-binders via
competition ELISA (Figure 4C). Bicycles Cr3RGDcp;AYJCry
and Cp3RGDcp;AWGCy; showed excellent selectivity over
integrin a,f5 (ICs, each >10000 nM) with a selectivity ratio
aspi/afBs of <0.009 and <0.017, respectively (ratio of
corresponding ICg, values). The selectivity over a,f; was
also quite substantial, but not as good as for a,fs (IC, = 1019
nM and 1185 nM, respectively), with a selectivity ratio asf3;/
a,f; of approximately 0.09. Bicycle Cp3RGDcr;AYaCrs,
however, exhibited significantly lower selectivities (ratios of
only 0.034 for ayf3;/a.fs and 0.157 for asfB,/a.f3;). These data
nicely illustrate the fact that the bicyclic RGD-peptide platform
represents an excellent alternative to the high-affinity a8,
integrin-binder knottin-RGD, which shows basically no
selectivity in integrin-binding.

Structural Assignment of Individual Amino Acids in
C13RGD¢13AYJCy; via 2D NMR. Individual amino acids were
identified through their H,/C, chemical shifts from the edited
HSQC (Figure S-8), as well as the number and chemical shift
of the side-chain resonances as revealed through 2D TOCSY
(Figure S-9). The residue easiest to identify belonged to the
phenol side chain of the tyrosine. The aromatic protons at 7.11
and 6.83 ppm were assigned ortho and meta to the phenol,
respectively, and could be connected to the carbons at 133.3
and 118.3 ppm, respectively. Using a 'H—">C HMBC long-
range coupling experiment, the H, and Hy protons of the
tyrosine residue were identified at 4.44 ppm and 3.03/2.90
ppm, while the corresponding C, and Cy were identified at
58.9 and 38.2 ppm, respectively, via a 1-bond '"H—"*C HSQC
correlation experiment (Figure S-8). These shifts were
consistent with a random coil conformation as opposed to a
stable @ helix or f sheet structure. An identical analysis was
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performed for all readily identifiable amino acid residues,
which yielded an overall random coil conformation for the
RGD-bicyclic peptide (Figure SA). Ideally, the bicyclic peptide
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e Alpha Helix
Arg Gly Asp Ala Tyr Leu
Amino Acid
Ty (s) T, (s)
Residue Linear  Bicycle Linear  Bicycle
Gly 0.59 0.64 0.22 0.15
Ala 0.51 0.57 0.32 0.22
Asp 0.49 0.49 0.28 0.21
Tyr-6 1.50 1.54 0.66 0.45
Tyr-¢ 2.02 219 0.85 0.57

Figure 5. (A) Chemical shift difference plots for C, and Cj calculated
by A§VC, = A§®C,, — A5 C,; and ASCyy = ASBCy— ASVCy,,
(i = measured amino acid in bicycle, rc = random coil). Positive values
reflect more f-sheet character while negative values represent more a-
helical character. Amino acids that are close to the baseline are
indicative of random coil structures, show both a-helical and f-sheet
character, or alternatively structured sequences; (B) NMR relaxation
times T} and T, as a function of amino acid residue.

should not have the tendency to either polymerize or aggregate
in solution. To determine the effect of structuring the peptide
by linking the peptide chain to a central mesityl moiety via the
cysteine residues, T; and T, NMR relaxation measurements
were undertaken for both the free chain peptide and bicyclic
compound. T, relaxation for protons arises primarily through
dipole—dipole interactions with neighboring nuclei that occur
at the Larmour precession frequency, usually via molecular
motion. T, relaxation involves the loss of spin coherence in the
XY plane through variations in local magnetic fields of any
frequency interacting with the nuclear spin. As both of these
parameters involve molecular motion, they can be sensitive
probes for phenomena, such as polymerization, aggregation,
and complexation, which affect the rotational correlation time
of the molecule. The residues that were most readily
identifiable in both the free and bicyclic peptide were H, gy,
Hy a1 Hs s Hiyw and H,p, (Figure SB). In all cases, the T
values of these protons deviated less than 10% between the
free and bicyclic forms, indicating that overall the molecular
rotation of the molecule remains relatively unchanged. The T,
values decreased slightly more, reflecting the increase in
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rigidity of the peptide, however not significantly enough to
indicate dimerization or aggregation. Therefore, it can be
concluded with relative certainty that these compounds exist as
monomers in solution.

Membrane Binding on Integrin-Expressing Adipose-
derived Stem Cells (ASC). To prove that RGD-bicycles also
bind to integrins in their natural environment of the cell
membrane, we labeled human adipose-derived stem cells
(ASC, express integrin subunits a5 and f;) with the CyS-
functionalized, asf3-selective bicycle peptide K(CyS)-linker-
C13RGDcr;AWGCr; together with two scrambled variants of
this bicycle (AWG — WGA and RGD — GDR, respectively)
as well as the a,fB;-selective bicycle peptide
Cr3HPQer;RGDers,”' and benchmark RGD-peptides knot-
tin-RGD, cyclo-[KRGDf] and GRGDS, and detected fluo-
rescence emission via confocal microscopy. The asf;-selective
bicycle showed similar staining levels (Figure 6A) as compared
to CyS-labeled benchmark knottin-RGD (Figure 6E), while
the a,f;-selective bicycle Cy3HPQcr;RGDeyy (Figure 6D)
and benchmarks cyclo-[KRGDf] (Figure 6F) and GRGDS
(Figure 6G) were virtually silent under these conditions.
Control studies with scrambled RGD-bicycle
Cr3GDRe;AWGCy; (Figure 6B) showed hardly any traces
of cell-staining, which proves the essential role of RGD for
binding to membrane integrins. Moreover, the scrambled
bicycle Cp;RGDesWGACy; (Figure 6C) showed mediocre
staining levels, albeit much weaker than observed for the
parent bicycle, which proves the fact that binding is
unequivocally AWG-sequence specific. The cell-staining data
further illustrate the high potential of these highly integrin-
selective RGD-bicycles as powerful markers of specific integrin-
expression on live cells.

Screening for a,fs-Binding Peptides. Finally, the fact
that a selective integrin @ fs-binder has not yet been reported
in the literature encouraged us to extend the RGD-bicycle
library screening to the search for a,fs-binding bicycles.
Integrin a,fs is an important mediator of cell adhesion and
spreading,”’ among others, by internalizing conformationally
modified vitronectin.>* However, this integrin has been much
less investigated as compared to integrins a,f; and af;, and
its action is generally described in alignment with a,3;.7> 7>
For example, both integrins «,f; and a,fs individually direct
human cardiac myofibroblast differentiation via activation of
TGF-1.*° Moreover, a,f; promoted angiogenesis induced by
VEGEF in corneal models in vivo, while a,f3; supported bFGF-
induced angiogenesis.’”

Screening of our first-generation bicycle libraries for integrin
afs revealed that only one out of 672 peptides showed more
than 50% inhibition of knottin-RGD-a,fs; binding
(CrsRGDepsNWGCr;). It is interesting to note, though,
that exactly the same peptide was also identified as a first-
generation binder to a3, (vide supra). Approximately 94% of
the RGD-bicycles showed <25% inhibition, revealing a clearly
suboptimal positioning of the “RGD”-motif within the various
bicycles tested. We determined a relatively high ICy, value of
1.46 uM for this lead (Figure 7), for which the a,f;-inhibiting
ability was much lower than that of knottin-RGD (76 nM),
cyclo-[KRGDf] (182 nM), and cilengitide (26 nM). We then
designed and synthesized second generation libraries (in total
196 peptides) based on the lead motif “NWG” and screened
these for improved a,fs-inhibiting activity at 5 uM
concentration. Much to our surprise, not a single peptide
exhibited an increased extent of a,f;-inhibition in the
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Figure 6. Confocal microscopy images of adipose-derived stem cells (ASC) incubated with (A) the ayf;-selective bicycle CyS-linker-
Cr3RGDcp3AWGCrs, (B) the structural variant with a scrambled AWG-loop (i.e., bicycle CyS-linker-C13RGDersWGAC;), (C) the structural
variant with a scrambled RGD-loop (i.e., bicycle CyS-linker-Cr3GDRc;AWGCr;), (D) the a,f;-selective bicycle CyS-linker-Cp3HPQer;RGDers,
and benchmark peptides (E) CyS-linker-knottin-RGD, (F) cyclo-[K(K(Cy$)-linker)RGDf], and (G) K(CyS$)-linker-GRGDS. Cells were incubated
on glass coverslips for at least 4 days, followed by addition of CyS-labeled peptides for 10 min at 4 °C, washing, fixation with 4% PFA, and finally
confocal analysis. All images were acquired under identical imaging conditions and processed via Image] (LUT: Fire). The contrast is shown in
arbitrary units (au): 0, no fluorescence; 50, maximum fluorescence. Images were taken at, or very close to, the basal membrane to ensure an optimal
visualization of plasma membrane labeling. We want to explicitly emphasize that cytosolic labeling was thereby not observed for these cells.

Peptide 1Cso [NM]
1%t generation
CT3 R GD C13 NW G CT3 1457 + 452
2" generation
CT3 R GD Cr13 NW f CT3 3668 + 1407
CsRGDecs NW aCrps 650 + 104
Ci3G R GD acs NWGCqy3 1150 + 206
knottin-RGD 76+7
cyclo-[KRGDf] 182 + 29
cilengitide 26+5
GRGDS > 10,000

Figure 7. ICq, values of 1% and 2™ generation of RGD-bicyclic
integrin afs-binders.

screening as compared to the lead itself, while only four second
generation bicycles showed more than 50% inhibition. Two of
these, that is, bicycles Cp3;GRGDacp3NWGCr; and
Cr3RGDcp3NWaCr,, exhibited lower ICq, values (ie., 1150
and 650 nM, respectively) compared to those of the lead
(crude peptides used for initial screening, ICs, values
determined using HPLC-purified bicycles), whereas
Cr3RGDep;NWECy; had a much higher ICy, values (>3.5
uM, Figure 7). However, the binding affinities of these
peptides were still much lower compared to that of the control
RGD peptides, which reveals that the bicyclic RGD-peptide
platform used seems not too well suited for identifying high-
affinity o, fs-binders.

B CONCLUSION

The screening of partially randomized RGD-bicycle libraries
was successfully applied in the search for integrin asf3;-binders,
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eventually yielding three high-aflinity second-generation
bicyclic peptides, that is, Cr;RGDcr3AYJCry (J = D-Leu,
ICso = 90 nM), Cr3RGDcr3AYaCry (ICs, = 156 nM), and
Cr;RGDe;AWGCry (ICs, = 173 nM), with very good
selectivities over integrin a.f; (selectivity ratios asf,/afs
from <0.007 to <0.034) and moderate selectivities over a,f;
(selectivity ratios asf3,/a,fB; of 0.09—0.157). Therefore, these
bicycles represent an attractive structural platform to target
asf, be it in the context of therapeutic applications,
biomaterial functionalization, or in vitro/in vivo tracers.

B MATERIALS AND METHODS

Parts of the procedures have already been described in ref 21.

Reagents and Chemicals. Incubation and washing buffers
were prepared using standard protocols. Recombinant human
integrins were purchased from R&D Systems (Minneapolis,
USA). Strep-HRP (streptavidin—horseradish peroxidase con-
jugate, Southern-Biotech, Birmingham, USA), was diluted
1:1000 for ELISA experiments. Amino acids were purchased
from Iris Biotech (Marktredwitz, Germany) and Matrix
Innovation (Quebec, Canada). Resins were purchased from
Rapp Polymere (Tiibingen, Germany) and Merck (Darmstadt,
Germany). MnCl,-4H,0, 1,3,5-tris(bromomethyl)benzene
(T3), 1,2-bis(bromomethyl)benzene (0T2), 1,3-bis-
(bromomethyl)benzene (mT2), 2,6-bis(bromomethyl)-
pyridine (mP2), 1,4-bis(bromomethyl)benzene (pT2), 2,2-
dithiobis(S-nitropyridine) (DTNP), ethyl-
(dimethylaminopropyl) carbodiimide (EDC), N-hydroxysucci-
nimide (NHS), ethanolamine, Tween 20, ethylene glycol,
acetic acid, and sodium acetate for the preparation of acetate
buffer were purchased from Sigma-Aldrich (Steinheim,
Germany). CaCl,-2H,0, MgCl,-6H,0, and phosphate buf-
fered saline (PBS) were purchased from Merck (Darmstadt,
Germany). Tween 80 was purchased from Faryon (Capelle,
The Netherlands) and I-Block was purchased from Tropix
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(Bedford, USA). Disulfo-CyS-NHS ester was purchased from
Cyandye (Sunny Isles Beach, USA). Dithiolaromatic PEG6-
carboxylate (thiol-COOH; SPT0014A6) and dithiolaromatic
PEG3 (thiolPEG); SPT-0013) were purchased from Senso-
Path Technologies (Bozeman, USA). Sodium para-tetrafluor-
ophenol-sulfonate (TFPS) and S-3-(benzoylphenoxy)propyl
ethethanethioate (thiol-benzophenone) were synthesized at
the Max Planck Institute for Polymer Research (Mainz,
Germany) according to literature.”®** A poly(N-isopropyla-
crylamide)-based terpolymer with 94:5:1 molar ratio of N-
isopropylacrylamide, methacrylic acid, and 4-methacryloyloxy
benzophenone (pNIPAAm) were synthesized as previously
described.**!

Peptide Synthesis. General Information. Peptide syn-
theses were carried out on fully automated peptide synthesizers
from MultiSyntech (Syro, 2 umol scale for libraries) or Gyros
Protein Technologies (Symphony) via Fmoc-based solid-phase
peptide synthesis on Rink-amide resin using standard
protocols. The couplings of L- and D-cysteines were performed
manually using 2,4,6-trimethylpyridine as base to prevent
racemization. Knottin-RGD peptide, cyclo-[KRGDf], and
biotinylated knottin-RGD peptide were synthesized according
to previous published protocols.””** For ICs, determination
and selectivity experiments, all peptides were purified by
preparative HPLC on an RP-C18 column (Reprosil-Pur 120
C18-AQ 150 X 20 mm, Dr. Maisch GmbH, Ammerbuch,
Germany) using an MeCN/H,O gradient (5—65%) including
0.05% TFA, followed by lyophilization (Christ Alpha 2—4
LDplus). Library screening and inhibition experiments with
single-loop peptides were carried out using nonpurified
peptides. For all amino acids used, see Supporting Information.

Synthesis of Bicyclic Peptide Libraries. Linear peptide
libraries (2 pmol) were dissolved in 0.5 mL of DMF. 1,3,5-
Tris(bromomethyl) benzene (T3) in DMF (4.1 mM, 0.5 mL)
and ammonium bicarbonate (150 mM, 0.5 mL) were added
and the combined solutions mixed. After 1 hour at r.t., the
reaction was quenched with 0.5% ethanethiol (in 1:1 DMF/
H,0, 0.1 mL). The bicyclic peptide libraries were freeze-dried
using a Genevac HT-4X evaporation system. For a list of all
applied amino acids, see Table S-1.

Synthesis of Bicyclic Peptides. To linear peptides dissolved
at 0.5 mM in 1:3 MeCN/H,O, 1.1 equiv of 1,3,5-
tris(bromomethyl) benzene (T3) dissolved in MeCN, and
1.4 equiv ammonium carbicarbonate (0.2 M solution in H,O)
were added and shaken for 60 min. After completion
(monitored by UPLC), the reaction was quenched with 10%
TFA/H,0 to pH < 4, followed by lyophilization.

Peptide Labeling with Cy5. Peptides with an N-terminal
amine were dissolved at 4 mM in DMSO, followed by adding
disulfo-CyS NHS (1 equiv, 20 mg/mL in DMSO) and DIPEA
(10 equiv). After completion (30—60 min), the reaction was
quenched with 10% TFA/H,0, using twice the volume of
DIPEA, and subsequently purified via HPLC.

ELISA. For composition of all buffers and detailed
concentrations, see Table S-2.

Integrin Coating and Blocking. Plates were coated with
100 puL of a 0.5 ug/mL integrin solution in coating buffer onto
96-well NUNC Polysorp (overnight, 4 °C) followed by
blocking with 150 uL of 1% I-Block in blocking buffer (60
min, r.t.) and 3X washing with 400 L of washing buffer.

Library Screening. Peptide libraries (2 pmol) were
dissolved at 10 mM in DMSO and further diluted with
incubation buffer. After incubation with a fixed concentration
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of biotinylated knottin-RGD peptide in incubation buffer (15
min, r.t.), mixed solutions were added to the integrin-coated
plates (90 min, r.t.), followed by 3X washing with washing
buffer. Then, the plates were incubated with 100 pL of 1:1000
Strep-HRP in Strep-HRP buffer (60 min, r.t.). After they were
washed 4X, they were incubated with 150 uL of substrate
buffer containing 0.91 mM ABTS (2,2'-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) and 0.006% H,O, in substrate
buffer (0.2 M Na,HPO, adjusted to pH 4 using 0.2 M citric
acid). Absorbance was measured after 45 min using a
Molecular Devices Spectramax M2 plate reader.

ICsy Determination. Peptides were mixed in eight different
concentrations (each 3-fold dilutions) with a fixed concen-
tration of biotinylated knottin-RGD (both in incubation buffer,
15 min, r.t.), followed by incubation of the plates with peptide/
biotinylated knottin-RGDsolutions for 90 min at room
temperature. Strep-HRP and ABTS incubation steps were
performed like described for library screening. All concen-
trations were tested in triplicate. ICs, values were calculated via
nonlinear regression analysis using GraphPad Prism software
and represent the peptide concentration at which 50%
inhibition of biotinylated knottin binding is observed.

Surface Plasmon Resonance-Enhanced Fluorescence
(SPFS). For the description of the optical system and sensor
chip preparation, the reader is referred to the Supporting
Information.

Immobilization of Ligand. Immobilization of integrin af;
was performed in situ by amine coupling according to standard
protocols. The surface reactions were monitored by SPR
(Figure SSA). First, acetate buffer (ACT, pH 4) was flowed
over the gold surface until a stable baseline in SPR signal was
established. Then, the sensor surface carrying carboxylic
groups on mixed thiol self-assembled monolayer (SAM) was
reacted with 75 mg/mL EDC and 21 mg/mL NHS dissolved
in water for 15 min. For the 3D hydrogel interface carrying
higher density of carboxylic moieties in its open polymer
network structure, the activation was performed by TFPS
dissolved in water (¢ = 21 mg/mL). Recombinant human
integrins (c = 10 ug/mL), dissolved in acetate buffer (pH = 4),
was flowed over the activated sensor surface for 90 min to bind
the integrin molecules via their amine groups to activated
carboxylic groups. Finally, remaining active ester groups were
inactivated by flowing 1 M ethanolamine solution over the
gold surface for 15 min.

Measurement of Equilibrium Dissociation Constant K,
For measuring the binding affinity of CyS5-labeled peptides to
immobilized integrin ligands, PBS with 1 mM CaCl,, 0.5 mM
MnCl,, 1 mg/mL BSA, and 0.05% Tween20 was used as
running buffer. Different concentrations of the peptide (0.1, 1,
S, 10, 50, 100, and 1000 nM) were sequentially flushed over
the sensor surface. Each concentration was allowed to react
with the integrin for 30 min, followed by rinsing the surface
with running buffer solution for 10 min. The affinity binding of
target analyte was monitored in real-time by measuring the
fluorescence intensity F(t) originating from the close proximity
to the sensor surface that was probed by resonantly excited
surface plasmons (Figure S-SB). The fluorescence signal F
gradually increases upon the affinity binding of target analyte,
and for each concentration, the equilibrium fluorescence signal
AF was determined as a difference between fluorescence
baseline after 10 min rinsing with running buffer. The titration
curve was established based on these values and fitted with a
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Langmuir isotherm model [function AF = AF,.c/(Ky + ¢)] to
determine the equilibrium dissociation constant K.

NMR. All NMR spectra were collected on a Bruker Avance
III 500 MHz spectrometer equipped with a Prodigy BB
cryoprobe at 298 K. Samples were prepared by dissolving the
compounds in D,O and adding a small amount of DSS for
internal referencing. 'H spectra were acquired using 32 scans
and a relaxation delay of 3 s. 2D COSYDQF spectra with
presaturation were acquired with a 6000 Hz spectral width in
both dimensions using 2048 X 512 points and processed using
2048 X 512 points, 4 scans per increment and a relaxation
delay of 1.5 s. 2D gradient TOCSY spectra with presaturation
were acquired with a 5000 Hz spectral width in both
dimensions using 1024 X 512 points and processed using
1024 X 1024 points, 8 scans per increment, a relaxation delay
of 2 s, and a TOCSY mix time of 100 ms. A TOCSY spinlock
field of 8.3 kHz was applied. 2D gradient ROESY spectra were
acquired with a 6000 Hz spectral width in both dimensions
using 4096 X 512 points and processed using 4096 X 512
points, 24 scans per increment, a relaxation delay of 1.5 s and a
ROESY mix time of 0.3 s. A ROESY spinlock field of 5 kHz
was applied. Multiplicity-edited "H—"*C HSQC spectra were
acquired using a 6010 Hz spectral width in F2 and 18868 Hz
spectral width in F1 using 1024 X 512 points and processed to
1024 X 1024 points, 2 scans per increment, relaxation delay of
1.5 s and 1-bond Joyy = 145 Hz. '"H—"*C HMBC spectra were
acquired using a 5319.1 Hz spectral width in F2 and 22321.4
Hz spectral width in F1 using 2048 X 512 points and
processed to 2048 X 2048 points, 4 scans per increment,
relaxation delay of 1.5 s and a long-range Jcy = 8 Hz.

T, measurements were performed by properly calibrating
the 90-degree pulse length and then performing estimates
using the 1D inversion recovery sequence with excitation
sculpting water suppression. After the longest T, was
determined to be approximately 2 s, a pseudo-2D inversion
recovery experiment was performed with 10 separate delays of
8 scans each with a total longitudinal relaxation time of 10.3 s.
T, measurements were acquired by first performing estimates
using the 1D PROJECT-CMPG** sequence with presaturation
water suppression. After the longest T, was determined to be
approximately 1 s, a pseudo-2D PROJECT-CPMG sequence
experiment with presaturation was performed with 12 separate
delays of 8 scans each, a cycle time of 4 ms with a total
longitudinal relaxation time of 10.3 s.

Cell Integrin Staining and Confocal Microscopy.
Human adipose-derived stem cells (ASC) were obtained
from the University Medical Center Nijmegen and grown
using standard procedures and conditions. For the experiment,
the cells were allowed to adhere on clean glass coverslips for at
least 4 d until reaching approximately 40—50% confluency.
Then, the glass coverslips were washed two times with cold
HCG buffer (carbonate-buffered saline, pH 7.2, containing 140
mM NaCl, 5 mM KCJ, 23 mM NaHCO;, 10 mM HEPES, 10
mM glucose, 1 mM CaCl,, 0.5 mM MgCl,, and 0.5 mM
MnCl,) to remove nonadhered cells, followed by adding cold
HCG buffer, and cooling of the glass coverslips to 4 °C.
Afterward, the CyS5-labeled peptides added and allowed to
incubate at 1 M for 10 min at 4 °C, followed by at least five
washing steps with HCG buffer, fixation with 4% paraformal-
dehyde solution in PBS pH 7.4 (20 min) and another four
washing steps with HCG buffer. Subsequently, the cells were
analyzed via confocal microscopy using a Leica TCS SP8
confocal microscope equipped with a supercontinuum white
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light laser (NKT Photonics) and water immersion objectives
(63X W PL APO CS2, NA 1.2/40X W PL APO CS2, NA 1.1).
The excitation wavelength was set to 633 nm, while
fluorescence was detected from 646 to 778 nm. All images
were acquired at identical imaging conditions, and processed
via Image] (LUT: Fire).
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asP-inhibitory capacities of various monocyclic CLIPS-variants (Figure S-6)

"H NMR spectrum of Cy3RGDer3AYICrs (Figure S-7)

'H-13C HSQCED and HMBC spectra of Cr3RGDer;AYJCr; (Figure S-8)

'"H-"H TOCSY spectrum of C13RGDer3AYJCr; (Figure S-9)

Absorbance values of library screening for 1% generation of as3;-binders (Tables S-
3-S-9)

Absorbance values of library screening for 2" generation of asB;-binders (Tables S-
10-S-12)
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Table S-1. List of amino acids applied in this study including short codes, 1-letter codes and

protective groups.

Amino acid Short code 1-letter code Amino acidotected Application
L-alanine Ala A Fmoc-L-Ala all libraries
D-alanine - a Fmoc-D-Ala 2nd gen libraries
L-cysteine Cys C Fmoc-L-Cys(Trt) all libraries
D-cysteine - c Fmoc-D-Cys(Trt) all libraries

i i Fmoc-L-Asp(OtBu) all libraries
L-aspartic acid Asp D . i
Fmoc-L-Asp(OMpe) all libraries
L-glutamic acid Glu E Fmoc-L-Glu(OtBu) all libraries
L-phenylalanine Phe F Fmoc-L-Phe all libraries
D-phenylalanine - f Fmoc-D-Phe 2" gen libraries
Glycine Gly G Fmoc-Gly all libraries
L-histidine His H Fmoc-L-His(Trt) all libraries
L-isoleucine lle | Fmoc-L-lle all libraries
D-isoleucine - i Fmoc-D-lle ond gen libraries
i Fmoc-L-Lys(Boc) all libraries
L-lysine Lys K . .
Fmoc-L-Lys(Mmt) all libraries
L-leucine Leu L Fmoc-L-Leu all libraries
D-leucine - J Fmoc-D-Leu 2" gen libraries

L-asparagine Asn N Fmoc-L-Asn(Trt) all libraries

D-asparagine - n Fmoc-D-Asn(Trt) 2" gen libraries (avB5)
L-proline Pro P Fmoc-L-Pro all libraries

L-glutamine Gln Q Fmoc-L-GIn(Trt) all libraries
L-arginine Arg R Fmoc-L-Arg(Pbf) all libraries

L-serine Ser S Fmoc-L-Ser(tBu) all libraries

L-threonine Thr T Fmoc-L-Thr(tBu) all libraries

L-valine Val \% Fmoc-L-Val all libraries

L-tryptophan Trp w Fmoc-L-Trp(Boc) all libraries

D-tryptophan - w Fmoc-D-Trp(Boc) 2" gen libraries (avB5)
L-tyrosine Tyr Y Fmoc-L-Tyr(tBu) all libraries
D-tyrosine - y Fmoc-D-Tyr(tBu) 2" gen libraries (a581)

L-1-naphthylalanine 1Nal - Fmoc-L-1-Nal ond gen libraries
L-2-naphthylalanine 2Nal - Fmoc-L-2-Nal ond gen libraries
L-aminobutyric acid Abu B Fmoc-Abu 2" gen libraries
L-aminoisobutyric acid Aib z Fmoc-Aib 2" gen libraries

L-norleucine Nle - Fmoc-L-Nle 2" gen libraries
L-norvaline Nva - Fmoc-L-Nva 2" gen libraries

4-aminobenzoic acid Abz - Fmoc-4-Abz linker
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Table S-2. Parameters varied in the two different competition ELISA setups (A), and selected setups for library

screening, ICs, determination and selectivity experiments (B).

A

Setup 1

Setup 2

0.1 M Na,HPO, pH 8

Coating buffer o4 o4
+1mM Ca”" 0.5 mM Mg

Concentration of integrin

. 0.05% Tween80/PBS
Blocking buffer o4 e
+1mM Ca”" 0.5 mM Mg

0,
Washing buffer 0.05% T\;\ieenBO/PBS .
+ 1 mM Ca“" 0.5 mM Mg
Incubation buffer PBSz+pH 7.4 e
+ 1 mM Ca“" 0.5 mM Mg
Concentration of
biotinylated peptide

Concentration of

0.5 pg/mL

0.2 uM

PBS pH 7.4
+1 mM Ca®* 0.5 mM Mn?*

0.05% Tween80/PBS
+1 mM Ca®* 0.5 mM Mn?*

0.05% Tween80/PBS
+1 mM Ca®* 0.5 mM Mn?*

PBS pH 7.4
+ 1 mM Ca® 0.5 mM Mn?*

) ) ) ) . 10 uM 5 uM
bicyclic peptide (1°' screening)
Concentration of B 2.5 M
bicyclic peptide (2" screening) ‘
Concentration range of 30 UM — 0.014 uM
ICs determination '
PBS pH 7.4 PBS pH 7.4

Strep-HRP buffer o o4
+1mM Ca” 0.5 mM Mg

+ 1 mM Ca® 0.5 mM Mn?*

B
5P a,Bs
Library Generation 18t 2nd 18t 2nd
Screening 1 2 1 2
ICsq determination 2 2 2 2
Selectivity tests (all integrins) 2
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Figure S-1: UPLC/ESI-MS spectrum of purified bicycle C13RGDer3AYJCr; (J: D-Leu, top: UV detection at 215 nm,
middle/bottom: ESI-MS detection).
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Figure S-2: UPLC/ESI-MS spectrum of purified bicycle Cr3RGDersAYaCrs (top: UV detection at 215 nm,

middle/bottom: ESI-MS detection).
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Figure S-3: UPLC/ESI-MS spectrum of purified bicycle Cpr;RGDersAWGCr; (top: UV detection at 215 nm,
middle/bottom: ESI-MS detection).

SPFS observation of affinity binding kinetics

Optical system. An optical system combining surface plasmon resonance (SPR) and surface plasmon
enhanced fluorescence spectroscopy (SPFS) was used for direct investigation of affinity interaction of
selected peptides and integrins. The Kretschmann configuration of attenuated total reflection method
(Figure S-4) was used for the resonant excitation and interrogation of surface plasmons as described before
in more detail.! Briefly, a laser beam (633 nm) was coupled to a high refractive index glass prism and glass
substrate coated with SPR-active thin gold film, and optically matched to its base. The beam was made
incident at the angle of incidence that was tuned close to Ospr Where surface plasmons are resonantly excited
at the outer interface of gold surface. A flow cell was clamped against the gold sensor surface in order to flow
liquid samples with a flow rate of 40 puL/min. The reflected beam intensity was measured with a lockin
amplifier (EG&G, USA) in order to track changes in SPR signal. The fluorescence signal excited via surface
plasmons that was propagating from the sensor surface through the flow cell was collected by a lens with a
numerical aperture about NA=2, and detected by a photomultiplier (H6240-01, Hamamatsu, Japan) connected
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to a counter (53131A, Agilent, USA). The intensity of the excitation beam irradiating area on the sensor chip
of about 1 mm? was reduced to 30-60 uW in order to reduce bleaching of Cy5 excited by the enhanced field
intensity of surface plasmons. The fluorescence light emitted by Cy5 at wavelength of about 670 nm was
spectrally separated from the excitation light (633 nm) by using a set of laser notch filters (XNF-632.8-25.0M,
CVI Melles Griot, USA) and fluorescence band pass filters (670FS10-25, Andover Corporation Optical Filter,
USA).

.\o&" Reflectivity R(t,6)

»O
(s)
Q’Q

Prism

Sensor chip
< with flow-cell

Fluorescence F(t,0)

Figure S-4. Schematics of the optical instrument used for the surface plasmon resonance (SPR) and surface plasmon-
enhanced fluorescence spectroscopy (SPFS) measurements with polarizer (POL), neutral density filter (NDF), laser
notch filter (LFN), fluorescence bandpass filter (FBPF).

Sensor chip preparation. Sensor chips were prepared on BK7 glass substrates which were subsequently
coated with 2 nm chromium and 50 nm gold films by thermal vacuum evaporation (Model HHV FL400,
HHYV Ltd, UK). Onto the gold surface integrin os; was attached by using two surface architectures. The 2D
architecture relied on a mixed self-assembled monolayer (SAM) that was formed by immersing the gold
surface in a 1 mM ethanolic solution with a dithiol-PEG6-COOH and dithiol-PEG3, mixed at molar ratio of
1:9. After overnight incubation, the gold surface was rinsed with ethanol, dried in a stream of air, and stored
under argon atmosphere. For the 3D architecture, a protocol for preparation of a thin hydrogel from poly(/N-
isopropylacrylamide)-based polymer was adopted based on our previous work.? Briefly, a thin hydrogel film
was sin-coated (from an ethanol solution with polymer dissolved at a concentration of 0.5% w/w) on the gold
surface, which was modified by a thiol-benzophenone SAM. The polymer film was dried overnight at 50 °C
under vacuum, and the polymer chains were crosslinked to the gold surface via benzophenone units by
irradiating the sample with UV light (A=365 nm) with an irradiation dose of 4 Jcm-2 (UV lamp Bio-Link 365,
Vilber Lourmat). Afterwards, the gold surface was rinsed with ethanol, dried in a stream of air, and stored
under argon atmosphere.
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Figure S-5. Example of a) SPR sensorgram showing covalent immobilization of integrin asf; into a 3D hydrogel
binding matrix, and b) fluorescence signal kinetics acquired upon titration of K(Cy5)-linker-Cr3RGDersAYJICrs (J:
D-Leu).

Screening of single-loop CLIPS variants. We also investigated if the RGD-loop size can further be
optimized for higher asf;-affinity by synthesizing various monocyclic peptides comprising the sequences
CRGDc, CGRGDc, CRGDSC, CVRGD{C, and CGRGDSC, followed by constraining these using various
bis(bromomethyl)benzene scaffolds or via disulfide bond formation (Figure S-6A). Remarkably, the
monocycle C,1,RGDe¢y1, entirely lost the inhibition capability (<0%) compared to the bicycle
C13RGDer;AYICr3 (85%), which highlights the essential role of the second loop for asp;-inhibition
(Figure S-6B). Only monocycle C,,12GRGDe,1, showed a measurable (i.e. 10%) inhibition, whereas the
remaining peptides containing ‘RGD’, ‘RGDS’, ‘“VRGDf or ‘GRGDS’ did not show any binding.

A B

Inhibition at 1 pM [%]
ox. oT2 mT2 mP2 pT2

S
s CRGDc <0 <0 <0 <0 <0
CGRGDc <0 5 10 <0 <0
CRGDSC 4 <0 <0 4 1

CVRGD fC <0 <0 <0 <0 <O
\(\@/\/ W \(\@\)\ CGRGDSGC <0 <0 <0 <0 <0
~
N CrsRGDersAYJCrs
mT2 mP2 pT2 knottin-RGD

cyclo-[KRGDf] <0

T3 ox. oT2

Figure S-6. (A) Overview of bi- and trivalent scaffolds for the synthesis of mono- and bicyclic peptides; (B) asf;-
inhibitory capacities of various monocyclic CLIPS-variants. The value marked with an asterisk was taken from an IC50
inhibition curve rather than being a fixed-point measurement. Inhibition values were obtained via nonlinear regression
analysis based on AU values without bicyclic competitor (0%, OD4s ~0.9-1.5) or non-labeled knottin-RGD at 30 uM
(100 %, OD49s ~0.2) being present.
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Figure S-7. 'TH NMR spectrum of Cr3RGDeq3AYJCr; (J: D-Leu) acquired with composite pulse presaturation. The
spectrum was referenced to the trimethylsilyl peak of the internal standard of DSS at 0.0 ppm. NS =64, D1 =3 s, AQ
=33s.
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Figure S-8. 'H-'3C HSQCED (red/blue) and HMBC (grey) spectrum of Cr3RGDer3AYJCrs (J: D-Leu) acquired with
HSQCED:NS=2,D1=1.55,AQ=0.17sand HMBC: NS=4,D1=1.5s, AQ=10.34s.
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Figure S-9. 'H-'H TOCSY spectrum of C13RGDer;AYJCrs (J: D-Leu) acquired with NS =8, TD1 =512, D1 =2,
AQ=0.20s, and 100 ms of mix time.
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First generation screening of 672 random-diversity peptides

Table S-3. Absorbance values of library screening for 1% generation of asP;-binders. Motif:
Cr3XXXCr3RGDCrs. Cinegrin: 0.5 pg/ML, €y, iniated knotinrap® 0-2 M, Cpeptides: 10 M. Best five

hits are in bold print.

XXX AU XXX A.U. XXX AU XXX A.U.

Al QWG 0.81 Cl PNV 0.86 El  PHI 1.05 Gl LPD 1.0l
A2 AIP  0.81 C2 PYI 0387 E2 YPS 0.97 G2 RLG 0.1
A3 DGY 0.79 C3 TPT 0.83 E3 TRV 0.95 G3 YIY 1.04
A4 ILP 095 C4 NWG 0.79 E4 VVR 1.61 G4 FRA 0.88
A5 VSL 0.75 C5 FTQ 0.85 E5S NST 1.11 G5 LTI 1.06
A6 DEW 0.76 C6 QYL 0.87 E6 FLW 0.98 G6 APS 0.84
A7 YEE 0.66 C7 WGD 1.00 E7 NSY 099 G7 RDP 0.99
A8 PLE 0.63 Cc8 ISY 0.88 E8 ILK 1.89 G8 DHL 0.83
A9 KKP 0.72 C9 EIG 0.80 E9 SDQ 091 G9 NDA 0.86
Al10 QGS 0.77 C10 WFH 0.84 E10 WQY 147 G10 DAD 0.84
All  HVK 093 CI1 NKP 0.78 Ell YYT 1.02 Gll NYA 0.89
Al2  RNS 1.01 Cl12 PNE 0.79 E12 NVA 1.06 Gl12 EDT 0.93
B1 DTI  0.86 D1 KTN 0.70 F1 NWQ 0.95 HI WYV 112
B2 QAK 0.90 D2 GYE 0.86 F2 TFI 1.40 H2 QSL 0.92
B3 WSL 0.85 D3 SYD 0.99 F3 QRG 094 H3 TIH 1.17
B4 RAA 0.88 D4 IEE 1.03 F4 LDW 0.95 H4 GLA 1.00
B5 KHI  0.88 D5 HLQ 1.09 F5 PHL 092 H5S LWI 1.67
B6 RGS 0.78 D6 GNS 0.89 F6 KID 090 H6 GLY 1.01
B7 IV 1.04 D7 IRW 0.85 F7 RQV 094 H7 SSG 1.09
B8 WFT 0.78 D8 G 0.86 F8 KRW 3.05 H8 GWN 1.05
B9 RSK 1.11 D9 DFP 0.81 F9 QAD 0.96 H9 SWS 098
B10 GHF 0.77 D10 PPG 0.81 F10 ERV 091 HI00 QIH 0.99
B11 QDH 0.74 DIl  QGI 0.88 F11 YLT 1.07 H11 KQL 0.94

B12 HEQ 0.76 D12 FSH 1.39 F12 RWD 0.86 H12 GYG 1.06
references: knottin-RGD (5uM): 0.19, no peptide: 1.12.
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Table S-4. Absorbance values of library screening for 15t generation of asf;-binders. Motif:
Cp3XXXCr3RGDey3. Cntegrin: 0.5 pg/mkL, Chiotinylated knottin-RGD" 0.2 UM, Cpeptidges: 10 uM. Best five
hits are in bold print.

XXX A.U. XXX AU XXX AU XXX A.U.

Al QWG 1.50 Cl PNV 1.56 El  PHI 1.64 Gl LPD 1.70
A2 AIP  2.00 C2 PYI 1.76 E2 YPS 136 G2 RLG 381
A3  DGY 199 C3 TPT 1.63 E3 TRV 240 G3 YIY 195
A4 ILP 1.81 C4 NWG 138 E4 VVR 199 G4 FRA 1.79
AS VSL 1.46 C5  FTQ 1.84 E5 NST 2.06 G5 LTI 199
A6 DEW 1.57 C6 QYL 223 E6 FLW 2.19 G6 APS 197
A7 YEE 224 C7 WGD 174 E7 NSY 1.73 G7 RDP 1.84
A8 PLE 149 C8 ISY 2.24 E8 ILK 3.56 G8 DHL 1.79
A9 KKP 231 C9 EIG 1.80 E9 SDQ 1.92 G9 NDA 1.90
A10 QGS 1.33 Cl10 WFH  1.88 E10 wWQY 1.77 G100 DAD 2.11
All  HVK 3.20 Cll1  NKP 1.69 Ell YYT 201 Gll  NYA 2.06
Al2  RNS 1.73 Cl2 PNE 1.64 E12 NVA 2.00 Gl12 EDT 2.00
Bl DTI 2.07 DI KTN 244 F1 NWQ 1.68 HlI WYV 253
B2 QAK 3.18 D2 GYE 190 F2 TFI  2.09 H2 QSL 1.79
B3 WSL 1.6l D3 SYD 2.06 F3 QRG 194 H3 TIH 2.18
B4 RAA 233 D4 IEE 1.88 F4 LDW 2.07 H4 GLA 1.98
B5 KHI 2.13 D5 HLQ 1.64 F5 PHL 1.74 H5 LWI 2.67
B6 RGS 1.74 D6  GNS 1.85 F6 KID 1.66 H6 GLY 1.66
B7 1IV 1.74 D7 IRW 1.91 F7  RQV  3.03 H7 SSG 1.79
B8 WFT 1.89 D8 G 1.80 F8 KRW 3.82 H8 GWN 1.87
B9 RSK 1.96 D9 DFP 1.93 F9 QAD 221 H9 SWS 1.74
B10 GHF 1.78 D10 PPG 2.02 F10 ERV 1.93 HI0 QIH 2.15
B1l QDH 1.65 DI1 QalI 1.57 F11 YLT 2.04 HI11l KQL 2.07

B12 HEQ 1.53 D12  FSH 1.84 F12 RWD 1.81 HI2 GYG 194
references: knottin-RGD (5uM): 0.25, no peptide: 2.08.
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Table S-5. Absorbance values of library screening for 15t generation of asf;-binders. Motif:
C13XXXer3RGDCrs. Cingegrin: 0.5 pg/mkL, Chiotinylated knottin-RGD" 0.2 uM, Cpeptides: 10 uM. Best five
hits are in bold print.

XXX A.U. XXX AU XXX A.U. XXX A.U.

Al QWG 1.60 Cl PNV 146 E1  PHI 1.82 Gl LPD 2.11
A2 AIP 1l.61 C2 PYI 172 E2 YPS 192 G2 RLG 2.04
A3 DGY 1.67 C3 TPT 197 E3 TRV 151 G3 YIY 184
A4 ILP 1.80 C4 NWG 1.81 E4 VVR 216 G4 FRA 1.85
A5 VSL 1.60 C5 FTQ 1.74 E5 NST 1.60 G5 LTI 141
A6 DEW 1.52 C6 QYL 1.40 E6 FLW 246 G6 APS 175
A7 YEE 345 C7 WGD 199 E7 NSY 191 G7 RDP 1.66
A8 PLE 1.65 c8 ISy 223 E8 ILK 2.05 G8 DHL 1.99
A9 KKP 295 Cc9 EIG 217 E9 SDQ 1.56 G9 NDA 2.11
AI0  QGS 157 Cl10 WFH 2.13 E10 wWQy 2.11 G100 DAD 2.03
All HVK 1.63 Cll NKP 1.55 E11l YYT 138 GIl1 NYA 250
Al2 RNS 1.86 Cl2 PNE 2.15 E12 NVA 197 Gl12 EDT 1.88
B1 DTI 201 DI KTN 1.84 F1 NWQ 218 HlI WYV 183
B2 QAK 148 D2 GYE 194 F2 TFI 221 H2 QSL 1.89
B3 WSL 1.77 D3 SYD 1.62 F3 QRG 1.77 H3 TIH 1l.61
B4 RAA 2.08 D4 IEE 2.14 F4 LDW 145 H4 GLA 1.69
B5 KHI 1.68 D5 HLQ 1.82 F5 PHL 191 H5 LWwWI 229
B6 RGS 1.56 D6 GNS 143 F6  KID 1.53 H6 GLY 148
B7 1IIV 1.82 D7 IRW 190 F7  RQV 155 H7 SSG 2.09
B8 WFT 2.02 D8 1IG 2.22 F8 KRW 2.79 H8 GWN 2.05
B9 RSK 2.05 D9 DFP 2.04 F9 QAD 1.77 H9 SWS 1.83
B10 GHF 1.77 D10 PPG 1.95 F10 ERV  2.01 H10 QIH 2.05
B11l QDH 1.50 D11 QGI 210 F11 YLT 221 HI1 KQL 1.88

B12 HEQ 166 DI12 FSH 2.10 F12 RWD 2.08 HI2 GYG 1.72
references: knottin-RGD (5uM): 0.25, no peptide: 2.08.
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Table S-6. Absorbance values of library screening for 1t generation of asf;-binders. Motif:
C3XXXCr3RGDCr3. Ciygegrin: 0.5 pg/mL, Chiotinylated knottin-RGD" 0.2 uM, Cpeptidges: 10 uM. Best five
hits are in bold print.

XXX A.U. XXX A.U. XXX AU XXX A.U.
Al QWG 0.86 Cl PNV 123 E1 PHI 1.21 Gl LPD 1.22
A2 AIP 097 C2 PYI 1.03 E2 YPS 1.04 G2 RLG 099
A3 DGY 0.82 C3 TPT 1.02 E3 TRV 197 G3  YIY 201
A4 ILP 1.72 C4 NWG 093 E4 VVR 3.68 G4 FRA 1.06
A5 VSL 2.56 C5 FTQ 1.02 E5 NST 0.77 G5 LTI 2.64
A6 DEW 0.86 C6 QYL 0.74 E6 FLW 141 G6 APS 1.05
A7 YEE 0381 C7 WGD 0.85 E7 NSY 1.08 G7 RDP 0.97

A8 PLE 0.97 c8 ISY 0.87 E8 ILK 1.82 G8 DHL 1.35
A9 KKP 1.02 C9 EIG 0.82 E9 SDQ 0.84 G9 NDA 0.83
A10 QGS 0.77 Cl10 WFH 2.82 E10 WQY 0.85 G10 DAD 0.96
All  HVK 257 Cll NKP 1.16 Ell YYT 087 GIl1 NYA 0.89
Al12  RNS 0.89 Cl12 PNE 0.87 E12 NVA 141 Gl12 EDT 1.06
Bl DTI 1.27 DI KIN 1.27 F1 NWQ 147 HI WYV 1.05
B2 QAK 0.85 D2 GYE 0.63 F2  TFI 1.22 H2 QSL 226
B3 WSL 0.93 D3 SYD 0.80 F3 QRG 0.87 H3 TIH 141
B4 RAA 093 D4 IEE 0.81 F4 LDW 0.76 H4 GLA 0.99

B5 KHI  2.65 D5 HLQ 091 F5 PHL 094 H5 LwI 351
B6 RGS 1.09 D6 GNS 0.71 F6 KID 1.03 H6 GLY 1.05
B7 v 1.51 D7 IRW 141 F7 RQV 122 H7 SSG 1.01
B8 WFT 3.76 D8 IIG 1.20 F8 KRW 1.60 H8 GWN 0.97
B9 RSK 282 D9 DFP 0.63 F9 QAD 0.96 H9 SWS 1.16

B10 GHF 0.85 D10 PPG 0.72 F10 ERV 1.11 HI10 QIH 2.88
Bl1l QDH 0.84 DIl QGI 1.90 F11 YLT 1.54 H1l KQL 0.84

B12 HEQ 0.81 D12 FSH 0.86 F12 RWD 1.85 H12 GYG 1.27
references: knottin-RGD (5uM): 0.19, no peptide: 1.12
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Table S-7. Absorbance values of library screening for 15t generation of asf;-binders. Motif:
Cr3RGDer3 XXXCrs. Crngegrin: 0.5 pg/mkL, Chiotinylated knottin-RGD" 0.2 uM, Cpeptides: 10 uM. Best five
hits are in bold print.

XXX A.U. XXX AU XXX AU XXX A.U.

Al FII 0.49 Cl SWH 0.54 El  YPS 0.89 Gl EVN 0.25
A2 TWN 0.29 C2 RSL 029 E2 RVT 0.30 G2 HDA 0.26
A3  EQD 031 C3 RSY 027 E3 RQQ 0.59 G3 NYA 026
A4 WFH 035 C4 ARS 029 E4 FWK 1.97 G4 DTI 0.26
A5 FPF 138 C5 LQP 0.26 E5 RWW 1.66 G5 KPE 0.28
A6 KGR 3.65 C6 PTP 0.26 E6 SLL 0.25 G6 KPD 0.28
A7 TVD 025 C7 NWG 017 E7 GRI  0.30 G7 AKN 0.64
A8 HSW 0.34 C8 TQS 024 E8 QSY 0.22 G8 WPA 1.72
A9 ATH 0.58 Cc9 LSE 021 E9 NwWQ 0.23 G9 AYG 0.15
AI0 NVT 0.28 ClI0 GSA 025 E10 FIH 0.25 G10 VSW 0.3l
All VKI 335 Cl1 PLI 1.62 ElIl GFH 032 Gl1 QIH 0.23
Al2  GVS 024 Cl12 GKF 341 E12 TFP 027 G12 QLP 024
Bl DEW 0.28 D1 HYI  0.27 FI SWK 0.83 Hl GAY 0.28
B2 EEQ 0.24 D2 GIK 051 F2  wWQI 0.20 H2 SHQ 0.28
B3 EDE 0.28 D3 QGY 0.20 F3 LGD 023 H3 FFR 0.61
B4 VTH 0.20 D4 SYD 0.21 F4 SVE 0.22 H4 WVY 0.33
B5 RFI  0.92 D5 EEY 0.30 F5 IHV 049 H5 RPY 0.30
B6 RHD 0.32 D6 QNT 0.20 F6 RWD 0.24 H6 SGN 0.31
B7 HWT 0.28 D7 TDQ 0.21 F7 PDI  0.22 H7 ENH 0.29
B8 IQW 0.30 D8 WIV  0.72 F8 GRN 0.27 H8 GVA 0.28
B9 GRA 0.28 D9 GTS 0.22 F9 WRT 0.22 H9 PYI 1.1
BI10 KHI 0.57 D10 LAY 0.34 F10 RLR 3.56 H10 WLS 0.81
B11 GSR 147 DI11 HIF 0.28 F11 HGP 0.1 H11 WPE 0.8

B12 VVH 030 D12 SPH 020 FI12 TGV 022 HI2 NST 027
references: knottin-RGD (5uM): 0.15, no peptide: 0.33.
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Table S-8. Absorbance values of library screening for 1% generation of asf;-binders. Motif:
¢r3RGDC 3 XXXCr3. Cntegrin: 0.5 pg/mkL, Chiotinylated knottin-RGD" 0.2 UM, Cpeptidges: 10 uM. Best five
hits are in bold print.

XXX A.U. XXX A.U. XXX AU XXX AU

Al FII 0.65 Cl SWH 038 El YPS 031 Gl EVN 036
A2 TWN 046 C2 RSL 029 E2 RVT 219 G2 HDA 029
A3  EQD 0.35 C3 RSY 114 E3 RQQ 038 G3 NYA 035
A4  WFH 0.39 C4 ARS 091 E4 FWK 1.21 G4 DTI 0.28
A5 FPF 043 C5 LQP 0.26 E5 RWW 1.68 G5 KPE 0.28
A6 KGR 0.37 C6 PTP 0.27 E6 SLL 0.64 G6 KPD 030
A7 TVD 031 C7 NWG 0.25 E7 GRI 032 G7 AKN 034
A8 HSW 032 Cc8 TQS 029 E8 QSY 0.32 G8 WPA 032
A9 ATH 0.32 Cc9 LSE 0.27 E9 NWQ 0.26 GY9 AYG 030
A10 NVT 0.58 Cl10 GSA 0.27 E10 FIH 1.47 G10 VSW 048
All  VKI 1.26 Cll1 PLI 042 El1l GFH 052 Gll  QIH 0.27
Al2  GVS 032 Cl12 GKF 1.00 E12 TFP 0.61 G12 QLP 0.25
Bl DEW 035 DI  HYI 033 F1 SWK 0.38 HI  GAY 033

B2 EEQ 0.36 D2 GIK 043 F2  wWQI 030 H2 SHQ 0.30
B3 EDE 0.33 D3 QGY 0.25 F3 LGD 0.27 H3 FFR 0.88
B4 VTH 030 D4 SYD 0.27 F4 SVE 027 H4 WVY 137
B5 RFI 235 D5 EEY 044 F5 IHV 054 H5 RPY 0.34
B6 RHD 0.1 D6 QNT 0.29 F6 RWD 0.25 H6 SGN  0.33
B7 HWT 046 D7 TDQ 0.25 F7 PDI 0.24 H7 ENH 0.28
B8 IQW 037 D8 WIV  0.63 F8 GRN 0.28 H8 GVA 030

B9 GRA 036 D9 GTS 0.28 F9 WRT 3.09 HY PYI 044
B10 KHI 044 DI0O LAY 046 F10 RLR 3.29 H10 WLS 0.58
BI1 GSR 0.8 D11  HIF 0.52 F11 HGP 027 H11 WPE 0.24

B12 VVH 228 D12 SPH 0.29 F12 TGV 0.29 H12 NST 0.24
references: knottin-RGD (5uM): 0.16, no peptide: 0.33.
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Table S-9. Absorbance values of library screening for 15t generation of osP;-binders. Motif:
e3RGDer; XXXCrs. Crngegrin: 0.5 pg/mL, Chiotinylated knottin-RGD" 0.2 pM, Cpepiges: 10 uM. Best five hits are
in bold print.

XXX A.U. XXX A.U. XXX AU XXX A.U.
Al FII 0.57 Cl SWH 043 El YPS 0.41 Gl EVN 049
A2 TWN 046 C2 RSL 050 E2 RVT 0.41 G2 HDA 047
A3  EQD 047 C3 RSY 048 E3 RQQ 0.46 G3 NYA 048
A4  WFH 0.46 C4 ARS 0.0 E4 FWK 042 G4 DTI 046
A5 FPF 043 C5 LQP 044 E5 RWW 035 G5 KPE 043
A6 KGR 387 C6 PTP 0.50 E6 SLL 0.38 G6 KPD 047
A7 TVD 043 C7 NWG 051 E7 GRI 0.44 G7 AKN 049
A8 HSW 048 C8 TQS 0.51 E8 QSY 0.37 G8 WPA 043

A9 ATH 0.57 C9 LSE 040 E9 NWQ 045 G9 AYG 0.39
Al0 NVT 043 Cl10 GSA 049 E10 FIH 0.43 G10 VSW 044
All  VKI 096 C11  PLI  0.50 Ell  GFH 0.45 Gll QIH 0.74
Al2  GVS 048 Cl12 GKF 0.54 E12  TFP 039 G12 QLP 041

B1 DEW 0.40 D1 HYI 0.39 F1 SWK 0.9 HlI GAY 049

B2 EEQ 047 D2 GIK 1.07 F2  WQI 0.43 H2 SHQ 049
B3 EDE 0.46 D3 QGY 043 F3 LGD 0.44 H3 FFR 049
B4 VTH 045 D4 SYD 042 F4 SVE 047 H4 WVY 042
B5 RFI 044 D5 EEY 1.27 F5 IHV 0.44 H5 RPY 042
B6 RHD 048 D6 QNT 0.37 F6 RWD 043 H6 SGN 042
B7 HWT 043 D7 TDQ 041 F7 PDI 0.44 H7 ENH 043
B8 IQW 042 D8 WIV 091 F8 GRN 0.48 H8 GVA 047

B9 GRA 1.30 D9 GTS 043 F9 WRT 0.56 H9 PYI 0.56
B10 KHI 045 D10 LAY 0.34 F10 RLR 221 H10 WLS 043
B1l GSR 1.60 D11 HIF 0.38 F11  HGP 0.42 H11l WPE 041

B12 VVH 049 D12 SPH 041 F12 TGV 048 Hi12 NST 045
references: knottin-RGD (5uM): 0.16, no peptide: 0.51.
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Second generation screening of 197 peptides

Table S-10. Absorbance values of library screening for 2" generation of asB;-binders. Motif:

CT3RGDCT3XXXCT3' Clntegrin: 0.49 Hg/mL, Cbiotinylated knottin-RGD- 0.2 IJ«M, Cpeptides: 5 “’M Best five
hits are in bold print.

XXX A.U. XXX A.U. XXX AU XXX A.U.

Al DYG 1.82 Cl1 iYG 1.75 E1l A5G 0.1 Gl AYW 245
A2 EYG 1.53 C2 9YG 141 E2 A6G 0.74 G2 AYY 233
A3 FYG 123 C3 aYG 092 E3 A7G 0.64 G3 AY3 154
A4 GYG 151 C4 RGD 150 E4 ABG 0.98 G4 AY4 221
A5 HYG 147 C5 AAG 0.66 E5 AfG 133 G5 AY5 149
A6 IYG 0.52 C6 ADG 0091 E6 AiG 1.05 G6 AY6 2.10
A7 KYG 1.54 C7 AEG 0.68 E7 A9G 1.15 G7 AY7 279
A8 LYG 0.89 C8 AFG 0.66 E8 AaG 1.13 G8 AY8 1.07
A9 NYG 091 Cc9 AGG 197 E9 AyG 1.04 G9 AYf 1.58
Al0 PYG 135 Cl10 AGG 1.19 E10 AYA 0.93 G10  AYi 0.56
All  QYG 0.6l Cll1 AIG  0.71 Ell AYD 0.94 Gll  AY9 0.64
Al12  RYG 1.95 Cl12 AKG 1.17 E12 AYE 0.82 Gl12 AYa 054
Bl SYG 097 DI ALG 0381 F1 AYF 1.65
B2 TYG 095 D2 ANG 1.13 F2 AYH 1.6l
B3 VYG 045 D3  APG 1.29 F3 AYI 1.80
B4 WYG 133 D4 AQG 1.09 F4 AYK 3.02
B5 YYG 155 D5 ARG 1.11 F5 AYL 190
B6 3YG 047 D6 ASG 092 F6 AYN 1.06
B7 4YG 054 D7 ATG 0.54 F7 AYP 0.87
B8 5YG 0.54 D8 AVG 0.54 F8 AYQ 1.21
B9 6YG 122 D9 AWG 0.52 F9 AYR 321
B10 7YG 2.12 D10 AYG 0.65 F10 AYS 1.32
BIl1 8YG 1.14 D11  A3G 131 F11 AYT 1.24

B12 fYG 214 D12 A4G 093 F12 AYV 1.62
references: knottin-RGD (5uM): 0.37, no peptide: 1.54.
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Table S-11. Absorbance values of library screening for 2" generation of asB;-binders. Motif:

CT3XXXXCT3AYGCT3- CIntegrin: 0.49 lvlg/mL, Cbiotinylated knottin-RGD+ 0.2 lle’ Cpeptides: 5 MM Best ﬁVe
hits are in bold print.

XXXX A.U. XXXX A.U. XXXX AU

Al RGDA 1.14 Cl RGDf 1.92 El  4RGD 1.46
A2 RGDD 1.53 C2 RGDi 1.47 E2 5RGD 1.31
A3  RGDE 1.50 C3  RGD9 1.41 E3  6RGD 1.82
A4 RGDF 1.50 C4 RGDa 1.13 E4 7RGD 1.94
A5 RGDG 1.11 C5 ARGD 1.16 E5 8RGD 1.12
A6 RGDH 145 C6 DRGD 1.14 E6  fRGD 1.32
A7 RGDI 136 C7 ERGD 1.01 E7 iRGD 1.07
A8 RGDK 242 C8 FRGD 151 E8 O9RGD 1.12
A9 RGDL 1.31 C9 GRGD 0.74 E9 aRGD 0.98
A10 RGDN 0.99 C10 HRGD 1.04
All RGDP 145 Cl1 IRGD 1.23
Al2  RDGQ 1.88 Cl12 KRGD 2.01
Bl RGDR 193 DI  LRGD 1.70
B2 RGDS 141 D2 NRGD 1.34
B3 RGDT 1.35 D3 PRGD 1.29
B4 RGDV 136 D4 QRGD 149
B5 RGDW 233 D5 RRGD 1.36
B6 RGDY 1.53 D6  SRGD 1.30
B7 RGD3 123 D7 TRGD 1.23
B8 RGD4 1.28 D8 VRGD 0.9
B9 RGDS5 1.19 D9 WRGD 1.68
B10 RGD6 1.81 D10 YRGD 1.30
Bl11 RGD7 2.12 DI1 2RGD 048

B12 RGD8 1.23 D12 3RGD 1.28
references: knottin-RGD (5uM): 0.37, no peptide: 1.54.
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Table S-12. Absorbance values of library screening for 27 generation of asf3;-binders. Motif:

CT3XXXXXCT3AYGCT3- Clntegrin: 049 Hg/mLs Cbiotinylated knottin-RGD- 02 HM’ Cpeptides: 5 l"’M
Best five hits are in bold print.

XXXXX A.U. XXXXX AU XXXXX AU

Al GRGDA 0.99 C1l GRGDf 1.09 El SRGDS 1.34
A2 GRGDD 1.11 C2 GRGDi 1.05 E2  6RGDS 2.48
A3  GRGDE 131 C3  GRGD9 1.79 E3 7TRGDS 2.08
A4 GRGDF 1.31 C4 GRGDa 2.60 E4  8RGDS 3.40
A5 GRGDG 1.12 C5  ARGDS 1.59 ES fRGDS 2.00
A6  GRGDH 1.17 C6  DRGDS 1.33 E6 iRGDS 1.80
A7  GRGDI 1.11 C7 ERGDS 1.58 E7  9RGDS 1.67
A8 GRGDK 1.35 C8 FRGDS 1.38 E8  aRGDS 1.53
A9 GRGDL 1.54 C9 HRGDS 1.58

Al10  GRGDN 1.35 C10 IRGDS 1.45

All  GRGDP 1.46 Cl1  KRGDS 1.38

Al12  GRDGQ 1.18 Cl2  LRGDS 1.62
Bl GRGDR 1.04 D1  NRGDS 1.29
B2 GRGDS 1.05 D2  PRGDS 1.68
B3 GRGDT 1.57 D3 QRGDS 2.54
B4 GRGDV 1.61 D4  RRGDS 3.82
B5 GRGDW 1.70 D5 SRGDS 341
B6 GRGDY 1.32 D6 TRGDS 3.12
B7  GRGD3 1.17 D7 VRGDS 248
B8  GRGD4 1.38 D8 WRGDS  3.12
B9 GRGDS5 1.27 D9  YRGDS 1.63

B10  GRGD6 1.94 D10  2RGDS 1.34

B1l  GRGD7 2.09 D11 3RGDS 1.38

B12  GRGDS 1.16 D12  4RGDS 1.59
references: knottin-RGD (5uM): 0.37, no peptide: 1.54.
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Summary and outlook

4.1 Summary

Within the framework of this thesis, we included several projects that successfully
demonstrated the preparation of hybrid architectures composed of gold nanostructures
interfaced with functional “smart” materials. These architectures were pursued to provide
additional functionalities in biosensing applications by actively controlling their optical
characteristics while taking advantage of the unique properties offered by responsive
hydrogel polymeric networks. Particular effort was made to develop strategies to
selectively direct the binding of target analytes to the plasmonic hotspot regions and use
the polymer network as a 3D binding matrix with capability to encompass the entire
probing area at the hotspots while providing a high loading capacity compare to SAMs.
To this end, lithography-based approaches to prepare metallic nanostructures with
controlled morphology were successfully developed and merged with hydrogel films.
These techniques include laser interference lithography, template stripping and
nanoimprint lithography and enabled preparation of the nanostructures over
macroscopic areas. In particular, thermo-responsive pNIPAAmM-based polymeric
networks with a lower critical solution temperature around 32°C were incorporated to the
gold nanostructures. The pNIPAAmM polymer backbone contained functional groups
including benzophenone moieties for the crosslinking chemistry of the polymer chains
and carboxylic functional groups for post-modification with ligand molecules. Cross-
linked pNIPAAm films exhibited an open 3D structure facilitating the diffusion of chemical
and biological species inside the network and provided on-demand actuation by
temperature triggers. Post-modification of such 3D binding matrix with antibodies for their
use in immunoassays was also demonstrated and plasmon-enhanced spectroscopy
techniques were employed to test the sensing performance, including SERS and PEF

spectroscopy.

A special emphasis was directed towards the targeted deposition of polymer networks
only at the areas in close vicinity of the walls of the metallic nanoparticles in order to fully
exploit and probe the locations with the strongest EM field confinement. In particular, two
approaches were carefully designed for the selective cross-linking of the polymer
networks. The first one utilized a highly confined interference beam to precisely record
pNIPAAm features (with remarkable resolution around 170 nm) and exploited the moiré
effect to overlay the hydrogel arrays on top of well-ordered gold nanoparticles with
slightly mismatched periodicity. The collapsing of the pNIPAAmM network above its LCST
at 32 °C was also taken advantage of for compacting the target analyte to the surface of
the gold nanostructures. PEF spectroscopy was used in combination with a model assay

to assess the sensing performance with a LOD in the low picomolar range with a further
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six times signal increase upon collapsing of the network. The second presented
approach utilized the plasmon-assisted two-photon crosslinking of an anthraquinone-
based polymeric network with selective deposition of the polymer only at the edges of
the gold particles covering the entire probing range of the LSPs at the plasmonic hotspots

regions.

Additionally, the embedding of gold nanoparticles inside pNIPAAmM hydrogel membranes
resulted in the excitation of collective localized plasmon modes. Such modes displayed
sharp spectral features with strong shifts of the LSPR by solvent exchange or by
temperature actuation. In particular, the free-standing hydrogel membrane configuration
yielded remarkable shifts of the LSPR, as large as 100 nm, due to largely changed
grating constant of the array upon the swelling of the membrane. Additionally, the
tethered hydrogel membrane configuration was successfully applied to monitor binding
of proteins in a label-free manner. Furthermore, another plasmonic architecture
supporting propagating and localized surface plasmons was developed comprising a
nanohole metallic film coupled with gold nanoparticles separated by a hydrogel cushion,
which was actuated by collapsing and swelling the network with temperature and
refractive index variations. The structure was used to monitor the binding of molecules

at specific locations in a label free manner and it was also employed as SERS substrate.

Finally, SPFS was employed to monitor the binding kinetics of bicyclic RGD peptides to
asB.1 and aBs integrins, which were directly estimated with SPFS measurements and
compared with those obtained by inhibition assays. The comparison between
dissociation constants obtained for integrins directly immobilized on SAM or by using a

thin hydrogel layer as binding matrix were also investigated.

4.2 Future outlook

The developed hybrid plasmonic materials hold potential to improve performance
characteristics of various analytical technologies and find applications in diverse newly
developing fields of optically driven actuators and nanomachines for medical sciences.
The versatile means of the preparation of gold nanostructures over macroscopic areas
with tunable size and spacing can be further extended to other geometries (e.g. elliptical
or rod shaped nanopatrticles) and exploited to design tailored configurations resonant at
multiple desired wavelengths in various applications such as heat generation sources for
thermoplasmonics applications. In addition, the developed methodology to pattern
hydrogel arrays with nanoscale resolution can also create possibilities for additional
projects in biological studies such as directed cell growth and proliferation investigations

in the context of tissue engineering employing nanopatterned surfaces. In optical
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spectroscopy, the adaptive properties of the plasmonic materials offer opportunities to
advance optical spectroscopy studies, where the plasmonic-based substrates providing
enhancement of weak optical signals can be on demand adjusted to maximize
amplification strength at certain wavelengths. For example, resonant plasmonic
wavelengths can be sweeped through specific Raman bands of investigated molecules
or implemented to provide fluorescence enhancement for fluorophores with different
emission and absorption spectra. These materials would particularly benefit from the
demonstrated approaches to selectively capture the analyzed molecules at sub-areas of
metallic nanostructures corresponding to the plasmonic hotspot regions, which can
efficiently boost optical response. In addition, the LCST transition at 32 °C of the used
pNIPAAmM polymer networks is very close to that of the human body temperature and it
thus can be applied to create drug carriers or to harvest cells. By modification of the
polymer backbone or using other polymers (such as oxazoline-based) the LCST can be
shifted to other temperatures. Therefore, the reported materials can be potentially
combined with other hydrogels exhibiting complementary upper critical solution
temperature (UCST). Research in such polymer networks that exhibit biocompatible
properties may enable translating the reported mechanisms with optical tunability for
their use in entirely new types of medical sensor devices, triggering the on-demand
swelling and collapsing of the polymer network via temperature cues. These include for
instance implants with continuously operated biosensors actuated externally by near

infrared (NIR) light in the NIR spectral window where the tissues are transparent.
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