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Abstract

Sensitive and rapid detection of chemical and biological species has become a central
component in the swiftly emerging fields of information-aided personalized medicine.
Currently available technologies are predominantly based on amplification strategies for
the analysis of target analytes, such as polymerase chain reaction or other enzymatic
reactions. These approaches offer sufficient sensitivity but typically rely on multiple assay
steps and purification of the sample that prolong the analysis time and that can only be
conducted in a specialized laboratory environment. Alternatively, faster direct detection
assays are pursued in order to expand the capability of sensing technology and potentially
perform tests closer to the patients. Fluorescence represents a common and established
optical readout method in both enzymatic and enzyme-free optical sensors. Nanophotonic
surfaces have been developed to boost the sensitivity of fluorescence assays by
implementing advanced light management, increasing the fluorescence emission strength,
improving optical collection efficiency and reducing the background. However, these
efforts rarely found practical applications as nanophotonic structures are more commonly
prepared only for research purposes by complex manufacturing processes. This work
presents nanostructured optical materials that can be prepared by scaled-up fabrication
means that support novel multimodal biosensor concepts and increase the sensitivity upon
optical readout. In particular, it focuses on tailoring surface plasmonic resonances on
metallic nanostructures for optical spectroscopy amplification in conjunction with the
development of dedicated optical readers. Plasmonic nanostructure architectures and an
optical instrument are developed that provide the large field of view required for
multiplexing and parallelized kinetics measurements. The combination offers improved
collection efficiency of fluorescence light emitted by the selectively excited molecules on the
sensor surface. The work is organized in three parts, starting with the exploration of
nanophotonic 2D materials by numerical simulation, their lab-scale preparation, and
characterization. The optical properties of architectures composed of periodic arrays of

nanoparticles, nanomeshes, holographic gratings, and combinations of such elements are
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studied. Furthermore, thermo-responsive hydrogel elements are introduced to the
architectures, serving as a binding matrix for affinity reactions and as an actively tunable
optical component. In the second part, new instruments are developed to take advantage
of the optical properties of these surfaces. An epifluorescence reader is presented for the
simultaneous observation of affinity binding events by fluorescence spectroscopy and
direct monitoring of associated refractive index changes. Moreover, a label-free refractive
index sensing modality using surface plasmon resonance is integrated with a novel
instrument with an electrolyte-gated field-effect transistor and used for simultaneous and
time-resolved observation of surface mass deposition and reorganization of polymer
assembly at the common sensor surface. The final section deals with the utilization of light
management and surface plasmon-enhanced fluorescence to push forward the sensitivity
of fluorescence heterogenous assays. A sensor for the continuous monitoring of low
molecular weight chemical analytes based on a hairpin aptamer and fluorophore quenching
at a metallic surface is presented. Finally, there is developed a multi-resonant plasmonic
substrate that provides fluorescence enhancement by a factor of 300 while maintaining
compatibility with scaled-up industrial manufacturing processes. Together with a newly
developed imaging reader, this fluorescence enhancement is achieved by utilizing
plasmonically enhanced excitation and surface plasmon-mediated emission of
fluorescence. The system is employed for the highly multiplexed observation of
immunoassay binding kinetics on a large surface area with a low femtomolar limit of

detection (LOD).

Concluding, nanophotonic 2D materials have been implemented in novel biosensor
concepts that push forward the sensitivity and open door for combined sensor modalities

providing additional insights into surface processes, beyond state-of-the-art methods.

II
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Kurzfassung

Der empfindliche und schnelle Nachweis chemischer und biologischer Spezies ist zu einer
zentralen Komponente in den sich rasch entwickelnden Bereichen der
informationsgestiitzten personalisierten Medizin geworden. Die derzeit verfiigbaren
Technologien beruhen tberwiegend auf Amplifikationsstrategien fiir die Analyse von
Analyten wie der Polymerase-Kettenreaktion oder anderen enzymatischen Reaktionen.
Diese Ansidtze bieten eine ausreichende Empfindlichkeit, erfordern aber in der Regel
mehrere Testschritte und eine Aufreinigung der Probe, welche die Analysezeit verlingern
und nur in einer speziellen Laborumgebung durchgefiithrt werden kénnen. Alternativ dazu
werden schnellere direct-detection-Assays angestrebt, um die Maoglichkeiten der
Sensortechnologie zu erweitern und potenziell Tests ndher am Patienten durchzufithren.
Fluoreszenz ist eine gingige und etablierte optische Auslesemethode sowohl bei
enzymatischen als auch bei enzymfreien optischen Sensoren. Nanophotonische
Oberflichen wurden entwickelt, um die Empfindlichkeit von Fluoreszenztests zu erhéhen,
indem ein fortschrittliches Lichtmanagement implementiert, die
Fluoreszenzemissionsstirke erhoht, die optische Erfassungseffizienz verbessert und der
Hintergrund reduziert wurde. Diese Bemithungen fanden jedoch nur selten praktische
Anwendungen, da nanophotonische Strukturen in der Regel nur fiir Forschungszwecke
durch komplexe Herstellungsprozesse hergestellt werden. In dieser Arbeit werden
nanostrukturierte ~ optische = Materialien  vorgestellt, die  durch  skalierte
Herstellungsverfahren hergestellt werden konnen, die neuartige multimodale
Biosensorkonzepte unterstiitzen und die Empfindlichkeit der optischen Auslesung
erhohen. Insbesondere geht es um die Anpassung plasmonischer Oberflichenresonanzen
auf metallischen Nanostrukturen zur Verstirkung der optischen Spektroskopie in
Verbindung mit der Entwicklung spezieller optischer Lesegerite. Es werden plasmonische
Nanostrukturen und ein optisches Instrument entwickelt, die ein grofies Sichtfeld bieten,
das fir Multiplexing und parallelisierte kinetische Messungen erforderlich ist. Die
Kombination bietet eine verbesserte Erfassungseftizienz von Fluoreszenzlicht, das von den
selektiv angeregten Molekiilen auf der Sensoroberfliche emittiert wird. Die Arbeit ist in
drei Teile gegliedert, beginnend mit der Erforschung von nanophotonischen 2D-

Materialien durch numerische Simulation, deren Herstellung und Charakterisierung im

[11
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Labormaf3stab. Die optischen Eigenschaften von Architekturen, die aus periodischen
Anordnungen von Nanopartikeln, Nanomeshes, holographischen Gittern und
Kombinationen solcher Elemente bestehen, werden untersucht. Daruber hinaus werden
thermoreagierende Hydrogelelemente in die Architekturen eingebracht, die als
Bindungsmatrix fiir Affinitatsreaktionen und als aktiv abstimmbare optische Komponente
dienen. Im zweiten Teil werden neue Instrumente entwickelt, um die optischen
Eigenschaften dieser Oberflichen zu nutzen. Es wird ein Epifluoreszenz-Reader vorgestellt,
mit dem Affinititsbindungsereignisse durch Fluoreszenzspektroskopie und die direkte
Uberwachung der damit verbundenen Brechungsindexidnderungen gleichzeitig beobachtet
werden kdnnen. Dariiber hinaus wird ein markierungsfreies Verfahren zur Messung des
Brechungsindexes unter Verwendung der Oberflichenplasmonenresonanz in ein
neuartiges Instrument mit einem elektrolytgesteuerten Feldeffekttransistor integriert und
zur gleichzeitigen und zeitaufgelosten Beobachtung der Ablagerung von Obertlichenmasse
und der Reorganisation der Polymeranordnung an der gemeinsamen Sensoroberfliche
verwendet. Der letzte Abschnitt befasst sich mit der Nutzung von Lichtmanagement und
oberflichenplasmonenverstirkter ~ Fluoreszenz, um die Empfindlichkeit von
fluoreszenzheterogenen Assays voranzutreiben. Es wird ein Sensor fiir die kontinuierliche
Uberwachung chemischer Analyten mit niedrigem Molekulargewicht vorgestellt, der auf
einem Haarnadel-Aptamer und der Loschung von Fluorophoren an einer Metallobertliche
basiert. Schliefdlich wird ein plasmonisches Multi-Resonanz-Substrat entwickelt, das die
Fluoreszenz um den Faktor 308 verstirkt und gleichzeitig mit industriellen
Herstellungsprozessen im Mafdstab 1:1 kompatibel ist. Zusammen mit einem neu
entwickelten bildgebenden Instrument wird diese Fluoreszenzverstirkung durch
plasmonisch verstirkte Anregung und obertlaichenplasmonisch vermittelte Emission von
Fluoreszenz erreicht. Das System wird fiir die hochparallelisierte Beobachtung der
Bindungskinetik von Immunoassays auf einer groflen Oberfliche mit niedriger

femtomolarer Nachweisgrenze (LOD) eingesetzt.

Zusammentassend ldsst sich sagen, dass nanophotonische 2D-Materialien in neuartige
Biosensorkonzepte implementiert wurden, die die Empfindlichkeit erhéhen und die Tiir
fiir ~ kombinierte Sensormodalititen offnen, die zusitzliche Einblicke in

Oberflichenprozesse bieten, die tiber den Stand der Technik hinausgehen.

v
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1. Introduction

Highly sensitive and specific detection of biochemical substances is vital in a wide range of
applications, including food safety, environmental monitoring, and medical diagnostics,
which has been addressed by the rapidly evolving field of biosensing. For instance, the
importance of medical testing capabilities became painstakingly obvious in the COVID-19
pandemic, when efficient tests for the corona virus SARS-CoV-2 needed to be developed
and brought to global application in the shortest time. Merely weeks after the first genetic
sequences of the virus were published, polymerase chain reaction (PCR) test kits had been
rolled out, followed by lateral flow antigen tests and antibody tests within a few months.'?
Frequently, the target analytes are also present in a complex matrix, like nasopharyngeal
mucosa, blood, or urine in low concentrations, ranging down to a few particles per
milliliter.>* The detection of such low concentrations thus requires highly targeted
detection schemes that suppress unspecific background signal and/or time-consuming
purification steps before the actual detection can be performed. Novel direct detection
biosensor approaches seek to rapidly obtain results by overcoming the need for time-
consuming amplification as well as integrating and automating purification steps. This
allows to bring the diagnostic devices out of the specialized laboratories and closer to the

patient, supporting the rapidly emerging topic of point-of-care diagnostics.’

Among the sensor technologies explored, optical biosensors stand out for their versatility
and the ability to take advantage of optical components developed in other fields, such as
telecommunications, optical spectroscopy, and microscopy. Numerous optical techniques
were developed for the direct label-free observation of molecular and their affinity
interactions, for example, using optical waveguides,*” photonic crystals,*® or surface
plasmon resonance'™' (SPR). For high sensitivity measurements, labeling steps can be
integrated into the assay to boost the output signal strength by orders of magnitude.'**?
Furthermore, by choosing an imaging format, spatial multiplexing of the detection from
several to large sets of analytes on a small footprint becomes possible."* While optical

methods have demonstrated the ability to resolve single molecules present in a small
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1.1. Biosensors

volume or attached to a surface, achieving similar sensitivity in a biosensor for the analysis
of trace amounts of target molecules in a complex sample with realistic volume remains an
unsolved challenge. Nanophotonic surface architectures, particularly plasmonic surfaces
have been successfully employed in sensitive fluorescence sensors at the research stage.”*"’
However, the transfer of these, often complex, surface geometries to practical applications
has proven difficult. It is, therefore, crucial to consider limitations imposed by scalable

manufacturing technologies already in the design phase.

1.1.Biosensors

According to the IUPAC (International Union of Pure and Applied Chemistry) definition,
a chemical sensor is a self-contained device that transforms chemical information, like
concentration or the total composition of a sample into a measurable physical signal.
Biosensors are chemical sensors that use a biological recognition element. The devices are
kept compact, for the most prevalent applications require portable or even handheld
sensors. Frequently, the readout mechanism is integrated with an electronic module and

the assay is implemented by using a microfluidic device to minimize material waste.

The most successful example of biosensors in commercial applications are glucose sensors
for diabetes treatment, which are a daily companion for many diabetes patients,"
pregnancy tests,"” and other lateral flow tests for a large range of applications,”** including

recently the detection of the SARS-COV-2 virus.»**

While paper-based lateral flow assays are strictly single-use, continuous monitoring sensors
are under development, particularly for glucose sensing applications.”® Combined with an
insulin pump, such sensor technology would allow the implementation of automatic

insulin regulation, mimicking the natural function of the pancreas.”
A typical biosensor is comprised of two distinct parts:

1. The biointerface is the contact region of the sensor with the sample and carries the
recognition element (RE) which serves as a specific receptor and is responsible for
the specific interaction with the target analyte. Depending on the analyte, a wide
range of biomolecules can serve as recognition elements: antibodies, enzymes,

proteins, peptides, or recently aptamers have been used. Furthermore, the interface
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1.1. Biosensors

is modified with molecular architectures to prevent undesired interaction of the
sample with the transducer, while enabling the recognition elements to work
effectively, also referred to as antifouling coating.

2. The transducer converts the change of a physical or chemical property induced by
the interaction of the analyte with the RE to a measurable signal. The most
frequently used modalities include electrical, electrochemical, optical, calorimetry,
or measuring mass change. The output is most commonly an electrical or optical

signal that can be digitized and further processed.

Analyte Biointerface & RE Transducer
® ® Antigens Electrochemical
a -
} Antibodies T
@ ’ Enzymes Electrical signal
B . Piezo-electric
Proteins .
® A
} ® Nucleic acids Optical

Figure 1 Schematic illustration of the main components of a biosensor.

Signal processing finally extracts the chemical parameters from the obtained sensor data.
Some optical sensors, particularly colorimetric sensors, can be qualitatively read by the
naked human eye (e.g. pH test strips, lateral flow assays). However, most commonly the
transducer provides an output that is digitized and electronically processed. Comparison

with reference data then allows quantification of the result.

Let us now have a more detailed look at the components that a biosensor is comprised of

and the functions they fulfill in the sensing process.
Biointerface with the recognition element, RE

As the contact point of the analyte-containing liquid with the solid surface of a sensor
device, the biointerface serves a twofold role. Firstly, it carries the RE, the chemical
compound specifically interacting with the target analyte. It provides the appropriate
environment for the RE to work at high efficiency. Particularly, controlling the density of
the binding sites to avoid steric hindrance and surface charge effects are to be considered.

Furthermore, the biointerface prevents the unspecific adhesion of compounds present in
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1.1. Biosensors

biological samples to the surface. This unspecific interaction is also called fouling. Among
the numerous types of chemical and physical interactions driving fouling, the most
important are van der Waals forces, charge interaction, hydrophilic interaction, and
osmotic pressure. The topic is still subject of intense research®* and a large variety of
polymer 2D**" and 3D** architectures have been studied. A detailed introduction to

biointerface architectures can be found in recent literature.**

The RE can specifically bind the analyte at the surface that is probed by the transducer.
Compounds used as RE expose at least one binding site specific to the analyte. Different
naturally occurring and also synthetic compounds have been used as RE, including
antibodies,”® enzymes,” peptides,” aptamers,* and molecularly imprinted polymers.*
Interactions of these REs with the target analyte can often be described by the Langmuir
adsorption model and characterized by their binding affinity, defined as the analyte
concentration in the liquid sample, at which half the binding sites are occupied in
equilibrium.® The affinity between receptor and ligand thus plays a vital role in achievable
sensitivity and dynamic range of the sensor and the density of recognition elements within
the biointerface defines the maximum signal change observed for a saturated sensor. The
receptor affinity should be chosen to match the expected analyte concentration, for the best
sensor performance in terms of sensitivity and dynamic range. In the case of continuous
monitoring, as discussed later in chapter 2.6, a compromise must be found between
sensitivity and the system response time to changes of analyte concentration to achieve

reversibility.
Transducers

The transducer converts the physicochemical changes induced by the captured analyte to a
measurable signal. Different transducers respond to different physical or chemical
properties of the analyte present in the analyzed medium. Furthermore, the sensitivity and
dynamic range of the transduction mechanisms can vary greatly. While most sensor
approaches use a single transducer, the combination of different transducing mechanisms
can offer the advantage of extending the dynamic range,* improving sensitivity '>* or
gaining additional insight into surface processes by observing complementary properties

and will be explored in this work.

Most of the commonly employed transducers fall into four categories:
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Electrochemical sensors utilize the electrochemical reaction between a moiety, frequently

an enzyme, anchored at the sensor surface and the analyte present in the analyzed liquid
sample.* The electrical current occurring upon the reaction is directly proportional to the
analyte concentration. The sensors are thus well suited for quantitative and continuous

monitoring applications.”

Electronic sensors observe the change of the charge transfer properties of parts of the sensor

device upon analyte binding. In potentiometric sensors, a constant potential is applied
across the sensor surface. A change of conductivity upon analyte binding is then observed
as a change of current. Another important implementation of electrical sensors are field-
effect transistors, where the conductivity of a semiconducting channel is controlled by a
gate voltage.”® The capture of charged moieties on gate or channel surface has a similar

effect as additional voltage and modulates the measured channel conductivity.

Piezo-electric sensors respond to the accumulation of mass on the sensor interface. The
most prominent example is the quartz crystal microbalance (QCM).” These sensors are
based on the mechanical oscillation of electrically driven piezo crystals where the resonance

frequency is changed by the weight of the captured analyte.

Optical biosensors utilize light to determine the presence of the analyte. They can be
roughly split into two categories: Transducers that directly modulate the properties of
electromagnetic waves and approaches that employ optically active dye molecules as part
of the assay. Examples for the first category are interferometric waveguide sensors,”
ellipsometry,” or surface plasmon resonance (SPR) sensors,”** all sensitive to the change
of refractive index on the sensor surface. Such direct-detection methods are also referred to
as label-free and the strength of the sensor response is directly proportional to the mass of
the captured target analyte.”® The second class of sensors employs an additional labeling
step to enhance the sensitivity if the molecular weight or the concentration of the analyte
are not high enough to induce a measurable refractive index change. Frequently, this
additional labeling step also includfes an additional recognition element, consequentially
increasing the specificity of the assay. For those labels, three main enhancement strategies
can be pursued: First, a high molecular mass molecule, usually an antibody, can be used as
secondary RE, specifically binding to the analyte and thus increasing the output of mass-
sensitive sensors.” To further amplify the surface-mass gain, the secondary RE can be

conjugated with nanoparticles.*** Alternatively, by using a secondary RE conjugated with
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1.1. Biosensors

an assay element that absorbs or emits light, a visual color change®** or the emission of
fluorescence light™ can be induced. Such a label effectively acts as an amplifier for optical
transducers, as a single label can interact with a large number of photons, which can be
detected with high efficiency.®** Most common labels employed in analytical assays are
metallic nanoparticles®*® (for their large absorption cross section and mass) and
fluorescent®®®! dyes. Another interesting approach is the use of enzymes as labels, which
over time generate reaction products that can be detected by increased surface mass* and
color change® or fluorescence®. Optical sensors are unique among transducer technologies
as they can be read out by the naked human eye without conversion to an electronic signal.
Such approaches thus have been successfully implemented for a wide range of point-of-

care applications, for example, lateral flow assays for pregnancy tests or viral antigen tests.

At this point, it is worth to briefly consider the key performance parameters of biosensors:
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Figure 2 Illustration of key sensor parameters in a dose-response curve.

The response R of a biosensor is typically represented as a calibration curve as schematically
shown in Figure 2. During measurements without analyte, the sensor generates the blank
signal Ry with a standard deviation o. For very small concentration of analytes, any change
of response is hidden within the blank signal. The limit of detection (LOD) is characterized
as the concentration that can reliably be distinguished from the blank signal.”” The
definition of the LOD depends on the desired confidence interval and in this work, this is
defined as R;pp = Ry + 30, at which point the analyte can been discriminated from the
background with 99.7% certainty for Gaussian statistics. Practically, sensors are used in the

operational range, where the sensor response is a linear function of the analyte
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range is limited by two factors: the binding capacity of the biointerface and the dynamic

concentration, with the proportionality factor sensitivity S = —. The maximum of this

range of the transducer. Chemical sensors, that rely on the affinity binding of analyte by
the RE, saturate when a large portion of the available binding sites are occupied.
Furthermore, the dynamic range of the transducer is limited by the background signal and
the maximum output signal obtainable by the transducer and the electronic subsystem. At
high concentrations, the output signal thus becomes independent of the analyte

concentration; the sensor reaches saturation.

Practical biosensor applications require the detection of analytes that occur in a broad range
of concentrations from few molecules per milliliter (for example, when screening for
specific mutations of tumor DNA present in circulating blood®) to grams per liter (for
albumin or immunoglobulins®) and in a large variety of complex media including blood,
saliva or urine. The challenge in sensor design is finding the balance between sensitivity,
specificity, and dynamic range suitable for the analyte in a particular medium. This
becomes especially challenging when designing multiplexed sensors for multiple analytes,

where concentration differences can be orders of magnitude.

Among the transducer technologies, optical methods, particularly those involving surface
plasmon resonance, stand out for their versatility and sensor properties well suited for the
detection of biomedical analytes. The small probing volume with a thickness of several 10
nm to a few 100 nm from the biointerface is well-matched with the size of typical
biomolecules and allows measurements with reduced influence from the analyte carrying
medium. The technology allows label-free, continuous, and quantitative observation of
biochemical reactions. In case the sensitivity of the direct detection approach is insufficient,
labeled assays can be employed, which also can be boosted by the interaction with the
surface plasmons. SPR has thus been chosen as the platform for the biosensor applications

presented in this work.

The following chapters will briefly introduce the concepts behind plasmonic biosensors and
their implementations. Furthermore, enhancement strategies relying on surface plasmon
optics for sensors based on fluorescence assays and the integration of actively tunable

materials into the sensor architectures will be discussed.
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1.2.Surface Plasmon Resonance

Plasmons are collective charge oscillations of the electron density and the associated
electromagnetic (EM) field. Surface plasmons (SP), also referred to as surface plasmon
polaritons (SPP), are surface electromagnetic waves propagating on a metal-dielectric
interface. First discovered by Wood in 1902 as dark absorption lines in the reflectance
spectra of metallic gratings, " Fano in 1942 attributed these observations to the excitation
of electromagnetic surface waves in his theoretical work.” With their pioneering work in
1968, Otto, as well as Kretschmann and Raether, introduced convenient, prism-based
coupling strategies for the optical excitation of these surface waves from the far field.”>” In
the following years, the effect gained importance for the characterization of thin films.”
With a short propagation length in the range of 1 pm - 100 um at optical frequencies and
the possibility to work with subwavelength structures, SPP later attracted strong interest as

78-81 and

an active mechanism in nanophotonic components”™ 7, electrooptic modulators
have been particularly successfully employed to study biochemical reactions in
biosensors.** The method, referred to as surface plasmon resonance (SPR) biosensor, is
well suited for the investigation of biomolecular processes on surfaces, as the probing depth
of the SPPs is in the order of 100 nm, significantly smaller than the wavelength used for

illumination and comparable to the size of common biomolecules. As the method is surface

mass sensitive, SPR delivers the best sensitivity for analytes with high molecular weight.

1.2.1. Electromagnetic Theory of the Surface Plasmon Polaritons

This section will introduce the basic concepts and terminology used to describe SPPs. It
does not aim to be a comprehensive introduction to the field or present the detailed
theoretical derivation. Excellent literature for the introduction to the physics of surface

plasmon has already been published by Maier® and Homola™.

SPPs originate from the coupled oscillation of the electromagnetic field and the density of
the electron plasma on a metal-dielectric interface. They are a guided wave solution to the
Maxwell equations, where the real part of the metal permittivity is Re{e;,} < 0. Solved for
a single metal-dielectric interface, the wavevector of the SPP is expressed as

R = by (1)




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub
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2m

where kg, is the wavenumber of the SPP and k, = = % is the vacuum wavenumber,

with the angular frequency w, wavelength 4 and speed of light in vacuum c. The complex
permittivity of the metal &, = &, +i &, and dielectric &5 = & + i &, are material
properties and in general dispersive, this means functions of the frequency &,(w).

Consequently, also kg, is a complex, dispersive quantity. It is worth noting that kg, =

27

7 and thus the wavelength of the surface plasmon at a given frequency only depends on
spp

the material properties. Under the assumption that the dielectric has negligible dampening

(4 = 0) and that &, < |ep |, kspp can be rewritten as >

kspp = kgm, +i k;;,p, 2)
gl &
kspp = ko fm dJ o
Em + &4
k' =k 'ST’T’! = )E E#L (4)
o0 O\l +2g) 20E0)?

The propagation length of the SPP is then defined as the distance along the surface, where

the field intensity of the electric field is reduced by a factor of 1/e:
1

» = 2k

The factor 2 in this equation originates from the fact that the field intensity is proportional

L (5)

to the square of the field strength.

Perpendicular to the interface plane, the electric field amplitude decays exponentially into
the metal and dielectric. The penetration depth d,, also called skin depth, into metal and
dielectric is given by: %

N ®

1
dyq = Re {(kgpp — sdkg)E}

1y -1

dpm = Re {(kgpp - emké’)z} . @)
To illustrate the properties of SPPs, let us consider a standard surface employed in
biosensing: the gold-water interface under illumination with a HeNe laser with a
wavelength of 633 nm. At this wavelength, water has a refractive index* np = 1.332 and
thermally deposited gold®” has a complex refractive index of n,,, = ny, +ix = 0.18344 +

i 3.4332, where kx is the extinction coefficient. The relation between the permittivity and
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1.2. Surface Plasmon Resonance

the refractive index is given by € = n? =+ (i k)2 Solving equations (3) - (7) with
these material properties shows that the SPP at this frequency travels along the surface with

a periodicity of Agpy = kz—n = 438 nm and a propagation length of L,, = 3.6 um. The SPP

spp

exhibits a penetration depth into water of d, 4 = 180 nm and d,,,, = 27 nm into the

metal. These results are illustrated in Figure 3.
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Figure 3: Spatial tield distribution of the electric field component perpendicular to the surface E|
for a surface plasmon mode on a gold-water interface, at a frequency equivalent to light with a
wavelength of 633 nm in vacuum. a) The evanescent field perpendicular to the propagation
direction shows exponential decay and b) attenuation of a SPP propagating along the surface.

1.2.2. Excitation of Surface Plasmon Polaritons

Equation (3) shows that the real part of the wave vector Re{kg,,} of a SPP at a given
frequency w is always larger than that of the light propagating in the dielectric medium
(k= kgohg = ko\/a) and can thus not couple to SPPs on a flat metal film, see Figure
4b. The SPP dispersion curve approaches the light cone for low frequencies whereas at high
frequencies it approaches the cutoff frequency w,, = w, / m. This means, that these
waves cannot directly couple to the far field. Additional momentum Ak needs to be
provided by a coupling mechanism to achieve phase matching and enable the efficient

transfer of energy from the far field to SPP modes.

Two methods have been established as practical coupling mechanisms. As already
discovered by Wood in the first observation of SPPs, diffractive or grating coupling utilizes
a periodic corrugation of the metallic surface to provide additional momentum and allows
the launching of SPPs from the dielectric side of the interface. Secondly, prism coupling has

been established as the primary means of coupling in commercial SPR biosensor systems.

10
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1.2. Surface Plasmon Resonance

There, the momentum matching is realized by embedding a thin metallic film between two
dielectrics with different refractive indices, where the propagating waves on the high
refractive index side can be matched to surface plasmons on the lower refractive index side
by resonant tunneling through the metallic film. While these are the main methods used
for sensing applications, for the sake of completeness, it should be mentioned that surface
plasmons can also be launched by other methods, including irradiation with a focused
electron beam,* near field coupling,* and matched modes of a dielectric waveguide'** and

by scattering on individual particles.”

Prism coupling

In prism coupling, SPPs are excited by the evanescent field of light reflected at the base of
an optical prism by attenuated total reflection (ATR). In the Kretschmann configuration,”
as shown in Figure 4a, a thin metallic film is attached to the prism base. When the wave
vector component parallel to the surface matches with the SPP wave vector on the metal-

dielectric interface:

Re{kgpy} = ko - 1y, - sind, (8)

=

€3

& Metal ﬁ;’:a

] Tt r Sd

Ei P _ : ] —light, s,
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Wave 'numﬁer Re'{kspp}'

Frequency o

Figure 4 a) Illustration of prism coupling in the Kretschmann configuration and b) phase matching
between the light line in the prism (blue) with the SPP dispersion curve (black).

the transfer of energy between the incident propagating wave and the SPP can occur. The
refractive index n, = /&, of the prism in such a configuration must be larger than the
refractive index of the dielectric n, > n4 and 8 refers to the angle of incidence with respect

to the surface normal.

11



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
blio
nowledge

]
|
rk

m You

1.2. Surface Plasmon Resonance

Diffractive coupling

A periodic corrugation of a metallic surface allows the diffractive coupling to SPPs, as
illustrated in Figure 5a. The coupling condition is fulfilled when SPPs originating from
scattering on the periodic structures with a period A form a standing wave pattern. This can

be expressed using the grating vector G = 1/A as

ko ng sin + m G = +Refkg,,} (m=0,41,42,..), (9)
where the integer m is the diffraction order. Diffraction coupling, also called grating
coupling, allows the excitation of SPPs from the dielectric side and thus also on bulk metal.
It is worth noting that, despite the coupling to propagating modes, the electric field
intensity is not homogeneously distributed over the surface but forms localized hot spots.
It should be pointed out that surfaces structured with multiple superimposed diffractive
teatures allow the independent excitation of surface plasmons at different wavelengths,” as

exemplarily shown in Figure 5b.
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Figure 5 a) Schematic illustration of diffraction coupling by scattering on periodical surface
features. b) Excitation of SPPs by multiple superimposed gratings on a metal-dielectric interface,
observed as absorption lines in angular resolved reflectivity spectra, reproduced with permission
from reference 92.

1.2.3. Localized Surface Plasmons

Localized surface plasmons (LSPs) originate from the interaction between the oscillating
electromagnetic field and the conduction electrons in metallic particles smaller than the
incident wavelength. The electron density is displaced by the electromagnetic force exerted

by the external field, polarizing the particle, as illustrated in Figure 6a. The electrostatic

12
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1.3. Plasmonic Nanostructures

repulsion between the electrons acts as restoring force against the external field. With the
inertia of the electrons, the system forms a resonator. The resulting polarization and
resulting scattering properties can, for spherical particles, be analytically described by Mie
theory” but needs to be determined numerically for more general shapes. The resonant
oscillation leads to an increased field intensity at the particle surface along the polarization
direction of the impinging optical field. It is also the cause of an increased extinction cross
section g, of metallic nanoparticles at the resonant wavelength, which greatly exceeds the
geometric cross section.” Resonances associated with LSPs are typically much broader than
SPPs in the same metal but confine the EM field intensity tighter to the surface. The
spectrum of LSPs highly dependent on the size, shape, material properties of metal and the

surrounding medium, and spacing between adjacent objects.”>*
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Figure 6 a) Polarization of an isolated metallic particle under illumination. b) Optical extinction
cross section of Au nanoparticles embedded in dielectric media with different refractive index na.
Image adapted from reference 97.
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1.3. Plasmonic Nanostructures

Flat metal layer

The simplest plasmonic surface is a flat metal-dielectric interface. It supports propagating
modes (SPPs), with optical properties purely defined by the material properties, as
described in equation (3). It is, however, not possible to excite them directly with a
propagating light beam, as discussed in section 1.2.2. Flat metallic surfaces are thus typically
used in form of a thin film in connection with prism coupling. The preparation of a flat film
system is typically straightforward, involving only the metal deposition steps. This is done

by either chemical or physical methods, primarily by sputtering and evaporation

13
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1.3. Plasmonic Nanostructures

techniques. For films intended for use in optical applications, the surface smoothness is of
great importance, as the roughness directly influences the dampening of the SPPs.*® The
specific parameters required to achieve the best surface properties depend on the used metal

and have been subject to extensive studies.”'*

Corrugated metallic surface

Periodically modulated surfaces and continuous metallization support plasmonic standing
wave modes. The plasmon wave number is, for shallow modulations, given by the
propagating plasmon dispersion relation (Equation (3), and the surface plasmons can be
excited by diffractive coupling by the periodic structure. Preparation of such structures is
more complex than for flat films as the surface needs to be structured by lithography
techniques, typically prior to the metal deposition process. For biosensor applications,
corrugated surfaces are advantageous for the versatile coupling possibilities and the fact
that only a single material, the metallic layer, is exposed to the sample, simplifying the

chemical functionalization.

Nanoparticle arrays

Individual metallic nanoparticles with dimensions smaller than the plasmon wavelength
support LSPs. Their optical absorption is manifested as a resonance in the wavelength
spectrum of transmission or reflection. The shape and center wavelength of the resonance
is determined by the geometrical and material properties of the particle and the
surrounding medium. With randomly oriented or spherical particles, the observed
spectrum does not change with the angle of incidence of the illuminating beam. The width

of the observed absorption is typically also much broader compared to propagating SPPs.

For periodically arranged metallic nanoparticles, the scattered light on the individual
particles acts as a coupling mechanism, giving rise to collective oscillations across the
arrays. While the LSP mode of the individual particles is angular insensitive, the diffractive
coupling generates comparably narrower and dispersive optical features. In these coupled
systems, the resonant wavelength strongly depends on the particle size, shape, spacing, and

material composition of the surrounding medium and the particles.”>!"!
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1.3. Plasmonic Nanostructures

Nanohole arrays

Nanoholes, small perforations of thin metallic layers, support localized plasmons similar to
nanoparticles. Like nanoparticles, the hole gets polarized by the rearrangement of electrical
charge when exposed to an external electrical field. The localized modes of a nanohole can
also be understood as whispering gallery modes. With increasing hole diameter,
propagating plasmon modes on the hole walls form a standing wave pattern with an
increasing number of hot spots. Periodically arranged nanoholes can exhibit collective

oscillations. It is worth noting that coupling in such arrays is primarily mediated by

102

propagating plasmons on the interfaces of the continuous metal film.

Figure 7: Advanced plasmonic 2D architectures: a) Multi-diffractive corrugated gold layer as
published in reference 38, b) Nanohole array in Au layer reproduced from reference '® under CC-
BY" license, ¢) Gold nano-mushroom architecture reproduced from reference ' with permission
from Springer Nature and d) Nanomesh-on-mirror architecture adapted from reference 102 with
permission of the Royal Society of Chemistry. The scalebar length is 1 ym in b and d and 200 nm in
£

Coupled systems

@ https://creativecommons.org/licenses/by/3.0/
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Recently, more complex architectures that combine the elements discussed above into
three-dimensional plasmonic metamaterials, have gained attention. When plasmonic
resonators with similar resonance frequencies are brought in close proximity, they start to
influence each other via the overlapping electromagnetic field. These coupled systems
exhibit different spectral features than the individual components, which have been
described by a plasmon hybridization theory.'” Among the architectures investigated are
planar metal-insulator-metal structures, particle oligomers,'*'® core-shell particles, and
metal-insulator-metal structures like nano-mushroom arrays,'*'*” or nanomesh-on-metal

approaches."”

Actively tunable plasmonic structures

Most plasmonic surface architectures are designed to be as static and as stable as possible
in terms of geometry, chemistry, and optical properties. Recently, reversibly tunable
plasmonic materials have been developed and found applications in miniaturized photonic
circuits,'™! as well as sensors,"*>!* forming the novel field of active plasmonics. The optical
properties of the materials employed can be tuned by external parameters, including
temperature, electromagnetic fields, and chemical reactions. The latest developments have
been well summarized in a recent review by Jiang.'* In this work, plasmonic composite

materials are pursued that integrate a thermoresponsive hydrogel as an active element.

In responsive hydrogels, a phase transition, associated with a substantial change in volume
and density, can be induced in an aqueous environment by external factors like
temperature'’’, pH," or ionic strength.'"” The polymer networks can hold a large volume
fraction of water in the swollen state, which is expelled upon the collapse of the polymer
network during the phase transition. The volume change can be characterized by the
swelling ratio SR = V /V4,, given by the ratio of the hydrogel volume V over the volume in
the dry state V.. Since the refractive index of water'"® (ny,o = 1.332) is significantly
smaller than the refractive index of typical hydrogel forming polymers (n, > 1.45),'" the
change in the swelling ratio can lead to a substantial change of optical properties. When
such a material is integrated in a plasmonic surface architecture, as exemplary shown in
Figure 8 for the hydrogel forming terpolymer poly(N-isopropylacrylamide) (pNIPAAm),

strong modulation of the hydrogel refractive index occurs upon the phase transition from

16



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1.3. Plasmonic Nanostructures

the swollen state (with low refractive index) below the lower critical solution temperature
(LCST) below 32°C to a collapsed state (with high refractive index) upon heating above the
LCST.'®?

a) g b)
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Figure 8 a) The phase transition of thermoresponsive pNIPAAm hydrogel from the hydrophilic
state at low temperatures to the hydrophobic state at high temperatures is reflected as a sudden
change in the swelling ratio (black line) and the refractive index (blue line). b) The change of
material properties is observed as an SPR shift in angular spectroscopy. Adapted from reference 119
under a CC-BY license, Copyright © 2013 American Chemical Society

Moreover, the change of volume can be utilized to actively tune the distance between
plasmonic resonators embedded in the gel and thus modulate the near-field coupling
strength.'”® It is also worth noting that the hydrophilic nature of hydrogels makes them an
interesting candidate for antifouling surfaces®* and the sparse 3D network can be
functionalized with receptors, forming a high capacity binding matrix with good

antifouling properties.>!!*!20

An interesting application of a responsive hydrogel in biosensors is as the binding matrix
for fluorescence assays with plasmonic enhancement from LSPs at metallic nanoparticle
arrays, as discussed in chapter 2.3. The sensitive area of the nanoparticles in such an array
covers only a small fraction of the total surface area. To facilitate the effective analyte
capture, the receptors can be immobilized in a hydrogel that covers a much larger volume
in the swollen state and allows diffusion of the analyte and fluorescent labels. Upon collapse
of the hydrogel cushion, the captured and labeled analyte is brought close to the particle
surface to take advantage of the plasmonic enhancement of fluorescence during readout.
The mechanisms behind the plasmon enhanced fluorescence are subject of the next

chapter.
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1.4.Fluorescence

Luminescence is an optical phenomenon associated with the emission of light from a
substance in an electronically excited state and is divided into two categories, fluorescence,
and phosphorescence, depending on the type of excited state. The term fluorescence is
specifically used for the transition from the excited singlet S, state to the ground state So.*’
In the excited orbital, the electron carries the opposite spin of the electron in the ground
orbital, the transition is thus allowed, and the lifetime of the excited state is thus in the order
of nanoseconds. While fluorescence can be observed in a large variety of substances, from

SL123 compounds have been discovered

atoms to solids, specific biological'?»*** and synthetic
where fluorescence processes occur particularly efficiently. A comprehensive and well-
written introduction to fluorescence for biomedical applications is given in the book of
Lakowicz.® Briefly, in fluorescent systems, electrons from the S, ground state are excited by
photon absorption to the S, state. A schematic overview of the processes involved is shown
in Figure 9. In most cases, the electron is not directly transferred to the S; ground state, but
the molecule also experiences vibrational excitation. These vibrational excitations quickly
decay by vibrational relaxation and internal conversion (IC) at timescales in the order of
10*s to 10°'¢s.5! Similarly, the decay from the excited to the ground state is likely to end in
a vibrationally excited state which rapidly decays to the ground state. These processes are
observed as broadening of the absorption and emission lines and overall give rise to the
Stokes shift observed between absorption and emission spectra. Competing with the
radiative transition from the S, to the S, state are non-radiative decay processes and the
inter system crossing (ISC) into an excited triplet state T, by spin inversion. The direct
radiative transition from the T, to the S, state is forbidden and the lifetime thus is several
orders of magnitude longer than the fluorescence lifetime. Molecules in the T, state thus
don’t participate in the fluorescence process anymore, reducing the number of active
fluorophores. Furthermore, molecules in an excited state are more likely to undergo
chemical reactions that can change the chemical structure and permanently disable
fluorescence.'” Together, these processes are observed as bleaching, the exponential
decrease of fluorescence intensity under constant illumination. It is noteworthy, that the
probability of undergoing a permanent transition to a nonfluorescent state is proportional
to the time spent in the excited state and thus also proportional to the number of excitations
a molecule experienced. Depending on the specific compound, an organic dye can yield

10°-10” photons before bleaching.®’
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1.4. Fluorescence

The fluorescence emission rate ;- is proportional to the transition matrix element between
the S, and S state. Competing are, besides the intersystem crossing, also other nonradiative
processes where the electron can lose energy. Common nonradiative processes include
collisions with other molecules or the short-ranged metal-induced energy transfer.'>*¢ All

nonradiative transitions to the ground state are subsumed under the term quenching.

The excitation from the S to the S, state is characterized by the transition dipole moment.'”
While the excitation and emission probability are thus anisotropic and depending on the
molecule orientation and polarization of the exciting light, the fluorescence lifetime is
significantly larger than the rotational diffusion time of a molecule of this size, effectively
decoupling the emission dipole orientation from the excitation. For free fluorophores in
solution the emission is thus isotropic.'” Modern linker chemistries for fluorescent labels
are chosen such that the rotational diffusion is not restricted to prevent artifacts originating
from the molecular orientation. For numerical simulation of fluorophores, this rotational

diffusion must be considered.
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Figure 9 Jablonski diagram of excitation and decay processes in molecular fluorescence. (Figure by
Steve Pawlizak, 2009.)

1.4.1. Fluorophores at Interfaces
Embedded in a homogeneous environment, the excitation and emission of fluorophores is
characterized by the dipole character of the electronic transition. For most such molecules,
this characteristic is smeared by the rapid Brownian rotation during the fluorescence
lifetime, unless the motion of the molecule is restricted. In biosensor applications, however,

the assays are frequently implemented on a solid substrate, placing fluorophores in the



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1.4. Fluorescence

proximity of an interface between two different media. In this case, the angular distribution
of fluorescence emission can become highly anisotropic, as illustrated in Figure 10a. On the
interface between two dielectric materials, for example, water (n=1.33) and BK7 glass
(n=1.5), 72% of fluorescence is emitted towards the high refractive index material,

particularly in the direction of the critical angle.**
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/120°

Glass M““igﬁf/ 150°

Figure 10 Cross section of averaged angular fluorescence intensity for a) a fluorophore on a water-
glass interface and b) a water-gold interface. The collection cone for NA=0.2 is indicated as dashed
line and the calculated collection efficiency is shown. Figure adapted from reference 129 with
permission from Optica Publishing Group.

On a metal-dielectric interface, the fluorophore is affected by the surface in several ways:
First, the metallic surface acts as a mirror, reflecting the emission from the interface, as
indicated in Figure 10b. Furthermore, an excitation beam impinging from the dielectric
half-space is also reflected at the surface, causing interference between the incident and the
reflected beam above the surface. Depending on the distance to the surface, the emitter can
thus be exposed to increased or decreased field intensity within the interference field.
Fluorescence emission is also subject to interference and the brightness shows oscillating
dependence on the surface distance.'” These interference effects have typical length scales
of a quarter wavelength; for optical frequencies this means distances to the surface of 100
nm - 200 nm. Closer to the surface, the fluorescence emission is quenched by a non-
radiative electronic energy transfer to the metallic surface.””® The efficiency of this metal-
energy transfer drops with d > perpendicular distance d to the interface and has a
characteristic length in the order of 10 nm - 50 nm."" Part of the energy is transferred to

oscillations in the electron density of the metal, plasmons, where it is dissipated to heat.

The interaction with plasmonic excitations is, however, not only detrimental but can rather
lead to substantial gains in observed fluorescence intensity by orders of magnitude and

improved photostability of the emitter.

1.4.2. Plasmon Enhanced Fluorescence - PEF
For sensor applications, the observed fluorescence intensity due to capturing of a target

analyte at the detector of the sensor device is of utmost importance. Most devices use a form
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of microscope optics to illuminate the sample and efficiently collect the emitted photons.
The sensitivity of the sensor devices is limited by detector and electronics noise but also by
the leakage of excitation light through the optical filters as well as fluorescence originating
from other sources than the dye molecules, for example by autofluorescence of polymers
used as substrates or cartridge materials. Plasmon enhanced fluorescence (PEF), an effect
that occurs due to the interaction of a fluorophore with plasmonic modes on a metal-
dielectric interface, can help to improve the limit of detection of a fluorescence assay by
orders of magnitude by increasing the detected fluorescence emitter brightness while
simultaneously reducing fluorescence background by selectively enhancing fluorescence
only in the evanescent field of a SPP. The observed brightness of a fluorophore is
determined by its excitation rate, the quantum vyield, and the collection efficiency of the
optical system for the emitted radiation. Surface plasmon modes on a metal-dielectric

interface can improve all three of these parameters.'

Excitation rate y,,: The excitation rate is proportional to the local field intensity y,, « [E |2.
The resonant plasmonic modes strongly confine the field intensity in an exponentially
decaying evanescent field, with characteristic penetration depth d,, > 100 nm."* The
achievable enhancement is determined by the dampening of the plasmon mode and is thus

strongly material dependent.

Quantum vield 77: The quantum yield 7 of a fluorophore is given by the ratio of the radiative

VYr

decay rate ¥, over the total decay rate to the ground state = , including competing

Yr+t¥nr

nonradiative processes ¥y, that reduce the quantum yield. Close to metallic structures, the
radiative decay rate can be strongly increased by the increased local density of optical
states."”>** This short-range metal-energy transfer is also observed as a reduction in
fluorescence lifetime.'* The energy is partially transferred to plasmonic excitations, which
in turn can be coupled out and observed, overall increasing observed brightness. It is worth
noting that the reduced fluorescence lifetime also improves the ratio between radiative
decays and intersystem crossing events or photochemical reactions that lead to
photobleaching. The reduced lifetime is thus associated with reduced bleaching and hence

offers an overall increased light budget.'*

Collection efficiency n.: Due to geometric constraints, only a fraction of the emitted

photons will be collected by the optical system and reach a detector. The geometric
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collection efficiency for isotropic emission depends on the numerical aperture NA = sin 6,
where 8 is half the angular aperture and is given by y, = 1 — écos 0. This means, that for
an objective with NA=0.2, a common widefield optics, also used in some of the sensor
systems presented in this work, only 1% of the photons isotropically emitted by a point
source will reach the detector. Plasmon-mediated emission allows control of the angular
distribution of the fluorescence light'*'*” and consequently the improvement of the

collection efficiency.

The overall improvement of PEF can be described by the enhancement factor EF:'**

2
EF:izlElz.i.nc_ (10)
Iy |Eol? mo nepo

The first factor, the increased electrical field intensity, is typically the most significant

contribution. For a flat gold surface in contact with water, the field enhancement by SPP at

a distance d = 15 nm above the surface depends on the wavelength and ranges from

}E—zlﬂvlo at A =550nm to H~85 for 4 =900 nm.*® Much higher field intensity
0

| 5]
enhancement up to 1340x has been reported for hotspots formed in narrow gaps between
nanoparticles,” or particles, and perforated metal layers.”””*® However, structures with
such high field enhancement factors in narrow gaps usually don’t provide equally enhanced
fluorescence signal due to quenching. These coupled surface architectures are furthermore
very sensitive to geometrical properties and usually prepared by slow and cost-demanding

fabrication technologies like electron beam lithography, which limits practical applications.
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1.5. Plasmonic Biosensors and Plasmon-Enhanced Spectroscopy

The strong electrical field enhancement generated by plasmonic surfaces has been used to
enhance the performance of numerous optical spectroscopy applications, including surface
enhanced infrared spectroscopy (SEIRA), surface enhanced Raman spectroscopy'*

(SERS), plasmon enhanced fluorescence® and SPR biosensors.'*!

Refractometric SPR biosensors have been implemented using numerous modalities tailored
for the specific needs of the application. Sensitive to the change of refractive index due to
accumulation of mass on the surface, a plethora of established biorecognition elements'**'+*
can be used. Instruments based on propagating SPP, allow the direct and label-free
observation of affinity binding kinetics on the sensor surface. Mostly using the traditional
Kretschmann configuration, such systems have successfully been commercialized'**'*® and
offer a resolution of ~107 RIU,** corresponding to approximately 1 pg mm with limited
multiplexing capabilities (up to 4 channels). Diffractive coupling to propagating SPP or
arrays of nanoparticles supporting LSPs allows the use of simplified readers with similar
sensitivity.'"*”'*® Recent advances in substrate architectures and detector technologies allow
to implement SPR imaging modalities with high spatial and refractometric resolution'*,

that have been used to detect proteins,”***! nucleic acids'* or whole bacteria™ in a

microarray format and even to study cell surface interaction.">*

For the detection of small analytes or very low concentrations of larger analytes, the
sensitivity of refractometric sensors can be insufficient. By using a fluorescent assay,
combined with the plasmonic enhancement of the fluorescence signal, direct detection
assays can be implemented that allow omitting time-intensive amplification and
purification steps. Numerous approaches to PEF-based assays have been presented, ranging
from the introduction of a fluorescence label in assays probed by propagating SPP in
Kretschmann configuration,'”>!*¢ fluorescence enhancement in the near-field of LSP
supported by nanoparticles,"””"*® and on nanostructured surfaces."**'*”"** Integration of
fluorescence into actively tunable materials has been explored'*'®' and the approach has

recently been expanded for biosensor applications as a mechanical concentration step.*

Despite all the promising results obtained, PEF has not found its way into commercial
application yet. This can, in part, be attributed to the manufacturing technologies employed
in substrate fabrication. In scientific research, precise but slow technologies like EBL are

preferred for their versatility and high reproducibility. Recently, great efforts are being
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1.5. Plasmonic Biosensors and Plasmon-Enhanced Spectroscopy

made to develop surface architectures compatible with scalable manufacturing technology.
Self-organizing bottom-up approaches, most notably colloidal lithography,'**'** are
promising candidates to pattern large areas. Furthermore, top-down approaches are
pursued, particularly the fast and reliable replication of a master structure by nanoimprint

lithography (NIL)'**'*> appears promising.
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Research and development of tools for the sensitive and rapid analysis of chemical and
biological species are gaining increasing momentum in order to establish a basis for the
emerging field of information-driven and personalized medicine. Among others, we
witnessed that rapid tests for harmful pathogens can tremendously impact the lives of
billions of people. The current COVID19 pandemic made the dependence of modern
society on reliable and highly sensitive sensors capable of detecting trace amounts of
analytes very obvious. Recently, such performance characteristics are available only in part
and the required sensitivity is dominantly achieved through biochemical amplification
strategies, for example, polymerase chain and other enzymatic reactions. However, the use
of these methods is associated with the need for extensive preparation steps, taking a
considerable amount of time, and can only be performed in specialized laboratories. In
contrast, alternative faster direct detection assays are pursued to overcome the need for
enzymatic amplification. However, they often lack sensitivity due to weak output signals
with respect to the background. The majority of both enzymatic and non-enzymatic sensor
technologies take advantage of optical readout based on fluorescence. Fluorescence labeling
has been established as an effective means for additional optical amplification, as a single
fluorophore can emit 10° - 10° photons before bleaching. Consequently, advanced optical
methods are required to obtain the best results with the limited light budget. In the field of
fluorescence-based detection of assays, that are implemented on the solid surface of sensor
chips, various light management strategies are possible by using plasmonic nanostructures.
In particular, they allow confining the electromagnetic field intensity to selectively probe
captured target analyte species. In general, plasmonic nanostructures provide facile means
for manipulating the fluorescence excitation and emission events and thus increasing
output optical signal by several orders of magnitude while at the same time reducing

background noise originating from the bulk liquid or other surfaces in the optical path.

This work aims at developing novel and practical optical materials that support multimodal
optical biosensor concepts holding the potential to advance the analytical performance of
optical sensor technologies. To take full advantage of the developed interface architectures,
dedicated optical readers are developed to facilitate effective coupling with the tailored
plasmonic resonances in the large field of view necessary for multiplexing and efficient

capture of target species. In the area of fluorescence detection, there are pursued plasmonic
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nanostructures providing high collection efficiency for emitted light that is selectively
excited specifically at the biointerface. Going beyond fluorescence spectroscopy, the
plasmonic resonances themselves can respond to optical changes due to affinity reactions
on the sensor surface, opening door for label-free biosensors. While many nanophotonic
surfaces have been developed during the last two decades, we witnessed that only few have
found their way into practical applications. This can be largely attributed to the complex
manufacturing technologies required to make the structures. Here, particular focus is put
on the scalability of developed architectures with mass manufacturing technology. Low
aspect ratio geometries are pursued that exhibit tolerance to minor defects introduced in
the manufacturing process to facilitate compatibility with high volume manufacturing
methods like roll-to-roll processes. The developed optical instruments are relying on
configurations that are derived from standard instruments supporting optical microscopy
and spectroscopy, assuring possible compatibility. Overall, the work aims to push forward
the sensitivity of fluorescence assays and enable observation of affinity binding processes
occurring for low concentrations of analytes. Furthermore, multimodal sensor approaches
are pursued by combining different readout principles at the same interface to gain
additional research insights and potentially expand the functionalities of currently used

analytical tools.
The work is organized in three sections:

1. Exploration of nanophotonic 2D materials by numerical simulations, preparation
at lab scale, and characterization. In particular, metallic nanostructures are
combined with thermo-responsive polymers in actively tunable functional optical
components. The temperature-dependent swelling of the used polymer networks
allows for controlled structure geometry and affinity reactions occurring inside.
Periodic arrays of nanoparticles, nanomeshes, holographic gratings and
combinations of such systems are explored. Promising candidates are tailored for
the readout of biochemical assays and biosensors derived from such structures are
studied.

2. Development of new instruments that take advantage of the optical properties of
the developed plasmonic surface architectures. An epifluorescence reader is devised
that allows the simultaneous observation of affinity binding by monitoring the

detuning of optical features of a nanophotonic surface upon analyte binding as well
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as the observation of plasmon enhanced fluorescence. Furthermore, label-free
surface plasmon resonance modality is integrated with a gate-modified, electrolyte-
gated field-effect transistor. By employing these two different transducer modalities
at the same surface, the instrument allows simultaneous, and time-resolved
observation of mass change and reorganization of polymer assemblies at the sensor
surface through parallel monitoring of optical and electronic signals.

The final section addresses the use of light management and plasmon-enhanced
fluorescence, to push forward the sensitivity of fluorescence assays. Making use of
the distance-dependent fluorophore quenching at metallic surfaces, the conformal
change of a hairpin aptamer assay is translated to a change in fluorescence
brightness through energy transfer, allowing sensitive, fast, reversible, and
continuous monitoring of low molecular weight analytes. A multiresonant
plasmonic substrate is developed that provides excellent fluorescence enhancement
by taking advantage of plasmonic excitation and plasmon mediated emission of
fluorescence, while maintaining compatibility with scaled-up industrial
manufacturing processes. Together with a newly developed imaging reader system,
this approach offers a route for highly multiplexed observation of binding kinetics

on a large surface area with a limit of detection at femtomolar concentrations.
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The projects presented in this work are typically organized in three main tasks:

* Design and fabrication of a plasmonic substrate
* Design, implementation, or modification of an optical reader

* Design and optimization of the biochemical assay for the detection of an analyte.

The focus of this thesis lies on the first two steps, as the development of the biochemical

assays was covered mainly by specialized partners within the collaborative projects.

The specific methods with detailed information and concrete values used within the
different projects are discussed in the Methods sections of the respective publication in
chapter 2. Here, a broad overview of the methods used and the considerations behind them

will be given.

For the development of new nanophotonic surfaces, an iterative approach has been used.
Initial numerical simulations are used to gain a fundamental understanding of the design
parameters affecting the optical properties, and the idealized geometrical parameters are
identified. Several iterations of numerical simulations, nanofabrication, and
characterization have been carried out to prepare surfaces with the desired optical

properties.

This is necessary, as the fabrication of plasmonic nanostructures requires a sequence of
processing steps, that introduce small artifacts and deviations from the idealized structure.
The obtained surface is then characterized by imaging and morphological methods,
particularly atomic force microscopy (AFM) and scanning electron microscopy (SEM) after
important process steps. In the end, the optical properties of the final structure are
determined. The observed deviation of the morphological properties and the resulting
optical spectra are then taken into consideration to iteratively improve the numerical

simulations.

It is worth noting that for surfaces architectures with narrow plasmonic resonances like
propagating SPPs, the chemical functionalization will change the optical properties and
must be considered already in the design phase. Further dynamic effects, as swelling of
polymers upon exposure to a liquid over extended periods of time, during the assay or

functionalization can introduce artifacts that need to be identified and compensated for by
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blank and reference measurements. Moreover, the mechanical stability, particularly the
adhesion between layers of a surface architecture, is an important factor. The sensor
surfaces are typically exposed to several chemical functionalization and washing steps
during the assembly of the biointerface before being integrated into a microfluidic system.
This process involves substantial mechanical stress on the surface and frequently also
exposure to several different solvents that potentially degrade the interface before the

measurement even starts.

1.7.1. Numerical Simulations

The preparation and characterization of nanoarchitectures in the laboratory is a time-
consuming and expensive endeavor, with numerous process parameters influencing the
final shape and homogeneity of the prepared structures and challenges in terms of
reproducibility. To optimize the architectures, numerical simulations are an excellent tool
to quickly study the dependence of observable optical properties on the geometrical
properties of the nanostructure. The finite difference-time domain (FDTD) method'® is
particularly well suited for the numerical solving of the Maxwell equations, the classical
formulation of the equations of the electromagnetic field. In this approach, the electric field
Eand magnetic field H are solved sequentially on interleaved rectangular grids, which allow
the efficient calculation of the rotor operators in the Maxwell equations. In this work, the
FDTD implementation of Lumerical Inc in the software package fdtd-solutions has been
used. A good and detailed explanation of the method is given in the book “Computational

Electrodynamics: The Finite-Difference Time-Domain Method” by A. Tavlove.'®

For the study of photonic materials, the spectral properties of the structures are of great
interest, whereas the solver is operating in the time domain. This is addressed using a pulsed
source, with the pulse comprised of the frequencies of interest. The frequency-dependent
tield distribution can then be obtained by the Fourier transform of the results in the time
domain. A challenge for numerical methods is the frequency dependence of the properties
of optical materials. While the dielectric materials used in this work show only a small
variation of their refractive index over the wavelength range observed, metals show strong
dispersion. To efficiently implement the frequency-dependent permittivity in the numeric
solutions, experimental data is fit by analytical functions. This can lead to small deviations

of the simulated behavior, particularly near resonant transitions in the material.
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1.7. Methodology

FDTD is a discrete numerical method that operates on regular square meshes. To ensure
numerical stability, the computational mesh size must be chosen according to the field
gradients occurring in the simulation. Particularly for LSP supported on small
nanoparticles, fine mesh size down to 1 nm may be required to avoid computational
artifacts. With strong gradients and particularly with strongly coupled systems,

convergence of the simulation results becomes a major challenge.

For the study of nanostructured surfaces under external illumination, the simulation
volume is chosen to reflect periodicity and symmetries of the studied geometry and
enclosed with boundaries. In reflection and transmission direction, the simulation volume
is constrained with perfectly matched layer (PML) boundary conditions. These boundary
conditions comprise several layers with gradually changing optical properties and
particularly absorption, designed to minimize reflections at the interface. The choice of in-
plane boundary conditions is strongly dependent on the illumination and symmetries of
the architecture. If a periodic unit cell can be identified, periodic boundary conditions may
be applied for normal illumination, whereas Bloch boundary conditions take into
consideration general angles of incidence, however at the expense of increased computing

time.

For non-periodic architectures, the simulation volume is chosen sufficiently large to
encompass at least one plasmon propagation length and is enclosed with PML boundary
conditions on all sides. Such simulations require striking a balance between the simulation
volume and the resolution, posing a challenge for strongly coupled structures with small
geometric features. The convergence of the simulations is determined by monitoring the
total energy contained within the simulation volume. A steady decrease of energy is
observed when the pulse propagates through the simulation volume and resonances are
dampened by the metallic absorption. However, numerical instabilities due to insufficient
mesh resolution at strong gradients or not suitable boundary conditions can cause the
simulation to diverge. Convergence tests, specifically the independence of the computation

results from the specific mesh parameter, are most important.

To investigate the electromagnetic field, 2D monitors, essentially 2-dimensional slices, are
placed in the simulation volume to monitor the transmitted and reflected field as well as
cross sections of the near field within the architecture. After recording the field values over

time, the near field distribution is obtained by a Fourier transform.
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1.7. Methodology

As a propagating wave is completely defined by its cross section, the angular distribution
of light in any distance of the surface can be obtained by recording the electromagnetic field

close to the surface and applying a far field projection.

The interaction of a fluorophore with a plasmonic surface is too complex to be investigated
by a single simulation. The dye molecule can, for the simulation of the electromagnetic
interaction, be well described by an electrical dipole. However, due to the fast thermally
driven rotation of the molecule in a liquid environment, this dipole characteristic is
smeared, and isotropic absorption and emission are observed. In numerical simulations,
this is typically implemented by conducting separate simulations for linearly independent
orientations of the dipole and averaging the obtained results, particularly for the dipole
emission. The averaged relative excitation rate y,, =< |§ i | >, where E denotes the
electrical field strength and i is the dipole moment, can be obtained analytically by applying

a geometric weighting factor to the calculated field magnitude.

T
Lo, Z o 2 o
Ve =< |1 > = | *|E|ll cos(0) do = = |1 (an
0

As previously discussed in section 1.4.1, the spontaneous emission rate of a fluorophore
depends on the local density of states, which can be substantially increased when the
fluorophore is placed within a resonator, known as the Purcell effect. In the used
implementation of FDTD, this is already incorporated in the calculation of the radiated

dipole power.

1.7.2. Nanostructure Preparation and Characterization

The fabrication of nanoscale structures with precision and reproducibility is a challenge
that has been addressed by several methods with different advantages and disadvantages.
For most architectures, multiple additive and erosive processes are sequentially employed
to obtain the desired result. Among the most common additive techniques are the
deposition of polymers by spin coating and the deposition of metal films by evaporation.
Polymer layers are frequently used as resist materials for further processing steps, which
are structured by a variety of lithography techniques like photolithography, electron beam
lithography (EBL), or laser interference lithography (LIL). Using the masks, underlying

layers can be structured with subtractive processes like wet & dry etching. It is further
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possible to structure materials directly using a focused ion beam (FIB). While FIB and EBL
provide excellent control over the written pattern, these processes require expensive
machinery and suffer from slow writing speed. Lithography techniques allow the
processing of larger areas at the same time. Not strictly fitting to these categories is colloidal
lithography, where small spherical particles are used as shadow mask for the deposition of
metallic films."” The density of particles can be controlled up to the formation of a dense
monolayer with a high degree of short-distance ordering. The following techniques have

been employed throughout the projects included in this work.

Thermal vapor deposition: The key to sensitive sensors and high Q-factor photonic surfaces
is a metallic layer with low dampening. In a thermal evaporation process, a metal is heated
in a vacuum chamber to the sublimation or boiling point. The substrates to be coated are
mounted in a way that the metal vapor can condense on the substrate surface. Most metals
tend to build isolated islands before complete surface coverage is achieved and continuous
layers are formed. For gold, the material used in the projects presented here, continuous
layers are formed when the gold film reaches a thickness of approximately 20 nm.'®
Adhesion-promoting layers, like a thin 2 nm layer of chromium or chemical
functionalization, are used when the adhesion between metal and substrates is found not

sufficient to prevent delamination.

Laser interference lithography (LIL): In LIL, photosensitive polymers are exposed to the

interference pattern of two or more laser beams. By expanding the beams, large areas can
be structured with a highly homogeneous grating pattern. In this work, a lithography setup
in a Lloyd’s mirror configuration, schematically shown in Figure 11a has been used. In this
configuration, a high-quality mirror is placed at a 90° angle with respect to the photoresist-
coated substrate. The expanded beam is then made impinging on both the substrate and
the mirror, which reflects it onto the substrate as well to form a stable interference pattern.
The grating period A is controlled by the angle of incidence 8 relative to the sample surface
normal: 2 A sinf = A.The intensity profile exhibits a sin’® characteristic for two-beam
lithography. Using multiple sequential exposures, a more complex pattern can be achieved.

Higher contrast can be realized when multiple beams are used in the same exposure.'®

Nanoimprint lithography (NIL): NIL has proven to be an invaluable tool to quickly

reproduce many identical copies of a nanostructured surface. It formed the basis of all

grating-based projects discussed here and was successfully employed to reproduce highly
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1.7. Methodology

sensitive systems like the Bragg scattered plasmon architectures presented in chapter 2.4.
In imprinting processes, a stamp is embossed in a soft polymer, which is subsequently cured
to a solid state. One of the most commonly used processes involves UV curable polymers,
that are spun on a carrier substrate, contacted with a pattern-carrying stamp, and cured,'”
as is illustrated in Figure 11b. On an industrial scale, thermal NIL or hot embossing is also
widely used, where the imprint substrate is heated above the glass transition temperature
and before the stamp is pressed on. Upon cooling, the pattern remains in the substrate.
While highly reproducible, the processes involve substantial mechanical forces during

demolding and thus impose some constraints on the achievable aspect ratio of the copied

structure.
Lloyd's
a :
) Pinhole mirror
UV HeCd
2=325 nm
b)
Stamp % % uv
attachment Stamp release
Drying and
J' crosslinking "
l
UV crosslinkable polymer

Figure 11 Schematic illustration of a) a laser interference lithography device in Lloyd's mirror
configuration, reproduced from reference "' with permission from the Royal Society of Chemistry
and b) a UV-NIL process. (Graphic by Jakub Dostalek)

Optical spectroscopy:

The optical properties of the nanophotonic surfaces were characterized using optical
spectroscopy techniques in the visible and near-infrared range (400 nm to 1000 nm).
Specifically, specular reflectivity and transmission were investigated using in-house
developed optical instruments with commercial spectrometers (Andor Shamrock 303i and
Ocean Optics HR4000) as detectors. To obtain the dispersion characteristics, an in-house
developed angular resolved reflectivity setup was used, which was previously described by

Bauch.'” Briefly, the system consists of a rotating sample holder stage and a coaxially
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rotating detector arm in a 8 - 26 configuration with respect to the incident beam. The
system allows to investigate the specular reflectivity with angles of incidence ranging from
0.6° to almost 90°. Furthermore, it allows to study transmission at angles ranging from 0°
to 40°. The sample holder stage can be equipped with a temperature-controlled microfluidic

flow cell.

The topological properties were investigated using atomic force microscopy (AFM) and

scanning electron microscopy (SEM).
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2. Results

Direct detection of pathogens and biomarkers requires high sensitivity, preferably without
preamplification that requires time and considerable biochemical preparation efforts. In
this work, several biosensor architectures for the direct detection and continuous
monitoring of biomarkers at clinically relevant concentrations are presented. In particular,
the focus lies on multimodal biosensors with surface plasmon based transducers. Plasmonic
transducers allow the observation of biochemical reactions on a metallic surface by
quantifying the accumulated surface mass. Furthermore, the confined electromagnetic field
at the surface strongly enhances the observed intensity of fluorescent dye molecules by
amplifying the excitation rate by plasmon enhanced fluorescence. Coupling with plasmon
modes also allows to engineer the otherwise isotropic emission profile of a fluorophore and

such improve the collection efficiency of the optical system, thus improving the LoD.

Optical biosensors are integrated devices with a functionalized biointerface, specific to the
target analyte, an optical transducer and a read-out system. The development of such
devices is a highly interdisciplinary process that in this work has been carried out as
collaborative effort between biotechnologists, chemists and physicists. This work focusses
on the development of novel transducer architectures and corresponding readout

modalities. It is organized in three sections:

e The development of 2D nanophotonic surfaces suitable as plasmonic sensor
interface

e The development of new instruments taking advantage of the optical properties of
the plasmonic interfaces.

e Pushing forward the sensitivity of fluorescence assays by utilizing plasmonic light

management and plasmon enhanced fluorescence.

The results are summarized in eight reports, focusing first on the development of plasmonic
2D materials as sensor interface. Starting from previously reported nanopillar
arrays,”>"7*17* several novel architectures were investigated: Chapter 2.1 discusses the
optical properties of a nanomesh-on-mirror architecture, prepared by colloidal

lithography. Chapter 2.2 studies a nanohole array coupled with a nanoparticle array
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embedded in a responsive hydrogel cushion. This architecture holds the potential to serve
as microfluidic valve that efficiently captures target analytes at sensitive plasmonic hot
spots. A disadvantage of the architectures mentioned up to now are high requirements to
the quality of the fabricated nanostructures. Particularly at industrial-scale roll-to-roll
processes, the production of high aspect ratio geometries and vertical sidewalls were
reported problematic by cooperation partners. Thus, holographic gratings were
investigated as architecture with low aspect ratio, high flexibility and good optical coupling
efficiency. Such gratings, structured with multiple gratings to generate plasmonic
resonances at multiple wavelengths, have been employed successfully in chapter 2.7 for the
detection of extracellular vesicles and in chapter 2.8 for the sensitive detection of fluorescent
immunoassays. Chapter 2.4 reports on a novel concept that allows biosensing on metallic
films structured with holographic gratings with backside excitation, allowing the use of

such surfaces also for sensing in highly scattering media.

New instruments have been developed to take advantage of the optical properties of these
2D materials. An epifluorescence reader was adopted for the simultaneous observation of
fluorescence and surface mass accumulation by grating plasmonics in chapter 2.7.
Furthermore, chapter 2.5 reports on a new bimodal instrument, combining plasmonic
sensing with a graphene field effect transistor, enabling the simultaneous observation of
surface mass accumulation and change of electrical properties on the same interface, which

has been used to gain further insight in polyelectrolyte layer assembly.

Finally, the interaction of fluorophores with a plasmonic surface has been investigated and
utilized for the implementation of continuous monitoring of ATP using a hairpin aptamer,
which is reported in 2.6. A multidiffractive holographic grating architecture, with
resonances tailored to the excitation and emission of fluorescent dyes, and the plasmonic
enhancement of their observed intensity, have been used in a custom-built fluorescence

microscope with large field of view and collection efficiency, as reported in chapter 2.8 .
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2.1. Surface Plasmon Modes of Nanomesh-on-Mirror Nanocavities prepared

by Nanosphere Lithography

The following publication is reprinted with the permission of the Royal Society of
Chemistry.

Christian Stelling, Stefan Fossati, Jakub Dostalek, and Markus Retsch Surface plasmon
modes of nanomesh-on-mirror nanocavities prepared by nanosphere lithography.

Nanoscale 10, 17983-17989 (2018). hitps://doi.org/10.1039/c8nr05499a

Copyright © The Royal Society of Chemistry 2018

Advanced nanophotonic materials with complex optical properties have found numerous
applications within sensors,* photonic color filters,'”” nanooptics,” or photonic circuits.'*
For these applications, accurate design of optical properties via controlled characteristics of
supported optical modes is required. Depending on the purpose, resonance wavelength,
dispersive properties, and field localization need to be optimized. As optimization by
manufacturing iterations is time-consuming, tedious, and expensive, numerical
simulations are employed to study optical properties of nanophotonic materials before
experimental implementation. The geometries studied numerically, are typically idealized
versions of the experimental structures, constrained by computing power. With increasing
volume and resolution, demands on the underlying computing system grow by the third
power. This becomes especially challenging for structures with symmetries not reflected in
the solver algorithm or periodic unit cells. This chapter reports on a metal-insulator-metal
(MIM) architecture consisting of a hexagonal gold nanomesh, prepared by colloidal
lithography that was transferred onto a PMMA spacer layer on top of a continuous metal
layer. The resulting structure showed a complex spectrum of supported surface plasmon
modes under tilted illumination, exhibiting dispersive and nondispersive character that
degenerate under normal illumination. Using numerical simulations, the nature of the
observed optical modes was identified. The observed dips in the far field reflectivity were

attributed to two plasmonic modes, on the surface and in the gap. It was found that the
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optical properties of the structure could be attributed to only diffraction coupling and

Bragg-scattering of those two modes.

Christian Stelling carried out the experimental part of this study, prepared and
characterized all the MIM structures under the supervision of Markus Retsch. Stefan
Fossati performed the numerical simulations of the MIM structures and analysis of the
optical properties and corresponding parts of the manuscript under the supervision of

Jakub Dostalek.

Supporting information to this article is included in the appendix, section 5.1.
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Surface plasmon modes of nanomesh-on-mirror
nanocavities prepared by nanosphere lithography+

Christian Stelling,? Stefan Fossati, (2® Jakub Dostalek & * and Markus Retsch & *?

Metal-insulator—metal (MIM) structures show great potential for numerous photonic applications due to
their ability to confine light energy to volumes with deeply sub-wavelength dimensions. Here, MIM struc-
tures comprising hexagonal gold nanohole arrays were prepared by nanosphere lithography. Angle-
resolved UV-vis-NIR spectroscopy revealed a series of narrow, dispersive and non-dispersive modes,
which were attributed to the excitation of surface plasmon polariton (SPP) modes. Applying finite-differ-
ence time-domain (FDTD) simulations and analytical diffraction phase-matching theory all resonances
can be ascribed to only two SPP modes traveling at the outer gold surface and in the gap layer sand-
wiched between two metal films. Metamaterial resonances, as reported in the literature for similar struc-
tures, are not needed to fully explain the reflectance spectra. Bragg scattering of the symmetric gap SPP
mode results in a gap resonance, which is insensitive to the angle of incidence over a broad angular
range. The spectral position of this flat band can be controlled by tuning the grating period of the nano-

rscli/nanoscale

Introduction

Metallic nanohole arrays have been subject to extensive
research after the seminal discovery of their extraordinary
optical transmission.' They exhibit exceptional optical pro-
perties that are associated with the excitation of surface
plasmon polariton (SPP) as well as localized surface plasmon
(LSP) modes. As a consequence, metal nanchole arrays have
been implemented into optical devices that serve as optical
sensors,” color filters® or transparent conducting electrodes.'™

When placed near an unperforated metal film, the arrays of
nanoholes allow for the coupling of light to a metal-insulator—
metal (MIM) structure. Such architecture exhibits rich charac-
teristics including near perfect absorption” ™ and coupling to
magnetic resonances, similar to that found for nanoparticle
arrays.'™"" Near perfect absorbers were realized at visible fre-
quencies™® and for the near-infrared part of the spectrum.’
The optical response of the perforated MIM structure is often

“Department of Chemistry, University of Bayreuth, 95447 Bayreuth, Germany.

E-mail: Retsch@uni-hayreuth.de

"Biosensor Technologies, AIT-Austrian Institute of Technology GmbH, Konrad-Lorenz-
Strasse 24, 3430 Tulin, Austria. E-mail: Jakub. Dostalek@ait.ac. at

tElectronic supplementary information (ESI) available: Optical microscopy
images, UV-vis-NIR spectra of isolated metal nanohole array, UV-vis-NIR spectra
of MIM structures with varying mirror thickness, angle-resolved UV-vis-NIR
spectra of MIM structures with distinet insulator thickness and period, analyti-
cally derived dispersion curves of the SPP modes, AFM analysis of the plasma
treated MIM structure, FDTD geometry, FDTD convergence test. See DOR
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hole array as well as the thickness and the refractive index of the dielectric gap.

assigned to the excitation of Fabry-Pérot resonances in the tri-
layer structures'®' as well as to the resonant excitation of
coupled SPP modes located at the opposite metal/dielectric
interfaces."!

Due to their relatively simple structure, perforated MIM-
type metasurfaces can be readily prepared via lithographic
methods.*' Thereby, the optical properties are mainly
defined by the precisely tuned structure of the material. Top-
down lithographic processes such as e-beam lithography or
focused-ion-beam milling give structural control on the nano-
meter range, thus being capable of fabricating metamaterials
for wavelengths down to the visible spectrum.'! Nevertheless,
for the sake of large-scale production, much effort is put into
the development of solution-processed techniques, which capita-
lize on self-assembly methods."® Nanohole arrays coupled with
thin metal films were, therefore, prepared using nanosphere
lithography (NSL).'® The wavelength of the primary resonance
satisfied both the grating equation of the nanohole array and the
Fabry-Pérot condition, thus showing a strong dependence on the
distance between the nanohole array and the metal film."”
Closely connected are nanchole-dielectric-nanohole structures,
which equally show the existence of gap modes.'”

Here we present a full and comprehensive understanding of
a MIM structure, which is prepared by a facile and scalable
implementation of NSL. The MIM architecture comprises a
highly ordered nanohole array separated from a continuous
gold film by a thin polymer layer. Using angle-resolved UV-vis-
NIR spectroscopy, we were able to fully assign the rich plasmo-
nic response of the resulting nanocavity arrays to diffraction

Nanoscale, 2018, 10, 17983-17989 | 17983
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coupling to only two SPP modes. We explored the structure-
property relationship concerning the gap size and period of
the nanohole arrays in detail and identified rules to prepare
structures with remarkably narrow resonances exhibiting high
absorption efficiency.

Results and discussion

The preparation of the MIM structures starts with the fabrica-
tion of gold nanohole arrays on a sacrificial layer via NSL
(Fig. 1a). Subsequently, the nanohole arrays were transferred
onto the target substrate comprising the readily prepared gap
layer [ poly(methyl methacrylate) (PMMA)] on top of a continu-
ous gold film, following the recently published, interface-
mediated method.'” The process utilized in this paper allowed
for a fast and modular production of metasurface areas at
square centimeter scale with highly uniform and reproducible
optical properties.”” However, techniques that allow the prepa-
ration of wafer-scale and larger sample areas are readily avail-
able.**** The homogeneity of the samples is restricted by
point defects and grain boundaries within the monolayer but
is highly uniform regarding the particle-particle spacing and
the defect density. In Fig. 1b the definition of the geometrical
parameters of the assembled structures is illustrated. The
lattice period p and the hole diameter d of the gold nanchole
arrays are determined by the initial particle diameter and the
particle diameter after plasma etching, respectively. The thick-
ness of the bottom gold layer y,4, the one of the PMMA gap
layer t,,, and the thickness of gold film with nanohole arrays
were controlled upon the deposition process. An SEM image of
a typical sample is shown in Fig. 1c.

In order to characterize the optical properties of the pre-
pared MIM nanostructures, a series of reflectance measure-
ments were carried out for varied angles of incidence and
wavelengths in the visible and near-infrared part of the optical
spectrum. Firstly, the reflectance measurements were per-
formed at an angle of incidence fixed at @ = 10° for samples
with different lattice period p. We chose periods of p =
375 nm, p = 570 nm, and p = 1040 nm while keeping the d/p
ratio constant at 0.75. The thickness of the PMMA gap layer

(a) (b)

L pH=1 y

Fig. 1 Metal-insulator—-metal structures. {a) Scheme of transfer of gold
nanohole arrays via the water/air interface. (b) Schematic illustration of
the MIM geometry. (c) Side-view scanning electron microscopy image
of a prepared MIM structure. Scale bar is 1 pm.

17984 | Nanoscale, 2018, 10, 17983-17989
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and the perforated metallic film was adjusted to g, = 40 nm
and f,q = 90 nm, respectively. As the thickness of the bottom
gold layer was set to fyqq = 100 nm, the transmittance through
the structure is negligible. As seen in the photographs in the
inset of Fig. 2 and the optical microscopy images (Fig. S17),
the samples with varied geometry exhibit distinet colors. The
uniformity of these colors suggests an excellent spatial hom-
ogeneity over a sample area of >1 em” that can be fabricated
on very short timescales. As can be seen in Fig. 2, the perceived
color of the gold MIM nanostructures is due to a series of
narrow dips in the reflectivity spectrum, which occur in the
visible and NIR part of the spectrum. In general, by increasing
the lattice period p the spectral position of the reflectance dips
shifts to longer wavelengths. For example, the MIM nano-
structure with p = 375 nm exhibits the most prominent reflec-
tivity dip at a wavelength of 665 nm, while it is strongly red-
shifted to 926 nm for p = 570 nm and further to 1363 nm for
p = 1040 nm. These resonances exhibit extraordinarily high
Q-factors compared to other self-assembled materials.® The
corresponding Q-factors (calculated by dividing the resonance
wavelength by the full width at half minimum of the reso-
nance) are equal to 14, 8 and 6 for the samples with periods of
375 nm, 570 nm, and 1040 nm, respectively. These high values
are surprising considering the defects that are inevitable when
using a bottom-up approach and support the robustness of
our method. The dependence of the determined Q factors on
the wavelength can be attributed to varied coupling strength
for the chosen d/p ratio (which may cause over-coupling of the
longer wavelength resonances) and higher sensitivity to
defects of the lattice that is attributed to the increasing propa-
gation length of SPPs with the wavelength.

Additionally, a broad absorption band is visible below
500 nm which does not change with the period p and which
originate from the decreased reflectivity from gold above its
plasma frequency. The narrow dips occurring in the red and

100

reflectance [%)]

——p=375nm
——p =570 nm
——p =1040 nm
1 v 1 1
1000 1500 2000
wavelength [nm]

T
500

Fig. 2 Influence of the lattice period. Total reflectance of MIM struc-
tures with distinct lattice periods of the nanohole arrays measured at an
angle of incidence of @ = 10° with unpolarized light. The inset shows a
photograph of the macroscopic samples with p = 375 nm, p = 570 nm
and p = 1040 nm (from left to right). Scale bar is 10 mm.

This journal is © The Royal Society of Chemistry 2018
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NIR part of the spectrum are attributed to the resonant exci-
tation of SPP modes supported by the MIM structure with a
dielectric gap layer sandwiched between the flat bottom gold
layer and the gold film with the nanohole arrays. These reso-
nances are not visible for nanohole arrays without the bottom
gold layer (Fig. S2%) and rapidly vanish when reducing the
thickness of the bottom gold layer to a thickness comparable
to the skin depth of gold (~20-45 nm) (Fig. S3t). As soon as
the bottom gold film exceeds the skin depth of gold, however,
the optical properties are hardly affected by the film
thickness.>*

To clarify the nature of the observed resonances, we per-
formed reflectance measurements with incident angles
between @ = 6° and @ = 60°. Fig. 3a shows an example of the
measured spectra for a structure with p = 570 nm and £y, =
50 nm. These results show a rich set of spectral features that
shift with the angle of incidence, particularly at around
700 nm, and which appear non-dispersive for the resonance
close to 900 nm. Additional reflectance dips are observed at
longer wavelengths of around 1160 nm for non-normal angles
of incidence, and split into three branches for increasing
angles of incidence. All these resonances depend on the
grating period p of the nanohole array (Fig. S5 and S67).

Interestingly, the observed optical properties of MIM nano-
structures are in stark contrast to that of nanohole arrays
without the bottom gold film, which represents a well-charac-
terized system (Fig. S41). In order to elucidate the nature of
the observed resonances at perforated MIM structures, finite-
difference time-domain (FDTD) simulations were employed,
and these results were complemented by an analytical theory
based on diffraction phase-matching to surface plasmon
waves. The modal analysis was performed for non-perforated
top gold films, and it revealed that only two surface plasmon
modes with transverse magnetic (p) polarization are supported
by the MIM structure. The first surface plasmon mode, SP,;,
propagates at the top Au/air interface. The second gap surface
plasmon, SPg,,, confines its energy in the PMMA layer sand-
wiched between two metallic films. This mode exhibits a sym-
metric profile of the electric field. Moreover, an additional

(b)

specular reflectance
specular reflectance

aclm minn 12:10 14‘00 : B;)C‘ 1500 12’00 14‘00

wavelength [nm ] wavelength [nm ]
Fig. 3 Influence of angle of incidence. Angle-resolved reflectance
measurements (a) and FDTD simulations (b) for a sample with p =
570 nm and tg,, = 50 nm and p-polarized light. The measurements in (a)
were conducted in 3° steps. Spectra in (b) were calculated at @ = 0°,4°,
8°, 14°, 18°, 22°, 26° 30°, 34°. The angle of incidence is defined in the
inset of (b).
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anti-symmetric gap surface plasmon can occur but the investi-
gated thicknesses of the PMMA gap {,,, < 100 nm are below its
cutoff, and therefore this mode is not present.*®

The light incident at the periodically perforated MIM struc-
ture can couple to SP,;, and SP,,, by diffraction. The resonant
excitation of these modes occurs when the phase-matching
condition is fulfilled, and the real part of the mode propa-
gation constant Re{ff} is matched to that of the parallel com-
ponent of incident light &, sin(@) by the grating momentum
2n/p. In general, the diffraction coupling to surface plasmon
modes on a grating with hexagonal symmetry depends on the
orientation of the lattice with respect to the incident plane and
can occur via different diffraction orders (Fig. $71). It is worth
noting that the measurements were performed on areas of
several mm?, which is much larger than the single crystalline
domain size of the prepared MIM 2D ecrystal structures.
Therefore, the measured resonances due to the diffraction
coupling become averaged over different orientations of the
lattice.

Fig. 3b compares the simulated reflectance spectra with
those experimentally measured, which are presented in
Fig. 3a. Due to the angular dispersion of the plane wave
source, the angular range for which the simulation can be
carried out is limited. For the smallest angle of incidence @ =
6°, two resonances are observed in the measured data at a
wavelength of about 690 nm, and 910 nm and simulations
predict almost identical results with two resonance dips
located at 700 and 900 nm (field distributions are discussed in
Fig. 4). According to the analytical theory, these two modes are
associated with the first and second order diffraction coupling
t0 SPy,, and first diffraction order coupling to SP,;, on a hexag-
onal grating with p = 570 nm. As can be seen in Fig. S7a,t the
analytical phase matching-based model predicts the appear-
ance of these modes at longer wavelengths of 770 nm and
1200 nm. This discrepancy can be attributed to changes in the
propagation constant f# due to the perforation, which is not
taken into account by the analytical model. When increasing
the angle of incidence @, the experimentally observed short
wavelength resonance splits into two branches, which indi-
cates diffraction coupling. Also, one can see a spectrally broad
decrease in the reflectivity in between these two measured
branches. However, the simulations indicate a richer spectrum
of modes appearing in the same spectral window when
increasing the angle of incidence @, which can be attributed
to the mixing of the second order excitation of SP,, with the
first order excitation of SP,;,. This discrepancy can be attribu-
ted to the potential smearing of these features in the measured
reflectivity spectrum that can be ascribed to the averaging
over differently oriented lattices occurring in the colloidal
crystal. In contrast to shorter wavelength resonances, the
first order SPy,, resonance located at about 900 nm does not
shift with the angle of incidence @ as observed experimentally
as well as captured by simulations. Instead, a series of dis-
persive bands appear at longer wavelengths around 1200 nm
and 1400 nm when increasing the angle of incidence ©.
The fact that these modes disappear at normal incidence

Nanoscale, 2018, 10, 1798317989 | 17985



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

iothek,
ledge hub

now!

]
|
rk

m You

2.1. Surface Plasmon Modes of Nanomesh-on-Mirror Nanocavities prepared by
Nanosphere Lithography

Paper
(a) (b)
100 100
_ 80 _ 80
£ £
g 604" g 80
£ g 4
® ]
20 20
B e=0° 5
860 IIiDD 12‘00 IJ:DO 3& 10b0 |2I00 MIDO
wavelength [nm) wavelength [nm]
(c)
8=0° 8 =22°

90|
40

z[nm] o

Fig. 4 Simulation of the electric near-field distribution. (a) Simulated
reflectance spectrum at normal incidence. (b) Simulated reflectance
spectrum at @ = 22°. (c) Electric field intensity |E|? distributions normal-
ized to the incident electric field intensity IE[,I2 for the resonance wave-
lengths assigned in (a) and (b). The electric field enhancement was eval-
uated along the herizontal and vertical cross-sections shown in the
inset of Fig. 3b.

and that the SPy,, mode at 900 nm is non-dispersive qualitat-
ively agrees with the simulations and can be explained by
strong Bragg-scattering of the SP,,, modes, which is known to
flatten the dispersion relation of propagating surface
plasmons.”®

Following this, we simulated the near-field distribution of
the electromagnetic field for specific reflectivity dips at normal
(@ = 0°) and tilted (@ = 22°) illumination of the structure with
the period of p = 570 nm (Fig. 4a). The spatial distribution of
the electric field intensity |E|* was normalized with that of the
incident light beam |E,|* and showed as a cross-section paral-
lel and perpendicular to the structure (indicated as a dashed
line in the inset of Fig. 3b). At normal incidence, only two reso-
nances are distinctively visible in the simulated spectra at
923 nm and 670 nm. The corresponding near-field distri-
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butions predict an extreme electric field intensity confinement
within the gap between the two metal films, indicating a gap-
like nature of the resonances (Fig. 4c). A dipolar characteristic
is clearly apparent for the longer wavelength resonance (B)
reaching an enhancement factor |E|*/|Ey|* of approximately
25. The resonance at 670 nm (A) shows a higher order field dis-
tribution and the field is partially confined outside the struc-
ture at the air interface. Thus, these observations agree with
the hypothesis of 1% and order diffraction coupling to
8P, and partial mixing with the excitation of SP,; at the
outer interface.

Tilting the angle of incidence @ leads to the splitting of the
resonances for different diffraction orders, which are other-
wise degenerated and excited simultaneously at normal inci-
dence.*”*® Therefore, new resonances are observed in the
numerically simulated data between 650 nm and 780 nm and
at 1194 nm (Fig. 4b). The near-field distribution of the series
of resonances noted as I-VI (as indicated in Fig. 4b) is pre-
sented in Fig. 4c. Interestingly, the field distribution of the
strongest non-dispersive resonance (V) is not altered by chan-
ging the angle of incidence @. The electric field maps of the
short wavelength modes I-1V show a mixed nature due to the
overlap of the SPy,,, and the SP,;; and particularly resonance II
exhibits substantial field confinement at the outer interface.
When compared with the experiments, probably only mode IV
is visible, and the other resonances are smeared by averaging
over lattice orientations. The longer wavelength resonances
such as VI exhibit solely the SPg,, nature as seen in the
respective near-field plots. Thus, all resonances, including the
non-dispersive modes, can be attributed to either SP,;, or
SPg.p. This highlights the simplicity of the given description
which provides an alternative view to previous interpretations
using magnetic, localized hole plasmons or Fabry-Pérot
resonances, ™"

The influence of the gap layer thickness was examined
experimentally as well as theoretically (Fig. 5). In the experi-
ments, the gap PMMA film thickness f,,, was controlled
between 25 nm and 77 nm by adjusting the spin-coating para-
meters, and layers with a smaller thickness between 1 nm and
15 nm were prepared using a layer-by-layer approach. When
decreasing the thickness #,,, from 77 nm to 1 nm, the stron-
gest SPy,, resonance drastically shifts from 826 nm to
1417 nm. This observation is confirmed by numerical simu-
lations (see Fig. 5c), and the same trend is predicted by the
phase-matching model due to the increased propagation con-
stant of SPy,, when decreasing the gap thickness fg,, (see
Fig. §7ct). Concomitantly, the higher order SPg,, resonances
become strongly apparent at shorter wavelength, and they shift
towards longer wavelengths when decreasing f,,,. In contrast,
the resonance below 600 nm that is ascribed to the excitation
of SP;, is weakly affected by changing the gap thickness tg., as
only a small portion of its electric field intensity is confined in
the gap. For narrow gaps, gap resonances can be observed
even for high angles of incidence (Fig. S8 and $97). In contrast,
for thick gap layers, all resonances appear in a narrow wave-
length range leading to strong coupling between SP,, and

znr]
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Fig. 5 Influence of gap thickness. (a) Reflectance of MIM structures with distinct gap thickness measured at & = 10° with unpolarized light. Gap
layers with a thickness of tg., < 20 nm were prepared using a layer-by-layer approach. Layer thicknesses with ty., > 20 nm were prepared by spin-
coating of PMMA. (b) Peak positions in dependence on the gap thickness obtained from reflectance measurements. Modes IV and VI were extracted
from angle-resolved measurements. The inset shows macroscopic photographs of 7 x 7 mm?® MIM structures with gap thickness tgap = 32 NM,
40 nm, 61 nm, and 77 nm. (c) Simulated reflectance of MIM structures with distinct gap thickness for normal incident light.

SP,i; modes at larger angles of incidence (Fig. $10 and S117).
This results in a mixed nature of the resonance at large angles
of incidence showing a dispersive behavior.

A complementary approach to shed light on the observed
resonances was performed based on examining the influence
of the refractive index environment. For this purpose, the
samples were immersed in glycerine-water mixtures with
different compositions. Thereby, the refractive index above
the structure can be tuned between 1.33 (pure water) and
1.47 (pure glycerine). At first, the effect of the surrounding
medium was analyzed using the as-prepared MIM structure
(p =570 and £, = 50 nm). When increasing the surrounding
refractive index from 1.33 to 1.47, the SPP confined to the
outer Au interface (SP,;,) shifts to longer wavelengths by
approximately 53 nm (Fig. 6a). In accordance with the field
profiles predicted by numerical simulations, the resonances
occurring at longer wavelengths (SP,,,) are not sensitive to
changes in the refractive index as their electric field is mainly
confined inside the structure.

Next, capitalizing on the organic gap layer, we varied the
refractive index of the dielectric gap layer with an initial thick-
ness of t,, = 51 nm by plasma etching (Fig. 6b). In consecutive
etching steps, the PMMA within the holes of the nanohole
array is gradually removed until the bottom gold layer is
reached after 120 s. This can be inferred from the increasing
depth of the holes measured by atomic force microscopy (see

B
L

reflectance [%)
reflectance (%)

- ’ISP,_I

Fig. S12%). Nevertheless, the distance between the metal films
and the homogeneity of the sample are not affected. Due to
the strongly decreasing refractive index environment in the
gap, all resonances (including SP,,;) are shifting to shorter
wavelengths. Further etching results in an ongoing shift of the
resonance wavelength as now the gold-covered PMMA between
the holes is removed (underetching). Thus, a quasi-free-stand-
ing nanohole array is produced. The smallest shift of 54 nm
after 150 s is observed for the mode confined to the Au/air
interface (SP,;). A higher sensitivity to a change in the refrac-
tive index was expected for the gap modes because of the high
electric field intensities within the dielectric gap. Indeed, a
strong spectral shift from 824 nm to 714 nm is seen for SPy,
resonance. We then immersed the MIM sample with a quasi-
freestanding nanohole array into glycerine-water mixtures
(Fig. 6¢). Thus, the liquid medium can penetrate the nanohole
arrays and change the refractive index between the two gold
films. As expected, with a spectral shift of 60 nm, the sensi-
tivity of the SP,;, resonance in the etched sample is compar-
able to the non-etched sample. At the same time, the reso-
nance wavelength of the SP,,,, mode is now influenced. A shift
of 39 nm can be observed when increasing the surrounding
refractive index from 1.33 to 1.47. Altogether, the sensitivity of
the MIM-stack results in 379 nm per RIU and 429 nm per RIU
for the SP,;, mode in the unetched and etched sample and
279 nm per RIU for the SP,,, mode.

(c)

reflectance [%]
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Fig. 6 Refractive index sensitivity. (a) Reflectance of the as-prepared MIM structure immersed in glycerine—water mixtures with distinct refractive
indices. (b) Reflectance of the MIM structures in air after different times of plasma etching. (c) Reflectance of the MIM structure etched for 150 s,

immersed in glycerine-water mixtures with distinct refractive indices.
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Conclusions

In summary, we demonstrated the production of trilayer MIM
cavities via a simple bottom-up approach. By using an inter-
face-mediated transfer of gold nanohole arrays prepared via
nanosphere lithography, high-quality metamaterials were fab-
ricated on a substrate with square centimeter area. We
thoroughly characterized the optical properties of the resulting
MIM stacks composed of an opaque gold film, a polymer gap
layer and a second gold film comprising the nanohole array.
The rich plasmonic response can be assigned to the coupling
to only two propagating surface plasmon modes, which is
strongly dependent on the grating period of the nanohole
array and the thickness of the dielectric gap. The resonant
excitation of the symmetric SP,,, mode is insensitive to the
angle of incidence and shows an unusually high Q-factor for
self-assembled materials comparable to those prepared by top-
down lithography techniques. The detailed understanding of
the presented phenomena in combination with absorbing
layers is of great importance for light harvesting devices."**%

Materials and methods
Materials

Polystyrene particles were purchased at Microparticles GmbH
(Berlin).

Fabrication of ZnO coated substrates

The ZnO layers were prepared using a sol-gel method. For
this, glass slides were cleaned for 10 min by ultrasonication in
2% aqueous Hellmanex (Hellma GmbH, Miihlheim, Germany)
solution in MilliQ water. After rinsing off the surfactant with
MilliQ water, the substrates were further sonicated for
10 minutes in ethanol and finally dried with compressed air.
Subsequently, the ZnO films were formed by spin coating a
zine acetate solution (110 mg zine acetate in 30 pl 2-amino-
ethanol and 1 ml 2-methoxyethanol) at 2000 rpm for 50 s and
subsequent baking at 150 °C for 5 min.

Fabrication of Au nanomeshes

Monolayers of polystyrene particles were prepared according to
the procedure of Retsch et al*® Cationically functionalized
glass slides were spin-coated with a 3 wt% particle dispersion
at 4000 rpm. Subsequently, the coated glass substrates were
immersed into a 0.1 mM SDS solution in MilliQ. The aqueous
phase was adjusted to pH 12 by adding a few drops of NH;. A
monolayer was formed at the liquid/air interface by self-assem-
bly of the detaching particles. The monolayer was transferred
to the ZnO coated glass substrates and dried in air. The mono-
layers were etched in a plasma reactor MiniFlecto (Plasma
Technology GmbH, Herrenberg, Germany) with 75% argon
and 25% oxygen at 80 W at a pressure of 0.14 mbar to obtain
non-close packed monolayers. A 3 nm chromium layer and
50 nm gold were deposited using a Balzers BA360 thermal
evaporation chamber. The layer thickness was monitored via
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an SQM 160 microbalance (Sigma Instruments, Schaefer
Technologie GmbH). Afterward, the particles were removed
using Scotch® tape (3 M) giving the nanohole arrays. The gold-
coated substrates were cleaned by ultrasonication for 10 min
in THF and dried with compressed air. All samples were stored
under inert gas.

Fabrication of MIM structures

100 nm thick gold film was deposited on cleaned microscopy
slides. Subsequently, the gap layer was prepared by spin-
coating commercially available poly(methyl methacrylate)
(PMMA). Thin gap layers (1 nm-15 nm) were made via a layer-
by-layer approach. For this, one layer of polyethyleneimine fol-
lowed by alternating layers of poly(styrene sulfonate) and poly
(allylamine hydrochloride) were applied by spray-coating. The
Au nanohole arrays were detached from their parental substrate
by immersion into an aqueous hydrochloric acid solution
(pH 1) with a speed of 1 mm min~* and an immersion angle of
45° using a home built dip-coater system. After complete detach-
ment of the gold film, the nanohole array is transferred when
lifting the receiving substrate out of the water phase.

Characterization

UV-vis-NIR spectra were measured using the Diffuse
Reflectance  Accessory of a Cary 5000 UV-vis-NIR
Spectrophotometer (Agilent Technologies) at 10° angle of inci-
dence with unpolarized light. Angle-resolved UV-vis-NIR spec-
troscopy was conducted with the Universal Measurement
Accessory of the same spectrometer with 3° increment with p-
and s-polarized light. To examine the effect of the refractive
index environment the samples were immersed in glycerine/
water mixtures with refractive indices of 1.33 (pure water), 1.36
(20% glycerine), 1.41 (60% glycerine) and 1.47 ( pure glycerine).

SEM images were taken on a LEO 1530 Gemini Field
Emission SEM (Carl Zeiss AG, Oberkochen, Germany). The
images were evaluated with the software Image].*'

Atomic force microscopy was performed in tapping mode on
a Dimension 3100 microscope (Veeco, USA) with a Nanoscope
1V controller and OTESPA-R3 (Bruker) cantilevers. The AFM
images were analyzed with the software Nanoscope Analysis.

FDTD simulations

A commercial package by Lumerical that relies on the finite-
difference time-domain method was used to simulate optical
properties of gold nanomeshes.”* As shown in Fig. $13,1 a rec-
tangular unit cell with the hexagonal arrays of holes was used.
Bloch boundary conditions were applied at the interfaces of
the unit cell that are perpendicular to the structure surface
while perfectly matched layers were used on its top and
bottom. The investigated structure was approximated by a
stack of a perforated gold layer with the thickness of ty,. =
50 nm, an intermediate layer of PMMA with a thickness of ..,
and a flat gold layer with a thickness of t,uq = 100 nm.
Refractive index of PMMA of npyua = 1.4848 was used in the
whole spectral range, and the refractive index of gold was
determined by fitting to CRC data.*® The BK7 glass substrate
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with Zgypsirare = 1.52 was assumed below the plasmonic stack
of layers. The excitation light beam was generated with a plane
wave source in the air above the structure, and it was made
incident on the perforated gold film. In the used version of
FDTD solutions, planar sources exhibit angular dispersion if
the beam does not propagate normal to the source. To mini-
mize the angular dispersion, simulations were carried out for
wavelength range 550 nm to 900 nm and 900 nm to 1500 nm
separately, and the spectra were subsequently stitched. Field
intensity and power monitors were placed above or below the
unit cell in order to obtain reflectivity and transmission
spectra. Electric near-field intensity profiles were calculated by
using monitors placed inside the structure. Convergence of the
simulation results was confirmed by variation of the mesh size
and comparison of the reflectance results (Fig. S147).
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In this chapter, a hybrid plasmonic structure consisting of a metal nanomesh array, forming
pores in contact with gold nanoparticles embedded in a thermo-responsive hydrogel, is
presented. Prepared by nanoimprint lithography and subsequent template stripping, the
structure supports several optical modes, which allow the probing of different regions on
the structure. A coupled mode between the nanoholes and the nanoparticles is of particular
interest, as it is tightly confining the electromagnetic field at the pore. One of the main
challenges in optical sensor techniques, that employ tightly confined electromagnetic hot
spots for signal amplification, is the efficient transport of the analyzed species to the
sensitive areas. In this structure, the analyte-carrying solution passes through the pores, and
the first point of contact with receptor elements is within the volume probed by a
hybridized gap mode. This flow-through architecture provides efficient delivery to the
plasmonic hot spot. The capture of analytes is observed as a shift in wavelength of the
resonant features in a label-free manner. Furthermore, the enhanced field intensity within

the gap mode is suitable for surface enhanced Raman spectroscopy.

In this work, Daria Kotlarek acted as the main author, developing the sensor concept, the

assay, preparing the substrates, and conducting the bio experiments. Stefan Fossati was
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involved in the development of the nanoimprint procedure and the optical characterization
of the substrates. Specifically, optical spectroscopy methods including transmission and
angular resolved specular reflection spectroscopy, AFM, and SEM have been employed to
characterize the prepared nanostructures and optimize the production process.
Furthermore, Stefan Fossati developed the instrument for the time-resolved tracking of
optical features and, together with Priyamvada Venugopalan, contributed to the numerical
simulations of the optical properties of the responsive hydrogel-based structure under the

supervision of Jakub Dostalek.

Supporting information to this article is included in the appendix, section 5.2.
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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
meodulated 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
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 nancholes 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-
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Fig. 1 (a) Schematics of plasmonic nanostructure composed of periodic nanohole arrays (NHA) coupled with arrays of nanoparticles (NP) by the
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."*"!

Nanoscale

Thus, to overcome this limitation, there a flow-through assay
format has been developed, in which the analyte sclution is
transported internally across the nanoporous film ® ¢4
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

This journal is © The Royal Society of Chemistry 2020
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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 & = 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 erosslinked
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

This journal is © The Royal Society of Chemistry 2020
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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). 1t 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 4 =
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, ¢, 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 7'= 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 if = 650 nm appeared, while the reso-
nance features 4, and A% changed negligibly (Fig. 3b). Thirdly,
the structure in contact with water was cooled to 7' = 22 °C,
which is below the LCST of pNIPAAm. Then, a strong blueshift
in the A, and A% resonances occurred in the transmission spec-
trum, and also much weaker spectral shift of 24 accompanied
by a decrease in coupling efficiency at this wavelength
(Fig. 3¢). These observations indicate that the resonances at 1,
and ¢ 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 pNIPAAmM-based
hydrogel (with a refractive index of my, = 1.47 at T = 22 °C and
ny = 1.37 at T = 40 °C, see ESI, Fig. §11). The resonance AJ
probes the upper part of the structure in contact with water (n,
= 1.33), which changes its refractive index with temperature
much less than pNIPAAm. Since the resonances at 44 and 4%
are dispersive, they can be attributed to the PSP modes travel-
ling at the upper or bottom interface of the gold film, respect-

Nanoscale
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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 um in length.

ively. The non-dispersive nature of the 4, 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 . = 810 nm. Moreover, this showed more clearly that
close to A%, a peak appeared at a wavelength /. 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

Nanoscale

(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. da (blue curve),
we initially analyzed a structure composed of only arrays of

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Measured dependence of wavelength transmission spectra on angle of incidence, #, for the NHA + NP structure in contact with (a) air (n, = 1
and ny, = 1.48), (b) for the collapsed state of the pNIPAAmM-based cushion that is in contact with water at T = 40 °C (n; = 1.33 and n;, = 1.48), and (c)
for the swollen state of pNIPAAm cushion in water at T = 22 °C (n, = 1.33 and n,, = 1.37). (d) Comparison of the wavelength transmission spectra for ¢
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 2 =
50 nm, average diameter of D = 100-120 nm, and period of A =
460 nm) embedded between dielectrics with the refractive
indices of ny, = 1.47 and n, = 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 eylindrical nanoholes exhibiting the
same diameter D and sandwiched between the same dielec-
trics with refractive indices of ny, = 1.47 and n, = 1.33. The
absorption spectrum in Fig. 4a (red curve) shows three reso-
nances located at the wavelengths of 1, = 630 nm, g = 676 nm,
and A¢ = 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 4; shows a more
delocalized field profile on the top interface of the gold film
with the superstrate n, = 1.33, which confirms it is due to first-
order diffraction coupling to the traveling PSP mode at this

This journal is © The Royal Society of Chemistry 2020
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surface. The resonance at the NIR wavelength Ay is
accompanied with the confinement of the electrie 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 n, 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 2, = 672 nm, and the
long-wavelength resonance red-shifted to A, = 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 2 = 50 nm (see Fig. 1 and 2). When the refractive index
of the superstrate decreased from n, = 1.33 (representing

Nanoscale
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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 nancholes (NHA), with arrays of cylindrical nanoparticles (NP), and for the combined geo-
metry (NHA + NP) with superstrate refractive indices n; = 1 and 1.33 and substrate refractive index n,, = 1.47. (b) Absorption spectrum simulated for
the NHA + NP geometry for superstrate refractive indices n, = 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 n, = 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 4, and A since the field distribution corresponding to
these resonances also partially probe the dielectric n,. 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 4 due to the PSPs tra-
veling on the top interface only weakly couples with the disk
nanoparticles, contrary to the bottom PSP mode Ag, 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

Nanoscale

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 2} and dip at A3 can be attributed to the exci-
tation of a single PSP mode at the interface of the structure
with superstrate n, and its asymmetric shape can be ascribed
to the interference with additional waves generated by the
structure in a broader wavelength range (previously observed
for related plasmonic nanostructure by simulations®).
Similarly, the long wavelength peak at A7 and dip at A8 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
to reveal the spectral detuning of the resonances by the refrac-

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Simulated absorption spectra for the structure NHA + NP for varying: (a) refractive index of substrate ny, 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 n, = 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
pNIPAAmM-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 m,. Fig. 5a and b
show that the refractive index n;, 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 »;, 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 81u/6n, = 190 nm
RIU™" and 8Ac/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 81,/6n, = 90 nm
RIU ™ for the LSP mode is also in accordance with the previous
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observations on LSPR.** Similarly, the refractive index sensi-
tivity of the three plasmon modes to a change in the refractive
index of the superstrate n, was determined to be 8i,/6n, =
137 nm RIU™Y, 84,4/6n, = 260 nm RIU! and &1./6n, = 83 nm
RIU™" according to the data presented in Fig. 2.1 Apparently,
the highest sensitivity is observed for the mode at 43, 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 4, and Ay 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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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 7= 20-38 °C and tracked
the resonant positions of all the identified spectral features,
including the transmission dip at 44 = 577 nm due to the LSP
in the nanoholes, spectral dip at 4 = 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 2> = 684 nm and
peak at a wavelength of i} = 825 nm attributed to the Fano
resonance of PSP at the bottom NHA surface coupled with
arrays of NPs (measured at temperature T = 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 AJ and A 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 4% showed the same trend and
exhibited a stronger maximum shift of 40 nm for the tempera-
ture increase from T = 22 °C to 38 °C.

a)

50
40
E 30
=)
E 20
10
0 H H
—38°C 32°C
0 50 100 150 200 250 300 350
Time [min]
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Interestingly, the dependence of 44 and 42 shows different be-
havior. When the temperature increased above T'= 22 °C, an initial
decrease in the resonance 4, occurred followed by an increase with
a local maximum at T'= 29 °C, then it decreased again, and above
the LCST of pNIPAAm, it rapidly increased and shifted by about
20 nm. The peak position 4%, 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. 5¢). 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
pNIPAAmM-based hydrogel cushion was post-modified in situ by
covalent coupling of mouse immunoglobulin G, mIgG. The

b)

400 —as4,

04 [nm]

0 50 100 150 200 250 300 350
Time [min]

Fig. 6 Dependence of spectral position of plasmonic features plotted as function of time for different temperatures in the rangeof T=22°Cto T =
38 °C: (a) gradual variation in the spectral positions of dips i3 and A2 and peak at 2§ and (b) anomalous variations in the spectral positions of dip Ja

and peak A.
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spectral positions of the resonances at 1, and /¢ 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 i, and 2Z. (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 lg
shifted by 6 nm due to the covalent coupling of mlgG, 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 4%), while they do not attach to the pores (probed at
/a)- 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 107
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 n; and substrate hydrogel
cushion n,. From the measured shifts in 2, and 2%, the sensi-
tivity of these resonances was determined to be di,/d, =
218 nm RIU™" and did/d, 454 nm RIU™', respectively. These
values are close to the predicted sum of the sensitivities dA/dn,
and dd/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 1 = 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 em ™" (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 2. 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 respeet 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 4. 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 Jearbodi-
imide (EDC) were obtained from Sigma Aldrich (Germany).

Nanoscale
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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
(TEPS) were synthesized in our laboratory, as previously
reported.”®*” IgG from mouse serum (mlgG, 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-migG,
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 cm?® 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 4 = 365 nm with the irradiation dose of 1 J em™ (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 T = 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 4 = 365 nm with

an irradiation dose of 10 ] em™>.

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 ] em™). 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 pNIPAAmM-
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 (52000,
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 Electronies, 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
e respectively, was flowed over the structure for 10 min to
activate the carboxylic moieties of the pNIPAAmM 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 A = 785 nm was focused at the investigated NHA
+ NP structure. The spectrum was accumulated for 20 s.
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Gold nanoparticle arrays provide a versatile platform for optical sensing applications based
on localized surface plasmons. Depending on the pattern period, however, only a small
fraction of the surface is covered by the nanoparticles while the area in between the
substrate is left exposed. This leads to challenges with surface functionalization as surface
passivation needs to be established for two different materials. Local attachment of a
thermoresponsive polymer network provides a high-capacity binding matrix that can be
collapsed to bring the captured analyte into proximity of the particle surface by a
temperature change. The gold film was patterned by 4-beam laser interference lithography
(LIL), as was the subsequently deposited hydrogel film. Phase-matching between the gold
nanoparticle array and the hydrogel nanoparticle array was achieved using slightly different
periods, creating a Moiré pattern of aligned and misaligned areas. Remarkably, the hydrogel
tends to collapse preferably towards and enclose the metallic particles even for slightly
misaligned areas. The increased binding capacity and plasmonic fluorescence enhancement
of such structures were demonstrated by the affinity capture of fluorescently labeled

antibodies.

¢ http://creativecommons.org/licenses/by/4.0/, Appendix 5.7.2
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Supporting information to this article is included in the appendix, section 5.3.
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ABSTRACT: A novel approach to local functionalization of plasmonic hotspots at Thermo-responsive |

gold nanoparticles with biofunctional moieties is reported. It relies on photo- Phase mask PoYmer 5 ¢ "({.
crosslinking and attachment of a responsive hydrogel binding matrix by the use of a B .
UV interference field. A thermoresponsive poly(N-isopropylacrylamide)-based Sl Recording

(pNIPAAm) hydrogel with photocrosslinkable benzophenone groups and carboxylic f' illinect

groups for its postmodification was employed. UV-laser interference lithography with o

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

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 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

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 b i :
by stimuli, including temperature, pH, or electric current.” ™" A hamess both naljaosci]e precision ar.ld compatibility with
prominent example of a responsive polymer is the poly(N- scaled-up prodgchon‘.‘ This method is based on a transfer
isopropylacrylamide) (pNIPAAm), which is well-known for its of a target motif carrled. b): a stamp to a pobmrfer liyer by the
thermoresponsive behavior. pNIPAAm exhibits a lower critical subseque'nt polymerization™ or p!aotocrosslmkl_ng.‘ )
solution temperature (LCST) with pronounced and fully Metallic nanostructures can b? incorporated into responsive
reversible hydrophobic-to-hydrophilic transition close to the polym.er ’iu;cuhltectures to provide means fo’_’ their optical
body temperature.” pNIPAAm has been utilized in drug a(.:tuatlng.“ ©oor t.Q ':?B erE}PIOYEd tjor the optical readout in
delivery micro/nanogels,"’ for modulating cellular interac- bioanalytical applications.™ Metallic nanostructures support
tions,”'" biosensors,'” and in opto-responsive coatings."’ localized surface plas.‘.mons (LSPS) that tightly con{ine the
The nanoscale patterning of responsive polymer materials is electromagnetic field in their vicinity through its coupling with
important to let them serve in diverse areas ranging from collective charge density oscillations. The resonant excitation
sensing,"* optical components,”” and catalysis'® to tissue of LSPs is accompanie::ll by a strongly enhanced "l‘jftm'
engineering'’ and cell biology.'" Self-assembly represents a magnetic field intensity,” locally increased‘semperature - o,
widely used method for the preparation of nano- and micro- for instance, an emission of hot electrons.”” In bioanalytical
structures based on, for instance, block-copolymer that
combines hydrophobic and hydrophilic segments.'”*’ In Received: November 26, 2019
addition, casting of microstructures by polymerization in Revised:  January 9, 2020
template cavities has been utilized for the fabrication of Published: January 10, 2020
miniature responsive polymer objects actuated in aqueous
solution.”’ To prepare structures that are attached to a solid

@ 2020 American Chemical Society https://dx.doi.org/10.1021/acs jpcc.9b11059
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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, $1805 and SU-8 photoresist,
SU-8 2000 thinner, and an AZ303 developer were purchased

66
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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 (TEPS) 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 2 = 325 nm with 4 mW was employed. The
coherent beam was expanded with a spatial filter consisting of a
pinhole (10 ym) and %40 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 gW cm™. For recording with the phase mask
configuration, the power of the recording field in the recording
plane was increased to 400 W 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 5 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 recording by
laser interference lithography as previously reported.”® An
interference pattern, originating from two interfering beams,

https://dx.doi.org/10.1021/acs.jpcc.9b11059
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 m] 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 0 = 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
$1805 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 m] cm™2 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_;

3299

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 W 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]
em™ and the same UV beam intensity (400 W 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 em™.

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-3031-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™2 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-
785, 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.9b11059
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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-R785, 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 ym 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 TEPS dissolved
in water at a concentration of 75 and 21 mg/mL, 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 mlgG
dissolved at a concentration of S0 yrg/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 affnity binding were measured using dedicated
LabView-based software. A dilution series of a-mlgG
(conjugated with Alexa Fluor 790) at concentrations of 1, 5,
10, 50, and 100 pM and a volume of 1 mL were flowed over
the biochip surface for 15 min, followed by a 5 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 pNIPAAm 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

https://dx.doi.org/10.1021/acs.jpcc.9b11059
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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 £. The recorded structure
typically exhibits smoothly varying features™ arranged in an
array with a period equal to A = 2/2sin(@), where 4 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 Ia, 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_;, Ty, 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 = A[,M/'\/Z, 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 A =
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™),
atomic force microscopy (AFM) was employed for the
observation of the structured resist topography. The obtained
results presented in Figure 51 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]
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 2c 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
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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

https://dx.doi.org/10.1021/acs.jpec.9b11059
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Figure 4. AFM observation of nanostructured pNIPAAm hydrogel
topology in water for the temperature T = 30, 35, and 40 °C. The
structure was prepared with an irradiation dose of 240 m_]/crnz.

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 AyAg/(Ay — Ag) in
the range of about 8 ym. Figure 5b shows an AFM image for
the topography of a 2 X 2 ym 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 5d. 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 ym
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 pgm. LSPR for the
structure at the temperature T = 25 °C manifests itself as a dip
in the transmission spectrum centered at a wavelength of 4,
= 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

pNIPAAm-based hydrogel features wrapping (about half) of
the gold nanoparticles that were postmodified with mouse IgG
antibodies (mlIgG). The polymer carboxylic groups were
employed for establishing covalent bonds between the lysine
groups of the protein and the poi}n‘ner 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-mlgG) 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 (., = 785 nm, 4., = 810 nm) in the
vicinity of the LSPR wavelength (4, cpp = 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 gm 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, 5, 10, 50, and 100 pM.
Each sample was flushed over the surface for 15 min, followed
by 5 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-mlgG 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

https://dx.doi.org/10.1021/acs.jpec.9b11059
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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.
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Surface plasmon resonance spectroscopy is a sensitive means for label-free biosensing and
is mostly implemented using sensor chips coated with a thin metallic layer that supports
propagating surface plasmons. Since plasmons cannot be excited from within the medium
the surface is contacting, as discussed in section 1.2.2, two main coupling strategies have
been established: Prism coupling in the Kretschmann configuration allows backside
excitation of surface plasmons utilizing a high refractive index prism. The required optical
configuration with the bulky prism, refractive index matching between sample and prism,
and illumination under about 50° has limited the use to dedicated devices. The second
coupling strategy, diffraction coupling by a grating, allows the excitation of SPPs on the
illuminated surface. These modes, however, are dispersive and depend on the angle of
illumination. Commercially used optical readers use either focused beams for illumination
or, in the case of microwell plate readers, illuminate through a curved, refracting water-air
interface. In both cases, the observed broadening of the resonance is associated with a loss
of sensitivity. In this section, a diffractive structure consisting of two superimposed gratings
is presented that allows cross-coupling through the thin metal film. The additional grating
has a period of about half the excitation grating and opens an optical bandgap in the SPP
supported by the two interfaces. For a sufficiently large bandgap, cross-coupling is

achieved, allowing the excitation of plasmons on the opposite surface even under normal
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incidence. The observed optical features allow refractive index sensing with sensitivity

comparable with the other coupling strategies.
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Abstract: A multi-diffractive nanostructure is reported for the resonant excitation of surface
plasmons that are cross-coupled through a thin metallic film. It consists of two superimposed
periodic corrugations that allow diffraction excitation of surface plasmons on the inner side of a
thin metal film and their subsequent phase matching with counterpropagating surface plasmons
travelling to the opposite direction on its other side. This interaction leads to establishing of a
set of cross-coupled Bragg-scattered surface plasmon modes that exhibit an electromagnetic
field localized on both metal film interfaces. The reported structure is attractive for surface
plasmon resonance biosensor applications, where direct optical probing can be done through the
substrate without the need of optical matching to a high refractive index prism. In addition, it
can be prepared by mass production — compatible means with UV-nanoimprint lithography and
its biosensing performance characteristics are demonstrated by refractometric and biomolecular
affinity binding studies.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metallic nanostructures increasingly serve for optical probing of biomolecules and their inter-
actions in important fields of analytical technologies and life science research. They allow for
the resonant coupling of light to surface plasmon modes originating from collective oscillations
of electron density and associated electromagnetic field that is tightly confined on the metallic
surface. Such confinement of electromagnetic field leads to the enhancement of its intensity and
local density of optical states, and it has been exploited in surface plasmon resonance (SPR)
biosensors [1] as well as for the amplification of weak optical spectroscopy signal including
Raman scattering [2], fluorescence [3] and near-infrared absorption [4].

The majority of SPR biosensors utilize sensor chips with a thin metallic film supporting
propagating surface plasmons (PSPs). In Kretschmann configuration of attenuated total internal
reflection (ATR) method, these sensor chips are optically matched to an optical prism for the
coupling of PSPs at the outer side of the metallic film with an optical beam travelling through the
sensor chip substrate [5]. The outer sensor surface is brought in contact with an analyzed liquid
sample, and the molecular binding events are observed by interrogating resonant excitation of
PSPs in the wavelength [6] or angular [5] reflectivity spectrum. Alternative approaches based on
diffraction grating-based excitation of PSPs [7] were pursued, and also metallic nanostructures
supporting localized surface plasmons (LSPs) [8] were used to avoid the optical matching of
sensor chips to bulky ATR prism. The wavelength interrogation of LSPs can be utilized from both

#410416 https://doi.org/10.1364/0E.410416
Journal © 2020 Received 23 Sep 2020; revised 12 Nov 2020; accepted 16 Nov 2020; published 16 Dec 2020
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sample and sensor chip sides in transmission [9] or reflection mode [10]. This measurement can
be performed by dedicated instruments [11] and also by using already established optical readers
deployed in standard molecular biology laboratories. These particularly include microtiter plates
where the bottom wells carry adsorbed gold nanoparticles prepared by chemical synthesis [12]
and thin metallic films perforated with arrays of nanoholes by lithography [13,14].

In general, the measurement in reflection mode from the substrate side of a sensor chip carrying
plasmonic nanostructures offers the advantage of avoiding passing the probing optical beam
through the analyzed liquid sample. This back-side coupling allows for rapid direct analysis of
complex matrices (such as minimally processed blood) that absorb or scatter light. Also, it offers
improved stability for the in situ SPR measurements, which otherwise require using of transparent
flow-cells and make the measurements prone to respond to the sample flow fluctuations. The
separation of the fluidic and the optical parts of the plasmonic sensor chip was reported by
cross-coupled PSP modes on thin gold films that are perforated with arrays of nanoholes and
attached to a low refractive index dielectric film [15]. This configuration takes advantage of
refractive index symmetrical geometry that enables cross-coupling of PSP at opposite interfaces
leading to the establishment of long-range surface plasmon modes [16]. Another possible
approach to diffraction-based excitation of PSPs on non-conformal diffraction gratings was
demonstrated on metallic films that were corrugated only on inner side [17]. However, the
preparation of such nanostructures for back-side excitation of coupled PSPs or LSPs can be only
prepared by using methods involving multiple lithography steps. Typically, periodic arrays of
plasmonic nanoholes and discs are prepared by electron beam lithography, which offers precise
control of the nanostructure geometry. However, it represents an approach relying on complex
infrastructure that is suitable only for research as the fabrication over larger areas > 100 um is
slow. Among others, UV-laser interference lithography [18] and UV-nanoimprint lithography
combined with lift-off [19], dry etching steps [20], or template stripping [21,22] have been
proposed, but they elevate this limitation only partially.

In this paper, we report on a new approach for back-side excitation of PSPs based on multi-
periodic gratings (MPG) coated with a thin metallic film. The structure is based on a corrugation
profile with multiple superimposed relief periodic modulations that have been explored before
for the broadband plasmonic absorbers [23], multi-resonant plasmonic nanostructures for the
amplification of weak fluorescence signal [24], and SPR biosensors with Bragg-scattered surface
plasmons [25]. We report for the first time on tailoring this geometry for the cross-coupling of
PSPs across a thin metallic film and implement it for real-time in situ observation of molecular
binding-induced refractive index changes based on detuning of the tailored plasmonic resonance
that is measured with the back-side excitation geometry.

2. Materials and methods
2.1. Preparation of multi-diffractive grating structures

The MPG structure was recorded by UV laser interference lithography (UV-LIL) with Lloyd’s
mirror configuration. Positive photoresist Microposit S1805 from Microchem (USA) was spun
on a BK7 glass substrate at 4500 rpm for 45 seconds (yielding a thickness of 500 nm) and dried
on a hot plate at 98 °C for 120 sec. Afterwards, the substrate was mounted to the UV-LIL setup
and exposed to the field of two interfering collimated beams (with an intensity of 32 pW cm=)
emitted from a HeCd laser IK 3031 R-C from Kimmon (Japan) at wavelength 4=325 nm. The
angle of the interfering beams was set to 69°05° and 47°10” deg, which corresponds to periods
of A1=455 and A>=239 nm, respectively. To record the MPG structure, the photoresist layer
was sequentially exposed to the interference field at each respective angle. For the preparation
of crossed gratings, the sequential exposure to interference field was carried out twice for two
orientations of the sample rotated by 90 degrees. The relief corrugation was etched into the
photoresist by a developer AZ 303 from MicroChemicals (Germany) diluted by distilled water at
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a ratio of 1:15. For the measurements discussed below, we used a grating C2.2.ABPO with a
recording time of the period A, of 10 min, recording time of the period A, of 25 min, and the
development time 90 s.

Prepared photoresist grating was cast to polydimethylsiloxane (PDMS) Sylgard 184 from Dow
Corning (USA). Multiple generation copies were prepared, and PDMS was cured at elevated
temperature to fine-tune the periods and the modulation depth of the recorded structure and to
serve as a working stamp after the detachment of the cured polymer. Cleaned BK7 glass substrates
were coated with the UV-curable polymer Amonil MMS 10 from AMO GmbH (Germany) by
spin-coating at 3000 rpm for 120 s. Then, the PDMS working stamp was placed on the top of the
fluid Amonil layer and, after 5 min rest time, irradiated by UV light with a dose of 2 J cm™2 (UV
lamp Bio-Link 365, Vilber Lourmat). Finally, the PDMS working stamp was detached from the
UV-cured Amonil MMS 10, leaving a copy of the master structure on the glass substrate. The
copied MPG structure was placed on a hot plate at 120 °C for 4 min, then coated with 50 nm of
gold by vacuum thermal evaporation by using an instrument HHV AUTO 306 from HHV Ltd
(UK) in vacuum better than 107% mBar.

2.2. Optical setup

A polychromatic light beam emitted from a halogen light source LSH102 from LOT-Oriel
(Germany) was coupled to a multimode optical fiber M25L02 from Thorlabs (UK). The beam
emitted from the optical fiber end was collimated by using a lens with f=30 mm and made
normally incident at the gold MPG surface through the glass substrate. The reflected beam was
collected from a multimode optical fiber M26L.02 from Thorlabs (UK) by using a collimator
F810SMA-635 from Thorlabs (UK) and delivered to a spectrometer HR4000 from Ocean Optics
(USA) or Shamrock 303i from Andor (USA). Raw wavelength spectra of the light beam reflected
from the MPG surface were normalized with a spectrum acquired for a reference flat gold surface.
A flow-cell was clamped against the grating sensor chip, and it consisted of a polished plastic
substrate with drilled input and output ports and a thin PDMS gasket. The volume of the flow-cell
was 10 pL, and analyzed liquid samples were flowed through by using the peristaltic pump
REGLO Digital MS-4/8 from Ismatec (Switzerland) and tubing with a 0.64 mm inner diameter
from Ismatec Wertheim (Germany) at a flow rate of 80 pL/min. The sensing spot in the flow-cell
was illuminated by a polychromatic beam with a diameter of about 5 mm. The normalized
reflectivity spectra were evaluated by a dedicated software developed in-house by using LabView
from National Instruments (USA). The sequentially acquired specular reflectivity spectra Ro(A)
were processed by a routine centroid [26] in the selected wavelength range A, - Ay2 in order to
track the refractive index changes in realtime. The reflectivity spectra Ry(1) were acquired with
an integration time of 5 ms and the accumulation of 300 was used to reduce noice. The centroid
wavelength was determined from discrete reflectivity values Ry(4;) as:

N> Ny
= ZV] AR~ Ro(A)]/ ; [Re — Ro(As)], (1)

where N and N, are indexes that define pixels over which the centroid routine was applied, 4; is

the wavelength corresponding to the i detector pixel, and R, is a threshold.

2.3.  Optical simulations

Finite element method was employed as implemented in a diffraction grating solver DiPoG
(Weierstrass Institute, Germany). A grating in a computation cell with a length of up to A=4.6
um and height 1 um was approximated by a mesh of triangles (convergence check was performed
by increasing the number of triangles). Cartesian coordinates with the x and z axes in the plane of
the MPG structure and y-axis perpendicular to the MPG structure were used as seen in Fig. 1(a).
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The corrugation profile with two superimposed relief gratings (period A;=0.46 um and A,=0.242
um) and were defined as higher harmonics: y = a;sin(27t/A-n;-x) + a,sin(2n/A-nz-x), where a,
and a; states for amplitudes and n;=10 and n,=19. In the used numerical model, the set of
Maxwell equations was solved by using the PARDISO solver of sparse linear systems developed
at University of Basel (Switzerland).

w

2n
gg::ros‘t‘lrsa\? s MPG with encoded two I A,
k periodic corrugations: % - (0,
G_old film b Cross-coupling o,
with MPG m 27 = il
y=asm| —x a8
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Dielectric X sin[ A—T,w +¢J -
substrate Z : R Y %
Light beam k3
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Fig. 1. Schematics of a) the cross-coupling of PSPs across a thin metallic film on an MPG
with encoded longer period A and shorter period A;. b) Schematics of the dispersion
relation of PSPs at the outer and inner interfaces that is folded into first Brillouin zone.

2.4. Biomolecular binding study

After the deposition of 50 nm thick gold layer to the MPG surface, its surface was modified
with a self-assembled thiol monolayer (SAM) by immersion in ethanolic solution with dissolved
thiols carrying functional biotin (0.2 mM HS-C11-EG6-Biotin) and passivating oligoethylene
glycol groups (0.8 mM HS-C11-EG6-OH) from Prochimia Surfaces in Gdynia (Poland). After
overnight incubation, the substrates with MPG were rinsed with ethanol, dried in a stream of
nitrogen and stored in argon atmosphere until further use. For the affinity binding measurements,
a flow cell was clamped onto the surface of the MPG, and phosphate-buffered saline (137 mM
NaCl, 2.7 mM KCI, 12 mM phosphate buffer, pH 7.4, no. E504) from VWR (USA) spiked
with 0.05% Tween 20 BioXtra, from SigmaAldrich, (USA) (PBST) was flowed until a stable
baseline of the sensor response Ace, is reached. Then, the calibration was done using PBST
spiked with sucrose at concentrations of 1, 2 and 4%. Afterwards, the surface was reacted with
neutravidin (NA) from Thermo Scientific (Austria) and biotinylated monoclonal capture antibody
cAB #13-7349-81 from eBioscience (Austria). This antibody is specific to human tumor necrosis
alpha (TNF-o) BMS301 from eBioscience (Austria), and a sandwich immunoassay format was
implemented by using a secondary monoclonal antibody sAB against another part of TNF-a
#14-7348-81 from eBioscience (Austria).

3. Results and discussion

In order to resonantly excite PSP modes that are cross-coupled through a thin gold film, a relief
profile of MPG with two superimposed periodic corrugations is investigated. As illustrated in
Fig. 1(a), there is assumed the geometry where a collimated optical beam is travelling through
a dielectric substrate (refractive index of glass n;) and impinges on a corrugated thin gold film
(refractive index ny, thickness of dp,). A normally incident beam (#=0) is coupled to the PSPs at
the inner interface between the substrate »; and gold ny, by the first-order diffraction on grating
corrugation component with a period A;. In general, this corrugation component also allows to
couple the incident beam to PSP modes travelling along the outer interface between the gold
film ny, and a lower refractive index dielectric (water with refractive index n,). However, the
coupling efliciency is negligible as the majority of the incident beam intensity is reflected at an
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inner interface with the substrate n; and does not reach the opposite interface in contact with the
superstrate 1.

To solve this problem, additional corrugation component with a shorter period A> was
superimposed over the corrugation with the period A;. As schematically indicated in the PSP
dispersion relation folded to the first Brillouin zone in Fig. 1(b), the introduction of shorter A,
can be utilized for its splitting at the outer and inner interfaces so new Bragg-scattered PSPs
occur at distinct wavelengths (represented by frequencies «; and w,) with an optical bandgap in
between. These Bragg-scattered modes are further noted as w+ and w- and they are associated
with diffraction coupling of counter-propagating PSP modes on the corrugation component
A at individual interfaces generating standing wave-like modes [27]. In general, the spectral
width of the optical bandgap in the dispersion relation of PSP modes at m; and w, can be
tuned, so the short-wavelength Bragg-scattered PSP on the inner interface a;* overlaps with the
long-wavelength Bragg-scattered PSP on the outer interface w, . Then, these modes become
phase-matched along the surface and allow to transfer the electromagnetic field intensity through
the metallic film via their penetrating evanescent field tails.

This concept was firstly analyzed by using numerical simulations. In this study, a thickness of
the gold film of d,,=50 nm was assumed with conformally corrugated interfaces between the
substrate with refractive index n;=1.5 (BK7 glass) and superstrate with lower refractive index
ny=1 (air) and n,~1.33 (water). There was used relief profile composed of sinusoidal corrugation
with a longer period A;=460 nm superimposed over additional sinusoidal corrugation exhibiting
a shorter period A;=242 nm. Firstly, we simulated zero-order reflectivity spectrum Ry for the
corrugation profile, in which the amplitude for the long period A; component was set to a; =10
nm and the shorter period component A, was not present by assuming @>=0 nm. Then, the first
order excitation of the PSP mode at the inner interface occurs and manifests itself as a dip in the
wavelength spectrum of Ry centered at a wavelength 2;=745 nm, Fig. 2(a). When increasing the
refractive index of the dielectric at the outer interface from n,=1.33 to 1.35, a negligible shift in
the resonance wavelength 4;=0.7 nm occurs as the majority of the field intensity associated
with this resonance is confined at the opposite inner interface with the glass substrate [see the
profile of magnetic field amplitude in Fig. 2(c)].

When introducing the shorter period component A forming the complete MPG structure with
the amplitudes a;=10 and a>=10 nm, the resonance at A; splits and two overlapping dips occur at
wavelengths of 1i;;=724 and 1;>=744 nm. Interestingly, when increasing the refractive index at
the outer interface from np=1.33 to 1.35, both resonances shift by about 6.5 nm and the coupling
strength to shorter wavelength resonance JA;; increases while that to A;; decreases, Fig. 2(b). The
reason that the split resonance can be efficiently detuned by the refractive index change at the
outer interface n, is due to the fact that the associated field profile is confined at both interfaces as
cross-coupling of PSPs through the metallic film occurs, Fig. 2(c). Notably, the coupling strength
to the cross-coupled PSPs is decreased compared to the geometry when PSPs travelling on the
individual interface are excited with the selected corrugation amplitude a,. The coupling strength
can be optimized by tuning this parameter as indicated by the following experimental study.

Experimentally, the MPG structure was prepared by sequential recording of the periodic
interference field with periods A; and A, into a photoresist layer by using UV-LIL. The corrugation
profile was then etched to the layer by a developer, and the tuning of modulation depths a; and a»
was facilitated by controlling the irradiation time of each step and by the adjusting development
time. Afterwards, the structure was cast to PDMS in order to serve as a working stamp, and
multiple copies were prepared by transferring the corrugation to a UV-curable polymer Amonil
followed by the coating with a gold film with a thickness of d,=50 nm. The corrugation profile
was observed by atomic force microscopy (AFM), as presented in Fig. 3(a). It shows a crossed
structure where the MPG corrugation profile was recorded in both x and z directions and the
fast Fourier transform analysis presented in Fig. 3(b) revealed the parameters of A;=462.0 nm,
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Fig. 2. Simulated reflectivity Ry for transverse magnetically polarized normally impinging
beam from a substrate at the structure with a) encoded single period (a;=10nm, a;=0)
and b) two periods (a)=10nm, a;=10nm). c¢) Near field distribution of magnetic field
intensity |H;| in the xy plane at wavelength A;, 4;; and A;3. The simulations were carried
out for a super-period A=4.6 um, longer period A ;=460 nm, shorter period A»=242nm, and
ng=1.33.

A2=236.4 nm, a;=13 nm and a;=4 nm. It is worth of noting that the period A, was selected
to slightly deviate from the 2A, (as was originally studied on gratings with photonic bandgap
[28]) in order to lift out the sensitivity on the mutual phase between these corrugations ¢. The
reason is that the used UV-LIL recording of the MPG structure does not allow for controlling this
parameter and by introducing a small offset the phase dependence is averaged when irradiating
surface with area at mm? scale.

The MPG structure on a glass substrate was used as a sensor chip, and its top outer surface
was clamped against a flow-cell, see Fig. 3(c). Then, a polychromatic light beam was made
reflected from the inner surface of the gold film on the sensor chip and its spectrum was analyzed
by a spectrometer. As described further, there were observed changes in the specular reflectivity
spectrum Ro(4) due to the variations of the refractive index of a liquid n, flowed through
the flow-cell as well as upon refractive index changes induced by molecular binding events.
Reflectivity spectra Ry(1) were firstly measured for refractive index no=1 (air was present in the
flow-cell) and n,=1.33 (water was flowed through the flow-cell), Fig. 4(a). In contact with air,
reflectivity spectra measured from the inner substrate side (BK7 glass) and the outer superstrate
side (flow-cell) show resonances manifested as a dip in Rp(A). For the inner substrate side, the dip
is centered at a wavelength close to 720 nm (red curve, w;,) which is spectrally separated from that
observed from the superstrate outer side at 575 nm (blue curve, w,-). When increasing the outer
refractive index to n,=1.33, the reflectivity spectrum R,(1) measured from the inner superstrate
side (green curve) changes and exhibits two spectrally separated dips. These two dips are located
at wavelengths of 650 nm (w,4+) and 720 nm (m,-), and they can be interpreted as first-order
diffraction coupling by the corrugation component A; to PSP modes that are Bragg-scattered on
the outer interface by the corrugation component A». Importantly, the spectral position of the
resonance ,- is coincident with wq, that is observed when probing from the inner substrate
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Fig. 3. a) AFM observation of the topography of the prepared MPG corrugation carrying
the recorded corrugation with longer period A;=462nm, a;=13nm and shorter period
A2=236.4nm, a,=10.5 nm as determined by b) Fourier transform analysis. ¢) Schematics
of the sensor chip with the MPG corrugation and the optical setup for the measurement of
spectral reflectivity Ry with beam splitter (BS) and polarizer (POL).

side. Therefore, the overlaid resonance shows a character of two superimposed Lorentzian dips.
A similar profile is observed when the reflectivity Ro(A) is measured from the inner substrate side
(black curve), which further confirms that a cross-coupling of PSP modes through the metallic
film occurs as predicted by the simulations in Fig. 2(b). The small deviations in the measured
resonance spectral position and the stronger coupling can be attributed to the effect of roughness
of the gold film that was not taken into account in the mode, increased modulation amplitude a,,
and possible differences in the optical constants of used thin films.

In order to investigate this phenomenon in more detail, the bulk refractive index of the aqueous
solution on the outer surface of the sensor chip was changed from n,=1.33 to 1.38, and the
reflectivity Ro(A) was measured from the inner substrate side. As Fig. 4(b) shows, the spectral
shape of the resonance dip changes and the lower wavelength component (centered at A;;) red
shifts and become more pronounced. The longer wavelength part (centered at A;») also red
shifts, but its coupling strength decreases when increasing n,. This observation is in qualitative
agreement with the simulations presented in Fig. 2(b) and confirms that the proposed concept
allows for the cross-coupling of PSP modes through the metallic film and to optically monitor
changes in the refractive index from the opposite side.
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Fig. 4. a) Measured reflectivity Ry with a beam normally incident at the sensor chip carrying
MPG from its substrate (1) and superstrate (1) sides and air (no=1) and water (n,=1) on
the top. b) A detail of the reflectivity spectrum in the spectral region with cross-coupled
surface plasmon resonance and refractive index on the top of the structure varied between
no=1.33 and 1.38.

To implement the developed MPG structure for in siru realtime SPR measurements, the
reflectivity spectra Ry were acquired in time, and a centroid method was applied in the spectral
region where the cross-coupled SPR dip occurs. This approach was chosen as the variation in the
coupling strength to the two overlapped resonances A;; and A;> appears to be more pronounced
than the spectral shifts 64;; and d4;;. In general, the centroid wavelength A, is blue-shifted

when increasing the refractive index of the outer dielectric medium n,, as illustrated in Fig. 5(a).

This trend is opposite to classical SPR (where a red shift occurs) due to the observed coupling
strength changes of respective dips at A;; and A, To test the performance of the approach, we
tracked the centroid wavelength A, in real-time upon changing the bulk refractive index n, and
upon the affinity binding of biomolecules on the gold MPG surface. Before this experiment, the
MPG sensor chip was modified by a mixed thiol SAM with biotin head groups. Then the chip
was loaded to the optical reader, and a baseline in the sensor signal A.., was established upon a
flow of working buffer PBST, see Fig. 5(b). The centroid threshold parameter was optimized and
the best signal-to-noise-ratio was obtained close to R=0.5, similar to the previous works where a
shift in the SPR resonance dip was measured in reflectivity spectra [26]. Afterwards, the PBST
solution was spiked with sucrose (1%, 2%, and 4%) and sequentially flowed over the surface to
increase the bulk refractive index (dno=1.4 x 107>, 2.8 x 1073, 5.6 x 1073 RIU, respectively).
As can be seen in Fig. 5(b), the increase in refractive index n, is accompanied by a stepwise
decrease in the sensor signal A, from which a sensitivity of S,=01¢en/dn,=—252 nm/RIU was
determined. For the baseline noise quantified with a standard deviation of o-(Aeen) = 3.75% 107
nm, this sensitivity corresponds to the refractive index resolution of 1.5%107°. It is worthy
of noting that such resolution is comparable to similar sensors with regular grating-coupled
SPR (resolution of 6x107% RIU was reported [29]). The accuracy of the proposed approach is
apparently hampered by the fact that the cross-coupled PSP modes travel on both interfaces, while
the regular grating-coupled SPR allows for better field confinement by the excitation of PSPs only
at individual (active) surface. This can be estimated to reduce the sensitivity (and respectively the
refractive index resolution) by a factor of two. Additional parameter that can be used to further
optimize the performance of the proposed concept is the thickness of the metal film dy,,. In
general, decreasing this parameter leads to increasing the coupling strength between the surface
plasmon modes travelling along the outer (PSP,) and inner (PSP;) by stronger overlapping their
field profiles. However, there will also occur an increase in radiative damping of PSP, that is in
general leaky mode into the substrate with higher index of refraction n;. We assume that then the
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spectral width of the coupled resonance will be broadened and the performance characteristics
impeded. The chosen thickness of d,,=50 nm was selected as the radiative damping is still weak
and it already allows to achieve the cross-coupling with the prepared MPG topography.
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Fig. 5. a) Evaluation of the resonance variations due to refractive index changes by using
the centroid method and b) example of the measured kinetics data for bulk refractive index
changes dng induced by a flow of buffer solution spiked with sucrose at 1%, 2% and 4% and
for the affinity binding on the sensor surface. B indicates the rinsing with PBST.

Finally, the MPG sensor chip was used for the probing of affinity binding of biomolecules that
constitute an assay for the detection of a protein biomarker TNF-o. — human tumor necrosis factor
alpha. Firstly, a solution with neutravidin — NA — dissolved in PBST at a concentration of 125
pg/mL was flowed through the sensor for 45 min. The respective SPR sensor signal presented in
Fig. 5(b) shows a gradual decrease of Acen by 0.75 nm due to the affinity binding of NA to biotin
groups carried by the thiol SAM on the gold MPG surface. Then, biotinylated capture antibody —
cAB — that is specific to TNF-a. was immobilized from PBST solution spiked at a concentration
of 2 pg/mL that was flowed over the sensor surface for 45 min. Similar to the previous step, the
affinity binding of cAB is manifested as a gradual decrease in Acen, Which levels as a change of
0.30 nm. Afterwards, the sensor surface is used for the detection of TNF-« that was amplified
by using a secondary antibody cAB that is also specific to TNF-a. The detection consisted of
15 min flow of TNF-¢, 5 min rinsing with PBST, and additional 15 min binding of the sAB
dissolved at 500 ng/mL in PBST. As seen in Fig. 5(b), a shift in Ac, (0.028 nm) was measured
for direct binding of the TNF-a. at a concentration of 100 ng/mL, and an additional drop (0.04
nm) was observed after the sAB amplification. In the second step, the same assay was repeated
for the TNF-a. concentration increased to 1 pg/mL and the affinity binding resulted in a stronger
response (0.036 nm and 0.059 nm, respectively). Let us note that these values are not directly
proportional to the TNF-a concentration in a liquid sample as the sensor surface binding capacity
probably reached its saturation. At the end of the experiment, the calibration was repeated by
changing the bulk refractive index n, with sucrose spiking of PBST, leading to similar shifts as at
the start of the experiment.

4. Conclusions

The proposed concept of multi-period grating — MPG — was theoretically investigated and
experimentally demonstrated to provide efficient means for the direct back-side excitation
of propagating surface plasmons. Compared to alternative approaches based on long-range
surface plasmons relying on low refractive index polymers and localized surface plasmons
supported by arrays of metallic nanoparticles, the developed structures can be prepared without
complex lithography steps and do not rely on expensive polymer materials. In conjunction with
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advancements in the nanoimprint lithography that can be scaled up using roll-to-roll configuration,
large areas carrying MPG structure can be prepared and exploited in various sensor modalities.
The refractometric experiment and a model assay experiment confirm that the accuracy of the
sensor configuration probed from the back-side sensor chip is similar to that measured for regular
grating coupled SPR when the probing is performed through the analyzed liquid sample.
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Biosensors detect analytes based on the change of some physical quantity of the sensor
interface in response to one or more physical or chemical properties of the analyte. The
transducers rely on properties like mass, electrical charge, and electrical or hydrodynamic
permittivity. The signals derived are sometimes ambiguous, for example, a thin layer of
densely packed molecules can create a signal very similar to the signal caused by a less
densely packed thicker layer in mass sensitive sensor modalities. By probing the same
interface with two different modalities at the same time, complementary properties of the

surface can be probed to mitigate some of the ambiguities.

In this chapter, an instrument is presented that is capable of simultaneous observation of
mass deposition to a metallic interface that also serves as the gate electrode of an electrolyte-
gated graphene-oxide field effect transistor. SPR is used to monitor the adsorption of
material onto the surface while simultaneously observing the changes of the electrical
properties of the interface using the transistor. With this bimodal instrument, the layer-by-
layer formation of a polyelectrolyte film is observed. The deposition of the material onto
the interface is observed by the SPR modality while the strongest influence on the transistor

signal is exerted by the net surface charge. Remarkably, the two modalities reveal different

¢ Appendix 5.7.2
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time constants for their corresponding processes, which allow new insights into the layer

formation process that would not be conceivable with separate observations.

This work was initiated by Johannes Bintinger and Stefan Fossati, who developed the
concept and built the first working device for the integrated SPR and gFET measurements.
The instrument was then further developed by Patrik Aspermair for routine measurements,
carried out by Ulrich Ramach and Bernadette Lechner. During further development, Stefan
Fossati was responsible for the SPR part of the experimental setup and contributed to the
corresponding parts of the manuscript. The development of the theory for the data analysis
of the combined gFET/SPR system was a joint effort of the authors under the lead of Ciril

Reiner-Rozman.

Supporting information to this article is included in the appendix, section 5.4.
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ABSTRACT: By combining surface plasmon resonance (SPR)
and electrolyte gated field-effect transistor (EG-FET) methods in a
single analytical device we introduce a novel tool for surface
investigations, enabling simultaneous measurements of the surface
mass and charge density changes in real time, This is realized using
a gold sensor surface that simultaneously serves as a gate electrode
of the EG-FET and as the SPR active interface. This novel platform
has the potential to provide new insights into (bio)adsorption
processes on planar solid surfaces by directly relating comple-
mentary measurement principles based on (i) detuning of SPR as a
result of the modification of the interfacial refractive index profile
by surface adsorption processes and (ii) change of output current
as a result of the emanating effective gate voltage modulations.

Furthermore, combination of the two complementary sensing concepts allows for the comparison and respective validation of both
analytical techniques. A theoretical model is derived describing the mass uptake and evolution of surface charge density during
polyelectrolyte multilayer formation. We demonstrate the potential of this combined platform through the observation of layer-by-
layer assembly of PDADMAC and PSS. These simultaneous label-free and real-time measurements allow new insights into complex
processes at the solid—liquid interface (like non-Fickian ion diffusion), which are beyond the scope of each individual tool.

B INTRODUCTION

Electronic sensing devices including those based on electrolyte
gated field-effect transistors (EG-FETs) have attracted
increasing attention in recent years due to their potential for
the use in compact and cost-efficient analytical devices.'”’
Despite the progress in understanding the underlying
principles and even demonstrating label-free single-molecule
detection,” no commercial EG-FET biosensor has yet entered
the market. Specifically, low reproducibility, unspecific binding,
sensor drift, and batch to batch variations have hindered large-
scale deployment of this emerging class of biosensors.” In the
carly 1980s and 1990s, comparable challenges were addressed
in the field of surface plasmon resonance (SPR) biosensor
systems.'”'' Research carried out over the last decades has
paved the way for establishing this method in the market of
biomolecular interaction analysis,'* and we have witnessed the
gradual advancement of this technology for rapid detection of
chemical and biological species.'”'” SPR biosensors allow
direct label-free monitoring of molecular affinity binding events
on the sensor surface associated with changes in surface mass
density."""* They are probed by the confined optical field of

@ 2020 American Chemical Society

v ACS Publications 11709

surface plasmons and monitored through variations in the local
refractive index. Over the last years, progress in the
instrumentation of SPR biosensor technology has allowed for
detection of minute changes in surface mass density, enabling
analysis of molecules with low molecular weight and species
that are present in trace amounts in analyzed liquid samples.
However, they typically rely on complex optical systems that
are deployed in specialized laboratories, particularly when
combined with other techniques for measurement of additional
parameters beyond the affinity binding rates. These parameters
include identification of biomolecular interactions by coupling
SPR biosensors with mass spectrometry,'® surface-enhanced
Raman spectrometry,r fluorescence spectroscopy,m or mon-
itoring of conformational changes of biomolecules with

Received: November 11, 2019 JACS
Published: May 14, 2020
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plasmonically enhanced IR spectroscopy.'® In comparison with
these methods, EG-EET systems offer the advantage of simpler
device architecture combined with an electronic readout
principle, scalable cost-efficient production, low power
consumption, and facile integration into point-of-care plat-
forms that do not require specialists for operation.’ The
measurement principle is based on sensi.ng of complementary
changes caused by electric field effects™™™* associated with
changes in charge distribution upon capture of a target species.
This approach allows probing at closer proximity to the sensor
surface™® than SPR and has the potential to monitor effects
that are beyond the scope of the optical SPR technique, for
instance, conformational changes of biomolecule surface
reactions.”” As many biologically relevant processes are
inherently linked to mass and charge variations, fusing different
sensing techniques into one multifunctional instrument could
offer intriguing possibilities to investigate phenomena from
different perspectives. Only a few reports in this context
attempt to separate mass and charge effects,” ™" and neither
offered temporal resolution, performed proper spatial coupling
of the system, nor provided a satisfying theoretical framework.

Here, we report an approach to combine SPR (optical) and
EG-FET (electronic) readouts for simultaneous and real-time
observation of optical and electronic aspects of molecular
interactions. It is realized that using a gold sensor surface
simultaneously serves as the gate electrode of the EG-FET and
as the SPR-active interface (Figure 1), We demonstrate the

Figure 1. Schematic illustration of the combined SPR/EG-FET setup.
Top Au electrode plays the dual role of SPR sensing surface and EG-
FET gate electrode.

capabilities of the developed SPR/EG-FET platform through
the real-time observation of layer-by-layer (LbL) assembly of
charged polyelectrolytes. We elucidate surface effects including
intralayer ion diffusion processes from complementary
techniques. This surface architecture represents a well-
established system that offers a simple bottom-up modification
strategy on different substrates.”'** LbL multilayers are
sequentially assembled using the attractive forces between
oppositely charged polyelectrolytes and typically characterized
after each layer deposition step. Moreover, this technology
shows great potential in multiple, diverse fields such as fuel
cells,™ batteries,”” drug delivery,w and water desalination,””
but a better understanding of the intrinsic processes and the
resulting film properties is essential for guiding the develop-
ment of new films and specific applications.*""*

Real-time measurement using the SPR/EG-FET approach
offer a means to observe typically inaccessible effects associated

90

with the kinetics of binding and redistribution of mass and
charge density during the growth of individual layers. In
addition, the reported approach of the bifunctional sensor can
be extended in a straightforward manner for measurement of
other (bio)molecular interactions and serve to further develop
these platforms and to elucidate surface effects that neither
SPR nor EG-FET can address individually. Due to their
relatively large mass and high charge density, LbL architectures
are well-suited model systems to demonstrate the capability of
the novel platform for monitoring mass deposition and charge
distribution.

B RESULTS

SPR chemo-optical signal transduction relies on the detuning
of the resonant optical excitation of surface plasmons on a
metallic surface. It occurs due to the increase of refractive
index upon growth of a (bio)molecular assembly on the sensor
surface.'' The observed detuning of SPR can be converted into
changes in the surface mass density I' of the (bio)molecular
layer using effective medium theory.”™** In contrast, the
chemo-electrical signal transduction in EG-FETs is based on
the locally induced electric field variations induced by surface
charge density changes on the sensor modulating the Fermi
level," observed as a shift of the Dirac point V, the voltage of
lowest conductance (Figure 2). We observed LbL assembly of
polyelectrolyte multilayers (PEM) using SPR with Kretsch-
mann configuration of the attenuated total internal reflection
method.
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Figure 2. (Top) Sequential LbL assembly monitored by a SPR system
using a planar gold surface. (a) Shift of the resonance angle as result
of layer deposition, and (b) total thickness of the adsorbed films as a
function of deposited layers. (Bottom) LbL assembly monitored in
situ by an EG-FET system based on rGO. (c) Transfer curves of EG-
FET for PDADMAC/PSS assemblies, and (d) change of the Dirac
points V, as a function of the number of adsorbed layers and their
respective charges.

The resonant excitation of surface plasmons manifests itself
as a dip in the angular reflectivity R(@) (Figure 2a). At the
resonant angle, the excited surface plasmons probe the gold
sensor surface with a PEM that was sequentially grown from
positively charged poly(diallyldimethylammonium chloride)
(PDADMAC; average molecular weight < 100 kDa) and
negatively charged poly(sodium 4-styrenesulfonate) (PSS;
average molecular weight approximately 70 kDa) during

https://dx.doi.org/10.1021/jacs.9b11835
J. Am. Chem. Soc. 2020, 142, 11709-11716
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continuous flow (100 yL/min,). Polymer solutions (1 mg/mL
in 0.1 M KCl aqueous solution) with refractive index
n, = 1333 were sequentially pumped over the UV—ozone
activated gold sensor surface with intermediate rinsing steps
(see Supporting Information for details). After growth of each
layer, angular reflectivity scans R(#) were recorded and the
thickness d, and refractive index n, of the assembled PEM
were obtained by fitting the spectra using the Fresnel
reflectivity model. Analysis was described in detail in previous
work,™ and the refractive index of PDADMAC/PSS layers was
measured as n, = 1.577 when dried in contact with air. After
swelling of the PEM in 0.1 M aqueous KCI solution, its
refractive decreases to n, = 1.476. Fitting R(#) for swollen
PEMs allows determining the dependence of layer thickness d,
on the number of growth steps, which can be seen in Figure 2b
(corresponding kinetic measurements as well as angular scans
are shown in Figure S1). In accordance with previous
reports,’* this dependence exhibits a parabolic trend, and the
average increase of Ad, = 0.95 nm was determined for the first
eight layers. The average surface mass density increase AI" per
layer associated with LbL deposition of the PEM was
determined by*®"’

Al = Ad-(n, - na)[g—:] W

resulting in AT = 69 ng/cm? In this equation the coefficient
on/dc = 0.2 mm® mg~' relates the changes in refractive index
with the concentration of (bio)polymers bound to the
surface."

We further investigated the PEM assembly using reduced-
graphene oxide-based field-effect transistors (rGO-FET) by
monitoring the resulting Dirac point shifts AV, (Figure 2¢ and
2d).*** rGO-FETs were fabricated by previously reported
procedures (see Supporting Information).™ All measurements
were performed in a dedicated flow cell (Figures $19 and 520).
Electrical measurements were performed by applying a 50 mV
source—drain bias and sweeping the gate potential Vi;5 while
monitoring the current between the drain and the source Iy
using a Keysight U2722A instrument with custom-made
LabVIEW software (Figure S21). An Ag/AgCl reference
electrode was used as a gate electrode. As shown in
Figure 2c, positively charged PDADMAC layers shift the
transfer curve (IpgVgs) to more negative voltage values
compared to a positive Dirac shift AV, introduced by
negatively charged PSS layers, which is in agreement with
previous publications."” The observed AV, between alternating
layers are on the order of 25—40 mV. Furthermore, the
dependence on the ionic strength of the KCI solutions was also
evaluated (Figure S11).

Interestingly, these shifts obtained from dynamic LbL-
processes are smaller than values obtained from static assembly
processes, as recently shown by our group,” and can be
explained by the absent drying step after each layer deposition.
The drying step causes a collapse of the polymer layer and thus
increases the surface charge density o.

After determining the viability of in situ monitoring LbL
assembly using individual SPR and EG-FET measurements,
each in a separate flow cell configuration, the concept of the
dual-electro/plasmonic signal transduction was demonstrated
with the combined SPR/EG-FET tool. A 50 nm thin gold layer
used in SPR measurements with Kretschmann configuration
was simultaneously employed as the gate electrode of the EG-

11711

FET. A custom-made polydimethylsiloxane gasket defining the
flow cell volume (5 uL, 400 pm flow channel thickness)
attached the EG-FET to the SPR substrate. The flow cell was
sealed using a 3D-printed holder with a commercially available
interdigitated electrode chip (Micrux IDE1) using rGO as
channel material (Figures 1, $17, and S19).

Sequential LbL growth of PEM, composed of PDADMAC
and PSS, was monitored in parallel using the optical (SPR) and
electronic (EG-FET) readout channels. The acquired sensor
response kinetics are presented in Figure 3 for the growth of
layers 3—8, revealing a stepwise increase in the SPR response
and an alternating, more complex, electrical EG-FET signal.
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Figure 3. In situ readout of the sequential growth of alternating
PDADMAC (red bars, N = 3, 5, 7) and PSS (blue bars, N = 4, 6, 8)
layers by the use of SPR (upper graph) and EG-FET (bottom graph).
Device was operated with applied negative (blue curve) and positive
(red curve) Vi voltages. Baseline correction was applied to level
post-PSS Ips current values to zero. See Figures S1 and SI13 for raw
data and gate leakage current values.

The first two layers (see Figure S1 for raw data) act as
precursor and ensure sufficient PEM coverage for the
subsequent layers.”” The SPR sensor response was measured
in refractive index unit (RIU) by calibrating the sensor to bulk
refractive index changes n, (Figure S1). Prior to growth of the
second pair of PDADMAC/PSS layers (layers 3 and 4), a
baseline was established (KCI, 100 mM, 0—15 min). Then the
solution with positively charged PDADMAC was injected
(15 min), and a rapid increase in SPR response was observed
as a result of surface mass deposition. The system was rinsed
with KCl for 15 min, and a rapid small decrease in the SPR
signal was observed due to the bulk refractive index change n,
and the desorption of loosely bound polymer chains.”" Next,
the solution with negatively charged PSS was injected for
15 min followed again by a 15 min rinsing step, leading to a
similar increase in SPR signal. The growth of the first 8 layers
was linearly approximated (Figure $12) and shows a gate-
voltage dependency.

The equilibrium ASPR signal of 10—16 mRIU (and
respective surface mass density AI' and PEM thickness dp)
are in accordance with those measured in static mode and
presented in Figure 2. Interestingly, the overall surface mass
density I of the grown PEM was about 60% higher for the
negative Vg applied to the gold surface compared to the
positive one due to the respective changes in the surface mass
density of the initial positively charged PDADMAC layer. Due

https://dx.doi.org/10.1021/jacs.9b11835
J. Am. Chem. Soc. 2020, 142, 11709-11716
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to the polarizability of charged polymers, the polymer chains
exhibit instantaneous response to the electrostatic attraction by
Vs~ Hence, electrophoretic deposition occurs and the
electrostatic compensation process between cationic and
anionic polyelectrolytes is stronger, resulting in thicker films
as seen by the SPR signals (Figure $12). This corresponds to a
mean layer growth of d, = 2.82 + 0.06 nm with AI" = 202 +
4 ng/cm? for Vg = —400 mV and d, = 1.69 + 0.06 nm with
Al = 121 + 4 ng/cm® for Vg = +400 mV, as extracted from
the coupled SPR/EG-FET system according to eq 1. As the
same PEM is formed on both interfaces of the flow cell, we
further assume that both SPR and EG-FET channels respond
to the same supramolecular architecture. While the SPR is
sensitive to the binding of higher molecular weight
PDADMAC and PSS polymers, it will not respond to the
presence of low molecular weight K* and CI” ions. In contrast,
the EG-FET responds to charge density variations independent
of the molecular weight.

In comparison to the SPR, the response observed with the
EG-FET channel (Alyg), shown in Figure 3, shows different
behavior. In this experiment changes in Alg were measured in
time for a fixed applied gate-potential (Vi;), which defines the
working point of the EG-FET system. The measured current
changes are proportional to the slope of the IsVgs curve,
which is opposite for the set Vg = +400 mV (Figure S14).
The binding of positively charged PDADMAC polymer and
negatively charged PSS polymer is accompanied by opposite
changes in I)s current as the binding of these polymers shifts
the Dirac point V; to more negative or positive voltages,
respectively (Figure 2c). Only the ambipolar properties of
certain semiconducting materials (such as rGO) allow for
using both positive and negative gate voltages (V;s) and thus
investigating the electric field dependence of the LbL
adsorption.

Strikingly, trends in the EG-FET signal due to growth of
PEMs are inherently different from those observed with SPR,
in terms of both magnitude and kinetics. For example,
deposition of positively charged PDADMAC gradually
increases the Ipg current (in the case of Vgg = +400 mV)
until equilibrium is reached in about 15 min, thus taking 30
times longer than the SPR signal. At the beginning of PSS
injection, a rapid increase in Ipg (in the case of Vg = +400
mV) occurs in about 1 min and overlays with a slow competing
decrease that reaches equilibrium in about 15 min. As
expected, the current output sign is reversed when applying
a negative gate potential (Vs = —400 mV).

A detailed investigation of the EG-FET signal reveals two
contributions, both exhibiting exponential behavior with
different time constants (Figure 52). The two processes can
be attributed to the accumulated charge density ¢ (EG-FET),
which is composed of (i) o, originating from adsorbed
charged mass density (SPR), and (ii) &, induced by capacitive
effects, according to o = o, + o,

Changes of the surface charge density correspond to
variations of the surface potential y (Debye—Hiickel, eq 2),
thus modifying Ijg

o

£EK (2)

where k = 1/1, = [(2 Z¢*n,)/(ek T)]™"/%, with Debye length
Ap, ion valency z, electron charge ¢, ion concentration of the
bulk ny, Boltzmann constant ky, temperature T, permittivity
constant &, and relative permittivity & of the solution.
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Experimental confirmation was obtained by eliminating any
capacitive contributions (g, = 0), which was realized by
replacing the gate electrode with a nonconductive substrate
(Figure S4), thus leading to ¢ = 6,. Such two-terminal devices
have been demonstrated for sensing applications.”* As shown
in Figure 4, the time constants t, for noncapacitive experiments
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Figure 4. (Left and right) Detailed signal response of layer 5 from
Figure 3. (Middle) Obtained capacitance contribution by subtracting
the zero-capacitance measurement from the EG-FET response upon
layer formation.

(orange dashed line) are nearly identical to the SPR response
(black solid line), which is attributed to the adsorbed surface
charge density a,. Hence, we demonstrated that the SPR mass
uptake is proportional to o, which is deduced from the
adsorbed mass using the molar weight and valency of the
monomers (Figure $12). Calculating the surface charge density
for formation of the PDADMAC/PSS multilayers, we obtain o,
= 1202 + 2.5 p‘C/cml for PDADMAC for Vi;g = —400 mV
and 6, = 72.0 + 2.6 4C/cm’ for Vs = +400 mV and for PSS &,
= 1049 + 2.5 uC/em® for Vs = —400 mV and o, = 62.9 +
26 uC/em® for Vgg = +400 mV. Subtracting the zero-
capacitance data from the EG-FET response (green solid line)
reveals the contribution of the induced surface charge density
o, (purple dashed line).

M DISCUSSION

The different nature of the SPR and EG-FET originates from
the capacitive contributions (o;), yielding additional informa-
tion about the charge distribution processes in PEMs. The SPR
signal corresponds to mass uptake, attesting to the adsorption
of long polymer chains in a fast process. Counterions
surrounding the charged polymer backbone in the bulk
solution are introduced into the PEM structure during surface
adsorption. Oppositely charged PEMs achieve their electro-
neutrality by intrinsic charge compensation, resulting in
expulsion of previously trapped counterions. This Donnan
exclusion originates from the electroosmotic pressure of
trapped counterions’ and from screening between charge-
like polymers due to layer to layer charge neutralization.”°
The resulting intralayer K™ or CI” flux can be described as slow
non-Fickian diffusion®”” to the solid—liquid interface,
modifying the surface charge density 6,.>* Hence, the potential
in the PEM layer changes over time, and a corresponding
electrical double layer forms at the polyelectrolyte interface,
extending ap?r_oximately 100 nm into the ion solution
(Figure §16),”" leading to a modulation in the local electric
field. The changes in charge distribution and ion concentration
can also be described by the chemical potential by a
thermodynamic approach (eq S19, Chapter S1C). Since our

https://dx.doi.org/10.1021/jacs.9b11835
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setup allows a direct measurement of mass and charge, we
describe the equivalent by the more direct approach using a
theoretical model for determination of the surface charge
density utilizing a diffusion model™

o) = oppy (1 — €77 + It (3)

where I; is the Faraday current density at the gate. We
measured a constant gate current I (leakage current, 21 nA)
during all experiments and deposition steps, thus indicating a
negligible redox potential at the electrode (Figure S$13).
Therefore, we assume I; to be close to zero. The standard FET
equation for I is

w

Ips = ICtP(VGs = V)V )
where W is the channel width, L the channel length, C; the
insulating layer capacitance, u the charge mobility in the rGO,
and V7 the threshold voltage. Rewriting eq 4 as a function of
the surface charge density”” and expressing the surface
potential y via the Debye—Hiickel model (see eq 2), we
obtain eq 5, which describes the modulation of the observed
Ips as a consequence of i from o; due to ion diffusion and the
depletion layer in the EDL

Vas=Vos W

Ing = Ipgpo — deL_[ o U‘LV) dv-(1 — ¢ty

Vis EEK

(8)
where d, is the polyelectrolyte layer thickness. Equation §
describes the modulation of the observed Ipg resulting from
changes in the Fermi level of the rGO from the surface
potential y(Vys), which is determined by the voltage drop in
the PEMs and the potential drop at the solid—electrolyte
interface in proximity of the depletion layer (Figure 5). From
eqs 2 and 5 it becomes clear that the corresponding potential
drop y; results in a change of the observed EG-FET signal.

The EG-FET signal after PDADMAC deposition gradually
decreased throughout rinsing with KCI solution and
equilibrated over about 15 min, while ASPR stabilized rapidly.
This observation hints at the loss of approximately 5% of the
loosely bound surface layer® into which the majority of the
ions previously diffused. The desorption results in a surface
charge density alteration and triggers the corresponding EDL
formation, leading to a minute SPR response but a distinct
EG-FET response. Our observations originate from inherent
material properties and corresponding ion interactions, leading
to different charge densities at the surface. Therefore, rinsing
with KCI after PSS deposition exhibits a less prominent but
faster change to a stable current.

The applied electric field (from Vi) effects the diffusion,
depending on the charge polarity of ions by either slowing or
accelerating the diffusion flux. To evaluate the characteristics of
the observed behavior, kinetics obtained from the EG-FET
regarding o; were used for assessment of an arbitrary time ratio
&, which is obtained from the time constant ratio of layer
deposition and rinsing (& = f,,/t,) (Chapter Slc). Therefore,
we assume that the obtained time ratio £ reflects a measure for
ion affinity during diffusion, similar to diffusion-influenced
transport in transmembrane channels.”’ & = 1.7 + 0.2 for
PDADMAC at Vg = =400 mV and 1.3 £ 0.1 for +400 mV,
while obtained & values for PSS are 0.22 + 0.02 at —400 mV
and 0.32 + 0.04 at +400 mV. This is intuitive because
negatively charged PEMs layers have stronger affinities toward
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Figure 5. Schematics of the simultaneous readout of surface mass and
charge density at the two interfaces of the combined SPR/EG-FET
platform. Upper graph demonstrates initial conditions, followed by
subsequent PDADMAC and PSS depositions under constant flow of
polyelectrolyte solutions. Left side illustrates the SPR-Au-PEM
surface, and right side represents the PEM-rGO-EG-FET. Surface
charge density variations upon layer formation lead to the gate
potential () drop across the fluidic channel that is shown below.

positively charged ions in the Helmholtz layer at positive
applied V. The values of £ for PDADMAC and PSS PEMs
are different as measured with the EG-FET. Most likely the
differences of & are related to the polarity of Vg, the
corresponding Helmholtz double layer ion type, and the
intrinsic charge of the PEMs. Furthermore, we speculate that
the trapping of counterions is more pronounced in PSS layers
due to ionic m-interactions,” leading to slower ion diffusion in
comparison to PDADMAC. Additionally, the 7—x interactions
of the PSS layer itself could lead to a difference in interlayer
ion diffusion flux.

B SUMMARY

In summary, we herein present a powerful novel combinatorial
sensing platform which provides new insights into real-time
surface processes and enables direct measurement of surface
charge density and mass obtained from electro/plasmonic
signal transductions. We applied this platform to investigate
PEM formation using a PDADMAC/PSS system. Due to the
complementary sensing principles, the solid—liquid interface
can be investigated from different perspectives, which is crucial
as certain processes are beyond the scope of each individual
tool. For instance, sole observation of the layer formation via
SPR would suggest a completed material deposition within
60 s, whereas the subsequent slower charge diffusion takes
more than 15 min as observed by EG-FET. To the best of our
knowledge, this is the first report of a SPR/EG-FET platform
for simultaneous real-time monitoring under dynamic flow

https://dx.doi.org/10.1021/jacs.9b11835
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conditions, deconvoluting mass and charge contributions. On
the basis of experimental observations, we derived a theoretical
model to account for the evolution of surface charge density
due to PEM adsorption and intralayer ion diffusion. The
theory describes the time dependence of both mass uptake and
charge distribution, elucidated from changes of the refractive
index and surface potential at the solid—liquid interface. To
this end, we combined the Debye—Hiickel model and non-
Fickian diffusion theory to unravel intrinsic material processes.
Correlation of optical and electronic read-outs allows for the
discrimination of superimposed signals which originate from
charged mass uptake and subsequent surface charge redis-
tribution. We attribute each contribution to adsorbed and
induced components by deconvoluting the superimposed yet
time-correlated, EG-FET signal from the SPR data. By doing
so, we can interpret an optical signal such that a direct
comparison to an electronic signal is possible. Thus, our
bifunctional sensor platform is a new tool to monitor surface
events by simultaneously analyzing both the adsorbed mass
and the intrinsic molecular charges at the same surface and
under dynamic conditions. We hope these new insights can
lead to a better understanding of intrinsic processes, aid in
predicting material properties, and thus guide material and
application development.
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The continuous monitoring of the presence of a specific chemical compound in a medium
is essential in a wide range of applications. To facilitate continuous monitoring of the
reversible binding between a surface-immobilized receptor and the ligand can be utilized.
In contrast to high sensitivity assays, the affinity between the compounds is required to be
lower, as the dissociation rate defines the response time of the sensor system. This means,
that also the occupation density of binding sites, and with that the observed signal, is
reduced. Enhancement strategies are thus required to improve the sensitivity of such assays

to match the practical requirements.

Aptamers, short single-stranded RNA or DNA strands, that can fold into simple geometric
forms, are promising candidates for receptors for their highly adaptable properties by the
exchange of oligonucleotides in their sequence. The variability combined with high
throughput screening methods allows tailoring of sequences acting as an indicator in a

biosensor.!76177

In this study, a DNA aptamer folded to a hairpin shape is employed for the detection of
adenosine and adenosine triphosphate, important indicators in medical diagnostics. The
aptamer is immobilized on a gold surface with complementary sequences at the ends of the
strand that facilitate the folding and an open-loop region exposing a sequence known to

bind the selected analyte. The free terminal is decorated with a fluorescent dye, which in

¢ http://creativecommons.org/licenses/by/4.0/
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the folded state is within the metal-energy transfer range of the surface and consequently
quenched. Upon the capture of the analyte in the open loop, the hairpin structure unfolds,
and the distance of the fluorescent label from the surface is increased, exponentially
decreasing quenching and increasing the observed brightness. Upon dissociation of the
analyte, the hairpin conformation is eventually restored, and the fluorescence emission is

quenched.

In this study, Khulan Sergelen was responsible for the aptamer design, assay development,
and biosensor experiments. Stefan Fossati studied the optical properties of the fluorescent
dye in proximity to a metal surface using FDTD simulations and contributed to the
corresponding parts of the manuscript. The experimental work was carried out under the
supervision of Jakub Dostalek and Wolfgang Knoll. Conformation studies using a random
coil model were conducted by Aysegiil Turupcu under the supervision of Chris

Qostenbrink.

Supporting information to this article is included in the appendix, section 5.5.
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Conlinuous sampie flow and readout

ABSTRACT: Surface plasmon field-enhanced fluorescence energy transfer is employed for
sensitive optical readout of a reversible hairpin aptamer assay that is suitable for continuous
monitoring of low-molecular-weight chemical analytes. A hairpin aptamer specific to adenosine
and adenosine triphosphate with Alexa Fluor 647 fluorophore attached to its 5" end was
anchored via 3’ end thiol to a gold thin film. Molecular spacers were used to control the
distance of the fluorophore from the surface in the aptamer “off” and “on” states. The specific fon e b
binding of the target analyte changes the aptamer conformation, which alters the distance of . éi; i%
the fluorophore from the gold surface and translates to variations in the detected fluorescence C
intensity. The plasmonically mediated fluorescence signal increases the measured signal-to-
noise ratio and allows for real-time observation of the analyte binding. Theoretical as well as
experimental study of the optical signal dependence on fluorophore orientation, design of
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spacers, and angular distribution of collected light is presented for rational design of the assay. The detected sensor signal
increased by a factor as large as 23 upon switching the aptamer from the “off” to “on” state due to the hairpin opening associated

with the specific capture of target analyte.

KEYWORDS: aptamer, surface plasmon field-enhanced fluorescence, plasmonic amplification, quenching, adenosine triphosphate,

fluorescence energy transfer

he coupling of fluorophores with the confined field of
surface plasmons originating from collective oscillations of
the electron density at metallic surfaces offers powerful means
for the amplification of emitted fluorescence light intensity."”
The plasmonic confinement is associated with the enhanced
intensity of the electromagnetic field and the local density of
optical states which has been exploited in fluorescence studies
of single molecules’ as well as in the measurement on
ensembles of fluorophore-labeled biomolecules.”* The inter-
action of fluorophore labels with the plasmonically enhanced
electromagnetic field allows an increase of excitation rate and
improvement of the collection yield of emitted fluorescence
photons. The combined coupling of fluorophores at their
absorption and emission wavelengths with propagating surface
plasmons (PSPs) on metallic films or localized surface
plasmons (LSPs) at metallic nanoparticles can be engineered
to enhance detected fluorescence intensity by a factor
exceeding 3 orders of magnitude.®
In plasmonically amplified fluorescence assays, biomolecules
that are labeled with fluorophores are affinity captured on a
metallic sensor surface at distances in the range of 15—20 nm at

A4 ACS Publications  © 2017 American Chemical Society
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which the plasmonic fluorescence enhancement typically
reaches its maximum.””” At shorter distances the quenching
becomes dominant and the emitted florescence signal is
attenuated rather than enhanced while at longer distances the
binding events occur outside the evanescent surface plasmon
field. Aptamers become increasingly popular in analytical
technologies for specific capture and sensitive detection of
low-molecular-weight analytes'”"" for which more commonly
used antibody immunoassays are not possible. These versatile
building blocks can be employed in numerous detection
formats that take advantage of the measurement of fluorescence
quenching,'® plasmonic fluorescence enhancement,"® or
plasmonic near-field coupling between metallic nanoparticles.”
Such variety of readout modality is possible through the
flexibility in aptamer design that can be tailored for assays
relying on conformation changes,'’ displacement,’” or
formation of sandwich'® which are architectures not possible
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to realize with conventionally used antibodies against low-
molecular-weight analytes. A particularly interesting aspect of
the aptamer flexibility in design is the possibility of their
implementation to molecular beacon-based biosensors. In
short, single-stranded nucleic acids are modified at their
opposite ends with a fluorophore and a quencher and specific
analyte binding is detected by changes in the fluorescence
intensity. Fluorescence intensity is mediated by the aptamer
analyte complex formation that leads to structural changes or
most commonly displacement of complementary stem region
of a hairpin aptamer, rendering the quencher and fluorophore
pair to separate to a distance farther than energy transfer or
quenching to occur.'”

The majority of plasmon field-enhanced fluorescence assays
that has been pursued with aptamers carrying a fluorophore
attached to their DNA or RNA strand relied on chemically
synthesized metallic nanoparticles that support LSPs. These
modes typically confine electromagnetic energy at distances of
few tens of nanometers and they have been used in
fluorescence displacement assays that employ the distance-
modulated plasmonic enhancement' of fluorescence signal or
quenching."”’ In these works, the difference in the fluorescence
signal from the aptamer with and without analyte captured was
typically <6-fold. An aptamer fluorescence assay that is
mediated by PSPs on metallic films has been reported to
offer higher, 18-fold change, of fluorescence intensity upon
analyte binding™’ when probed with less confined PSP field
reaching about 100 nm from the metal surface.

This paper reports on the reversible direct detection of a
small molecule analyte by conformational changes of a hairpin
aptamer which is labeled with a fluorophore and attached to a
metallic film supporting PSP modes. Plasmonic amplification of
the fluorescence signal enabled in situ continuous monitoring
of variations in concentration of low-molecular-weight
analytes—adenosine and adenosine triphosphate. By using
simulations and experiments, the rational design of the aptamer
molecular spacers and optical readout is investigated based on
the emitted fluorescence intensity dependence on distance,
orientation of the emitter, and angular range used for the
collection of the fluorescence light.

B EXPERIMENTAL SECTION

Materials. Sodium chloride, tris hydrochloride, 4-(2-hydroxyethyl)-
piperazine-1-ethanesulfonic acid (HEPES), polyethylene glycol
sorbitan monolaurate (Tween 20), magnesium chloride hexahydrate,
adenosine, guanosine, adenosine 5'-triphosphate (ATP) disodium salt
hydrate, and tris(2-carboxyethyl)phosphine hydrochloride solution
(TCEP) were purchased from Sigma-Aldrich (Austria). (11-
Mercaptoundecyl)triethylene glycol (PEG-thiol, SPT-0011) was
obtained from SensoPath Technologies (USA). Two DNA aptamers
were synthesized by Integrated DNA Technologies (IDT-DNA,
Leuven, Belgium). The ATP hairpin aptamer with the short loop
sequence (SLA) consisted of Alexa Fluor 647N 5-CA CCT GGG
GGA GTA TTG CGG AGG AAG GTT PEG6 CCA GGT G-SH ¥
and the long loop ATP hairpin aptamer (LLA) sequence was Alexa
Fluor 647N 5'-CA CCT GGG GGA GTA TTG CGG AGG AAG
GTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT CCA
GGT G TT PEG6 -SH 3'. All reagents were used as received and
buffer solutions were prepared using ultrapure water (Arium Pro,
Sartorius Stedim).

Preparation of the Sensor Chips. A BK7 glass substrate was
coated with 2 nm Cr and 50 nm Au films by thermal vacuum
evaporation (Model HHV FL400, HHV Ltd, UK). The Au surface
was rinsed with ethanol, dried under a stream of air, and stored under
argon atmosphere until use. LLA or SLA aptamer was dissolved at

100
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concentration of 1 M in 200 uL of 10 mM Tris buffer (pH= 7.4)
containing 6 mM MgCl,. Afterward, the aptamer was reacted with
100-fold excess TCEP (100 pM). After 4 h of incubation, the reduced
ATP hairpin aptamer solution was spiked with PEG-thiol at
concentration of 10 gM and the mixture was flowed over the Au
surface in a closed loop system for 2 h in order to form a self-
assembled monolayer (SAM).

Optical Setup. A schematic of the optical setup can be seen in
Figure 1. The sensor chip with the aptamer biointerface on top was

&

-@6\
g0

Sensor chip
“ with flow-cell

Figure 1. Schematics of the optical configuration used in the surface
plasmon field-enhanced fluorescence measurements.

optically matched to an LASFN9 glass prism by using refractive index
matching oil (from Cargille Inc,, USA). The HeNe laser (1., = 632.8
nm, ~2 mW) beam was transverse magnetically (TM) polarized by
passing through a polarizer (POL) and was coupled to the prism to
resonantly excite the PSPs by the Kretschmann configuration of the
attenuated total reflection (ATR) method. The prism and sensor chip
assembly was mounted on a rotation stage to control the angle of
incidence @ and the angular reflectivity spectra R(#) were measured by
a photodiode detector connected to a lock-in amplifier (EG&G, USA).
The enhanced field intensity occurring upon the coupling to PSPs at a
resonant angle fgpy were used to excite Alexa Fluor-647 molecules at
the sensor surface. The fluorescence light emitted at a wavelength
around A, = 670 nm to the direction normal to the surface was
collected by a lens (focal length 30 mm, numerical aperture of NA =
0.2), passed through two bandpass filters (FBF, transmission
wavelength 4 = 670 nm, 670FS10—25, Andover Corporation Optical
Filter, USA) and a notch filter (LNF, central stop-band wavelength 2 =
632.8 nm, XNF-632.8—25.0M, CVI Melles Griot, USA). Then the
fluorescence light was coupled to a multimode optical fiber
(FT400EMT, Thorlabs, UK) that was connected to an avalanche
photodiode photon counter (Count-200-FC, Laser Components,
Germany). Its intensity (F) was measured by a counter (531314,
Agilent, USA) in counts per second (cps) and recorded by the
software Wasplas (Max Planck Institute for Polymer Research, Mainz,
Germany). During the fluorescence measurements, the intensity of the
laser beam illuminating an area of about 1 mm® was decreased by using
a neutral-density filter (NDF, optical density OD = 2, Linos Plano
Optics) in order to reduce the effect of fluorophore bleaching. The
measurement of reflectivity R and fluorescence intensity F as a
function of time ¢ was performed at an incidence angle # that was fixed
close to the resonance.

Aptamer Assay. A flow-cell with a volume of 10 yL was clamped
to the sensor surface to contain liquid samples transported via fluidic
tubing (Tygon LMT-55) with 0.25 mm inner diameter at a flow rate of
15 pL/min. The flow-cell consisted of a PDMS gasket (thickness of
~130 pm) and a transparent glass substrate with drilled inlet and
outlet ports. Throughout the assay measurements, 10 mM Tris buffer
(pH = 7.4) containing 6 mM MgCl, was used (further referred to as
hairpin aptamer assay buffer—HAB), which was similar to the buffer
condition used during the aptamer selection process with minor
maodifications.”’ Following the aptamer immobilization, the sensor
surface was washed for 15 min with HAB to establish a stable baseline

DOI: 10.1021/acssensors.7b00131
ACS Sens. 2017, 2, 916-923
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Spacer2

Analyte specific

sequence —_ T fon
Stem

sequence

> — Fluorophore

Perpendicular  Parallel

e &

SLA: 5' AF647-CACCTGGGGGAGTAT
TGCGGAGGAAGGTT-PEGE-
CCAGGTG-SH 3

LLA: 5-AF647 CACCTGGGGGAGTATT
GCGGAGGAAGGTT-TTTTTTT
TTTTTTTITTTTTTTTITTITTTITT
CCAGGTGTTPEG6-SH 3'

Figure 2. (a) Schematics of the aptamer-based assay on the gold sensor surface that utilizes a fluorophore coupled to surface plasmons (PSP). Short
loop hairpin aptamer (SLA) or long loop hairpin aptamer (LLA) were anchored at the gold surface via a thiol group at the 3’ end and their surface
density was diluted by using polyethylene glycol-thiol (PEG). (b) Examples of possible closed hairpin conformations of SLA (left) and LLA (right)
in the absence of analyte and with Alexa Fluor 647 fluorophore attached to the 5" DNA strand end.

of the fluorescence signal F,. Then, a series of samples spiked with
target and reference analytes were sequentially injected. Each sample
was flowed for 3 min during which the sensor signal F(t) reached
saturation. For comparison, a high ionic strength HEPES buffer was
used (10 mM HEPES pH = 7.4 containing 150 mM NaCl, 5 mM
MgCl,, and 0.005% Tween 20) for the affinity binding studies besides
HAB.

Optical Simulations. Numerical simulations were carried out in
order to determine the light intensity emitted to the far field by
fluorophores that are exposed to the evanescent field of PSPs in close
proximity to a metallic surface. The simulations were performed by
using the finite difference time domain (FDTD) method that was
implemented in the package FDTD Solutions (Lumerical Solutions
Inc,, Canada). Fluorophores were represented by an infinitely small
dipole source placed above a plane gold surface at a distance f with the
orientation parallel (||) or perpendicular (1) to the surface. The
angular distribution of emitted light intensity to the far field was
determined by using a monitor placed above the structure. Perfectly
matched layer boundary conditions were applied at all interfaces of a 1
pm X 1 pm X 3.5 pm simulation volume. A region of 120 nm X 120
nm X 300 nm around the emitter was studied with a 1 nm mesh, while
the remaining volume was partitioned with a nonuniform conformal
mesh. Water, as background medium surrounding the emitter, was

918

described by a constant refractive index medium with n = 1.332 and
the wavelength-dependent refractive index of gold was obtained by
fitting CRC data.™ In order to determine the emission probability to
the defined numerical aperture NA, the emitted intensity at 4, = 670
nm was integrated over the angles falling in the defined range and
normalized with the total emitted power at the same wavelength. The
emission rate to a chosen NA was obtained as a product of emission
probability and excitation rate. The excitation rate of a fluorophore was
assumed proportional to the electric field intensity [EI* at 4,, = 633 nm
which was simulated for the resonant coupling to PSPs.

Analysis of Aptamer Conformations. A random-coil approach™
was used based on a model in which the end-to-end distance of
polymer chain with N elements is determined as aaN'"2, where a is the
length between the monomers and @ is a coefficient. An average
distance of a = 0.63 nm was assumed for nucleic acid monomers™ and
a = 0.15 nm for the bonds within PEG segments. The segments of
oligonucleotide strains were assumed to rotate completely freely and
thus a was set to & = 1. For the PEG spacers, & was set to 2% to take
into account their stiffer chain, It is important to note that this model
neglects a wide range of effects including repulsive Coulombic
interactions (e.g., between negatively charged bases in the DNA strand
and with the negatively charged Alexa Fluor 647N), steric hindrance,
or defined DNA strand conformations as a result of the affinity bound

DOL 10.1021/acssensors.7b00131
ACS Sens. 2017, 2, 916-923
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target analyte. Visualizations of possible conformations of the studied
aptamers were created in the Molecular Operating Environment
(MOE, 2013.08, Chemical Computing Group Inc,, Canada).

B RESULTS AND DISCUSSION

As seen in Figure 2a, the gold sensor surface carried a DNA
hairpin aptamer anchored via a thiol group at its 3’ end. The
thiol- PEG SAM was used to dilute the surface density of the
aptamer to reduce steric hindrance during analyte binding and
aptamer unfolding, as well as to serve as an antifouling carpet.
The aptamers specific to adenosine and adenosine triphosphate
(ATP) were derived from the structure which was reported to
exhibit dissociation constant in the bulk solution of K; ~ 6 uM
for adenosine.”’ In order to utilize a readout strategy based on
surface plasmon field-enhanced fluorescence energy transfer,
the 5" end of the aptamer strand was labeled with Alexa Fluor
647N dye. Seven bases of the aptamer at two locations close to
the 5" and 3’ ends were designed to be complementary
(marked blue in Figure 2a) to form the stem. By using these
sequences, the aptamer forms a hairpin structure with the
fluorophore present close to the metal surface at a distance of
fow The sequence of the stem region close to the 5’ end
partially overlaps with the sequence of 22 bases that is specific
to the target analytes adenosine and ATP (analyte specific
segment marked green in Figure 2a). Therefore, the affinity
binding of ATP disrupts the hairpin structure and switches the
aptamer to its open conformation state with a fluorophore
present at longer distance f,,, from the gold surface. By using
molecular spacers between the thiol anchor and the stem
sequence (spacer 1) and between the stem sequence and the
analyte specific sequence (spacer 2), the distance between Au
and Alexa Fluor 647 dyes in the “off” state f,; and in the “on”
state f,, can be tuned in order to achieve a maximum difference
in the detected optical signals.

Distance of the Fluorophore from the Surface. Two
designs of ATP aptamers with different molecular spacers 1 and
2 were used. The long loop aptamer—LLA—carried spacer 1
with 6 PEG groups and two T bases between the anchor group
and the 3’ stem sequence. In addition, spacer 2 composed of 32
T bases was inserted between the ATP specific sequence and
the stem sequence. The second hairpin aptamer with short loop
sequence—SLA—had no spacer 1 and a shorter spacer 2 (two
T bases and 6 PEG groups). To estimate the distance between
the fluorophore and gold surface in the “off” and “on” states,
possible conformations of the SLA and LLA were analyzed.
Two examples of conformations of the stem region with the
fluorophore in the closed hairpin SLA and LLA can be seen in
Figure 2b. The distances of the fluorophore from the metal
surface in the absence f,; and the presence f,, of the analyte
were estimated based on random-coil model for polymers. For
LLA with longer molecular spacers, the average distance in the
closed hairpin conformation was estimated as f,7 ~ 1.6 nm and
in the open hairpin conformation as f,, ~ 6.6 nm. In the closed
hairpin conformation, the spacer 1 (6 PEG groups and two T
bases) and linker between the fluorophore and the aptamer
were assumed to be flexible. Similarly, for the SLA the average
distances were estimated as f, ~ 0.9 nm and f,, ~ 5.2 nm (see
summary in Table S1). The range of rotational freedom of the
fluorophore dye attached to SLA and LLA in the f; state is
visualized in Figure S1. The Alexa Fluor 647N dye in SLA
appears less flexible as compared to LLA where it possesses a
broader range of possible conformational states (rotational
freedom). As in the readout of the assay, the fluorescence signal
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F(t) is collected with about 1 s integration time, the orientation
of the fluorophore is expected to be averaged and the mean
polar angle is Z ~ 60° for both “off” and “on” states when the
fluorophore is free to rotate. For SLA in the closed hairpin, the
fluorophore is in close proximity to the gold surface which may
sterically hinder its rotation and thus a parallel orientation is
likely preferred, E > 60° (note that a parallel orientation of the
dipole corresponds to E = 90° and the perpendicular
orientation to E = 0°).

Simulations of Competing Plasmonic Enhancement
and Quenching. The optical response of Alexa Fluor 647N to
conformation changes of the investigated SLA and LLA
aptamers between the closed and open hairpin states were
numerically simulated by FDTD. As Figure 3a shows, PSPs
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Figure 3. (a) Simulated parallel and perpendicular component of
electric field intensity upon the resonant excitation of PSP at 4., = 633
nm depending on distance from the surface f. (b) Emission probability
for a dipole representing the fluorophore emitting at 4, = 670 nm to a
cone above the gold surface with NA = 0.2 and NA = 1 as a function of
distance f and dipole orientation. (¢) Emission rate of a fluorophore
emitting to NA = 0.2 at A, = 670 nm that is excited via PSPs at 4, =
633 nm for its parallel and perpendicular orientation and varied
distance f.

probe the gold—water interface with a characteristic profile of
the electromagnetic field that evanescently decays away from
the gold surface with a penetration depth of about L, = 190 nm
(defined as the distance from the surface at which the field
amplitude |El decreases by a factor of e). In addition, it shows
that the field component |E,|* that is perpendicular to the

DOI: 10.1021/acssensors.7b00131
ACS Sens. 2017, 2, 916-923
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surface is enhanced by a factor of about 35 with respect to that
of the incident field component. The intensity of the parallel
component |E I’ is approximately 5 times lower than that of the
perpendicular one IE, I,

In general, the radiation of fluorescence emitter placed above
the plane interface between gold and water can be quenched,
coupled via the near field to PSPs traveling along the gold
surface, or it can be emitted to the far field. The total emission
probability to the far field (represented by numerical aperture
NA = 1) from a radiating dipole above the gold surface is close
to 1 at long distances and it rapidly drops when decreasing the
distance f below 15 nm, see Figure 3b. These data also reveal
that the emitter oriented parallel (||) to the gold emits to the far
field with smaller probability than that with perpendicular
orientation (L). Interestingly, this behavior is opposite if light is
only collected to a narrow cone of angles close to the normal
direction. The reason for the stronger emission probability
from the parallel dipole (that is more quenched) into the
normal direction is that emission occurs dominantly in the
direction normal to dipole oscillation. Let us note that for the
in situ measurement of fluorescence signal through a flow-cell,
the numerical aperture NA of lens used for the collecting of
fluorescence light is limited as it cannot approach close to the
sensor surface. The value used herein of NA = 0.2 holds for
typically used configurations in diffraction as well as ATR-based
plasmon field-enhanced fluorescence biosensors.”

Figure 3c presents the emission rate of fluorophore that is
coupled by the resonantly excited PSPs waves at wavelength 4.,
which occurs in a narrow angular range within NA = 0.2. It
shows that the difference between the emission probability
from parallel (||) and perpendicularly (L) oriented emitter is
partially compensated by the stronger excitation of perpendic-
ular dipoles (see IE,I* in Figure 3a) than parallel dipoles (see |
Eyl* in Figure 3a). For short distances (1 < f < 15 nm), the
emission rate rapidly increases with increasing distance similar
to the emission probability as the PSP field decays slowly.
However, when increasing the distance f toward the PSP
penetration depth, the emission rate decreases with the distance
as the excitation field gets substantially weaker. In summary,
simulations predict that fluorescence intensity detected from a
fluorophore that is placed at the distance f < 15 nm and excited
with enhanced PSP field is more than an order of magnitude
stronger for the parallel dipole orientation (||) than for the
perpendicular orientation (L). The emitted fluorescence
intensity rapidly increases with the distance f. For the estimated
changes in the distance of randomly oriented emitter attached
to LLA, the simulated intensity increase for the distance switch
from f,4 = 1.6 nm to [, = 6.6 nm is a factor of about 45. For the
SLA aptamer with preferably parallel oriented dye in the closed
hairpin conformation, slightly lower fluorescence signal change
of about 40 is predicted when the distance changes from f,z =
0.9 nm to f,, = 5.2 nm.

Measurement of Plasmon Field-Enhanced Fluores-
cence Energy Transfer Aptamer Assay. As seen in Figure
4a, the resonant excitation of PSPs at A, manifests itself as a
narrow resonant dip in the reflectivity spectrum R(6).
Interestingly, the measured reflectivity spectra did not show
significant shift of the SPR dip located at &y, upon the binding
of ATP which increases refractive index on the surface and also
leads to its redistribution due to the conformation change of
the aptamer. The lack of SPR signal to such variations can be
ascribed to two effects. First, ATP exhibits low molecular
weight (507.2 Da) which translates to weak increase in
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Figure 4. (a) Angular SPR reflectivity spectra R(#) and (b) respective
fluorescence intensity spectra F(() measured for a sensor surface in
contact with HAB buffer spiked with the concentration of ATP of 0, 1,
S, and 10 mM. The gold sensor surface was functionalized with LLA.

refractive index that is proportional to &6gp,. Second, the
switching of the aptamer from its closed to open loop
conformation by the capture of ATP should lead to
counteracting small decrease in fgpg. Decrease of SPR angle
by about 66spr = 0.01-0.02° was reported for swelling of
polymer brushes with molecular weight 50—3000 kDa*® which
was attributed to increase in their thickness and accompanied
decrease in refractive index. The switching of the aptamer
structure should lead to similar effects, but as its molecular
weight of 22.6 kDa is lower, the respective SPR changes are
expected to be weaker.

In the surface plasmon field-enhanced fluorescence regime,
the resonant coupling to PSPs leads to the excitation of
attached Alexa Fluor 647 dyes which can be seen as a strong
peak in the fluorescence intensity F centered at an angle €
slightly lower than that where SPR occurs (see Figure 4b).
Interestingly, the maximum fluorescence intensity occurs at
angle @ that is slightly lower than that where the minimum
reflectivity occurs. Such small angular shift can be attributed to
the interference between the laser beam, that directly reflects
from the gold layer and undergoes a phase shift and the
resonantly excited surface plasmon waves that are leaky to the
substrate. When incubating the sensor surface with the ATP
target analyte, an increase in the fluorescence signal F is
observed. This is caused by a change in the aptamer
conformation that leads to an increase in the distance of the
emitter from the surface f and reduced effect of quenching.
Experimental measurements with SLA show 10.3-fold increase
in fluorescence intensity for 12 mM ATP in comparison to the
measurement taken in the absence of analyte, while for LLA, a
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stronger 23.3-fold increased fluorescence intensity was
observed. For the SLA, this value is about 4-fold lower than
predicted and for the LLA aptamer, the measured value is about
2-fold lower than predicted. These discrepancies can be
attributed to inaccuracy of the model, particularly to the
simplified means of determining the distances in the open and
closed hairpin conformation and approximations used in the
FDTD simulations where the size of the real emitter (of about
2 nm) was replaced by an infinitely small dipole.

Real-Time Detection of the Reversible Aptamer
Interaction with Target Analyte. For the experimental
observation of affinity interaction with tethered aptamers, the
angle of incidence was set close to fgu= 57° (where the
strongest fluorescence signal amplification occurs) and the
fluorescence intensity was measured as a function of time F(t).
As can be seen from Figure 5, the injection of the HAB spiked

7x10*
@ ——ATP
8 6110‘- —— Adenosine ‘u":“ ‘zmq
I i Guanosine

5x10"
"_:; | , Sme
£ ax04 v o
o - 500 MM
€ 3x10*- w4
o} LM
o 625,m i
9D 2x10*- nam oy =0
g grasaued Y

4] 0919387 iy 1

S0t b
. (o B R ——

0 10 20 30 40 50 60 70 80 80 100
Time t [min]
Figure 5. Example of the fluorescence signal F(f) measured at a fixed
angle # = 577 during titration of ATP, adenosine, and guanosine at

concentration increments up to 12 mM in HAB buffer. Gold sensor
surface was functionalized with LLA.

with ATP leads to a rapid increase in the fluorescence signal F.
Increasing the ATP concentration from 0.9 uM to 12 mM leads
to a gradual increase in equilibrium signal F. Exposure to the
highest concentration followed by rinsing in buffer (without the
analyte) resulted in a rapid dissociation of the ATP-aptamer
complex that manifests itself as a drop of the fluorescence signal
to the original baseline value F,. This observation confirms a
fully reversible aptamer interaction for repeated measurements
without regeneration. Moreover, virtually no bleaching of
attached dyes was observed over the time course of the
experiment. The aptamer assay showed a comparable reversible
response for the detection of adenosine, but no observable
response was recorded for the negative control—guanosine—
which is a structural analogue of adenosine. The data for the
long LLA ligand shown in Figure 5 were similar for the SLA
(Figure S2).

Calibration Curves. From the data of the titration
measurements, the equilibrium response F was obtained for
each analyte concentration. The limit of detection (LOD) was
determined as the concentration at which the calibration curve
intersects with the value of the background signal F; plus 3
times the standard deviation, 36(F,).

For SLA, the determined LOD for ATP was 108 yM and 24
uM for adenosine. This was greatly improved by the LLA
where LOD values were ~1—2 uM for both ATP and
adenosine. The obtained detection limits of the sensor is
within the reported values in the literature, that ranges over
several orders of magnitude (ATP detection limits from 0.5
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pM*7 up to 0.65 mM™) for a plethora of fluorescence detection
schemes.”*" Although our reported sensor may fall in the low
sensitivity range, it is comparable to surface supported real-time

detection sensors’** and has the added value of effortless
reversible detection. As can be seen in Figure 6a, the baseline
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— Adenasine
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“
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s
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:
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3

n’:l) T T T T

7x10*

4x10*

5.

10
7x10°
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Figure 6. Calibration curves measured with SPFS detection principle
for ATP and adenosine analytes. Each data points (AF) derived from
triplicate titration measurements (an example shown in Figure 4), (a)
Comparison of the response for LLA and SLA aptamers and analyte
dissolved in HAB buffer. (b) Comparison of the response for LLA
aptamer and analytes dissolved in HAB and HB buffers.

fluorescence intensity is higher for the interface with LLA
compared to that for SLA. This can be attributed to its longer
distance in the “off” aptamer state—f,;— (see Table S1) which
is accompanied by higher emission rate (see Figure 3c). In
addition, K values were determined from the calibration curves
fitted with Langmuir isotherm model (presented in the
Supporting Information) and the Ky for adenosine was of 90
UM for SLA and of 50 uM for LLA (Figures S3a,b). The
calibration curves for ATP in both aptamers deviated from the
Langmuir isotherm (Figure 6a). However, fitting the calibration
curve for ATP concentrations up to 2 mM, where initial slight
saturation was seen (Figure 5a), yields K, values of 300 M and
120 M for SLA and LLA (Figure S3¢,d), respectively. These
values are probably increased by either the interaction of the
strongly negatively charged molecule ATP with the surface-
anchored aptamer that carries also negatively charged
fluorophore, possibly affecting its orientation, It is worth of
noting that the overall reduced affinity of fluorophore labeled
aptamers with respect to the unmodified one was reported
previously.”**" Besides the molecular charge mentioned above,
surface and label induced reduction in affinity of the aptamer,
the competition of target-induced conformational change from
the initial closed hairpin state is a likely contributor.

DOI: 10.1021/acssensors.7b00131
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It was reported that the ATP binding aptamer can be
described using a “conformational selection” recognition of
ATP where the analyte-free state is more stable in high salt
concentration, which leads to a deteriorated distinction of
conformational changes when ATP is bound.” Therefore, the
assay buffer (HAB) used in this study did not contain NaCl, in
order to increase the contrast between aptamer conformations
in analyte-free/hydridized and analyte bound states. However,
it is important to observe the performance of the assay in
buffers with compositions similar to samples relevant to
applications in the field of medical diagnostics. For this
purpose, HEPES buffer (HB) with salt concentration close to
physiological conditions was used to evaluate LLA. Fluo-
rescence intensity changes resulting from increasing analyte
concentrations, in both HAB and HB, for both ATP and
adenosine analytes can be seen in Figure 6b. The baseline
fluorescence intensity F, of the sensor with HB is around 4-fold
higher (Fypp & 11 X 10* cps and Fypap & 3 X 10° cps);
nevertheless the assay can be seen to perform similarly in terms
of dynamic range for the detection of adenosine in both buffers.
However, for ATP detection, saturation of sensor response is
reached earlier in HB at 2 mM ATP, which is in contrast to 12
mM ATP for HAB and the peak intensity in HB is lower than
for HAB. This decreased signal to background ratio and higher
F, can be attributed to the influence of high salt concentration
in HB, that leads to an analyte-free folded aptamer
conformation and consequently lower structural change in
the ATP bound state.

B CONCLUSIONS

A DNA aptamer sequence specific to ATP was utilized in a
plasmon field-enhanced reversible assay based on fluorescence
energy transfer. The presented work demonstrates that the
reversible interaction of a fluorophore-labeled aptamer with
low-molecular-weight target analytes—adenosine and ATP—
can be sensitively monitored in real time by plasmon field-
enhanced fluorescence light intensity. The optical simulations
qualitatively agree with the measured dependence of
fluorescence light intensity on conformational changes of the
used aptamers and they allowed ascribing the observed effects
to variations in the fluorophore orientation and distance from
the surface controlled by the molecular spacers. The plasmon
field-enhanced fluorescence is shown to offer the advantage of
continuous probing of aptamer capturing the target analyte for
more than 1 h without bleaching of the dye, with a limit of
detection of 1 uM. The observed design rules may provide
leads to prepare more sensitive and robust assays that take
advantage of versatile aptamer recognition elements and
coupling with the confined field of surface plasmons in various
optical configurations.
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Agnes T. Reiner, Stefan Fossati, Jakub Dostalek Biosensor platform for parallel surface
plasmon-enhanced epifluorescence and surface plasmon resonance detection. Sensors

Actuators, B Chem. 257, 594-601 (2018). https://doi.org/10.1016/j.snb.2017.10.116

Copyright © 2017 The Authors. Published by Elsevier B.V.

In this work, a novel bimodal approach is employed to study extracellular vesicles, a rapidly
developing medical topic. These small lipid vesicles in the intercellular space have been
overlooked for a long time due to their small size and the lack of analytical tools. While
being too small to be visible, the vesicles are still much larger than the average biomolecule,
which causes a much-reduced diffusion velocity. To facilitate diffusion towards the
biosensor surface, the vesicles are decorated with magnetic nanobeads and driven towards
the surface using a magnetic field applied through the thin glass substrate. Within the

plasmon field, the magnetic beads then also serve as signal-enhancing labels.

In this work, Agnes Reiner and Stefan Fossati devised the multimodal reader concept.
Stefan Fossati implemented the optical reader and provided the plasmonic substrates,
prepared by LIL, NIL, and thermal evaporation. Agnes Reiner developed the biochemical
assays and conducted most of the experiments. The work was carried out under the

supervision of Jakub Dostalek.
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ARTICLE INFO ABSTRACT

Article history: For the first time, plasmonic diffraction grating is implemented for the combined direct and
RECE}VEd 27 June 2017 epifluorescence-based readout of assays in real-time. This plasmonic structure serves for grating-coupled
Received in revised form surface plasmon resonance (SPR) monitoring of molecular binding-induced changes in the refractive
15 September 2017

index. In parallel, it allows to simultaneously perform plasmonically enhanced fluorescence (PEF) anal-
ysis of affinity binding of molecules that are labeled with fluorophores. This configuration offers facile
readout of e.g. magnetic nanoparticle-enhanced assays which is not possible with more conventional
Kretschmann geometry. The performance characteristics of this combined approach are discussed by
using two types of assays. In the first assay a fluorophore-labeled protein with a medium molecular
Plasmon enhanced Auorescence weight of 55kDa was affinity captured on the plasmonic sensor grating. The associated PEF signal in
Epifluorescence this assay showed a signal-to-noise ratio that was 140-fold higher compared to that of the SPR detec-
Biosensor tion channel. In the second assay, extracellular vesicles were detected by using antibodies against CD81
attached to the plasmonic grating. These vesicles were pre-concentrated by their coupling to magnetic
nanoparticles with cholera toxin B chain. This assay exploited magnetic nanoparticles as labels enabling
rapid collection of analyte at the sensor surface and for the enhancement of the SPR sensor response. In
this case the label-free SPR detection channel outperformed the fluorescence-based detection, as the SPR
signal-to-noise ratio was 2.4-fold higher than that of PEF.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Fluorescence is a widely used method in bicassays for sen-
sitive detection of chemical and biological species. In order to
advance their sensitivity, the fluorophores that are used as labels
can be exposed to the confined field of surface plasmons [1,2].
These optical waves are resonantly excited at surfaces of metal-
lic films and metallic nanoparticles and they originate from
coupled collective oscillations of the charge density and the
associated electromagnetic field. The combination of a surface
plasmon-enhanced excitation rate at the fluorophore absorption
wavelength, directional surface plasmon-coupled emission at the
fluorophore emission wavelength, and an improved quantum yield
was demonstrated to enhance the detected fluorescence intensity
by a factor up to 103 [3]. Such interaction with the intense and con-
fined surface plasmon field was exploited for amplification of the
fluorescence signal associated to the affinity binding of labeled ana-

* Corresponding author.
E-mail address: jakub.dostalek@ait.ac.at (J. Dostalek).

Ittps://doLorg/10.1016/j.5nb.2017.10.116

(http://creativecommons.org/licenses/by/4.0/).

lyte biomolecules in bioassays and biosensors in order to improve
their performance characteristics [4,5].

Besides plasmon-enhanced fluorescence (PEF) assays, the prob-
ing of molecular binding by surface plasmons allows for direct
label-free detection of analytes. Insurface plasmon resonance (SPR)
biosensors, the affinity binding of analyte molecules increases the
refractive index at a metallic sensor surface, which detunes the
resonant coupling of light to surface plasmons and thus can be
optically monitored as a shift of SPR. This method became an estab-
lished tool in biomolecular interaction studies [6] and it is pursued
for rapid and sensitive detection of chemical and biological analytes
[7]-

The possibility of parallel detection of SPR and PEF holds
potential for more advanced detection schemes and molecular
interaction studies. Up to now, the attenuated total reflection
geometry (ATR) was dominantly used for the excitation of surface
plasmons and it has been utilized for the combined SPR and PEF
studies. It was reported for the SPR observation of functional bioin-
terfaces combined with enhanced sensitivity of fluorescence-based
detection of low molecular weight analytes [8] or biomolecules
present at minute concentrations in complex samples [9,10]. In
addition, SPR and PEF was employed in the analysis of interaction

0925-4005/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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to a substrate, and labeled nucleotides that formed DNA duplexes
[11]. Furthermore, the combination of fluorescence detection of
enzyme linked immunoassays and SPR in a single instrument was
demonstrated to be suitable for the analysis of target analytes over
a broad dynamic range [ 12].

According to the knowledge of the authors, the combined SPR
and PEF readout was implemented up to now only by using
ATR configuration. The metallic diffraction grating-coupled SPR on
periodically corrugated metallic surfaces provides an alternative
means for the excitation and interrogation of surface plasmons,
which found its applications in SPR biosensors [13] as well as in
PEF detection in epi-fluorescence geometry configurations [14,15].
With respect to sensors utilizing ATR, diffraction gratings offer the
advantage of simpler use that does not require optical matching
of a sensor chip to a prism and it can be exploited in a format
compatible with regular (fluorescence) microscopes. In addition,
it was shown to enable the utilization of magnetic nanoparticle
(MNP)-enhanced assays when a magnetic field gradient can be
efficiently applied through a sensor chip in order to overcome
diffusion-limited affinity binding kinetics and rapidly collect the
pre-concentrated analyte at the sensor surface [16,17].

This work reports on SPR and PEF signal detection based on
diffraction grating-coupled SPR and the epifluorescence geometry,
which was not reported yet. We demonstrate that such a system
canin parallel directly detect binding of biomolecules to the surface
via SPR monitoring as well as by PEF when fluorophore labels are
used. The performance characteristics of PEF and SPR modalities
are investigated for the direct detection of medium size protein
molecules and for MNP-enhanced analysis of larger extracellular
vesicles (EVs).

2. Experimental
2.1. Materials

Positive photoresist Microposit S1805 was purchased from
Shipley and its developer AZ 303 was acquired from Micro-
Chemicals. Polydimethylsiloxane elastomer (PDMS) Sylgard 184
was obtained from Dow Corning and the UV-curable polymer
Amonil MMS 10 was from AMO GmbH. Dithiolalkanearomatic PEG3
with hydroxyl endgroup (SPT-0013) and the dithiolalkanearo-
matic PEG6 with carboxyl endgroup (SPT0014A6) were purchased
from SensoPath Technologies. N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), ethanolamine and ethylenglycol, as well as acetic acid and
sodiumacetate for the preparation of acetate buffer were bought
from Sigma-Aldrich. Phosphate buffered saline (PBS) at a pH of
7.4 from Merck was used for the functionalization steps. PBS with
addition of 0.05 % Tween 20 (Sigma-Aldrich) and 0.1 % bovine
serum albumine (Thermo Fisher Scientific) (PBSTB) were used
as running buffers in all detection experiments. The biotinylated
mouse antibody (MG2b-57) was obtained from BioLegend and the
mouse monoclonal antibody against human CD81 (1.3.3.22) from
Santacruz Biotechnology. Streptavidin was from Thermo Fisher
Scientific. Cholera toxin b-chain (CTB) from SBL Vaccin AB was
biotinylated with EZ-link Sulfo-NHS-LC-Biotin (Thermo Fisher Sci-
entific) and in parallel fluorescently labeled with Alexa Fluor
647 NHS ester (Thermo Fisher Scientific). MNPs with a diameter
of 200nm conjugated with streptavidin (fluidMAG-Streptavidin)
were purchased from Chemicell. Prior to the use, streptavidin-
coated MNPs were washed twice with PBSTB by applying a
magnetic field for separation of the MNPs from the solution. EVs
were generously provided from Sai Kiang Lim's group and their
production and purification is described elsewhere [18].

F(y R(t)

Plasmaonic biochip
with flow-cell

[\ Permanent
magnet

Fig. 1. Schematics of the platform for parallel surface plasmon-enhanced fluores-
cence and surface plasmon resonance detection (Ch — chopper, POL - polarizer, LBF
— laser band-pass filter, BS — beam splitter, FBF — fluorescence band-pass filter, LNF
— laser notch filter, F(t) — fluorescence readout, R(t) — SPR readout, PD — photodiode,
PMT — photomultiplier).

2.2. Sensor chip preparation

A crossed relief grating was prepared by UV laser interference
lithography and their multiple copies were made by soft lithogra-
phy as described before [15]. Briefly, the used structure comprised
of two superimposed crossed sinusoidal modulations with a period
of A=434nm, The structure was cast to PDMS, which was cured
over night at 60 “C before it was used as a working stamp. Cleaned
BK7 glass substrates were coated with the UV-curable polymer
Amonil MMS 10 by spin-coating at 3000 rpm for 120 s. Then, the
PDMS working stamp was placed on the top of the Amonil layer
and the structure cast to this polymer was irradiated by UV light
(UV lamp Bio-Link 365, Vilber Lourmat). Finally, the PDMS stamp
was detached from the cured Amonil MMS 10 leaving a copy of the
master structure on the glass substrate, The grating copies were
subsequently coated with 4 nm of chromium and 100 nm of gold
by vacuum thermal evaporation (HHV AUTO 306 from HHV LTD)
in vacuum better than 10-% mBar. Each sensor chip consisted of an
area with grating structure and an area with plain gold that was
used for control measurements.

2.3. Optical system

The used optical system for the in situ detection of diffraction
grating-coupled SPR and PEF was adopted based on our previous
work [15] and it can be seen in Fig. 1. A beam emitted from a He-Ne
laser (power of about 2 mW) at Aex =633 nm subsequently trav-
elled through a chopper, polarizer and laser band-pass filter (LBP,
FL632.8-10 from Thorlabs). Then it passed through a beam split-
ter and it was focused by a lens (AC-254-040) on a mirror of 2 mm
diameter, consisting of a 100 nm thick gold layer deposited on a
BK7 glass slide. The mirror was oriented at 45 deg with respect
to the incident beam. A lens (AC-254-040) collimated the reflected
beam towards the sensor surface with relief gold diffraction grating
mounted in its focal distance. A flow-cell was clamped to the gold
sensor chip surface in order to contain aqueous samples. The flow-
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cell comprised of a flow chamber with a volume of ~50 pL defined
by a PDMS gasket and a transparent fused silica glass substrate
with inlet and outlet ports. Upon its incidence at the gold grating
surface, the laser beam at Aex Was partially coupled to surface plas-
mons propagating along the gold surface and partially reflected. The
reflected beam was focused back on the mirror by the objective lens
and its intensity was detected by using a beam splitter and a pho-
todiode connected to a lockin amplifier (7260 from EG&G). These
means allowed the measurement of the detuning of SPR associated
to the binding-induced refractive index variations. In addition, the
enhanced field intensity at Aex was employed for the excitation
of Alexa Fluor 647 (AF647) fluorophores that we used as labels in
the fluorescence assays. The enhanced directional surface plasmon-
coupled emission at Lem = 670 nm was collimated by the objective
lens, passed around the small mirror and was focused by a lens (AC-
254-080, Thorlabs) to a photomultiplier (H6240-01, Hamamatsu)
that was connected to a counter (53131A from Agilent). In order
to separate light at the excitation wavelength ey and the fluores-
cence beam at Aem, a set of filters was used consisting of a notch
filter (XNF-632.8-25.0 M from CVI Melles Griot) and two bandpass
filters (FB670-10 from Thorlabs and 670FS10-25 from Andover Cor-
poration Optical Filter). The output from the counter was recorded
in counts per second (cps) by using software Wasplas developed at
Max Planck Institute for Polymer Research in Mainz (Germany). It
is worth of noting that the used implementation of SPR measure-
ments allowed for measurements of bulk refractive index changes
as small as 3 x 104 RIU. This value was determined as the ratio
An/(e(R)/ARp) where d(R)=3.6 x 10~2 a.u. is the standard devia-
tion of the reflectivity signal R(t) and ARg refers to the reflectivity
change induced by the refractive index increase An due to the
pumping of PBS spiked with 2 % ethylenglycol through the flow
cell,

In the MNP-enhanced assays, a gradient magnetic field VB was
applied through the sensor chip. A cylindrical permanent magnet
(NdFeB with diameter of 10 mm and length of 35 mm from Neo-
texx) was approached to the grating sensor chip in order to expose
its surface to the field gradient of about VB=0.10Tmm ! [ 16]. By
removing the magnet, the magnetic field gradient was switched off
to VB=0.

2.4. Functionalization of sensor chips

The gold surface of the sensor chips was immersed in a 1 mM
thiol solution in ethanol in order to form a mixed self-assembled
monolayer (SAM). The solution comprised of a mixture of dithiol-
PEG6 with carboxyl end group for later surface functionalization
and dithiol-PEG3 with hydroxyl end group in order to form an
antifouling background. The molar ratio of carboxyl to hydroxyl-
terminated thiols was 1:9. After the overnight incubation, the
sensor chips were thoroughly rinsed with ethanol, dried immedi-
ately in a stream of air and stored under argon gas.

a) Affinity binding b) Pre-incubation

S:.\mph:ﬂuw
b-CTB-AFG47 —=
SA— } ; ‘
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Thiol SAM —* N‘f i """J S

-‘q.

The immobilization of either biotinylated unspecific antibodies
or unconjugated specific antibodies against CD81 was performed
in situ by amine coupling according to standard protocols. All solu-
tions were flowed over the sensor surface at a constant speed of
45 pL/min. As a first step PBS was rinsed through the flow cell to
reach a stable baseline in SPR signal. In order to calibrate the sensor,
PBS spiked with 2 % ethylenglycol was flowed through, trigger-
ing a refractive index change of 2 x 10~3 refractive index units (2
mRIU). Afterwards, sodium acetate buffer with a pH-value of 5 was
rinsed to adjust the pH for the consecutive amine coupling. The
carboxyl groups on the surface were activated by flowing a mix-
ture of 0.4 M EDC and 0.2 M NHS in water for 15 min. After rinsing
the surface with sodium acetate buffer, the antibody, diluted in the
same buffer at a concentration of 25 pg/mL, was flowed for 10 min,
Finally, ethanolamine at 1 M and pH of 8.5 was used to inactivate
all remaining carboxyl groups before the buffer was changed again
to PBS.

2.5. Direct detection bioassay

Unspecific biotinylated antibodies were immobilized on the
sensor surface by amine coupling and followed by the affinity bind-
ing of streptavidin and a fluorescently labeled biotin-CTB conjugate
(see Fig. 2a). In these measurements PBSTB was used as running
buffer and flowed over the sensor surface at a constant speed of
45 pL{min, First streptavidin at a concentration of 5 pg/mL diluted
in PBSTB was rinsed across the surface for 10 min. After washing
with PBSTB, the biotinylated CTB that was also labeled with AF647
was pumped through the flow-cell at a concentration of 5 pg/mL.

2.6. Magnetic nanoparticle-enhanced bioassay

The MNP-enhanced bioassay for EV detection was performed
as described in our previous work [17] with the addition of the
AF647 labeling of the lipid-binding protein CTB. Briefly, 3 pg of
mesenchymal stem cell-derived EVs were incubated with 250 ng
of biotinylated and AF647-labeled CTB for 30 min at room tem-
perature on a shaker. Then 10 ug of washed MNPs capped with
streptavidin were added to the sample and incubated again at the
same conditions (see Pre-incubation in Fig. 2b). Afterwards, the
MNPs with bound EVs were washed twice with PBSTB and finally
re-suspended in 1 mL buffer, leading to a concentration estimate of
3 p.g total protein amount of vesicles per mLPBSTB or 520 fM based
on the particle count determined by nanoparticle tracking analysis
of the input EV sample. As control sample the MNPs were incubated
only with the biotinylated and fluorescently labeled CTB. Then the
control MNPs or MNP-bound EVs were collected on the sensor sur-
face, which was first functionalized with antibodies specific for
CD81, by rinsing the samples across the surface while a magnetic
field gradient VB=0.10Tmm~' was applied (see Affinity binding
in Fig. 2b). After a 10 min incubation the magnetic field gradient
was switched off VB=0 and the sensor surface was washed with

Affinity binding

b-CTB-AFB47
SA-coated MNP - ="

Sample fiow

EV—

anti-C081— P
Thiol SAM— ),",nm,n i, -
Ay A PSP

Fig. 2. Schematics of the assays used for testing of the sensing platform. a) The detection assay of medium sized CTB protein based on biotin-streptavidin affinity binding and
fluorescent labeling with AF647. b) Extracellular vesicle (EV) assay consisting of the pre-incubation step and collection of the EVs at the sensor surface (MNPs — magnetic
nanoparticles, b-CTB-AF647 — biotinylated cholera toxin b-chain conjugated with Alexa Fluor 647, SA — streptavidin, b-1gG — biotinlyated unspecific antibody, anti-CD81
specific antibody for CD81, SAM — self assembled monolayer, Au — gold, PSP — propagating surface plasmon, A — period),
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Fig. 3. a) Atomic force microscopy image of the plain (left) and grating (right) sensor surface after the coating with gold (scale bar corresponds to 1 um). b) Height profiles
of the plain and grating sensor surface of the indicated black lines in a). ¢) Wavelength reflectivity spectra for a normally incident beam at the sensor chip with a clamped
flow-cell that was flooded with PBS before and after deposition of a mixed thiol SAM. The reflectivity change AR at a fixed wavelength of 2.4 =633 nm is indicated.,

PBSTB for 20 min. Due to the architecture of the setup and flow-cell,
flushing shortly with running buffer at high speed was necessary
to remove any unspecifically attached MNPs and aggregates.

3. Results and discussion
3.1. Characterization of GC-SPR sensor chips

The prepared sensor chip with or without the crossed grating
corrugation carried a conformal 100 nm thick gold film. Atomic

force microscopy of these surfaces presented in Fig. 3a and b reveal
that the periodicity of the two overlaid crossed sinusoidal modu-
lations on grating area was about the targeted A =434 nm, and the
corrugation depth was 60 nm. This corrugation depth corresponds
to the amplitude of the sinusoidal modulation in each perpen-
dicular direction of about 15nm. This value was showed before
to be optimum for strong diffraction coupling to propagating sur-
face plasmons (PSP) in the red part of the spectrum at an interface
between gold and water [ 13]. The wavelength reflectivity spectra
of the grating structured sensor chip, which was clamped to a flow-
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cell and flooded with PBS buffer, was measured by using a system
reported before [17]. As visible in Fig. 3¢, a narrow dip in the reflec-
tivity spectrum occurs at the wavelength Aspg =638 nm due to the
first diffraction order excitation of PSPs on a periodically corrugated
surface. The resonant wavelength Aspg can be controlled by varying
the period A which was chosen in order to tune Agpy slightly above
the excitation wavelength Aex =633 nm that is further used in flu-
orescence measurements. After forming a mixed thiol SAM at the
gold surface, the SPR shifts to a longer wavelength of Aspp =639 nm
due to the increase in the refractive index, as shown in Fig. 3c.
The resonance wavelength shift of about 1 nm corresponds to the
adlayer thickness of ~1nm [19] which indicates that a compact
mixed thiol SAM layer was formed on the gold surface. For the nor-
mally incident beam at Ay this shift is manifested as an increase in
the reflectivity AR as its wavelength is coincident with the edge of
the resonance dip.

In the further experiments, the gold grating structure was used
for observing affinity binding events in two modes in parallel by
using the optical setup showed in Fig. 1. Firstly, the direct SPR
observation of molecular binding was implemented by measur-
ing the reflectivity AR changes. An increase in the refractive index
is manifested as a red shift in the SPR wavelength ispg which is
accompanied with an increase in the reflectivity at the chosen
wavelength Aex (tuned to the edge of the resonance). Secondly,
the enhanced intensity of the electromagnetic field associated with
the resonance excitation of PSPs at Ag increases the excitation
rate of AF647-labeled molecules bound to the surface. In addition,
the same structure allows to exploit directional surface plasmon-
coupled emission at the AF647 emission wavelength Aem =670 nm.
The combination of these two effects offers means for the amplifica-
tion of the fluorescence - PEF - signal F(t) and in situ fluorescence
monitoring of affinity binding events at the sensor surface [20].
Our previous work on PEF exploiting a similar grating configuration
demonstrated an enhanced collection yield of emitted fluorescence
photons at Aem by a factor ~ 4 and about 40-times increased exci-
tation rate at iex with respect to a flat gold film [15]. Concerning
the leakage losses to the substrate, we assume those are negligible
as the fluorescence occurs on a gold film with a thickness of about
100 nm.

Two assays are carried out in order to demonstrate the perfor-
mance of dual SPR and PEF readout and compare the sensitivity of
these two detection modalities. Firstly, the combined SPR and PEF
detection was used for the affinity binding of protein molecules
in the close proximity to the gold sensor surface. Secondly, the
implementation of SPR and PEF measurements for the detection
of extracellular vesicles - EVs - is pursued with the aid of mag-
netic nanoparticles - MNPs - that allow for the efficient collection
of such analytes at the sensor surface by application of a magnetic
field gradient VB. For both experiments and readout modalities
sensor chips with a plasmonic grating and a reference flat gold film
were used.

3.2. Observation of affinity binding of protein analyte

Fig. 4 shows the SPR and PEF sensorgrams measured upon the
preparation of the sensor surface architecture as well as for the
affinity binding of biotinylated cholera toxin b chain (b-CTB). As
seen in Fig. 2a, the surface of the sensor chip was functionalized
with streptavidin (SA) and an additional layer of biotinylated anti-
body (b-1gG) was used between the gold surface and the SA layer in
order to avoid the fluorescence quenching (that occurs at distances
<15 nm due to the Férster energy transfer [21]). The acquired sen-
sorgrams include the fluorescence signal F(t) and SPR reflectivity
changes AR(t). For comparison, the molecular binding experiments
were performed at two areas on the sensor chip: Fig. 4a shows the
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Fig.4. SPRsignal R(t)and fluorescence signal Ft)duringamine coupling of a biotiny-
lated unspecific antibody (b-1gG) and affinity binding of fluorescently labeled and
biotinylated cholera toxin b-chain (b-CTB-AF647) on a grating gold chip (a) and a
reference plain gold chip (b) as control. Insets on the top left show pictograms of
the assay and the respective surface used. The signal responses to the affinity bind-
ing of molecules at the surface are indicated as AR or AF for SPR and fluorescence,
respectively (a — PBS, b — acetate buffer pH =5, ¢ — PBSTB, EG — ethylenglycol, b-1gG
dissolved at 25 pg/mL, SA — streptavidin at 5 pg/mL).

sensor response at the grating surface and Fig. 4b at a reference flat
area (where SPR is not generated).

Firstly, a baseline in the reflectivity AR(t) and fluorescence F(t)
signal was established upon a flow of PBS. Then, a PBS solution
spiked with 2 % ethylene glycol was injected, followed by rinsing
with PBS. This step was used to calibrate the SPR sensor channel
by using the bulk refractive index change above the sensor surface
which corresponds to about An=2 x 10~ refractive index units
(RIU). Theinitial increase in the baseline signal, seen in Fig. 4a, didn't
affect the results, because only the bulk change was used, and later
the signal stabilized. As can be seen in Fig. 4a, this increase in the
refractive index (t=5-15min) caused a change in the SPR signal
ARp=0.06 a.u. on a grating surface and no response was observed
on a reference flat gold film (as presented in Fig. 4b). Similarly, the
fluorescence detection channel was tested by a flow of b-CTB car-
rying AF647 tags (dissolved at a concentration of 5 pg/mL) over the
gold grating (Fig. 4a, t=20-25 min) and on a flat gold surface (Fig. 4b,
t=80-85 min) that did not carry SA moieties. A similar fluorescence
signal increase in the range of AF,=0.75-1.10° cps was measured
on both areas due to the excitation of fluorophores present in the
bulk solution. The fluorescence signal F rapidly dropped back to the
original baseline after the rinsing with PBS which indicates weak
unspecific sorption to the surface.

Both grating and flat gold areas on the sensor chip were
modified by b-lIgG with the use of amine coupling followed
by affinity binding SA. Fig. 4a shows the obtained sensorgram
on a grating surface for the activation of carboxyl groups by a
mixture of EDC/NHS (t=35-50min), covalent binding of b-IgG
(t=55-65min), passivation of unreacted carboxyl groups with
ethanolamine (t=70-75min), and binding of SA (t=85-95min).
The same sequence and incubation times were performed in the
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flat area on the sensor chip and respective sensorgrams are pre-
sented in Fig. 4b. On the grating surface, the binding of b-IgG and
SAincreased the reflectivity signal by AR; =0.10 a.u.and AR, = 0.06
a.u., respectively, while no measurable change was observed on a
flat gold surface (t=20-105 min). The observed reflectivity changes
on the SPR grating area of the sensor chip correspond to the sur-
face mass density of 1.2 ng/mm? for IgG and of 0.73 ng/mm? for SA
which is comparable to values reported in literature [22 23],

After the immobilization of b-1gG and SA, a solution with CTB
conjugated with biotin and AF647 tags (b-CTB-AF647, concentra-
tion of 5 pg/mL) was flowed over the sensor surface for 10 min.
On both grating area (Fig. 4a, t=105-115min) and reference flat
area (Fig. 4a, t=110-120min) a weak drop in the reflectivity R(t)
occurs due to the absorption of the excitation light by fluorophores
dissolved in the bulk solution. However, after the rinsing with
buffer an increase in reflectivity of AR3=0.02 a.u. was measured
on a grating while no measurable change occurred on a refer-
ence flat gold area. The SPR reflectivity response on the grating
area due to b-CTB-AF647 binding showed a signal-to-noise ratio of
AR3/0(R)~ 5. Contrary to the reflectivity measurement, the fluo-
rescence detection channel F(t) showed a much more pronounced
signal. After the injection of b-CTB-AF647 a rapid increase in F(t)
is observed due to the dominant excitation of fluorophores in the
bulk solution. After the 10min incubation, the surface was rinsed
with PBSTB and a strong change in fluorescence signal AFs caused
by the affinity binding becomes visible. The fluorescence change
yields AFs=1.22 x 10% cps on the grating area and AFs=1.2 x 103
cps on the reference flat area. The associated signal-to-noise ratio
of fluorescence response on the grating area was ~700. Hence, the
accuracy of PEF readout outperforms the SPR on the grating sur-
face by more than two orders of magnitude. Besides allowing for
dual fluorescence and SPR detection, the used plasmonic grating
enhanced the fluorescence signal originating from the grating sur-
face compared to the flat surface by a factor of 100, which agrees
with earlier published simulations and measurements of PEF using
epifluorescence geometry [15].

3.3. Magnetic nanoparticle-enhanced observation of affinity
binding of extracellular vesicles

Since the grating coupled SPR configuration and the epifluores-
cence geometry for PEF readout use only the front side of the sensor
chip, there is free space at the back of the chip and flow-cell. This
space was used for the applying a magnetic field gradient VB for the
improved collection of the target analyte, that is affinity bound to
MNPs, at the sensor surface. As we reported before, this approach
allows to overcome the slow diffusion-limited mass transfer of the
analyte [16,24]. Hence we incorporated the MNP-enhanced detec-
tion assay for EVs|17]into our optical setup for combined detection
of SPR and PEF. It is worth of noting that in this second assay the
target analyte, EVs, exhibit a larger size of about 100 nm compared
to the previous assay in which a protein with a size of about several
nanometers was detected.

In a pre-incubation step, the target EV analyte was first bound
to MNPs via the lipid binding protein CTB with biotin tags, as illus-
trated in Fig. 2b. In order to achieve fluorescence detection of the
EVs, CTB molecules were additionally labeled with AF647. For affin-
ity binding of EVs at the sensor surface, the grating and reference
flat areas were functionalized with antibodies specific for CD81
which is a protein present on the CTB-binding vesicles [18]. The
immobilization of the anti-CD81 at the surface was accompanied
with an SPR shift of AR=0.13 a.u. corresponding to the surface mass
density of 1.6 ng/mm? (measured on the structured gold surface,
sensorgram not shown), which is similar to the results discussed
above.
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Fig. 5. SPRsignal R(t) and fluorescence signal F(t) of a magnetic nanoparticle (MNFP)-
enhanced assay measurement on a grating gold chip (a) and a reference plain gold
chip (b) as control. Insets on the top right show pictograms of the assay and the
respective surface used. The application of the magnetic field for collection of MNPs
and bound extracellular vesicles (EVs) is indicated as '+ VB" and its removal as "-
VB". The signal responses to the affinity binding of molecules to the surface are
indicated as AR or AF for SPR and fluorescence, respectively (¢ — PBSTB).

Firstly PBSTB buffer was flowed over the gold grating (Fig. 5a)
and reference flat (Fig. 5b) areas carrying anti-CD81 to establish
a baseline (t=0-5min). Then the sensor surface was exposed to
control MNPs in order to test for unspecific binding to the sensor
surface (Fig. 5a and b, t=5-15 min). These sensorgrams show that
the SPR signal R decreased and fluorescence intensity F increased
upon the accumulation of MNPs reacted with CTB-AF647 conjugate
at the sensor surface, to which the MNP-CTB-AF647 mix without
target EV analyte was pulled by the magnetic field gradient VB
applied.

Interestingly, the SPR signal decrease is more pronounced on
the reference plain gold area of the sensor chip than on that with
grating. The reason is that the accumulated MNPs (with the size of
about 200 nm) form a layer on the sensor surface that is substan-
tially thicker than the probing depth of PSPs (< 100 nm). Therefore,
the decrease in the reflected intensity is mostly due to the scattering
and absorption by MNPs. On the flat gold surface the beam passes
twice through this layer while on the grating surface only once
as the majority of its intensity is transferred to the PSPs. Further-
more, MNPs in contact with the gold surface enhance the refractive
index leading to a SPR signal increase R on the grating surface that
counteracts the absorption of light intensity by the MNPs. In our
previous work on the MNP-enhanced GC-coupled SPR biosensor
[17] we monitored the wavelength reflectivity spectra over time
and hence were able to discriminate the influence of light absorp-
tion and refractive index change occurring in vicinity to the gold
surface. However, since we use a monochromatic light source for
both fluorescence excitation and SPR measurements, this approach
is not applicable for the parallel SPR and PEF measurements. The
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Table 1

Comparison of the signal-to-noise ratio obtained for the surface functionalization and the tested assays in the reflectivity and fluorescence channel on grating and plain gold

sensing areas.

Assay Readout type Grating gold Plain gold
b-1gG2b immobilization SPR 23:9° -
Anti-CD81 immobilization SPR 40+12" -
b-CTB-AF647 detection SPR 5 -
Fluorescence 700 18
MNP-enhanced detection of EVs SPR 44 76
Fluorescence 18 12

4 mean and standard deviation over 2 experiments.
b mean and standard deviation over 3 experiments.

fluorescence signal change was observed at a similar level both
on grating and plain gold as it mostly originates from a distance
longer than the PSP probing depth and thus it is not plasmonically
amplified.

After switching off the magnetic field gradient VB and rins-
ing the flow-cell with PBSTB (Fig. 5a and b, t=15-35min) the
unbound MNPs were quickly washed away. Due to the architec-
ture of the instrument, flushing of the flow cell with running buffer
was required to remove all unbound MNPs. These flushing steps
are indicated in the sensorgrams by dashed arrows and present as
sharp signal shifts. After flushing, SPR and PEF signals stabilized at
the same level as before the MNP incubation, indicating that there
was no unspecific binding to the functionalized surfaces.

Next the MNPs pre-incubated with the target EV analyte (at an
estimated concentration of 3 pg total protein/mL or 520 fM) and
CTB (conjugated with biotin and AF647) were collected at the sen-
sor surface in the same manner as before for the control MNPs
(Fig. 5a and b, t=35-45min). Again a similar decrease in SPR was
observable, but after switching off the magnetic field gradient and
flushing with PBSTB (Fig. 5a and b, t=45-65min) a reflectivity
change of AR;=0.16 a.u. on the grating gold area and ARp=7.72
a.u. on the plain gold area was measured due to the affinity bind-
ing of EVs carried by MNPs to immobilized anti-CD81 antibodies.
Since a decrease in the reflectivity R is observed on both grating
and plain gold surfaces, it can be concluded that mainly the effect
oflight absorption and scattering by the MNPs is responsible for the
signal change. Therefore, on the grating exhibiting SPR the reflectiv-
ity increase due to the analyte capture is overrun by the reflectivity
decrease due to the MNPs. This counteraction also translates in the
signal-to-noise ratio thatis 1.7-fold lower for the grating gold (~44)
compared to the plain gold (~76), see overview in Table 1. Hence
the measurement on plain gold, which detects only light absorp-
tion by MNPs, performed better. In order to make use of the SPR
signal change in addition to the light absorption and thus reaching
higher signal-to-noise ratios, the coupling resonance needs to be
tuned (e.g. by varying the grating period A) in a way that the res-
onance wavelength Agpg is shorter than the excitation wavelength
Aex, resulting in a signal decrease upon binding of the target analyte
to the sensor surface. It is worth of noting that a similar approach
was adopted for the angular modulation of GC-SPR [24].

In the fluorescence channel a signal increase of AFg=1100 cps
and AFp=590 cps for the grating and the plain gold chip, respec-
tively, were observed due to binding of MNP-bound EVs to the
sensor surface. The signal-to-noise ratio of ~18 on the grating gold
and ~12 on the plain gold was reached with this assay, which
implies a small signal improvement for the PSPs coupling with flu-
orophores. This also translates to the relatively small fluorescence
enhancement of only 2-fold by PSPs. There are several explanations
for the weak performance of the fluorescence channel for this type
of assay. First, the monitored reflected beam intensity indicates that
the binding of MNPs to the surface is accompanied with strong
light absorption. This absorption likely decreases the intensity of
light at the excitation wavelength Aex as well as at the emission
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wavelength Aem. The MNP-induced absorption at Aex leads to a
less efficient excitation of PSPs, which again leads to lower lev-
els of fluorescence signal amplification. Similarly for Aep, this effect
disrupts the surface plasmon-coupled emission. In addition, the flu-
orescence photons emitted from a volume between gold and MNPs
(see Fig. 2b) are partially blocked by these objects on both flat and
grating surfaces.

Since the fluorescence enhancement in the grating coupled SPR
and PEF sensor is inhibited by the presence of MNPs, a possible
solution for signal improvement would be to remove the MNPs
after the collection of the target analyte on the sensor surface. This
could be achieved by dissociating the binding of the biotinylated
CTB molecules and the SA coated MNPs and will be the subject
of further studies. One solution could be to use desthiobiotin for
the binding of EVs to the SA-MNPs. This type of biotin has a lower
affinity to SA and therefore MNPs could be dissociated by replace-
ment of desthiobiotin with biotin [23,25]. As free biotin has a higher
affinity to SA compared to surface bound biotin [26], another very
similar approach is to replace the biotin that is bound to the MNPs
by addition of a high concentration of free biotin in solution. Fur-
thermore, the sensitivity of the MNP-based assay for EV-detection
could be improved by exploiting the surface plasmon-enhanced
light scattering caused by MNPs, as it was demonstrated by Yang
etal. [27].

4. Conclusions

Plasmonic grating was implemented for the combined label-
free surface plasmon resonance (SPR) and plasmonically enhanced
fluorescence (PEF) measurement of the affinity binding at the sen-
sor surface by using epifluorescence geometry for the first time.
These measurements can be performed on the same spot in parallel
and in real-time and they allow for facile implementing magnetic
nanoparticle-enhanced assays. The monitoring of the affinity bind-
ing of a medium sized protein that was labeled with Alexa Fluor
647 dyes showed a ~100-fold fluorescence enhancement on the
gold grating surface compared to a reference flat gold surface. The
PEF readout outperformed SPR for this assay when the molec-
ular binding occurs at distances of 15-20nm from the metallic
sensor surface and the respective signal-to-noise ratio was ~140-
fold higher. The reported geometry allows for the incorporation
of magnetic nanoparticle (MNP)-enhanced assays for the detec-
tion of larger analytes, which exhibit slow diffusion that hinders
their affinity binding to the sensor surface. The combined PEF and
SPR readout was utilized for the detection of extracellular vesi-
cles (EVs) with the size of about hundred nanometers. The MNPs
offered means for efficient delivery and affinity binding of the tar-
get EV analyte at the sensor surface, but they substantially hindered
the performance of the fluorescence-based assay. The SPR detec-
tion channel outperformed the PEF in the MNP-based assay and
provided a 2.4-fold higher signal-to-noise ratio. For efficient PEF
detection that takes advantage of MNPs, reversible coupling mech-
anism for the capture of the target analyte on MNPs should be
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adopted in order to detach them after the delivery and affinity
binding of the target analyte at the sensor surface.
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Surface plasmon resonance has proven to be a valuable tool for biochemical analysis.
Supporting real-time label-free observation of affinity binding kinetics by monitoring the
detuning of the plasmon resonance yields valuable information on the interaction between
molecules.” Furthermore, fluorescent labels attached to one component of the assay are
routinely employed to improve sensitivity by orders of magnitude by plasmon enhanced
tfluorescence.* However, fluorescence assays allow only the observation of the last, labeled
step in an assay. Combining real-time monitoring of the in-situ surface functionalization
using SPR with a fluorescence readout channel enables more advanced detection schemes
and molecular interaction studies.'” To this date, the most widely used implementation of
SPR is the ATR configuration, utilizing a bulky prism to couple the excitation beam to the
surface plasmon, requiring a very specific optical readout configuration. In this chapter, a
different approach for the excitation and observation of plasmonic absorption and
fluorescence is followed. Using a corrugated metallic surface allows to excite surface
plasmons by grating coupling and observation of fluorescence in an epifluorescence reader
configuration. This optical configuration is used in a wide range of bioanalytical devices,
including microarray readers, microplate readers, and even fluorescence microscopes.
Therefore, this approach promises to extend the analytical capabilities of such devices by

using tailored plasmonic substrates, which can be made by scalable manufacturing

¢ http://creativecommons.org/licenses/by/4.0/
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technology, while achieving femtomolar sensitivity for multiplexed assays in an imaging

format.

This work was mainly driven by Stefan Fossati, who developed the multi-diffractive grating
architecture, carried out optimizations by FDTD simulations and the nanofabrication of
the substrates. He furthermore developed the optical instrument and supervised the
software development as well as fluorescence experiments. Samia Menad and Emmanuel
Maillard contributed large parts of the measurement software. Simone Hageneder
developed the bioassays and carried out parts of the experiments. The project was carried

out under the supervision of Jakub Dostalek.

Supporting information to this article is included in the appendix, section 5.6.
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Abstract: A novel metallic nanostructure for efficient
plasmon-enhanced fluorescence readout of biomolecular
binding events on the surface of a solid sensor chip is re-
ported. It is based on gold multiperiod plasmonic grating
(MPG) that supports spectrally narrow plasmonic reso-
nances centered at multiple distinct wavelengths. They
originate from diffraction coupling to propagating surface
plasmons (SPs) forming a delocalized plasmonic hotspot
associated with enhanced electromagnetic field intensity
and local density of optical states at its surface. The sup-
ported SP resonances are tailored to couple with the exci-
tation and emission transitions of fluorophores that are
conjugated with the biomolecules and serve as labels. By
the simultaneous coupling at both excitation and emission
wavelengths, detected fluorescence intensity is enhanced
by the factor of 300 at the MPG surface, which when
applied for the readout of fluorescence immunoassays
translates to a limit of detection of 6 fM within detection
time of 20 min. The proposed approach is attractive for
parallel monitoring of kinetics of surface reactions in
microarray format arranged on a macroscopic footprint.
The readout by epi-fluorescence geometry (that inherently
relies on low numerical aperture optics for the imaging of
the arrays) can particularly take advantage of the reported
MPG. In addition, the proposed MPG nanostructure can be
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prepared in scaled up means by UV-nanoimprint lithog-
raphy for future practical applications.

Keywords: fluorescence; multidiffractive gratings; optical
biosensor; plasmonics; ultrasensitive assays.

1 Introduction

In a variety of optical biosensors, plasmonic nanomaterials
become routinely employed for direct label-free analysis of
biomolecules based on the measurement of specific binding-
induced refractive index changes [1, 2]. In addition, we wit-
ness rapid progress in the implementation of plasmonic
nanomaterials for the amplification of weak optical spec-
troscopy signal in other biosensor modalities relying on
fluorescence, Raman scattering, and infrared absorption
spectroscopy [3-5].

Plasmon-enhanced fluorescence (PEF) spectroscopy
takes advantage of the increased intensity and local density
of optical states accompanied with the resonant excitation of
surface plasmons (SPs). These resonances originate from
collective oscillations of electron density and associated
electromagnetic field at the surface of metallic nano-
structures. The coupling of SPs with fluorophores allows
their lifetime, quantum yield, excitation rate, and far-field
angular distribution of the emitted light to be effeciently
manipulated [6-8]. These phenomena can be tailored to
enhance the sensitivity of fluorescence-based assays where
fluorophores are used as labels. Then, plasmonic nano-
structures are deployed at the sensor surface to increase the
signal-to-noise ratio of detected fluorescence signal that is
attributed to the capture of the target analyte from the
analyzed liquid sample. In general, detected fluorescence
intensity can be enhanced by the combined coupling of SPs
with fluorophores at their absorption A, and emission Ay,
wavelengths [9, 10]. This interaction can (i) increase the
excitation rate at A, (ii) improve extraction yield of fluo-
rescence light from the sensor surface by namrowing the
angular emission range at A, towards the detector, and (iii)
enhance quantum yield. The fact that the coupling with SPs
occurs locally within their confined near-field allows only

@ Open Access. © 2020 Stefan Fossati et al., published by de Gruyter. [(e) EXam) This work is licensed under the Creative Commons Attribution 4.0 Public

License.
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the fluorescence signal emitted in the close proximity to the
sensor surface without increasing the background signal
originating from the bulk to be selectively amplified.

The coupling of SPs with fluorophores scales with their
near-field intensity strength, which is limited by Ohmic los-
ses causing damping. Metallic nanostructures supporting
SPs with decreased damping can provide stronger near-field
intensity enhancement, which manifests itself as a spectrally
narrower surface plasmon resonance (SPR) [11-13]. Howev-
er, if the spectral window where SPs are resonantly excited
becomes narrower than the Stokes shift of the used fluo-
rophores, the combined coupling at absorption A, and
emission Ay, bands is not possible, potentially leading to a
decrease of fluorescence enhancement.

Metallic nanoparticles supporting localized surface
plasmons (LSPs) typically exhibit spectrally broad reso-
nances that can be tuned to spectrally overlap with hoth A,;,
and A., of commonly used organic fluorophores [14]. This,
however, holds true only for isolated or randomly arranged
metallic nanopatrticles, where the excitation of LSPs with
an optical wave traveling from the far-field is weakly
angular dependent. Periodic arrangement of nanoparticles
allows narrowing SPR spectral bands by diffraction
coupling of LSPs on individual nanoparticles giving rise to
delocalized lattice modes that exhibit sharp dispersive
spectral features [11, 12, 15-17]. A wide range of such
nanoparticle architectures has been developed to control
fluorescence [18-21], allowing the detection of even single
molecules [22]. These systems nevertheless are typically
suitable for research, and their utilization to practical ap-
plications is hampered by the requirement of nanoscale
control of emitter placement at the metallic nanoparticle
and complex techniques needed for their manufacturing.
Besides LSPs, propagating surface plasmon (PSP) modes
can be excited on continuous metal films. They exhibit less
confined near-field profile compared to LSPs and are
dispersive over a broad spectral range. When interacting
with fluorophores, the dispersive nature of PSPs can be
even exploited to angularly separate emission from fluo-
rophores exhibiting different Aer, to distinct angles in the
far-field by using the SP-coupled emission [23]. On
continuous metal films, periodic corrugation can provide
additional momentum in order to diffraction phase-match
optical waves propagating in the far field with PSPs. These
Bloch-like modes are delocalized along the surface with
angular dispersive and narrow spectral characteristics,
allowing the excitation of fluorophores at a certain angle,
facilitating emission via PSPs, and outcoupling to propa-
gating modes at different angles [24-26]. In order to over-
lap narrow plasmon resonances with multiple spectral
windows, metallic nanoparticle assemblies supporting

DE GRUYTER

hybrid SP modes can be used [27, 28]. They are formed by
the coupling of multiple metallic nanostructures, and ar-
chitectures supporting both LSP and PSP modes have been
studied [29, 30]. These systems support multiple hybrid SP
modes at distinct wavelengths; however, they typically
confine electromagnetic near-field intensity at different
locations on the structure and thus do not allow for the
simultaneous probing of species placed in their proximity
at respective spectral windows.

Plasmonic nanostructures can be prepared by a range
of lithography techniques providing different level of
control over their properties. While large areas of homo-
geneous flat metallic films are easily prepared by vapor
deposition techniques [31], their optical properties are
mostly determined by the choice of material. Metal island
films, often created by vapor deposition [32], can support
LSP modes with local hotspots exhibiting broad size dis-
tribution and lack of order. Colloidal lithography tech-
niques allow the preparation of domains with ordered
patterns of metallic nanostructures [33]. Electron heam
lithography is often employed to create almost arbitrary
morphology of metallic nanostructures with high precision
[34]. However, it is still considered as complex and not well
suited for cost-efficient large-scale production. Laser
interference lithography (LIL), a method where interfer-
ence pattern formed by overlapping coherent light beams
is transferred to a photosensitive material, allows us to
quickly and relatively inexpensively structure large areas
with periodic corrugation such as holographic gratings,
nanohole, or nanoparticle arrays [35, 36].

Nanoimprint lithography (NIL) represents another
promising approach to address scalability in nano-
fabrication. Molds carrying a structure that can be pre-
pared by more complex methods are then employed to
repeated transfer of the target motives into an imprint resist
[37]. The precise replication of patterns with feature size
below 20 nm [38] paved the way towards the application in
modern semiconductor manufacturing. In parallel, high-
throughput NIL methods are developed to produce nano-
structured surfaces, even on flexible substrates [39].

Herein, we report a new approach to plasmonic
nanostructures supporting multiple tunable resonances
with delocalized plasmonic hotspot along the surface and
we tailor them for the simultaneous coupling with fluo-
rophores at both their absorption and emission bands. Itis
hased on multiperiod plasmonic gratings (MPGs) that are
engineered to diffractively couple near-field SP field to far-
field optical waves traveling at desired wavelengths and
directions. The optical surfaces are prepared by UV-LIL
that is combined with UV-NIL in order to open the door for
potential scaled up preparation. The developed type of
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MPGs is particularly beneficial for fluorescence biosensors
with array detection format and in situ readout of reaction
kinetics that relies on inherently low numerical aperture
optics for the excitation and collecting of fluorescence
light. We show that the developed structure offers strong
enhancement of fluorescence signal by a factor of 300,
enables the monitoring of affinity binding that is not
masked by the bulk signal, and, when applied to an
immunoassay, allows rapid detection of the target analyte
at concentrations as low as 6 fM on multiple spots in
microarray format.

2 Materials and methods

2.1 Materials

Microscope slides made of BK7 glass were purchased from Carl Roth
(Germany) and used as substrates. The positive photoresist MICRO-
POSIT $1805 G2 and its developer AZ303 were bought from Microresist
(Karlsruhe, Germany), and the nanoimprint resist Amonil MMS10
was acquired from Amo GmbH (Berlin, Germany). The silicone kit
DOWSIL Sylgard 184 was purchased from Conrad GmbH (Wels,
Austria). Dithiols with carboxylic head group (SPT-0014A6,
COOH-0EGé6-dithiol) and oligoethylene glycol head group (SPT-0013,
OH-0EG3-dithiol) were from SensoPath Technologies (Bozeman, MT,
USA). Antimouse IgG conjugated with Alexa Fluor 790 (AF790) came
from Thermo Fisher Scientific-Life Technologies (Eugene, OR, USA).
Phosphate buffered saline (PBS), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine,
Tween 20, bovine serum albumin (BSA) and purified mouse IgG were
acquired from Sigma-Aldrich Handels-GmbH (Vienna, Austria).

2.2 Preparation of MPG nanostructures

UV-LIL [40] was employed for the preparation of MPG nanostructures.
Briefly, a laser beam with A = 325 nm was collimated and expanded in
order to perform the recording over an area of 1 cm’ with homogenous
intensity of about 15 pW/cm’. A glass or Si wafer substrate coated with
a 500-nm thick film of positive photoresist $1805 was mounted into a
Lloyd's mirror configuration to record sinusoidally modulated field
intensity formed by the interference of two parts of the beam - one
directly impinging at the resist layer and that other reflected by a UV
mirror (Figure S1A). The period of the modulation A was controlled by
changing the angle of the interfering beams 6. Multiple subsequent
exposures of different periods A were performed in order to yield the
target structure, In this work, the exposure of the period of A; = 564 nm
was followed by two additional orthogonal exposures carried out with
an interference field period set to A; = A; = 583 nm. Between each
recording step, the substrate with resist layer was rotated by an
azimuthal angle ¢ along the axis perpendicular to its surface. Next, the
structure was etched into the photoresist by a developer and its
topography was cast to polydimethylsiloxane (PDMS), which was
used as a working stamp for the preparation of multiple copies by
UV-NIL (Figure S1B). The PDMS was cured at room temperature for
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48 h. For a small reduction of the pattern period, it is possible to cure
the stamp at an elevated temperature of 60 °C. The thermal shrinking
of the cured working stamp after the cooling to room temperature
reduces the pattern period A by about 1%. To prepare the plasmonic
sensor chips by UV-NIL, glass slides were coated with a 130-nm layer
of the nanoimprint resist Amonil MMS10, contacted with the working
stamp, allowed to rest for 5 min, and were cured by UV cross-linker
Bio-Link (Vilber Lourmat, Collégien, France) with 2] cm * irradiation
dose at 365 nm (Figure S1C). The PDMS stamp was finally demolded,
and the corrugated glass substrates with casted MPG topography on
their top were subsequently coated with 4-nm-thick Cr and 100-nm-
thick Au layers by vacuum thermal evaporation instrument Auto306
from HHV Ltd (Crawley, UK).

2.3 Characterization of MPG nanostructures

The topography of MPG nanostructures was studied with atomic force
microscope PicoPlus from Molecular Imaging (Arizona, USA). The
spectrum of PSP modes that are optically excited on the gold-coated
MPG structures was observed from reflectivity measurements with the
structure clamped against a transparent flow cell that was flooded with
water. The polychromatic light beam of a halogen lamp was collimated,
polarized with a Glan polarizer, and made impinging at the MPG
structure. For a beam incident normal to the surface, a beam splitter
cube (CCM1-BS013 from Thorlabs, New Jersey, USA) was used to sepa-
rate the incident and reflected beams. The reflected light beam was
collected by an optical fiber and brought at the input of a spectrograph
(Shamrock 303i from, Andor, New York, USA). As a reference, a flat gold-
coated glass substrate was used.

2.4 Sensor chip and surface modification

Immediately after the deposition of thin metallic layers, the substrates
were incubated in an ethanolic thiol solution of 0.1 mM
COOH-OEG6-dithiol and 0.9 mM OEG3-dithiol overnight in order to
form a self-assembled monolayer (SAM). After rinsing with ethanol
and drying with a stream of compressed air, the prepared samples
were stored in argon atmosphere at room temperature until further use
to ensure their stability over weeks [41].

2.5 Optical reader

Readout of the binding of biomolecules labeled by a fluorophore on
the sensor chip with MPG nanostructure and the investigation of the
enhancement strength provided by this nanostructure were carried
out using a setup with epi-illumination fluorescence geometry. It
was designed to image an area of 4 x 4 mm on the sensor chip with
MPG at a scientific EM-CCD camera (iXon 885K from Andor, Belfast,
UK) by the optical system with a numerical aperture of NA = 0.2, A
monochromatic beam emitted from diode laser iBeam Smart 7858
with Agx = 785 nm from TOptica, Photonics AG (Gréifelfing, Germany)
passed through a laser cleanup filter (BP A.,, LLO01-785 from
Semrock, Rochester, NY, USA) and a spatial filter consisting of a
60x microscope objective, a 40 ym pinhole, and recollimation lens
(lens 1, AC-254-40-B from Thorlabs, Newton, NJ, USA). The central
part of the expanded and collimated beam was polarized (POL,
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LPVIS100 from Thorlabs, Newton, NJ, USA) and directed towards the
sample by a dichroic mirror (DM) module. It comprised a DM
(Di02-R785 from Semrock, Rotchester, NY, USA) oriented by 45° with
respect to the axis of the module, and its central area with 2-mm
projected diameter was coated with 100-nm-thick gold serving as a
central mirror (CM). The excitation beam at the wavelength of
Aex = 785 nm was focused at the CM by a lens (lens 2, AC-254-35-B
from Thorlabs, Newton, NY, USA), and the reflected beam was rec-
ollimated with another lens (lens 3, AC-254-40-B from Thorlabs,
Newton, NJ, USA). The collimated excitation beam was made nor-
mally incident at the sensor chip surface that carried MPG nano-
structure. The distance between the DM module and the sensor chip
was set to the focal distance of lens 3. In this configuration, the
reflected excitation beam A., was focused again at the CM and re-
flected away from the detector arm. Contrary to the excitation beam
Aex, the fluorescence light emitted from the sensor chip surface at
longer wavelength A, propagated at deviated angles and thus the
majority of its intensity passed through the DM module towards the
detector. The surface of the sensor chip was imaged at the detector plane
by an imaging lens (lens 4, AC-254-80-B from Thorlabs, Newton, NJ,
USA). In the detector arm, a notch filter (NFO3-785E-25 from Semrock,
Rotchester, NY, USA) and a fluorescence bandpass filter (FF01-810/10-25
from Semrock, Rotchester, NY, USA) were used to suppress the intensity
of the excitation beam that leaked through the dichroic filter with the
CM. Fluorescence images were acquired with a scientific EM-CCD cam-
era operated at —70 °C and with EM gain set to 100. In-house-developed
LabView software (LabView 2015, NI, Austin, TX, USA) was used to
acquire image series and it comprised the data processing for deter-
mining the average signals on arrays of preselected spots and their
progression over time.

2.6 Bioassay

For testing the analytical performance that is advanced by using
sensor chips with the MPG nanostructure, a transparent flow cell was
clamped on their top and the assembly was loaded to an optical
fluorescence reader system. The flow cell consisted of a fused silica
glass substrate with drilled input and output ports and a thin gasket
cut from a 100-pm-thick PDMS sheet. The volume of the used flow
chamber defined by the PDMS gasket was of several microliters, and
aqueous samples were transported through the flow cell by using a
peristaltic pump (from Isamtec, Switzerland).

The sensor chip carried a gold layer modified by a thiol SAM with
carboxyl (COOH) and oligoethylene glycol (OEG) groups. In order to
covalently couple protein ligands carrying amine groups, the COOH
moieties on the thiol SAM were activated by a flow of an aqueous
solution with 75 mg mL ' EDC and 21 mg mL ' NHS for 15 min. After
rapid rinsing with acetate buffer of pH 4, mouse IgG dissolved (protein
ligand) at a concentration of 50 pg mL™' in acetate buffer was flowed
through the sensor and allowed to react with the gold sensor chip
surface for around 90 min. The unreacted COOH groups were
passivated by a 1 M ethanolamine solution in H,0, adjusted to pH 8.5.
Immediately after the functionalization step, the sensor chip was used
for the readout of model bioassay and liquid samples with increasing
concentration of antimouse IgG conjugated with AF790 were
sequentially flowed through the sensor (incubation time of 15 min for
each concentration, followed by a rinsing step with buffer). All assay
components were dissolved in PBS containing 0.05% Tween 20 and
1 mg mL™" BSA.

DE GRUYTER

2.7 Numerical simulations

The finite-difference time-domain method implemented in commercial
software was employed from Lumerical Inc. (Canada). Optical near-field
calculation of the electric field intensity distribution was performed ata
wavelength that is coincident with the absorption band of the chosen
emitter (1 = 785 nm). Fluorophore emission was studied by representing
a fluorophore as an oscillating electric dipole. Both absorption 7, and
emission ﬁm dipoles were assumed randomly oriented, and the
respective optical response was averaged over all their possible orien-
tation and locations on the surface. A computation cell was defined with
lateral dimensions of 20 x 20 um along the structure surface and height
of 8 pm was used. Perfectly matched layer boundary conditions were
applied to all boundaries. Cartesian coordinates were used and the axes
in the plane of the structure are noted perpendicular ( L) and parallel (||)
and the axis perpendicular to the structure as z. The emitter was placed
15 nm above the gold corrugated surface in the z direction. The
wavelength-dependent refractive index of gold n,, was modeled by
fitting a Drude-Lorentz model to data from the CRC Handbook on
Chemistry and Physics while the refractive index of water as bulk me-
dium was assumed nondispersive with n, = 1.332. To study the spectrum
of supported plasmonic modes, the MPG structure was illuminated with
a plane wave source from above the bulk dielectric with refractive index
n,. Monitor planes were used 300 nm below and 700 nm above the
surface to record the electrical field and calculate transmission and
reflectivity. Furthermore, far-field distribution of the fluorescence
emission in epi-fluorescence configuration was calculated by applying a
far-field transformation to the reflectivity monitor.

3 Theory and experiment

The concept of MPG was pursued for the enhancement of
fluorescence signal by using corrugation of a thin metal
film with several encoded superimposed periodic modu-
lations. These modulation components enable the precise
design of the spectrum of excited plasmonic modes with

A PSP-enhanced: B
Dark Bright  excitation / emission Alexa Fluor 790
fluorophore - fluorophore

Absorption [a.u.]
Emitted int. [a.u.]

{
700 800 900
Wavelength [nm]

()

n.

Gold multi-resonant plasmenic grating

Figure 1: Concept of the MPG-based sensor readout.

(A) Schematics of the surface of multiresonant MPG structure that
carries a biointerface on its top to affinity capture fluorophore-labeled
biomolecules that are probed by surface plasmon modes at its exci-
tation and emission wavelengths. (B) Example of the absorption and
emission spectra for selected fluorophore Alexa Fluor 790.
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respect to the characteristics of the used fluorophores.
Further, the structure was tailored for the amplification of
fluorescence assays that utilize a near-infrared (NIR) fluo-
rophore Alexa Fluor 790 (AF790) as a label. The MPG,
schematically shown in Figure 1A, was implemented with
grating periods suitable to resonantly excite PSPs on its
surface at wavelengths that coincide with the excitation
wavelength A,x = 785 nm and emission wavelength
Aem = 810 nm of A790 (see respective absorption and
emission peaks in Figure 1B). In the NIR wavelength range,
the resonant excitation of PSPs at regular gold grating
surfaces is manifested as a spectral dip in the reflectivity
spectrum with a width of about AAgwyym = 15 nm, which is
substantially narrower than the Stokes shift of available
fluorophore labels (including that for the chosen AF790
with Aem—Aan = 23 nm). Therefore, the MPG was developed
in order to support two distinct plasmonic resonances that
provide enhanced intensity of PSP field at both excitation
and emission wavelengths of AF790 in order to locally in-
crease the excitation rate (at A.,) and take advantage of
SP-mediated emission with diffractive outcoupling of
fluorescence light trapped by PSPs (at A.y,) towards the
detector. The importance of these contributions to amplify
the measured fluorescence intensity is experimentally and
theoretically demonstrated, and it is utilized for ultrasen-
sitive fluorescence-based detection of biomolecules.

S. Fossati et al.: Multi-resonant plasmonic nanostructure = 5

3.1 Topography of MPG structure

The MPG structure with three superimposed periodic cor-
rugations was investigated and prepared by UV-LIL. A thin
photoresist layer was sequentially exposed to series of si-
nusoidal patterns formed by two coherent interfering plane
waves, and the final corrugation structure was yielded by
its etching. The first recording of a shorter period
Ay =563 nm was followed by two additional longer periods
A; = A3 = 586 nm that were rotated around the axis
perpendicular to the surface by an azimuthal angle of
@ = 45° and -45° (see Figure S1A). The superimposed
interference field pattern is simulated in Figure 2A, and the
respective etched corrugation profile can be described as
the following height dependence:

h(?) = éa;sin(i—r:i i ?) 5 (1

where g; is ths amplitude, A; is the period of corrugation
components, k; is the unit vector defining its orientation in
the MPG plane (i=1, 2, 3), and 7 is the distance in the plane
of the structure. Multiple substrates with identical corruga-
tion profile were prepared by UV-NIL and coated with a
100-nm-thick Au film by vacuum thermal evaporation
(Figure S1C). Atomic force microscopy was used to determine
the topography of the prepared MPG, and the maximum

Height A [nm]

c Amplitude a [nm]
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Figure 2: Designed MPG structure.

(A) Orientation and periods of sequentially
recorded overlaid sinusoidal corrugations
by using UV-LIL method. (B) Measured
topography of prepared MPG surface by
AFM. (C) 2D FFT of the corrugation profile of
the MPG structure. UV-LIL, UV-laser
interference lithography; FFT, fast Fourier
transform; AFM, atomic force microscopy.
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corrugation depth of about 70 nm (difference in height of the
topography) was observed, Figure 2B. The structure topog-
raphy was further analyzed in more detail by 2D fast Fourier
transform in order to reveal its periodic components. The
obtained results are presented in Figure 2C, and they show
clear peaks corresponding to recorded superimposed sinu-
soidal corrugations with periods A,, A_Zﬂ and As;. The depen-
dence of the respective orientation of k ; vectors agrees with
the azimuthal angles ¢ used in the recording process. The
modulation amplitude for each corrugation was determined
to be around a, = @, = a3 = 8 nm. This value is close to that
used for the first order diffraction coupling to PSPs on the
gold surface in the NIR part of the spectrum as shown hefore
in literature [42].

3.2 Diffraction coupling to SPs by MPG

Periodically corrugated metallic surfaces allow for the
phase matching of optical waves propagating in the far
field with the near-field PSPs traveling along these sur-
faces. In general, the investigated geometry of MPG with
multiple harmonic components allows fulfilling the phase-
matching condition via its individual spectral components
or their combination. For shallow corrugations, the
wavelength-dependent propagation constant of PSPs in
transverse magnetic polarization can be approximated by
that for plane metal surface:

=

Tc)sp:zﬂRe{ My - 1 ]»[elsin((p)ﬁ—_é'cos(q))], @

B
A nZ +n?

where ny, and ng are the refractive indices of the metal and
the adjacent (water) dielectric, respectively, ¢ is azimuthal
angle, and e— | and e — || are the unit orthogonal vectors
in the plane of the MPG. The momentum of the incident
beam becomes phase matched with that of PSPs when the
following condition holds:

H+

— —_ 3 iy
ksp = 2-—H—rr,;(:os(ﬁ') jeisin () + & cos (tp)] + ¥ miE ki,
A Y
(3)

where 8 and ¢ are the polar and azimuthal angles,
respectively, of a plane wave traveling in the dielectric with
a refractivg index n, A;is the period of corrugation com-
ponents, k; is unit vectors defining its orientation in the
MPG plane (i = 1, 2, 3), and integers (m1, mz, m3) refer to a
diffraction order.

The prepared gold-coated MPG structure was brought
in contact with water exhibiting ns = 1.332, and the
specular reflectivity spectrum Ry was measured for the
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Figure 3: Plasmonic modes. Zero-order reflectivity spectrum
measured for the normally incident beam at the MPG surface
brought in contact with water (ns = 1.332).

normally incident optical beam (6 = 0, ¢ is arbitrary). As
seen in Figure 3, it exhibits two narrow dips centered at
wavelengths of 784 and 817 nm and the coupling strength
to shorter wavelength resonance can be controlled by the
polarization of the incident optical beam. For the parallel
polarization, the SPR at shorter wavelength is strongly
pronounced, while when rotating the polarization to
the perpendicular direction, it diminishes. The longer
wavelength SPR dip is not sensitive to polarization
changes. This behavior clearly relates to the fact that the
short wavelength SPR originates from the diffraction on
the corrugation component A, (which is recorded with
only one azimuthal orientation) while the longer wave-
length resonance is associated to the corrugation com-
ponents A, and As (forming a crossed grating with two
identical orthogonal corrugations). The spectral position
of shorter and longer wavelength resonances observed in
the specular zero-order reflectivity spectrum (Ry) can be
ascribed by using equation (3) to first-order diffraction
coupling. The resonance at 785 nm is associated with the
excitation of PSPs via the order (1,0,0) and the one at
810 nm to (0,1,0) and (0,0,1). Interestingly, the higher
order coupling is not apparent in the visible-NIR spectral
window of measured specular reflectivity Ro. Itis worth of
noting that the spectral position of short and long
wavelength SPRs can be tuned by changing the respec-
tive periods A, and A,/A; (see Figure S2A) and thus the
reported MPG concept can be implemented for other
emitters absorbing and emitting at different wavelengths
Aap and Ay, respectively. Moreover, the coupling
strength of PSPs with optical wave that impinges from the
far field depends on the modulation depth a; and on the
polarization of the incident field with respect to the
grating vector as illustrated in Figure S2B.
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3.3 Simulations of PEF on MPG

The MPG structure exhibits two distinct resonances that
coincide with the absorption and emission wavelengths of
the AF790 fluorophore A;, and A, respectively. The
coupling of this fluorophore with the enhanced intensity of
electric field IE I* of resonantly excited PSPs at these wave-
lengths was studied using numerical simulations. The fluo-
rophore was represented as an infinitesimally small electric
dipole placed at a distance of 15 nm from the gold surface,
which was chosen with respect to a typical immunoassay
experiment considering the size of immunoglobulin G anti-
bodies (13.7 x 8 x 4 nm [43]) and the fact that it is above the
distance where strong quenching occurs [44]. The fluores-
cence emission has dipole characteristics [45, 46], and it
cannot be excited when the orientation of the electric field
E is perpendicular to the emitter absorption dipole ﬁ’ - In
the reported experiments, fluorophores were conjugated to
proteins by flexible molecular linkers with high degree of
rotational freedom, which leads to randomizing its orienta-
tion in the fluorescence lifetime and consequently to an
isotropic emission profile. Therefore, all possible orienta-
tions of the fluorophore absorption ¢, and emission I o,

dipole were accounted for and averaged with respect to PSP
electric field E .

The excitation rate of a fluorophore is a function of the
scalar product of the local electric field E at Aex and ab-
sorption moment of the fluorophore .. Assuming the
excitation rate is far below saturation, it can be expressed
as oc|H - EJ? and thus being proportional to the electric
field intensity enhancement |E/FQ|2 accompanied with
the resonant excitation of PSPs, which is strongest for
the £ component perpendicular to the surface. [t reaches
value |E [/ E of* = 160 (normalized with the intensity of the
incident field intensity |E~’0|z) for the resonant coupling of
light to PSPs at Ae, = 785 nm and the distance of 15 nm from
the surface after the averaging along the structure corru-
gation (see Figure S3). This electric field intensity
enhancement yields the mean amplification of the excita-
tion rate of the emitter with randomly oriented absorption

moment } ,, of 53, compared to an emitter in a homoge-
neous medium, which is similar to the excitation rate

enhancement reported for excitation in attenuated total
reflection (ATR) configuration with Kretschmann geometry
[47].

After the PSP-enhanced excitation of the fluorophore at
Aex its emission can also be mediated by these modes at A.p,
as is analyzed further. These modes are generated upon the
emission process by the near-field coupling and travel along
the MPG surface. They become subsequently diffraction
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outcoupled to far-field waves that propagate away from its
surface in the perpendicular direction. The emission char-
acteristics mediated by the coupling to PSPs were averaged
over all lateral positions and orientations of emission
moment ¥, (assuming rapid rotation of fluorophore on the
surface within the lifetime of its excited state). As shown in
the simulated angular distribution of fluorescence intensity
emitted to the far field above the MPG in Figure 44, it exhibits
a pattern with multiple narrow dispersive bands that are
attributed to first-order diffraction on the corrugation com-
ponents A;, A, and A3, with corresponding diffraction order
of (+1,0,0), (0,+1,0), and (0,0,+1), respectively. Clearly, these
bands converge at the center, which consequently increases
the probability of fluorescence emission to waves traveling at
small polar angle 6. Assuming a fluorescence collecting cone
corresponding to a numerical aperture of 0.2, the MPG
structure redirects the fluorescence light, so the detected
intensity is enhanced by a factor of 8.2 with respect to a
dipole in a homogeneous medium, where the emission is
omnidirectional, and a factor of 6.2 compared toa dipoleona
flat gold surface. MPG shows an additional 30% improve-
ment compared to previous work utilizing a crossed grating

Fluorescence
(0.+41,0) (-1,0,0) (+1,0,0) (0,0,+41) Intensity [a.u.]

B F max

Polar angle =
o [deg] f
(0,0,41)
0,0,1) (-1,0,0) (+1,0,0) (0,-1,0)
Fluorescence
Intensity [counts]
B 16x10°
8x103
0

" 08=20.4 deg (NA=0.18)

Figure 4: Surface plasmon-coupled emission at Aem.
(A) Simulated and (B) measured angular distribution of fluorescence
light emitted from MPG surface with indicated diffraction orders.
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that was tuned to couple to plasmons at the excitation
wavelength only [48].

3.4 Experimental observation of PEF on MPG

In order to measure the fluorescence signal amplified by the
developed MPG nanostructure, its gold surface was modified
with a mixed thiol SAM carrying OEG and COOH groups. The
OEG thiol in the mixed thiol SAM was used to provide pro-
tection against unspecific binding of proteins present in
analyzed liquid sample, and the smaller fraction of thiols
carrying the COOH end group was employed for the post-
modification of the sensor surface with functional groups.

Firstly, mouse IgG conjugated with AF790 was cova-
lently bound to the COOH moieties on the surface by using
the amine coupling, and the angular distribution of fluo-
rescence light emitted from MPG was measured. This
experiment was performed using an in-house-developed
fluorescence reader configured to image the back focal plane
of the objective lens placed before the sensor chip with MPG
(lens 3 in Figure S4, back focal plane cuts the CM as indi-
cated). The imaged angular distribution of emitted fluores-
cence light was measured by an EM-CCD detector in the
range from 6 = -10.2t0 10.2°, Figure 4B. This image shows six
dispersive bands originating from first-order outcoupling of
PSP-mediated fluorescence emission at A, at angles that
agree with the simulations presented in Figure 4A.

Then, the configuration of the optical system of the
reader was changed to image the surface of MPG to the
EM-CCD detector to allow fluorescence readout of bio-
assays on the sensor chip. These measurements were car-
ried out to evaluate the impact of individual components of
the investigated MPG nanostructure to the fluorescence
enhancement. The imaged area on the sensor chip was
prepared so six different zones were coated with the same
gold film and carrying the same surface density of I1gG
conjugated with AF790, see Figure 5A and D. The first
reference zone was flat, the second and third zones were
corrugated with only one component A; and A3, the fourth
and fifth zones carried two superimposed components A,
As; and A;, Az, and the sixth zone comprised all components
Ay, Ay, A5 forming the full MPG structure. The sensor chip
with all six zones carrying IgG-AF790 conjugates on their
top was illuminated with a collimated and linearly polar-
ized beam at A.y, and the intensity of emitted fluorescence
light at Aemy was collected and imaged to the EM-CCD de-
tector. In order to distinguish between the impact of plas-
monically enhanced excitation at A., and plasmon-coupled
emission at A, the polarization of the excitation beam
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was rotated so the SPR at the excitation wavelength A, was
switched on and off (see Figure 3). The obtained fluores-
cence images are presented in Figure 5A-C. They show
increased fluorescence signal in a circular illuminated area
that is sliced to sections representing the six zones carrying
different combinations of spatial components Ay, A;, and
As. The fluorescence intensity was averaged over the sur-
face of each zone, and the value measured outside the
illuminated area was subtracted in order to compensate for
stray light and a dark signal of the EM-CCD detector. Then,
the intensity from structured zones was normalized with
that measured on a reference flat surface, and the obtained
enhancement factors are summarized in the table included
in Figure 5E.

For the perpendicular polarization of the excitation
beam L (which does not couple to surface PSPs at A., via
corrugation component A,), the impact of MPG to the
SP-coupled emission at A.,,, was investigated. As Figure 5A
shows, the presence of individual corrugations A, and As
provided the enhancement factor of collected fluorescence
light intensity F of 3.7. On the zones when these components
are overlaid with A,, this factor increases to 17, and when all
the components A, , ; are present, it raises to about 25. Let us
note that the latter two enhancement values are substan-
tially higher than the value predicted by simulations for the
outcoupling of the emission occurring via PSPs at Ao, (factor
of 6.2). This observation can be attributed to partial miss
alignment of the excitation beam polarization which leads to
weak coupling to PSPs at the excitation wavelength A,
which amends the excitation rate of the attached fluo-
rophores. For the parallel polarization of the excitation beam
||, the enhancement by individual corrugations A, and A;
provided the same enhancement factor of 3.7. On the zones
where these components are superimposed with A, the
enhancement factor of 248 was measured, which is about 67
times higher than on the surface without this component
and which agrees well with the predicted contribution of the
enhanced excitation rate at Agx of 53. On the zone where all
components were present, additionally higher enhancement
factor of 300 was determined with respect to the flat surface
where both the excitation rate enhancement at Ao by A; and
the improving of collection yield at Acy by A; and As are
combined.

3.5 Readout of fluorescence immunoassay
kinetics

The ability of the MPG nanostructure to enhance the per-
formance characteristics of a fluorescence assay was
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Figure 5: Experimentally determined fluorescence enhancement factors. Fluorescence images taken from an area, where different
combinations of spatial MPG components are present. Polarization of the excitation beam was (A) orthogonal and (B,C) parallel to the grating
M. (D) Photograph of the prepared MPG with highlighted areas carrying different spectral components of MPG and (E) comparison of the
respective enhancement factors with respect to that measured for the flat surface.

demonstrated for a microarray detection format. In this
experiment, there was used the optical reader schemati-
cally shown in Figure 6A and a sensor chip with MPG
nanostructure was interfaced with a flow-cell as indicated
in Figure 6B. In this sensor configuration, the fluorescence
signal F was measured as a function of time ¢ from 21 cir-
cular spots defined on the sensor chip surface (see
Figure S5). Each spot exhibited 220-pm diameter, and spot
numbers 5, 8, 6, 9, 12, 10, 13, and 16 were defined on the
sensor chip area in the flow cell chamber with the full MPG
nanostructure coated with gold film. In addition, reference
spots1, 2,3, 4,7, 13, and 21 were placed outside the flow cell
chamber, and reference spots 11, 15, 20, 14, 17, and 18 were
defined inside the flow cell on the area with a flat gold film
not carrying the MPG. The gold surface on the MPG inside
the flow cell was functionalized by using the same mixed
thiol SAM and amine-coupling strategy by mouse IgG
molecules that were not labeled by a fluorophore. These
biomolecules served as a ligand and allowed for affinity
capture of target analyte (antimouse IgG conjugated with
AF790) from the aqueous sample transported along the
sensor surface through the flow cell chamber.

Initially, buffer was flowed through the sensor for at
least 10 min until a stable baseline in the sensor response
F,, was established for all sensing spots 1-21. Afterward, a
series of samples spiked with a target analyte (antimouse
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IgG conjugated with AF790) at concentrations between
10 fM and 10 nM was flowed over the sensor surface and its
affinity binding at the array sensing spots was monitored
through changes in the fluorescence signal F. The fluo-
rescence signal deriving from each spot was averaged from
the acquired images over its area and plotted by using in-
house-developed LabView-based software. Variations in
light source intensity were corrected by subtracting the
signal of an illuminated reference spot outside the micro-
fluidic channel from all other curves (spots 1, 2, 3, 4, 7, 13,
and 21).

In a first step, the fluorescence signal was monitored
for the affinity binding of high analyte concentrations (1
and 10 nM); therefore, the reader was configured for the
monitoring of strong fluorescence intensities F (intensity of
the excitation beam irradiating the sensor chip surface at
Aex Was 30 uW cm™, irradiation time of 0.3 s, with image
accumulation of 10). Figure 7A compares the fluorescence
signal kinetics F(t) for two spots on the surface with gold
MPG (red-colored curves) and two reference spots with flat
gold surface (green-colored curves) where baseline signal
F,, was subtracted from the acquired signal. Each sample
was flowed over the surface for 20 min followed by 10 min
rinsing. These data reveal the affinity binding manifests
itself as a gradual increase in the fluorescence signal AF
until saturation is reached, then upon the rinsing step a
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slow decrease in the fluorescence signal occurs due to
dissociation of affinity bound molecules. The irradia-
tion power at A, was selected to prevent the fluo-
rophore labels from bleaching within the reaction
time. The sensor response AF to the analyzed sample
was defined as a difference in the fluorescence signal
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L
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s
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2
Probed Figure 6: Optical biosensor reader.
area (A) Schematics of the optical configuration
forthe measurement of fluorescence signal
kinetics from arrays of spots on the MPG
sensor surface imaged to the detector.
Reference 5
flat surface (B) Sensor chip with MPG structure that is
:;'If::'m" interfaced with a flow cell and indication of

the selected sensing spots. POL, polarizer;
BP, bandpass filter; NF, notch filter; DM,
dichroic mirror; CM, center mirror.

between the original baseline and after the 5 min
rinsing. The measured data show that the MPG
structure enhanced the fluorescence sensor response
by a factor of 292 with respect to the flat surface,
which is consistent with previous ohservations per-
formed without the kinetics readout (see Figure 5).
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- Figure 7: Biomolecular binding kinetics
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42 10° fluorescence intensities and (B) low
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510‘ respective (C) calibration curve was
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curves on the reference flat gold surface.
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In a second step, the reader was configured for the
monitoring of weak fluorescence signal in order to
decrease the limit of detection (LOD) of the performed
model assay (intensity of the excitation beam irradiating
the sensor chip surface at As, was raised to 265 pW cm”?,
irradiation time 30 s, without accumulation of images). In
Figure 7B, the kinetic measurement of the fluorescence
signal F(¢) for the target analyte concentrations of 10, 50,
and 100 fM is shown. For the spots on the nonstructured
reference area (green-colored curves), no measurable
change in signal was observed, while on the area struc-
tured with gold MPG, a clear increase in F(t) for all shown
concentrations is detected. The kinetics of the reaction
presented in Figure 7B is qualitatively different from thatin
Figure 7A. The fluorescence signal intensity F(t) faster
saturates at already low concentrations where only a small
fraction of available binding sites is occupied by the target
analyte conjugated with AF790 and it also faster decreases
upon the rising step. These effects are caused by the more
pronounced bleaching occurring due to the more intense
irradiation power at Ag.

From the measured kinetic data, the calibration curve
presented in Figure 7C was established and the respective
LOD was determined. The fluorescence response AF on the
MPG structure was plotted against the analyte concentra-
tions of 10 fM, 50 fM, 100 fM, 0.5 pM, 1 pM, and 5 pM in log-
log scale and fitted by a linear function with a slope
S§=0.95 counts/30 s/fM. The LOD was determined from the
intersection of the fitted calibration curve with three times
the standard deviation of the fluorescence background
30(F), where o(F) = 0.75 counts/30 s. The achieved
(average) LOD is 6 fM for the used measuring spot numbers
5,8,6,9,12,10, 13, and 16. It should be noted that the imaged
area of 4 x 4 mm can accommodate up to 270 of these spots,
which can be used for parallel monitoring of biomolecular
binding kinetics undisturbed by the background signal
originating from the bulk, owing to the local enhancement
of emitted fluorescence signal at the sensor chip surface.

4 Conclusions

A novel metallic nanostructure with a delocalized plas-
monic hotspot and multiple SPR wavelengths is reported
and its tailoring for PEF is discussed. It is based on a MPG
that supports series of spectrally narrow (15 nm width)
resonances associated with the diffraction coupling to PSP
modes. These substrates were utilized for fluorescence
immunoassay measurements, which show an enhance-
ment factor of 300x on the MPG surface with respect to a
nonstructured surface carrying the same biointerface
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architecture. This enhancement factor is about 2x as high
as previously reported by our group for single period
crossed grating tuned for the excitation enhancement only
[48] and more than 5x higher than what has been reported
for PEF with the ATR method and Kretschmann configu-
ration [49]. In conjunction with a reader allowing spatially
resolved monitoring of fluorescence intensity from multi-
ple spots arranged in a footprint of 16 mm’, there is
demonstrated the possibility of highly parallelized mea-
surement of affinity binding kinetics that is not masked by
the background single originating from the bulk and with
high sensitivity enabling reaching the LOD of 6 fM. The
reported LOD is about 66x improved compared to similar
assays reported by our previous work on single period
crossed gratings and ATR-based PEF [49]. By changing the
periods of the superimposed periodic structures, the pro-
posed MPG concept can be utilized for arbitrary emitters in
the red and infrared part of the spectrum (for a gold sur-
face) or at shorter wavelengths (for silver or aluminum)
covering a wide range of available fluorophore labels. In
addition, the ability to translate the MPG preparation pro-
cess to mass production compatible technologies such as
UV-NIL in roll-to-roll format in conjunction with deploying
of novel antifouling biointerface architectures [50] may open
a pathway for future industrial applications (including
analysis of trace amounts of diseases hiomarkers in bodily
fluids, which is a topic for the follow-up work).

Abbreviations

AF790 Alexa Fluor 790 fluorescent dye
™ Central mirror

DM Dichroic mirror

EBL Electron beam lithography

LIL Laser interference lithography
LSP Localized surface plasmon
MPG Multi-period plasmonic grating
NA Numerical aperture

PEF Plasmon-enhanced fluorescence
PSP Propagating surface plasmon
SAM Self-assembled monolayer

SP Surface plasmon

SPR Surface plasmon resonance

UV-NIL UV-nanoimprint lithography
UV-LIL UV-laser interference lithography
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3. Summary and Outlook

In this work, novel multimodal biosensor concepts are pursued to push forward the
capabilities of biosensor applications in the sensitive detection of chemical and biological
species and in biomolecular interaction analysis. They are based on nanophotonic surfaces
that enable the implementation of novel functionalities in established optical technologies
and provide the basis for a new type of sensor devices, particularly in conjunction with
additional electronic sensing principles. Plasmonic resonances, supported by the
nanostructured metallic surface, are utilized for probing of target molecular species,
rending means for the direct detection based on induced refractive index changes, plasmon
enhanced fluorescence (PEF), and surface-enhanced Raman spectroscopy (SERS). New
architectures and fabrication methods have been devised to serve in high-performance
sensors that overcome the need of using particularly cost-extensive and complex

fabrication processes.

One of the best-studied plasmonic surface architectures, a thin gold film prepared by
thermal evaporation, has been employed to investigate new approaches for plasmonic
biosensors. The interaction of fluorescent molecules with the electromagnetic nearfield at
a gold surface has been studied in section 2.6 and an aptamer-based sensor for the
continuous monitoring of adenosine triphosphate as a small model analyte has been
developed. The strong distance dependence of observed fluorescence intensity within ~10
nanometers from the metallic surface, caused by the interplay between quenching by metal-
induced energy transfer and plasmon-enhanced fluorescence, allows to observe the
conformational change of a hairpin aptamer assay with an unprecedented 23-fold increase
of fluorescence upon sensor saturation while maintaining sensor response times to analyte
concentration within minutes. Furthermore, propagating plasmons at a flat gold film, used
as the gate electrode of a graphene field-effect transistor, have been used to implement a
novel multimodal sensor device that allows the simultaneous monitoring of surface mass
accumulation and change electrical surface properties at the electrode. The instrument
presented in chapter 2.5 has been used to investigate the layer-by-layer assembly of

polyelectrolytes and revealed a remarkable difference in the kinetics of SPR and electronic
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response, which would be difficult to reliably observe by conventional separate
experiments. With the results of the new observation method, a detailed model for the
assembly process of polyelectrolyte multilayers has been derived. In both projects, prism
coupling has been used to excite surface plasmons, but this approach severely limits
possible applications, as dedicated instruments with a prism in ATR configuration are
required. To allow integration of plasmonic enhancement in established optical biosensor
architectures, several surface architectures have been developed that allow the coupling to
plasmons from normal incidence and plasmonic fluorescence enhancement for

epifluorescence reader configurations.

A novel nanomesh-on-mirror architecture, prepared by colloidal lithography and a thin
film transfer, is presented in chapter 2.1 and it exhibits a rich spectrum of modes with
different angular dispersion properties. This photonic material exhibits good short distance
ordering with hexagonal symmetry and can potentially be prepared on large areas. A non-
dispersive cavity mode with a high Q-factor, strongly concentrating the electromagnetic
field in the spacer layer, was identified and makes this type of architecture an excellent
candidate for applications in solar cells. Another nanomesh-based surface architecture,
including a thermoresponsive hydrogel as an active element, has been employed for
biosensor applications in chapter 2.2. By embedding metallic nanoparticles in the pores
formed by nanoholes of a perforated metal film on hydrogel, a plasmonic hotspot is
generated at the pore by coupling between LSP of the particle and nanoholes. With the
recognition elements of the biosensor immobilized in the hydrogel matrix, highly efficient
transport of the analyte to the plasmonic hotspot is facilitated. Remarkably, the transition
from the collapsed or dry state to the swollen state allows using the hydrogel as a
temperature-regulated valve or even as an active pump in this architecture. The working
principle has successfully been demonstrated by the capture and label-free detection of IgG
as model protein by SPR and the detection of 4-mercaptobenzoic acid using the SERS
modality. The architecture holds potential for scaled-up production, as it is manufactured
by nanoimprinting and thermal evaporation, both compatible with wafer processing.
Hydrogel as a matrix for the biointerface with large binding capacity, high diffusion rates,
and good fouling properties has also been employed on nanoparticle arrays. The hot spots

generated by LSP are small compared to the overall sensor surface thus efficient transport
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3. Summary and Outlook

of analyte to the surface is required. In the work presented in chapter 2.3, gold nanoparticles
have been capped with photocrosslinkable hydrogel coatings using high-contrast 4-beam
lithography. After an incubation phase in the swollen state where the hydrogel effectively
covers the whole sensor surface, the hydrogel cushions are collapsed around the particles,
moving the captured analytes into the plasmonic nearfield, where optical methods like PEF

and SERS can take advantage of the locally high field intensity.

While the nanophotonic surface architectures discussed up to now offer remarkable
performance characteristics and can be reasonably well produced in a research
environment, several challenges complicate the transition to practical applications at an
industrial scale. Most notably, most of the discussed architectures expose a mix of surface
materials to the analyte carrying medium. This is problematic, as the unspecific adhesion
of compounds contained in the medium is one of the most limiting factors of a biosensor.
As the chemical properties of the surface materials (including metals, oxides, and polymers)
can be very different, the development of passivation strategies accommodating all of them
is very challenging. Furthermore, coupled systems like the presented nanomesh-on-mirror
architecture or coupled nanohole-nanoparticle resonators are very sensitive to variations
in the geometry, particularly the gap distance, and require precise replication that can be
difficult to achieve with high-throughput methods and is also affected by artifacts generated
by metal deposition processes.'™ These issues have been addressed by utilizing propagating
plasmons modes excited by diffractive coupling on corrugated metal surfaces. Shallow
holographic gratings offer excellent coupling efficiencies (with more than 90%
absorption®) at spectrally narrow resonances that can be precisely tuned by the grating
period. Such gratings have been generated by UV-laser-interference-lithography (UV-LIL)
and biosensor substrates have been replicated by nanoimprint lithography in a highly
reproducible manner. It is noteworthy that multiple gratings with different periods,
amplitude, and orientation can be superimposed on the same surface by multiple
exposures.'*® This versatile approach allows to implementation of a variety of interesting
nanophotonic surfaces for different applications. In contrast to prism coupling, diffractive
coupling typically occurs at the illumination side with weak coupling efficiency through the
film."® In some cases, for example, for highly scattering media, illumination from the
backside would be desirable. In chapter 2.4, a method is presented that allows label-free

sensing on a multi-diffractive grating with backside excitation. To achieve cross-coupling,
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a second period with approximately half of the period of the excitation grating is used to
open an optical bandgap in the PSP dispersion relation by Bragg-scattering. The PSP on the
opposite interfaces of the film generally do not phase match and thus cannot couple,
however, the branches of the split resonances originating from the Bragg-scattering can be
adjusted to allow cross-coupling by adjusting the modulation depth of the scattering
grating. Interestingly, the change of refractive index of the medium does not directly shift
the wavelength of the coupled resonances but rather modulates the relative coupling
strength in distinct resonances observed in the reflectivity spectra. By monitoring the
relative coupling strength, this approach yielded similar sensitivity as regular grating
coupled SPR. A substrate consisting of a gold layer modulated by a crossed grating coupling
the excitation light to PSP offers a fluorescence enhancement factor of ~100 for an
epifluorescence reader, as observed in chapter 2.7. By monitoring the reflected excitation
beam, an additional SPR-based readout channel has been established that substantially
extends the capabilities of the device. This bimodal approach allows to not only evaluate
the final fluorescence signal of an assay but to monitor all assay steps when conducted in a
microfluidic system. The sensitivity of fluorescence assays can be further increased by
advanced light management. Frequently, fluorescence enhancement strategies focus on the
increase of field intensity at the dye excitation wavelength, which is the most important
factor. However, the collection efficiency of the optical system is often limited by
geometrical constraints and only a small fraction of the generated fluorescent photons is
detected. Superimposed gratings, however, allow generating plasmon modes tuned for the
excitation and the emission wavelength, taking advantage of plasmon mediated emission
that allows shaping of the emission beam. This offers means to further increase the
plasmonic enhancement of the fluorescence signal to 300-fold and allowed to push the LOD
of a spatially multiplexed fluorescent immunoassay to 6 M while monitoring the binding
kinetic in a time-resolved measurement on a relatively large area of 4 x 4 mm, as
demonstrated in chapter 2.8. This high sensitivity, combined with large field of view and
the ability to monitor binding affinities hold the potential for new applications in personal
medicine, where multiple biomarkers are analyzed in parallel to improve the diagnostic
value. Adding the affinity information generates a whole new parameter for bioinformatic

analysis that is not available in conventional microarrays.
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Concluding, in this work, a variety of nanophotonic structures have been prepared,
characterized, and evaluated for their suitability for biosensor applications. The
investigated geometries include flat metallic layers, corrugated metallic layers, nanoparticle
arrays, and coupled 3D architectures. An active component in the form of
thermoresponsive hydrogel has been included in some of the architectures not only as an
optical tunable element but also as an antifouling biointerface and even as a functional
microfluidic actuator. Multi-diffractive grating structures have been identified as robust
and versatile architecture that allows both refractometric sensing and plasmonic
enhancement of fluorescence with competitive performance to established technologies.
Moreover, the approach to potentially integrate novel readout modalities into well-
established analytical methods opens opportunities for the development of novel assays and
protocols. It has been shown that widely used epifluorescence readers can perform label-
free detection with minor modification when a grating substrate is used. Furthermore, for
the first time, SPR and electronic sensing have been integrated into a single device that
allowed to gain novel insight into the surface processes by simultaneous observation of
mass accumulation and change of electrical properties. This new capability can improve the
performance of future biosensor systems by providing additional, multimodal information
that could help to reduce unspecific sensor response. Furthermore, the strong enhancement
of fluorescence will allow designing biosensors that utilize the available fluorescence
emission more efficiently, allowing expand the measurement result from a matrix of
fluorescence intensities at the end of the assay, to a collection of time series in the
fluorescent and the refractometric channel that can be used to mitigate ambiguities now
encountered by cross-reactions, inconsistent spot size and other artifacts. This additional

information could be used to further improve the diagnostic value of biomedical assays.
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Figure S1. Optical microscopy images of MIM structures with (a) distinct spacer thicknesses and

(b) distinct lattice periods. Scale bars are 500 um.
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Figure S2. Measured absorption (1-reflectance) of a MIM structure with p= 570 nm,

tooia = 100 nm, ty,, = 50 nm and ty4c = 90 nm compared to an isolated gold nanohole array with

p =570 nm.
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absorption for MIM structures with p =570 nm, ty,, = 30 nm, ty,q. = 80 nm and (a) tyq = 13 nm

(b) teota = 21 0 (€) tog =40 nm (d) tygq = 100 nm.
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Figure S4. Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized light

of an isolated gold nanohole array with p =570 nm.
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Figure S5. Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized light

of a MIM structure with p = 375 nm, tgoq = 100 nm, tyey = 40 nm and tyge = 90 nm.

S4



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
blio
nowledge

]
|
rk

m YOu

5.1. Supporting Information - Surface Plasmon Modes of Nanomesh-on-Mirror

Nanocavities prepared by Nanosphere Lithography

....
0
8
=
G
=

= 60°

e ——

e —T———
3/

dent angle

incident angle

inci
specular reflectance

)
| NNN\%

T T T 1 T ¥ T x T L T J 1
500 1000 1500 2000 2500 500 1000 1500 2000 2500
wavelength [nm] wavelength [nm]

Figure S6. Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized light

of a MIM structure with p = 1040 nm, t,,q = 100 nm, t,,, =40 nm and t;,;. = 90 nm.
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Figure S7. Analytically derived dispersion curves of the two SPP modes present in the MIM
structures. (a) Influence of the lattice period at normal incidence. (b) Influence of the angle of
incidence for p = 570 nm. Assumed coupling via all (0,1), (1,0), (1,1), (0,1), (1,0) and (1,1) orders.
The plane of incidence was assumed to be parallel with (0,1) and (0,1) orders. (c) Influence of the
spacer thickness for p =570 nm at normal incidence. B is the propagation constant of guided

modes, kg is the light wavenumber in vacuum.
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Figure S8, Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized light

of a MIM structure with p = 570 nm, tyoq = 100 nm, t,e, = 1 nm and t;;. = 90 nm.
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Figure 89. Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized light

of a MIM structure with p = 570 nm, t,,q = 100 nm, t,,, = 15 nm and e = 90 nm.
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Figure S10. Angle-resolved reflectance measurements with (a) s-polarized and (b) p-polarized

light of a MIM structure with p = 570 nm, tyqq = 100 nm, t,,, = 50 nm and ty,. = 90 nm.
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Figure S12. Plasma etching of MIM structure. (a) Depth profile of the MIM structure measured

with AFM after consecutive etching steps. (b) Depth of the plasma etched MIM structure with

increasing etching time. (¢) Side-view SEM image of the MIM structure etched for 150 s. (d) AFM

images of the MIM structure after each etching step, Scale bars are 1 pm.
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Figure S13. Schematic of geometry used in FDTD simulation for hexagonal nanomeshes with a

rectangular unit cell. (a) Top view. The red rectangle indicates simulation volume with Bloch
boundary conditions. A vertical cross-section is shown in (b) with the definition of the angle of

incidence 6 and E-field orientation E for p-polarization.
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Figure S14. Convergence of the simulation was tested by increase of the mesh resolution.
Simulations were run with a uniform mesh of (x,y,z) = (5 nm, 5 nm, 2 nm) unit cell size. The Mesh
size was reduced to (x,y,z) = (2 nm, 2 nm, 2 nm) for selected configurations to confirm the
convergence of results. Here, the convergence test for the shorter wavelength part of the spectrum
is shown for the geometry used to study near-field distribution in Figure 4 for (a) normal incident

light and (b) excitation with @= 22 ° angle of incidence.
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The following supporting information is reprinted with the permission of the Royal Society

of Chemistry.

Daria Kotlarek, Stefan Fossati, Priyamvada Venugopalan, Nestor Gisbert Quilis, Jifi Slaby,
Jiti Homola, Médéric Lequeux, Frédéric Amiard, Marc Lamy de la Chapelle, Ulrich Jonas,
and Jakub Dostdlek Actuated plasmonic nanohole arrays for sensing and optical

spectroscopy applications. Nanoscale 12, 9756-9768 (2020).
https://doi.org/10.1039/d0nr00761g

Copyright © The Royal Society of Chemistry 2020
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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
dashed curves are the [litted data.

14
——n=1.33
4a|—n=134
n=1.35 |
i n=1.36 '
n=1.37 |
— n§=1,38

Rel. Absorption
w

550 600 650 700 750 800 850
Wavelength A(nm]

Figure 52. Simulated absorption spectra for the structure NHA+NP for the varied refractive index of superstrate n, the
substrate refractive index was of m,;=1 .47, the gap distance between NP and NHA was set as g=50 nm, the period was =460
nm, diameter averaged between =100-120 nm, height #=50 nm,
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The following supportin information is reprinted under the terms of the Creative

Commons CC-BY" license.

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 UV-Laser Interference Lithography for

Local Functionalization of Plasmonic Nanostructures with Responsive Hydrogel. J. Phys.

Chem. C 124, 3297-3305 (2020). https://doi.org/10.1021/acs.jpcc.9b11059

Copyright © 2020 American Chemical Society

® http://creativecommons.org/licenses/by/4.0/, Appendix 5.7.2
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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.

Height [nm]

\“ 300

Diffraction Diffraction grating
gratings topology

a) Flat surface with reflective coating on silica substrate

Height [nm]
125

J

% L)
oetele!
e e e
e o 0
o e e &
e e o o8
C I N
® o e
L) ....0.
..... -
Height [nm]

LJ

o
B
-
-
s
“

o
R

P

..

..
K

g

[}

-

0 500 1000 1500
b) Distance [nm]

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.
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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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The following supporting information is reprinted under the ACS AuthorChoice

publishing agreement'.

Patrik Aspermair, Ulrich Ramach, Ciril Reiner-Rozman, Stefan Fossati, Bernadette
Lechner, Sergio E. Moya, Omar Azzaroni, Jakub Dostalek, Sabine Szunerits, Wolfgang
Knoll, and Johannes Bintinger Dual Monitoring of Surface Reactions in Real Time by
Combined Surface-Plasmon Resonance and Field-Effect Transistor Interrogation. J. Am.

Chem. Soc. 142, 11709-11716 (2020). https://doi.ora/10.1021/jacs.9b11835

Copyright © 2020 American Chemical Society

P http://creativecommons.org/licenses/by/4.0/, Appendix 5.7.2
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|. Theoretical framework

a) Development of the theoretical framework

This chapter aims at a comprehensive evaluation of the electronic EG-FET read-out for LBL assembly.

Figure S1 (middle) shows the measurement of the layer-by-layer assembly from the manuscript.
Figure S1 (left) shows the corresponding raw data. The baseline correction was performed by linear
assumption of a baseline drift and subtraction, resulting in Als. The resulting Algs after the rinsing steps

for each polyelectrolyte layer are shown in Figure S1 (right) to illustrate the stability of the system over

8 layers in a duration of more than 3 hours under continuous flow.

Layer number

ool 1332 B N == O .
60 120 180 240 300 360 U R Ry e, T
time / min
Figure S1. left: raw data for -400 mV Vg, middle: baseline corrected data of selected layers as shown in
Figure 3; right: Alps after rinsing of each corresponding PEM extracted from data shown in Figure 3.

A detailed EG-FET and SPR response to the PDADMAC and PSS layer formations are shown in Figure
S2. For the fast reactions in this Figure it is important to comment that the rapid responses cannot
originate from flow variation due to the peristaltic pump used, as the pump needs about 3-5 min to
flush the PEM into the flow cell, thus changing of the pump solution was performed significantly before
these observed kinetics.
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Figure S2. Magnification for the first minutes of each layer deposition from Figure S1 (middle), showing the
overlap of two effects both exhibiting exponential behavior with different time constants.
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The discussion of the signal obtained from SPR/EG-FET measurements is based on three observations
and considerations of sensing mechanisms regarding the sources of the convoluted signal output,
which are described in the next section based on the theoretical framework depicted in this section,
ascribing the effects to a) bulk changes, b) surface charge accumulation, and ¢) capacitive effects.
For understanding the underlying effects, a few basic formulations and definitions have to be
established.

The observed current Ips for the linear region of EG-FET devices can be formulated as:

w
Ips=7 Ci p(Ves—Vr Vos Vps < (Vgs—Vr)  (Eq.51)

Where W is the FET’s channel width, L the channel length, C; the insulating layer capacitance (from
Gate to channel), i is the charge carrier mobility, Vg the applied Gate voltage, V; the threshold
voltage, and Vp the applied voltage between Source and Drain electrodes. Emerging from the basic
FET equation (Eq.S1), the time dependency (Eq.52) of the separate variables is studied in regard to
their dependencies to sensing mechanisms.

dls W 9C, vy
=T B W(Vcs— W)Vos (Eq.52)

o
Time dependence of charge carrier mobility ; is the change of charge carrier mobility over time. It

depends on several factors, a significant one of those is the effective electric Field, which is described
by the Poisson’s equation for the effective voltage of the FET channel in the x-coordinate from Gate
to channel:!
X p—
o= o, 0eP(BV; (Eq.53)
where &, is the relative permittivity, € the absolute permittivity, e is unit charge, and p(V) is the
charge density. Here we also need to introduce the surface charge density g, which we divide in
two components:
o=0;+0, (Eq.54)
where g; is the charge density induced to the surface by electric forces and g, is the charge density,
originating from adsorption of molecules to the surface. Therefore, changes of the surface charge
density originating from the electrolyte, namely bulk and capacitive effects, are ascribed to o, while
changes of the surface charge potential by direct adsorption of mass are ascribed to o,. The Poisson
equation clearly shows that the change of surface charge density influences the electric field. On
the other hand, it can be understood that similarly also for changes in the electric field, the surface
charge density will be modified (the induced part o).

The effective potential at the EG-FET surface by propagation of the electric field is lower than the
applied voltage at the gate Vg due to a voltage drop depending on the distance from the electrode

and the distribution of dielectric media on the propagation path and can be described by:*?

Qund £6,F,(0)
Veserr= ¢ tVp=—¢—+Vmp  (EqS5)

depending on the flat band voltage Vy, which is the difference of the work function of the materials
at the interface (@0 - Pye) that can be obtained by electrochemical means, leading to the
evaluation of Vs .« at the surface. The described C is the insulator capacitance. For measurements
without a gate-electrode (see Figure S4), this part of the equation is 0, therefor Vg o = Vip. A
change of the potential drop at the liquid/solid interface will change Vs .y and hence the measured
signal.
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The interface of the electrolyte to the semiconductor with an applied capacitance is described by
the Mott-Schottky equation:?
ksT

1 2
2= rram V= V=)  (EaS6)

Ny, the doping density, leads to a change of the FET-mobility due to surface binding of o and can
be obtained from capacitive as well as resistance-based measurements. Doping generally refers to
the introduction of impurities into a semiconductor, but in the Mott-Schottky concept it also
describes the addition of electrons or holes (by the removal of electrons) into the rGO film.

The indirect way to explain Ny is by describing the surface charge density, which does not take the
following parameters into account —e.g. the sign of the charge, the polarity, binding affinity, etc. -
but rather offers a very general description of charge distribution and its effect on the EG-FET.
Although not all of these parameters regarding the interaction of the polymers with the rGO are
known, the relation between doping density and surface charge distribution can still be obtained

do
from Eq.S5, using C,. for determination via the differential capacitance € = dgr using the surface

potential . The surface potential is described by linearization of the Poisson-Boltzmann equation
and after rearrangement yields the Debye-Hiickel model for the surface charge to surface potential
relationship:4®

a
Y= (Eas?)

which is valid for ionic liquids at interfaces taking into account the Grahame equation for the
surface potential distribution, with the reciprocal of k being the Debye length Ag:

- i _ 2 2%e* ny
K_An_ ekagT * (Eq.58)

where z is the valency of the ions and ne is the concentration of ions in an infinite distance from
the surface. Also, here the surface charge density is used to describe the surface potential.

The contribution by adsorption which corresponds to o, is determined by the introduction of
holes n or electrons e’ in the rGO-channel. Without Vg the graphene channel current is
determined by:®

E
L

Ips= Vps-7-n-e” -yegrr  (Eq.59)

where the mobility is governed by Matthiessen’s rule: err = (Hiattice + Mimpurity + Hadsorption)
showing that the response signal is defined by lattice and doping parameters as well as the
introduction of charge carriers.

In summary, the mobility, defined by these variables (l,b,p,(f, Veserr uadsc,—pnm,), is related to the
charge density by Eq.510.

The time-dependence of the mobility can be described as:!

A Bap/ac
% ep (Eq.510),
with p being the charge density and a, the conductivity for a certain p.

Relating these observations to the approach to describe the surface charge density via 6 = g;, g,,
we can conclude that the mobility is determined by both the induced and the adsorbed surface
charge. The charge carrier mobility in the EG-FET channel is determined by the change of
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conductivity (measured by Ipg) in the transistor and is directly given by the dependency of surface
charge densities to the applied electric field:

1 do
U= e, (Eas1l),

where p; is the induced charge carrier density at Vg5 = 1V.

av
Time dependence of threshold voltage a—:

For the threshold voltage the time dependence originates from changes in the semiconductor
material and from the applied potential. V; is usually obtained by linear fits of the IpsVgs transfer
characteristics; for p- or n-type FETs it is the voltage at which the semiconductor is responding to
Vgs. This comes from the intrinsic semiconductor and dielectric properties modulated by p and G
and are therefore included in the parts above and below. For reduced graphene oxide, which is
exerts ambipolar behavior of the transfer characteristics, V; is not considered as a separate physical
quantity, rather than a measured factor used for qualitative determination of Iys from the transfer
characteristics and will not be considered independently in this discussion.

ac,
Time dependence of capacitance 7T

Changes of capacitance over time will be evaluated in this section. The capacitance is defined by:
Q=C-U (Eq.512),

giving the general dependency of charges Q to the applied voltage U (for the FET this is V). For a
certain geometry of a parallel plated capacitor with the use of a classical dielectrics, the
capacitance can be calculated by the distance d between the plates (here the rGO and gate-
electrodes), the area A and the dielectric permittivity &:

A
C=2¢g& ;5 (Eq.513)

Since the Applied Vg, the thickness and area of the system are constant during measurements,
capacitive changes of the system can originate only from variations in permittivity €, or the surface
charge o. In our theoretical framework we assume g, of the system constant at any given time during
layer deposition. The adsorbed surface charge o, leads to a minute change of the capacitance, which
is then constant after mass adsorption (as seen from SPR). For the induced surface charge density o,
the time-dependent capacitance is given by the differential capacitance as described in
electrochemistry by:

dao
C=5 (Eq.sS14),

where C, o and { are capacitance, Cocpi o T + Com= Bt 22)
: o Td FRa ¥
surface charge and electric surface
potential. y S (e R )
Chon =iy \Cu € C ¥

As shown in Eq.S7, the capacitance
only has a time-dependence if the
permittivity & and/or the Debye

Cu <> HODL & /GO

length Ap vary. Capacitive effects
play a crucial role in EG-FET  Figure S3. Schematic illustration of the capacitive sensing
configurated biosensors and in  2Pproach, splitting the system capacitance into serial terms
regarding the layers. The dependencies on the ionic strength are
shown on the right side.*!

literature are often used as the
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primary source of the signal, the so called capacitive sensing (Torsi et al)’. It has been demonstrated
that capacitive sensing does not suffer from Debye-screening limitations® and coupled with advanced
surface modification principles can lead to the enhancement of the biosensor signal, even down to the
single molecule detection level.?

A good description for the capacitive effects was given by the Torsi group and concludes a strong
dependency of the EG-FET signal to the ionic strength of the buffer solution and the charges originating
from the donation layer,1%1! which in their case is a biomolecule-functionalized architecture, while for
a LbL approach with polyelectrolytes it is also the polymeric layer and the thereby induced screening
charge ions. The dependencies are shown in Figure $3 {modified from the Torsi group).!* The effects
originating from capacitive sensing can, for simplification, also be described by their influence on the
channel material solely, deriving an expression from Ohm's law:

jos=0F  (Eq.515)
where jus is the drain current density and F the field from source to drain. Furthermore, we ascribe the
capacitive effects to modulations of the channel via the integral of induced surface charge density:?

Ips=—WdL [, " o(V)dV  (EqS16)

With d being the thickness of the polymer film. As shown in the chapter for charge carrier mobility, C;
influences the mobility of the rGO layer and can therefore be used as the measuring quantity in the
proper system configuration.

Relating these observations to the approach for the surface charge density ¢- g, 0,, we can conclude
that the capacitance, in contrast to the mobility, varies by the induced surface charge and does not
change after each layer deposition, once adsorbed surface charge g, is established on the layer.
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b) Implementation of the theory for explanation of the experimental results

Using the insights from the previous section we now want to focus on the outcome from the EG-
FET/SPR system for LbL deposition as shown in the main article and Figure S1. This section will focus
on the effects of a) bulk changes, b) adhered surface charge density o, and c) capacitive effects
influencing the induced surface charge density o;.

e Bulk changes

One Monomer of each polyelectrolyte has one charge (1eV). For PDADMAC, a monomer has 160 g/mol
of molecular weight, the polymer has an average weight of 100 kDa. Therefore, 1 mg/ml of PDADMAC
in 100 mM KCl as used in the experiment has a monomer concentration of 625 uM, which equals 60.2
Coulomb for a liter of solution. The sensing area of the cell hast a volume of 5 pL, so 300 uC of charge
should be introduced into the system at any given time. The ionic strength of the KCl buffer with
PDADMAC is 100.625 mM in comparison to 100 mM for the washing steps, a difference of less than
one percent.

For PSS, a monomer has 206 g/mol of molecular weight, whereas the polymer has an average weight
less or equal than 70 kDa. Therefore, 1 mg/ml of PSS in 100 mM KCI has a monomer concentration of
475 puM, which equals 47.75 Coulomb for a liter of the solution. The sensing area of the cell hast a
volume of 5 L, so 238 uC of charge should be introduced into the system at any given time. The ionic
strength of the KCl buffer with PSS is 100.475 mM in comparison to 100 mM for the washing steps, a
difference of less than one percent.

This yields changes in ionic strength of about 0.5%, which has a minute effect on the capacitive
behavior of the system and the gating effect of the transistor. In relation to the signals obtained during
sensing, bulk effects can therefore be neglected.
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e Surface charge accumulation (g,)

The current lys is determined by the resistance of the channel which is inversely connected to the
mobility of the transistor material (here rGO) by Ohm’s law:*?

R= ——— Eq.517
iC T (Vas— Vi) s
This holds true because Ips is generated by flow through the transistor layer and not through the
applied polymeric layers (R > 1 MQ for both polyelectrolytes), a resistance several order of magnitude
higher than the conducting material. Therefore, polyelectrolyte conductivity can be neglected.

The basic sensing principle for reduced graphene oxide (rGO) biosensors is based on binding or
adsorption of analytes to the rGO surface or to the biorecognition units functionalized on the rGO. The
principle of such direct sensors is in use, e.g. in graphene based chemiresistors** or EG-FETs.

To conduct zero-capacitance measurements our simultaneous SPR/EG-FET setup could not be used, as
a gold substrate, which again would

introduce capacitive effects, is required for 50 14 2 3 4 5 g 2500
SPR measurements. &
Thus, the zero-capacitance measurement | :g;wnc [F2000
setup consists of a two-terminal o 30[kcioomm) — =
configuration in which the gate-material = 20 =
was changed from an Au-coated glass slide ;‘3 10 L 1000 %
to a non-coated glass-slide. As the gate was / . [
left floating the capacitance is also 0. The L 500

-104 EG-FET
resx.‘llts from the measurement are shown
in Figure S4. For PDADMAC adsorption and -20 : - : - - 0

30 60 90 120 150 180 210

the corresponding washing step the EG-FET

signal from the  zero-capacitance time (min)
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experiment is in good agreement with the
signal from SPR in the standard
configuration (Figure S1). In contrast, while
PSS adsorption can hardly be observed

Figure S4. zero-capacitance EG-FET response realized by
replacing the gate-electrode with a non-conductive
substrate, thus leading to o = g,, comparable with the SPR
response from Figure S1.

from the EG-FET signal in the zero-

capacitance experiment the post-PSS rinsing steps can again be readily measured. We speculate that
this effect for PSS is ascribed to repulsion of PSS from the surface, because the intrinsic negative charge
of rGO (like PSS).**

Exponential fits for the adsorption time constants (t,,) of SPR and EG-FET responses for
polyelectrolytes, have been evaluated. Obtained time constants are shown in Figure S6.

S9



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

iothek,
ledge hub

now!

b

e
1
r

m You

5.4. Supporting Information - Dual Monitoring of Surface Reactions in Real Time by
Combined Surface Plasmon Resonance and Field-Effect Transistor Interrogation

The difference in the time constants for SPR and zero-capacitance EG-FET (two terminal configuration)
signals are due to non-existing applied gate voltage {floating gate) and are shown in Figure S6. The lack
of applied voltage changes the surface potential and, as shown in Eq.S5 and Eq.S6, also the affinity to
the surface and mobility of the rGO. Furthermore, the time kinetics for additional layers of the applied

T T T T T T T 40 . . " . Y :
404 ——gFET| —greT] [ 100
——5PR]|| 120 ——SsPR
304 304
- 1400
~ 204 3 = B
E -y <
"o F = =204 -
£ 10 E B a
] G = 1200 ¢
o4
103
10 [ 1000
T T T T T T T g T T T T T T
95 100 105 110 115 120 125 130 135 140 145 150 155
time / min time / min

Figure S5. Comparison of the EG-FET responses (green) in a non-capacitive setup with the responses from
the SPR signal (black). left: shows the third layer, PDADMAC and right: shows the fourth layer, PSS

polyelectrolytes converge towards the signals

obtained by SPR with increasing number of layers. e torETgesy

The discrepancy between initial layers and later 0.04-

deposited layers can be attributed due to incomplete

layer formation for seed layers. 0.03

Strikingly, a much better agreement for the time junz-

constants obtained from zero-capacitance

measurements to SPR (Figure S6) is observed than for 0.01-

time constants from the combined SPR/EG-FET

system (Figures S1 and S2). As a result, we conclude “-Wn : >R BT ]

that responses obtained from zero-capacitive Layer number

measurement are attributed to the adsorbed surface  Figure $6. obtained time constants t,, from the

charge density o, (Eq.54). exp. Fits of the zero-capacitance measurement
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e Influence of gate-surface distance

To further support these claims, the flow-cell gasket thickness was increased by a factor of 10, thereby
decreasing the overall capacitance of the system (Eq.513) by the same factor.

It was shown that the capacitive effects are diminished, the measurement is similar to the results
obtained by using a non-conductive Gate-electrode (Figure S4). Albeit the capacitive effect still plays a
minute roll in this measurement, the advantage of simultaneous SPR measurement, yields a direct
comparison of the binding constants shown in Figure S7b. The flow channel thickness is defined by the
height of the gasket between the gold slide (gate electrode) and the drain-source electrodes.

—=—5PR
0830 5 —@—gFET

R(a.u)

9 2 4 [ s 0 12 1% 1®
Layernumber

eo 80 120 150 1au “210 240
time (min)

Figure S7. left:LbL measurement of SPR/EG-FET with a gasket of 3mm thickness. right:time-constants of the
exponential fits evaluated form SPR and EG-FET measurements (/eft)in a).

Figure S7b demonstrates that the time constants of this architecture are in good agreement to the
time constants obtained from SPR measurements. Therefore, according to Eq.S4, decreasing the
capacitance enables the observation of the adsorbed surface charge density, as the term o, induced
surface charge density, converges to 0, and results in comparable time constants between EG-FET and
SPR readouts.
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e Capacitive (oi)

The induced surface charge density o, can be obtained by the subtraction of the adsorbed surface
charge density o, from the total surface charge density g, as proposed in Eq.S4. Therefore, the
measurement in Figure S4 was subtracted from the submitted measurement in Figure S1 with
equivalence factors for normalization of 1,4 for PDADMAC (L5) and 2,9 for PSS (L4), to compensate the
differences in sensor fabrication, shown in Figure S8.

10- —— o, PDADMAC 51 o, PSS

exp fit &l exp fit
0- {
< < 3
“g -10- :2 2 1
< 20 ® 1
0
-30 |
14

-40 , 2+ r

0 200 400 600 800 0 200 400 600 800
time/s time/s

Figure S8. left: Subtracted EG-FET response curve for PDADMAC layer deposition and right: subtracted
response curve for PSS layer deposition.

Slow responses are directly related to ion diffusion in PEM, as discussed in Figure S4: o

As argumentized in the main manuscript the slow responses, for which we demonstrated their origin
by the zero-capacitance experiment in the previous section to g, are directly connected to ion diffusion
in the PEM layers. To evaluate the tendency for ion diffusion of the separate layers at different V; we
introduced an arbitrary kinetic ratio £ which is obtained by exponential fitting of the response signals
obtained by the subtracted data shown in Figure S8, eliminating the influence of o, with the
corresponding wash-off kinetics.

We defined this ratio by: £ = t‘m/tnff, where t,, is the time constant in the fit from Figure S8 and t. ¢
is the time constant from the corresponding wash-off step. The full fitting data is found in Table S1.
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Table $1. t,, and t,5 values for PDADMAC and PSS for positive and negative gate voltage Vgs

PSS PDADMAC

(s1) +400mV - 400mV +400mV - 400mV
L3 t,, 0.0044 0.0049
L3 ty 0.0035 0.0031
L4t,, 0.0055 0.0040
L4 toy 0.015 0.016
L5 t,, 0.0051 0.0058
L5 top 0.0035 0.0032
L6 t,, 0.0047 0.0039
L6 to 0.016 0.020
L7 to 0.0052 0.0051
L7 to 0.0037 0.0038
L8 t,, 0.0037 0.0039
L8 ty 0.017 0.013

Furthermore, the charge carrier density at the channel-electrolyte interface Q(V) in the accumulation
regime of the semiconductor (V<Vg,). Can then be calculated by:

Q= ~J

vV

L, LNV (Eqs18)

as demonstrated by the Berggren group.1®

Such evaluations for charge distribution and similar studies also for diffusion processes not obtained
by EG-FET platforms where until now, but always by means of electrochemistry (CV or EIS). However,
the suitability of EG-FET systems as complementary tools for electrochemistry has been proposed
before.'” The discussed quantities can also be described by the chemical potential, which in turn is
related to the surface potential at a solid/electrolyte interface. For single ion species this
thermodynamic approach leads to:®

PR I ST ,
W= pi +[ Ky (a—p)]+ziqy  (Eq.S19),

where pis the chemical standard potential, R the molar gas constant, {, the potential at the solid
interface, ), the potential at the liquid interface. This demonstrates that the applied theoretical
framework could also be reformulated using the chemical potentials throughout the system rather
than the surface potentials and charge density, which could be a useful mean for the description of
more complex chemical experiments performed by the EG-FET/SPR setup where the charge of the
analytes is not sufficient for a comprehensive explanation and the chemical activity has to be
considered thoroughly. The concept itself is visualized in Figure S9.
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Figure §9. Concept of the EG-FET and SPR signal fusion to obtain a detailed information about the surface
charge density. Superimposed surface phenomena can be separated by the simultaneous real-time
observation with a bifunctional sensor and the subsequent demodulation.

S14

187



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

iothek,
ledge hub

now!

b

e
1
r

m You

5.4. Supporting Information — Dual Monitoring of Surface Reactions in Real Time by

Combined Surface Plasmon Resonance and Field-Effect Transistor Interrogation

188

[l. Complementary experiments

This chapter describes additional experiments an illustrates different data representations to justify
the developed theoretical framework on the EG-FET/SPR system.

The experiments were performed using a constant flow rate of 100 pl/min and 1 mg/ml PDADMAC
and PSS concentrations in 0.1 M KCI electrolyte solutions. All EG-FET experiments were performed at
Vps = 0.05 V using the same PDADMAC/PSS solutions as for SPR measurements.

25 ngsuc —SPR 1,0
5 2 08
x S
E 15 ~ 06
-~ m ¥
%

10 04

5

0,2
0 60 120 180 46 48 50 52 54 56 58

time / min 0/ degree

Figure 510. LBL SPR investigations, left: kinetic measurement in SPR flow cell using 20 mM KCI and a
concentration of 1 mg/ml of PDADMAC and PSS solutions, right: corresponding angular scans and the shift
of the resonance angle after the completed layer deposition.

Results for measurements with 20mM KCl are shown in Figure $10. To promote LbL assembly the gold
surface was activated by UV/ozone treatment beforehand. The intial separated EG-FET experiments
were carried out in a flowcell with an Ag/AgC| wire as gating electrode. For the EG-FET/SPR approach,
the gating electrode was replaced by the SPR Au-slide with 2 nm Cr adhesion layer and 50 nm Au layer.
All kinetic SPR sensor measurements were calibrated with standard glucose solutions to relate the
observed changes in SPR reflectivity to refractive index variations.

—— average PDADMAC layer

10 —— avorage PDADMAG layar . 10 —— avorage PSS layer

—— average PSS layer l
l ”"
ES g '
= 5 E‘ LEN
P @ |0 AV =40my /
= V=25 my 2 - s
5 ' | * 4
o | ' b
. i, T b i AT
0 s 0 ~—
1 1 " 1
[ 1 i 1
_— H ) ‘ ) P
-0.15 -0.10 -0.05 0.00 -0.05 0.00 0.05 0.10 0.15
Ves !V VooV

Figure S11. Influence of different ionic strength solutions on the IpsVes output curves. left: lpsVas
measurement in 20 mM KCI using a 1 mg/ml PDADMAC/PSS solution, right: lpsVes measurements in
500 mM KCI electrolyte solution using a 1mg/ml PDADMAC/PSS solution, The Dirac point shift V;
corresponds to the ionic strength of the electrolyte solution.
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Dirac points are the minimum of the drain source current Ips and are represented as an average of
several IpsVes scans after each layer deposition. The resulting Dirac shift is a result of the effective
electrostatic gating caused by differently charged polyelectrolytes and depends on the ionic strength
of the electrolyte solution, shown in Figure S11. The effect of ionic strength on SPR data, which
influences the layer thickness, is shown in Figure 512,

« Different deposition rates at positive and negative applied potentials:

Figure 512 shows the different PEM growth rates for positive and negative applied gate potentials. It
has been previously shown in literature that the rate of deposition of the PEM can be controlled via
the application of an external electric field. This effect is observed below voltages which would lead to
electrolysis of water, for higher voltages the contribution of electrolysis is dominant.

254 " Vg =-400mV
20 - £ & Vgs = +400 mV
5 - £ ] :
& 1% ; § 15 > ]
2 ; "
v | - i 2 10 _ .
= 2 . £ .
5- 5 = . =
% " . = Vg =-400 mV w59 p e
. " " Vg = +400 mv 2 = 6
0‘ - - 0_ - L
0 2 4 6 8 01 2 3 4 56 7 8 9
Layer number Layer number

Figure $12. left: SPR response to the LbL growth at different applied gate voltages, right: PEM layer growth
at different applied gate voltages Vs, including a linear fit.

For Vgs = +/- 400 mV electrolysis of water only plays a minute role. The polarizability of charged
polymers is much higher than water at such low potentials, the polymer chains exhibit instantaneous
response to the electrostatic attraction by Vs:.1° Hence, electrophoretic deposition occurs and the
electrostatic compensation process between cationic and anionic polyelectrolytes is stronger, resulting
in thicker films as seen by the SPR signals which can be seen in Figure S12. Since the same potential
strength with different signum was applied for our experiment, the difference of both measurements
can therefore be explained by the different polarizability of PDADMAC and PSS at positive and negative
potentials. The mean layer growth d,, for the applied gate voltage Vg = -400 mV is 2,82 +0,06 nm and
for Vgs = +400 mV is 1,69 +0,06 nm according to Eq.1 and the accumulating layers are plotted in Figure
$12 (right).
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Figure 513 shows the raw data including leakage current of the combined EG-FET/SPR measurement
in one measurement chamber at simultaneous data acquisition. As can be seen, the leakage current
is several orders of magnitude smaller than the electric response signal. We deem it therefore to be
neglectable.
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Figure S13. top: Raw data of the SPR/EG-FET measurement including leakage current (gate current).
bottom: Zoom in of the leakage current. EG-FET chips have a leakage current in the order of ~0.02% of
the total measured current thus making leakage current irrelevant for measurements.

The Igs shifts at a fixed gate voltage Vg are in accordance with the change in IgsVss-curves due to the
adsorption of PEM layers, which is visualized in Figure 514. The deposition of a PSS layer leads to a
right shift of the Dirac point V,, causing an increase of the current I, if the working point is adjusted
via the gate voltage Vg to a negative slope along the transfer characteristic.
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Figure S14. left: time resolved lps{t) measurement of the LbL process and the corresponding right: l5sVes
curves after layer deposition. The working point for Ips(t) measurements is determined by the adjusted
gate voltage Vg prior to the measurement.
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The IpsVes scan cannot be observed at the same time as the Ip(t) measurements, because the gate
voltage needs to be modulated to record transfer characteristics, while the time-resolved
measurement requires a constant gate current. Therefore, the Dirac point shift V; is just a momentary
snapshot, while I(t) allows kinetic analysis.

« \oltage Drop across the PEM

The voltage drop across the PEM was calculated with the measured drain source current lgs across the
KCl ion solution which can be seen in Figure S15. With the initial state of the configuration, where

—8— 1, aher Layer deposition
- Vpom
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Figure S15. /eft: Electrical equivalent circuit to represent the resistance between the gate electrode and
the rGO EG-FET. middle: The resulting gate source current Igs(t) after each layer deposition exemplary
demonstrated at Vg = + 400 mV. The total current lg5 variation upon layer formation is very low, but still
indicates the different voltage drops across the PSS or PDADMAC layer. right: Voltage drop across every
polyelectrolyte double layer.

RPEM =0, the voltage drop is entirely across the electrolyte. The voltage drop after each
polyelectrolyte double layer is calculated with Eq.520.

X [/ nm

PEM EDL

PEM formation intralayer
ion diffusion

Figure 516. Surface potential W as a function of the distance to the sensing surface. Upon Layer formation,
surface charge density increases, hence the surface potential is modulated. The initial state after the first
precursor layer are shown on the left, the adsorption of a new layer is shown in the middle and the
polyelectrolyte washing off is shown in the rinsing graph.
Rpey Reem
Total =

Veem =Vesg, —=Vosg 7 om0  (E9:520)
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[ll. Experimental procedure

e Preparation of the rGO-FETs

First, Micrux chips (schematically shown in Figure S17a) are sonicated in a 1 % HELMANEX(Il) Milli-Q®
cleaning solution for 15 minutes, then rinsed with Milli-Q®, sonicated again and finally rinsed with pure
EtOH and sonicated again. The chips are then thoroughly rinsed with Milli-Q® water and put into an
absolute ethanol solution with 2%v/v APTES for 1 hour. Subsequently, the chips are cleaned with
absolute ethanol, gently blow dried put in an oven at 120°C for 1 hour. After cooling down to room
temperature, a 12.5 pg/ml solution of graphene oxide in Milli-Q® water is drop-casted on the chips
and incubated for 2 hours at room temperature. The chips are then thoroughly rinsed again with Milli-
Q® water.

For the thermo-chemical reduction of the graphene oxide to reduced graphene oxide (rGO), the chips
are placed into a glass petri dish with 1 ml of hydrazine monohydrate and sealed with chemically and
thermally resistant Kapton tape. After 4 hours at 80°C the chips are removed from the oven, cooled to
room temperature and subsequently washed with Milli-Q® water and isopropanol. Next the chips are
put into a vacuum oven at 200°C for an additional thermal reduction step. After 2 hours, the rGO-FETs
are controlled once again by checking the resistance before being used.

SEM images of reduced graphene oxide deposited on interdigitated electrodes to obtain a drain-source
channel for FET sensors, 90 interdigitated electrode pairs with a distance of 10 um, corresponding to
a total channel width of 490 mm, can be seen in Figure 517b.

a)

Figure S17. a) shows the glass substrate with the interdigitated electrodes, coated with reduced graphene
oxide (rGO) as channel material. b) Scanning electron microscopy image of the rGO. The interdigitated
electrodes have a distance of 10 um and are alternating connected to drain and source, forming the
channel of the EG-FET.
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The electrical characterization of the rGO EG-FET is given by the transfer characteristic of the finalized
device, shown in Figure S$18. The influence on the scanning direction is shown in a slight shift of the
Dirac point V,, representing the hysteresis of the reduced graphene oxide upon field-effect probing
direction.

—— Vg forward scan
2050 —— Vg backward scan

t T T T T T J
08 -06 -04 -02 00 0.2 04 0.8 08

Ves !V

Figure S18: The transfer characteristics of the rGO EG-FET is used to characterize the sensor electrically.
The drain source current lps is modulated upon applying an electric field by the gate electrode. The
hysteresis of the Dirac point shift V; upon different gate voltage Vs scanning directions can be observed.

e Preparation of the SPR Au-slides

Standard microscope glass slides are placed into a 1% HELMANEX (Il1) agueous solution and sonicated
for 15 minutes. Then, the slides are cleaned with Milli-Q® water, put into pure ethanol and sonicated
for an additional 15 minutes. Subsequently, the slides are placed on a slide holder which is mounted
into a physical-vapor-deposition chamber. 2 nm Cr and then 50 nm Au (99.999%) are evaporated at
roughly 1 x 10 mbar at evaporation rates of about 0.1 A/s. After the evaporation, the glass slides are
stored in an Argon atmosphere until being used. The slides are cut to appropriate size before
measuring.

¢ Preparation of the polyelectrolyte solutions

PDADMAC and PSS solutions are prepared in concentrations of 1 mg/ml in KCl solutions with different
ionic strengths (20 mM, 100 mM, 500 mM). This step is done one day before the measurement in order
to give the polyelectrolytes enough time to unfold.

KCl solutions are prepared at different ionic strengths by dissolving the proper amount of KCl in Milli-

Q® water.
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e Experimental setup and details

For the simultaneous measurement of SPR and EG-FET the experimental setup is configured as follows:

SPR = EG-FET holder

SPR
Au-surface

B Y e o e ’

Figure 519. Experimental setup a) combined EG-FET/SPR setup, b) closeup of the EG-FET/SPR holder Jeft:
SPR prism with gold slide right: assembled microfluidic cell consisting of a PDMS-gasket, 3D printed
holder, inlet and outlet, a commercial Micrux chip (IDE1) and the gate pins. c) Schematic drawing of the
experimental setup consisting of the optical SPR part: 1) prism I1) 50 nm gold slide which also acts as the
gate electrode for the electronic — EG-FET part: Ill) in- and outlet V) PDMS flow cell V) interdigitated
electrode chip VI) contact pins for gate electrode VII) 3D printed holder.

The SPR system in Kretschmann configuration was described in previous work.2° Briefly, the collimated
beam of a He-Ne laser (A = 633 nm, power 10 mW), passes a linear (Glan) polarizer and a chopper
before it is made incident on a prism and the reflected beam is detected using a photodiode and a
lock-in amplifier. To allow for angular scans, prism and detector are mounted on a 2-circle goniometer
maintaining & - 28 configuration. A SPR substrate, a glass slide coated with 50 nm of gold, is optically
matched to the prism with immersion oil. Then, a gasket made of PDMS with flow cell with an
embedded microfluidic channel as shown in Figure S20a, is placed on the SPR surface. To form a
microfluidic channel, the glass substrate carrying the EG-FET channel is placed on top and pressed on
to seal the flow cell. The flow cell with a channel height of 400 pm and a channel width in the sensing
chamber of 3.5 mm has a volume of 5 pl (Figure S20b). The SPR surface is electrically contacted to form
the gate electrode of the EG-FET.

a) _ b)
i 3
Total gasket volume: 8.275 uL © Sensing volume: 5.0 L

7% &

=Ty 7_; v =
i 4

Figure S20. a) Gasket design for the SPR/EG-FET combination. The flow channel height is 400 pm, with a
sensing area diameter of 3.5 mm, leading to a measurement volume of 5 pL, shown in b)

The flow cell has the following dimensions: 400 um height, 3.5 mm diameter, 5 pL sensing volume.
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¢ Readout software for electrical and optical measurements

Beside the development of the novel sensing platform, a software tool including a graphical user
interface (GUI) was created to adjust the measurement parameters and log all measured and
calculated values.

Figure 521. Layout of the measurement software. An lpsVgs curve can be seen in the top frame, followed
by a time-resolved EG-FET measurement and a time-resolved SPR measurement. The leakage current is
shown at the bottom graph. All measured values are automatically exported to a spreadsheet once the
measurement is finished.
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IV. Materials and hardware

Hardware

BK7 glass (Hecht Assistent)

Chrome (99,9%) (MaTecK)

Metal evaporator (HHV Ltd. FL400 AUTO 306)

Gold 99,999% Au Granular 10g (MaTecK)

Multi-meter (Fluke)

U2722A USB Modular Source Measurement Unit (Keysight)
Peristaltic pump (ISMATEC ISM935C)

Molybdenum evaporation boats (HHV Ltd)

Heating oven (Thermo Scientific)

Kapton Tape (Amazon)

Tygon® 3350 tubing (ID = 0,64 mm, L = 300mm) (VWR)
Ultrasonicator ELMA S180H (Elmasonic)

Optical Microscope HR800 des Raman Systems (Horiba)
Ultimaker Cura S5 (Ultimaker)

High-refractive-index oil (Cargille Inc.)

Micrux chips IDE-1 (MicruX Technologies)

Chopper (Signal Recovery Model 197)

Lock-in amplifier (Model 5210, EG&G Princeton Applied Research)
Photodiode (ResTec)

2-circle goniometer (Huber Diffraktionstechnik)

Laser (JDS Uniphase 1125P)

Chemicals

(3-Aminopropyl)triethoxysilane (99 %, Sigma Aldrich)

Helmanex(l1) solution (VWR)

Ethanol absolute (99,8 %, VWR)

Graphene Oxide Water Dispersion (0.4 wt% Concentration, Graphenea)

Hydrazine monohydrate (64-65 %, reagent grade 98 %, Sigma Aldrich)

Potassium Chloride (= 99 %, Sigma Aldrich)

Poly(diallyldimethylammonium chloride, PDADMAC, low molecular weight, average weight <100.000
Da, Sigma Aldrich)

Sodium 1-pyrenesulfonate (97 %. Sigma Aldrich)

Poly(sodium 4-styrenesulfonate, PSS, low molecular weight, average weight ~ 70.000 Da, Sigma
Aldrich)

All chemicals and materials were used as received without further purification.

523



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5.4. Supporting Information - Dual Monitoring of Surface Reactions in Real Time by
Combined Surface Plasmon Resonance and Field-Effect Transistor Interrogation

V. References

(1)
()
(3)

(4)

(5)

(6)

(7)

(8)

(¢)

(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Tanase, C.; Meijer, E.; Blom, P.; De Leeuw, D. Local Charge Carrier Mobility in Disordered
Organic Field-Effect Transistors. Org. Electron. 2003, 4 (1), 33-37.

Casalini, S.; Bortolotti, C. A.; Leonardi, F.; Biscarini, F. Self-Assembled Monolayers in Organic
Electronics. Chem. Soc. Rev. 2017, 46 (1), 40-71.

Cardon, F.; Gomes, W. On the Determination of the Flat-Band Potential of a Semiconductor in
Contact with a Metal or an Electrolyte from the Mott-Schottky Plot. J. Phys. Appl. Phys. 1978,
11(4), L63.

Lowe, B. M.; Skylaris, C.-K.; Green, N. G.; Shibuta, Y.; Sakata, T. Molecular Dynamics Simulation
of Potentiometric Sensor Response: The Effect of Biomolecules, Surface Morphology and
Surface Charge. Nanoscale 2018, 10 (18), 8650-8666.

Scherer, P.; Fischer, S. Theoretical Molecular Biophysics; Biological and Medical Physics,
Biomedical Engineering; 2010.

Chen, Y.; Zhang, H.; Feng, Z.; Zhang, H.; Zhang, R.; Yu, Y.; Tao, J.; Zhao, H.; Guo, W.; Pang, W.;
Duan, X,; Liu, J.; Zhang, D. Chemiresistive and Gravimetric Dual-Mode Gas Sensor toward
Target Recognition and Differentiation. ACS Appl. Mater. Interfaces 2016, 8 (33), 21742—
21749. https://doi.org/10.1021/acsami.6b02682.

Macchia, E.; Picca, R. A.; Manoli, K.; Franco, C. D.; Blasi, D.; Sarcina, L.; Ditaranto, N.; Cioffi, N.;
Osterbacka, R.; Scamarcio, G.; Torricelli, F.; Torsi, L. About the Amplification Factors in Organic
Bioelectronic Sensors. Mater. Horiz. 2020, 7 (4), 999-1013.
https://doi.org/10.1039/COMH01544B.

Palazzo, G.; De Tullio, D.; Magliulo, M.; Mallardi, A.; Intranuovo, F.; Mulla, M. Y.; Favia, P.;
Vikholm-Lundin, 1.; Torsi, L. Detection Beyond Debye’s Length with an Electrolyte-Gated
Organic Field-Effect Transistor. Adv. Mater. 2015, 27 (5), 911-916.

Macchia, E.; Manoli, K.; Holzer, B.; Franco, C. D.; Ghittorelli, M.; Torricelli, F.; Alberga, D.;
Mangiatordi, G. F.; Palazzo, G.; Scamarcio, G.; Torsi, L. Single-Molecule Detection with a
Millimetre-Sized Transistor. Nat. Commun. 2018, 9 (1), 1-10. https://doi.org/10.1038/s41467-
018-05235-z.

Macchia, E.; Giordano, F.; Magliulo, M.; Palazzo, G.; Torsi, L. An Analytical Model for Bio-
Electronic Organic Field-Effect Transistor Sensors. Appl. Phys. Lett. 2013, 103 (10), 166_1.
Manoli, K.; Magliulo, M.; Mulla, M. Y.; Singh, M.; Sabbatini, L.; Palazzo, G.; Torsi, L. Printable
Bioelectronics to Investigate Functional Biological Interfaces. Angew. Chem. Int. Ed. 2015, 54
(43), 12562-12576.

Shirinskaya, A.; Horowitz, G.; Rivnay, J.; Malliaras, G. G.; Bonnassieux, Y. Numerical Modeling
of an Organic Electrochemical Transistor. Biosensors 2018, 8 (4), 103.

Texas Instruments, Application Report, SLVA771, June 2016, Fu, J. Fundamentals of On-
Resistance in Load Switches. http://www.ti.com/lit/an/slva771/slva771.pdf (accessed 2020-
05-01)

Kim, Y.-T.; Lee, S.; Park, S.; Lee, C. Y. Graphene Chemiresistors Modified with Functionalized
Triphenylene for Highly Sensitive and Selective Detection of Dimethyl Methylphosphonate.
RSC Adv. 2019, 9 (58), 33976-33980.

Li, M.; Liu, C.; Xie, Y.; Cao, H.; Zhao, H.; Zhang, Y. The Evolution of Surface Charge on Graphene
Oxide during the Reduction and Its Application in Electroanalysis. Carbon 2014, 66, 302—-311.
https://doi.org/10.1016/j.carbon.2013.09.004.

Kergoat, L.; Herlogsson, L.; Piro, B.; Pham, M. C.; Horowitz, G.; Crispin, X.; Berggren, M. Tuning
the Threshold Voltage in Electrolyte-Gated Organic Field-Effect Transistors. Proc. Natl. Acad.
Sci. 2012, 109 (22), 8394-8399.

Tibaldi, A.; Fillaud, L.; Anquetin, G.; Woytasik, M.; Zrig, S.; Piro, B.; Mattana, G.; Noél, V.
Electrolyte-Gated Organic Field-Effect Transistors {EGOFETs) as Complementary Tools to
Electrochemistry for the Study of Surface Processes. Electrochem. Commun. 2019, 98, 43-46.
Eijkel, J. C.; van den Berg, A. Nanofluidics and the Chemical Potential Applied to Solvent and
Solute Transport. Chem. Soc. Rev. 2010, 39 (3), 957-973.

524

197



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

5.4. Supporting Information — Dual Monitoring of Surface Reactions in Real Time by
Combined Surface Plasmon Resonance and Field-Effect Transistor Interrogation

(19) Ko, Y. H.; Kim, Y. H.; Park, J.; Nam, K. T.; Park, J. H.; Yoo, P. J. Electric-Field-Assisted Layer-by-
Layer Assembly of Weakly Charged Polyelectrolyte Multilayers. Macromolecules 2011, 44 (8),
2866-2872.

(20) Hageneder, S.; Bauch, M.; Dostalek, J. Plasmonically Amplified Bioassay — Total Internal
Reflection Fluorescence vs. Epifluorescence Geometry. Talanta 2016, 156-157, 225-231.
https://doi.org/10.1016/j.talanta.2016.05.023.

525

198



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5.5. Supporting Information - Plasmon Field-Enhanced Fluorescence Energy Transfer for
Hairpin Aptamer Assay Readout

5.5. Supporting Information - Plasmon Field-Enhanced Fluorescence

Energy Transfer for Hairpin Aptamer Assay Readout

The following supporting information is reprinted under the Creative Commons CC-BY’

license.
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Calculated possible lengths of aptamer linkers between metallic surface and Alexa Fluor

647 dye
min. nm mnclom, nm max, nim
SLA fute 0 0.9 4.7
Jon 3.8 15.3
LLA forr 0 1.6 9.6
i 5.7 35.5

Table S1. Summary of distance values determined for the length of aptamer linkers separating

Alexa Fluor 547 dye from metallic surface in both SLA and LLA aptamers in their off for and on

fon states. The minimum in fyy set at 0 is due to the possible collapsing of the dye on the metallic

surface, resulting in complete quenching. The values for random (freely rotating polymer-

ssDNA stretch) was determined using the random coil model with the function sqrt(N)-a, where

N is the polymer units and a the length between each unit. Values of a for ssDNA subunits was

0.63 nm' and all other bonds 0.15 nm. The value maximum is defined as N-a, of a maximum

extended polymer.
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Dihedral angle scan of for states for SLA and LLA

Figure S1. Dihedral scans of SLA (a. and b.) and LLA (c. and d.) aptamers in the forr state. The
rotational freedom of the Alexa Fluor 647 dye (sticks) attached to 5 end of complementary 14
base linker DNA (colored spheres) anchored onto a gold film (yellow spheres), is demonstrated.
The Alexa Fluor 647 dye in the SLA linker shows more restricted rotational freedom, as seen in
a. side view and b. top view, compared to the LLA attached dye as seen in c. side view and d. top

view.
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Fluorescence signal kinetics of SLA binding with ATP and Adenosine
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Figure S2. Real-time fluorescence signal /() measured at a fixed angle 0=57 deg upon

sequential injection of ATP and adenosine at concentrations 0-12 mM in HAB buffer for gold

sensor surface functionalized with SLA.
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Dissociation constants Ky of adenosine and ATP for SLA and LLA aptamers
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Figure S3. Calibration curves established from changes in fluorescence intensity / as a result of

increasing concentrations of analytes adenosine (a. and b.) and ATP (c. and d.). Dissociation

constants (Kg) are determined by fitting with Langmuir isotherm model.
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Fabrication process

The multi-period plasmonic grating — MPG — nanostructures were prepared using a series of nanolithography steps.
UV-laser interference lithography — UV-LIL — was employed to generate a master structure in photoresist layer on
the top of a glass substrate by using multiple exposures of an interference field followed by etching with a
developer. Lloyd’s mirror configuration was used as showed in Figure S1A to record an interference field formed
by two overlapping plane waves. Precise control of the pattern period A is achieved by adjusting the angle & while
the modulation depth is adjusted by the exposure time and development parameters.

A Laser interference lithography

Spatial filter Lloyd’s mirror

UV HeCd
~2=325 nm ’
Photoresist Orientation

B Working stamp preparation

(Pons

Thermal curing Demolding

Photaoresist

Substrate

c S

Sample preparation

Stamp attachment UV curing Stamp release Au coating

x S

UV-curable resin

Figure. 812: A) UV-LIL setup in Lloyd’s mirror configuration, where the photoresist layer (red) is exposed to the

interference pattern formed by two overlaid parts of the expanded collimated UV laser beam. Between multiple exposures,
the sample is rotated around its normal axis by an azimuthal angle ¢. B) Working stamp preparation by casting the prepared
MPG topography to PDMS for C) UV-nanoimprint lithagraphy replication, where the stamp is imprinted in thin layer of imprint
resist, followed by curing with UV light before demolding of the PDMS working stamp.
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Since preparation of higher numbers of MPG structures with identical parameters by using UV-LIL is
impractical, UV-nanoimprint lithography — UV-NIL — was employed to replicate the master structure. First, a
working stamp was prepared by casting the master structure to polydimethylsiloxane (PDMS) that was cured at
controlled temperature (Figure S1B). After the curing, the stamp is demolded and used to replicate the pattern to
nanoimprint resist (Amonil) on a glass substrate. Such copies with MPG topography were subsequently coated with
a 100 nm gold film by vacuum thermal evaporation (Figure S1C).

Optical properties of grating coupled plasmon resonances

A
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Z 08 Y~
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Wavelenght 2. (nm)
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Figure S2: (A) Change of the spectral position of SPR with grating period for a single sinusoidal grating, 15 nm
modulation depth, and gold — water interface. Coupling efficiency dependence on the polar angle ¢ between grating vector
and electric field vector is shown for linear gratings in (B) and for crossed grating in (C).
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Plasmon near-field intensity profile
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Figure. 83: Distance dependence of the local electrical field enhancement averaged over the MPG along the axis

perpendicular to the surface.
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Measurement of fluorescence angular distribution
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—
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Figure. S4: The reader configured to image the back-focal plane of the objective lens, where the miniature mirror is
located, by an additional lens (Lens 5).
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Experimental observation of a fluorescence assay

A

@ inlet B wec
@ outlet === |lluminated area
Flat gold surface m— |maged area
Class Spots
Dark reference 19;21

Illuminated but not 1,2,3,4,7

functionalized
MPG functionalized 56,8,9,10,12,13,16

Flat gold functionalized 11, 14, 15, 17, 18, 20

Figure. 85: A) A schematic of the sensor chip with part of its area structured with gold-coated MPG and part of its area
carrying flat gold surface that is clamped against a microfluidic flow-cell. The illuminated area is indicated by a red circle, the
imaged area by a black square. In B) a fluorescence image obtained during the measurement in Figure 7 b) after titration
up to 50 pM target analyte concertation is shown. The microfluidic channel is indicated in blue, the illuminated area with a
red circle and the spots averaged to calculate the fluorescence signal are indicated in green.
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NIL reproducibility

Reproducibility of the UV-NIL process was tested on 5 samples prepared using a PDMS stamp. The spectra were
acquired in air to prevent contamination, before the samples were chemically modified (therefore the spectral
positions differ from those presented in Figure 3 measured in contact with water). The spectral position of the

resonances deviate by less than 2 nm, significantly smaller value than the resonance width.
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Figure S6: Reflectivity spectra acquired from 5 nanoimprinted samples from the same

master structure

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

214



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

5.6. Supporting Information — Multiresonant Plasmonic Nanostructure for Ultrasensitive
Fluorescence Biosensing

Collection efficiency enhancement

A key challenge in making sensitive fluorescence assays is the collection efficiency of emitted fluorescence light
for practical optical systems. For a freely rotating fluorophore in homogeneous medium, the emission is assumed
to be isotropic despite the orientation sensitive absorption characteristics of the electrical dipole model, due to the
random change of orientation during fluorescence lifetime. For an optical system with a given numerical aperture
NA = nsin @ the collection only part of fluorescence light emitted to a cone with half angle & can be collected. In
the case of isotropic emission, the fraction can be determined analytically by calculating the ratio of the surface of
the emission cone to the overall surface.

0 ~2m
Acoliected = f f sin@d¢ db = 2 (1 — cos®) (1)
0 0
A A 1
CE = collected _ collected — _(1 _ COS@) (2)
Asphere 4m Z

For the MPG structure, collection efficiency was determined by calculating the farfield emission of a dipole in 15
nm distance from the surface. Four polar orientations of the dipole (0, 45°, 90°, 135°) with respect to the linear
grating were considered. The emitted power to a cone of opening angle © perpendicular to the interface was
computed by numerical integration. A similar calculation was performed for an emitter on a flat gold surface. In
this work, an optical system with numerical aperture NA=0.2 was used to image a large sample area in a flow cell.
Collection efficiencies for this system were calculated and are shown in Figure S7.

A homogeneous medium B
——MPG 13 i CE MPG
-~ 0,12 ——Flat 12 ] ——CE Flat
2 F 1
0] 0,10+ C 10+
) Q0
& 0,08 S @ 91
(3] = g 84
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E= S & 6]
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Figure S7: (A) Collection efficiency of an optical system with NA = 0.2 opt for an emitter located in a homogeneous medium
(black), on a flat gold surface (blue) and on the MPG structure (red). (B) Enhancement of collection efficiency with respect
to emitter in homogeneous medium for MPG and flat surfaces.
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the Terms and Conditions of this Agreement. ACS and You are collectively referred to in
this Agreement as “the Parties”).

1. SCOPE OF GRANT

ACS grants You a non-exclusive and nontransferable permission to access and use this
ACS article subject to the terms and conditions set forth in this Agreement.

2. PERMITTED USES

a. ACS grants You the rights in the attached Creative Commons Attribution 4.0
International license.

Consistent with the Creative Commons Attribution 4.0 license we note that any use of
the article is subject to the following conditions:

i. The authors’ moral right to the integrity of their work under the Berne Convention
(Article 6bis) is not compromised.

ii. Where content in the article is identified as belonging to a third party, it is your
responsibility to ensure that any reuse complies with copyright policies of the owner.

3. TERMINATION
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ACS reserves the right to limit, suspend, or terminate your access to and use of the ACS
Publications Division website and/or all ACS articles immediately upon detecting a
breach of this License.

4. COPYRIGHTS; OTHER INTELLECTUAL PROPERTY RIGHTS

Except as otherwise specifically noted, ACS is the owner of all right, title and interest in
the content of this ACS article, including, without limitations, graphs, charts, tables
illustrations, and copyrightable supporting information. This ACS article is protected
under the Copyright Laws of the United States Codified in Title 17 of the U.S. Code and
subject to the Universal Copyright Convention and the Berne Copyright Convention.

You agree not to remove or obscure copyright notices. You acknowledge that You have
no claim to ownership of any part of this ACS article or other proprietary information
accessed under this Agreement. The names “American Chemical Society,” “ACS” and the
titles of the journals and other ACS products are trademarks of ACS.

5. DISCLAIMER OF WARRANTIES; LIMITATION OF LIABILITY

ACS warrants that it is entitled to grant this Agreement.

EXCEPT AS SET FORTH IN THE PRECEDING SENTENCE, ACS MAKES NO WARRANTY
OR REPRESENTATION OF ANY KIND, EXPRESS OR IMPLIED, WITH RESPECT TO THIS
ACS ARTICLE INCLUDING, BUT NOT LIMITED TO WARRANTIES AS TO THE ACCURACY
OR COMPLETENESS OF THE ACS ARTICLE, ITS QUALITY, ORIGINALITY, SUITABILITY,
SEARCHABILITY, OPERATION, PERFORMANCE, COMPLIANCE WITH ANY
COMPUTATIONAL PROCESS, MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE.

ACS SHALL NOT BE LIABLE FOR: EXEMPLARY, SPECIAL, INDIRECT, INCIDENTAL,
CONSEQUENTIAL OR OTHER DAMAGES ARISING OUT OF OR IN CONNECTION WITH
THE AGREEMENT GRANTED HEREUNDER, THE USE OR INABILITY TO USE ANY ACS
PRODUCT, ACS'S PERFORMANCE UNDER THIS AGREEMENT, TERMINATION OF THIS
AGREEMENT BY ACS OR THE LOSS OF DATA, BUSINESS OR GOODWILL EVEN IF ACS IS
ADVISED OR AWARE OF THE POSSIBILITY OF SUCH DAMAGES. IN NO EVENT SHALL
THE TOTAL AGGREGATE LIABILITY OF ACS OUT OF ANY BREACH OR TERMINATION OF
THIS AGREEMENT EXCEED THE TOTAL AMOUNT PAID BY YOU TO ACS FOR ACCESS
TO THIS ACS ARTICLE FOR THE CURRENT YEARIN WHICH SUCH CLAIM, LOSS OR
DAMAGE OCCURRED, WHETHER IN CONTRACT, TORT OR OTHERWISE,

INCLUDING, WITHOUT LIMITATION, DUE TO NEGLIGENCE.

The foregoing limitations and exclusions of certain damages shall apply regardless of
the success or

effectiveness of other remedies. No claim may be made against ACS unless suit is filed
within one (1) year

after the event giving rise to the claim.

6. GENERAL

This Agreement sets forth the entire understanding of the Parties. The validity,
construction and

performance of this Agreement shall be governed by and construed in accordance with
the laws of the

District of Columbia, USA without reference to its conflicts of laws principles. You
acknowledge that the

delivery of the ACS article will occur in the District of Columbia, USA. You shall pay any
taxes lawfully due
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from it, other than taxes on ACS's net income, arising out of your use of this ACS article
and/or other rights
granted under this Agreement.

7. ACCEPTANCE

You warrant that You have read, understand, and accept the terms and conditions of this
Agreement. ACS

reserves the right to modify this Agreement at any time by posting the modified terms
and conditions on the

ACS Publications Web site. Any use of this ACS article after such posting shall constitute
acceptance of the

terms and conditions as modified.

Creative Commons Attribution 4.0 International Public

License

By exercising the Licensed Rights (defined below), You accept and agree to be bound by
the terms and

conditions of this Creative Commons Attribution 4.0 International Public License ("Public
License"). To the

extent this Public License may be interpreted as a contract, You are granted the Licensed
Rights in

consideration of Your acceptance of these terms and conditions, and the Licensor grants
You such rights in

consideration of benefits the Licensor receives from making the Licensed Material
available under these

terms and conditions.

Section 1 — Definitions

a. Adapted Material means material subject to Copyright and Similar Rights that is
derived from or based

upon the Licensed Material and in which the Licensed Material is translated, altered,
arranged, transformed,

or otherwise modified in a manner requiring permission under the Copyright and Similar
Rights held by the

Licensor. For purposes of this Public License, where the Licensed Material is a musical
work, performance,

or sound recording, Adapted Material is always produced where the Licensed Material is
synched in timed

relation with a moving image.

b. Adapter's License means the license You apply to Your Copyright and Similar Rights in
Your contributions

to Adapted Material in accordance with the terms and conditions of this Public License.
c. Copyright and Similar Rights means copyright and/or similar rights closely related to
copyright including,

without limitation, performance, broadcast, sound recording, and Sui Generis Database
Rights, without

regard to how the rights are labeled or categorized. For purposes of this Public License,
the rights specified

in Section 2(b)(1)-(2) are not Copyright and Similar Rights.
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d. Effective Technological Measures means those measures that, in the absence of
proper authority, may

not be circumvented under laws fulfilling obligations under Article 11 of the WIPO
Copyright Treaty adopted

on December 20, 1996, and/or similar international agreements.

e. Exceptions and Limitations means fair use, fair dealing, and/or any other exception or
limitation to

Copyright and Similar Rights that applies to Your use of the Licensed Material.

f. Licensed Material means the artistic or literary work, database, or other material to
which the Licensor

applied this Public License.

g. Licensed Rights means the rights granted to You subject to the terms and conditions
of this Public

License, which are limited to all Copyright and Similar Rights that apply to Your use of
the Licensed Material

and that the Licensor has authority to license.

h. Licensor means the individual(s) or entity(ies) granting rights under this Public
License.

i. Share means to provide material to the public by any means or process that requires
permission under the

Licensed Rights, such as reproduction, public display, public performance, distribution,
dissemination,

communication, or importation, and to make material available to the public including in
ways that

members of the public may access the material from a place and at a time individually
chosen by them.

j. Sui Generis Database Rights means rights other than copyright resulting from Directive
96/9/EC of the

European Parliament and of the Council of 11 March 1996 on the legal protection of
databases, as

amended and/or succeeded, as well as other essentially equivalent rights anywhere in
the world.

k. You means the individual or entity exercising the Licensed Rights under this Public
License. Your has a

corresponding meaning.

Section 2 — Scope

a. License grant.

1. Subject to the terms and conditions of this Public License, the Licensor hereby grants
You a worldwide,

royalty-free, non-sublicensable, non-exclusive, irrevocable license to exercise the
Licensed Rights in the

Licensed Material to:

A. reproduce and Share the Licensed Material, in whole or in part; and

B. produce, reproduce, and Share Adapted Material.

2. Exceptions and Limitations. For the avoidance of doubt, where Exceptions and
Limitations apply to Your

use, this Public License does not apply, and You do not need to comply with its terms
and conditions.

3. Term. The term of this Public License is specified in Section 6(a).

4. Media and formats; technical modifications allowed. The Licensor authorizes You to
exercise the
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Licensed Rights in all media and formats whether now known or hereafter created, and
to make technical

modifications necessary to do so. The Licensor waives and/or agrees not to assert any
right or authority to

forbid You from making technical modifications necessary to exercise the Licensed
Rights, including

technical modifications necessary to circumvent Effective Technological Measures. For
purposes of this

Public License, simply making modifications authorized by this Section 2(a)(4) never
produces Adapted

Material.

5. Downstream recipients

A. Offer from the Licensor — Licensed Material. Every recipient of the Licensed Material
automatically

receives an offer from the Licensor to exercise the Licensed Rights under the terms and
conditions of this

Public License.

B. No downstream restrictions. You may not offer or impose any additional or different
terms or conditions

on, or apply any Effective Technological Measures to, the Licensed Material if doing so
restricts exercise of

the Licensed Rights by any recipient of the Licensed Material.

6. No endorsement. Nothing in this Public License constitutes or may be construed as
permission to assert

or imply that You are, or that Your use of the Licensed Material is, connected with, or
sponsored, endorsed,

or granted official status by, the Licensor or others designated to receive attribution as
provided in Section

3(@)(1)(A)()-

b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License,
nor are publicity,

privacy, and/or other similar personality rights; however, to the extent possible, the
Licensor waives and/or

agrees not to assert any such rights held by the Licensor to the limited extent necessary
to allow You to

exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.

3. To the extent possible, the Licensor waives any right to collect royalties from You for
the exercise of the

Licensed Rights, whether directly or through a collecting society under any voluntary or
waivable statutory

or compulsory licensing scheme. In all other cases the Licensor expressly reserves any
right to collect such

royalties.

Section 3 — License Conditions

Your exercise of the Licensed Rights is expressly made subject to the following
conditions.

a. Attribution

1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed Material:
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i. identification of the creator(s) of the Licensed Material and any others designated to
receive attribution, in

any reasonable manner requested by the Licensor (including by pseudonym if
designated);

ii. a copyright notice;

iii. a notice that refers to this Public License;

iv. a notice that refers to the disclaimer of warranties;

v. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;

B. indicate if You modified the Licensed Material and retain an indication of any previous
modifications; and

C. indicate the Licensed Material is licensed under this Public License, and include the
text of, or the URI or

hyperlink to, this Public License.

2. You may satisfy the conditions in Section 3(a)(1) in any reasonable manner based on
the medium,

means, and context in which You Share the Licensed Material. For example, it may be
reasonable to satisfy

the conditions by providing a URI or hyperlink to a resource that includes the required
information.

3. If requested by the Licensor, You must remove any of the information required by
Section 3(a)(1)(A) to

the extent reasonably practicable.

4. If You Share Adapted Material You produce, the Adapter's License You apply must not
prevent recipients

of the Adapted Material from complying with this Public License.

Section 4 — Sui Generis Database Rights

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of
the Licensed Material:

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse,
reproduce, and Share all or a substantial portion of the contents of the database;

b. if You include all or a substantial portion of the database contents in a database in
which You have Sui Generis Database Rights, then the database in which You have Sui
Generis Database Rights (but not its individual contents) is Adapted Material; and

c. You must comply with the conditions in Section 3(a) if You Share all or a substantial
portion of the contents of the database. For the avoidance of doubt, this Section 4
supplements and does not replace Your obligations under this Public License where the
Licensed Rights include other Copyright and Similar Rights.

Section 5 — Disclaimer of Warranties and Limitation of
Liability

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the
Licensor offers the Licensed Material as-is and as-available, and makes no
representations or warranties of any kind concerning the Licensed Material, whether
express, implied, statutory, or other. This includes, without limitation, warranties of
title, merchantability, fitness for a particular purpose, non-infringement, absence

of latent or other defects, accuracy, or the presence or absence of errors, whether or
not known or discoverable. Where disclaimers of warranties are not allowed in full or in
part, this disclaimer may not apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal
theory (including, without limitation, negligence) or otherwise for any direct, special,
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indirect, incidental, consequential, punitive, exemplary, or other losses, costs,
expenses, or damages arising out of this Public License or use of the Licensed
Material, even if the Licensor has been advised of the possibility of such losses, costs,
expenses, or damages. Where a limitation of liability is not allowed in full or in part, this
limitation may not apply to You.

c. The disclaimer of warranties and limitation of liability provided above shall be
interpreted in a manner that, to the extent possible, most closely approximates an
absolute disclaimer and waiver of all liability.

Section 6 — Term and Termination

a. This Public License applies for the term of the Copyright and Similar Rights licensed
here. However, if You fail to comply with this Public License, then Your rights under this
Public License terminate automatically.

b. Where Your right to use the Licensed Material has terminated under Section 6(a), it
reinstates:

1. automatically as of the date the violation is cured, provided it is cured within 30 days
of Your discovery of the violation; or

2. upon express reinstatement by the Licensor.For the avoidance of doubt, this Section
6(b) does not affect any right the Licensor may have to seek remedies for Your violations
of this Public License.

c. For the avoidance of doubt, the Licensor may also offer the Licensed Material under
separate terms or conditions or stop distributing the Licensed Material at any time;
however, doing so will not terminate this Public License.

d. Sections 1, 5, 6, 7, and 8 survive termination of this Public License.

Section 7 — Other Terms and Conditions

a. The Licensor shall not be bound by any additional or different terms or conditions
communicated by You unless expressly agreed.

b. Any arrangements, understandings, or agreements regarding the Licensed Material
not stated herein are separate from and independent of the terms and conditions of this
Public License.

Section 8 — Interpretation

a. For the avoidance of doubt, this Public License does not, and shall not be interpreted
to, reduce, limit, restrict, or impose conditions on any use of the Licensed Material that
could lawfully be made without permission under this Public License.

b. To the extent possible, if any provision of this Public License is deemed
unenforceable, it shall be automatically reformed to the minimum extent necessary to
make it enforceable. If the provision cannot be reformed, it shall be severed from this
Public License without affecting the enforceability of the remaining terms and
conditions.

c. No term or condition of this Public License will be waived and no failure to comply
consented to unless expressly agreed to by the Licensor.

d. Nothing in this Public License constitutes or may be interpreted as a limitation upon,
or waiver of, any privileges and immunities that apply to the Licensor or You, including

from the legal processes of any jurisdiction or authority.
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