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Abstract

There is an increasing need in society for rapid, cost effective, and reliable detection
of biomolecules for the purpose of diagnosing diseases, including early diagnosis of
non-communicable and infectious diseases. Over the last years, these needs have been
addressed by research in numerous biosensor technologies, where several key challenges
must be addressed in order to enable accurate analysis of the low abundant species
present in complex biological fluids. These challenges concern sensitivity and specificity
in modalities that allow direct detection of the species without the need for extensive
sample preparation steps and time-consuming (mostly enzymatic) amplification strategies.

The thesis combines optical biosensing methods that take advantage of metallic struc-
tures with tailored plasmonic characteristics. The work is particularly focused on their
utilization for signal amplification, multiplexing with the ability to achieve femtomolar
detection limits for proteins and implementation of the biosensor into compact readout
devices.

First, plasmonic nanostructured surfaces were specially designed to be manufactured by
scaled-up lithography methods and to be employed for weak optical signal amplification
in surface plasmon resonance and surface plasmon-enhanced fluorescence spectroscopy
readout of affinity binding events. Second, advanced biointerface architectures were
developed in order to serve as an affinity binding matrix at the sensor surface. Several
interdependent aspects of the sensor surface post-modification, of minimizing non-specific
interactions and of additional (non-optical) signal enhancement were investigated. Finally,
responsive polyelectrolyte brushes and poly[N-isopropylacrylamide (pNIPAAm)]-based
hydrogels were used for sensitive detection of biomarkers in clinical saliva and plasma
samples.
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Kurzfassung

In der Gesellschaft besteht ein zunehmender Bedarf an einem schnellen, kosteneffizienten
und zuverlässigen Nachweis von Biomolekülen, insbesonders in der Frühdiagnose von nicht
übertragbaren und infektiösen Krankheiten. In den letzten Jahren wurden dafür zahlreiche
Biosensortechnologien entwickelt, bei denen mehrere zentrale Herausforderungen gelöst
werden müssen, um eine genaue Analyse der in komplexen biologischen Flüssigkeiten in
nur geringer Menge vorkommenden Analyten zu ermöglichen. Diese Herausforderungen
betreffen die Empfindlichkeit und Spezifität von Sensormodalitäten, die einen direkten
Nachweis der Spezies ermöglichen, ohne dass umfangreiche Probenvorbereitungsschritte
und zeitaufwändige (meist enzymatische) Amplifikationsstrategien erforderlich sind.

Diese Dissertation kombiniert optische Biosensormethoden, die sich metallische Struk-
turen mit maßgeschneiderten plasmonischen Eigenschaften zunutze machen. Die Arbeit
konzentriert sich insbesondere auf deren Nutzung zur Signalverstärkung, auf Multiplexing
und auf die mögliche Implementierung in kompakte Auslesegeräte, mit der Fähigkeit
Proteinmoleküle bis zu femtomolaren Konzentrationen zu detektieren. Zuerst wurden
spezielle plasmonische nanostrukturierte Oberflächen entwickelt, die mit skalierbaren
Lithographieverfahren hergestellt werden und zur Verstärkung von schwachen optischen
Signalen verwendet werden können. Diese werden für die Auslesung von Affinitäts-
bindungen mittels Oberflächenplasmonenresonanz und oberflächenplasmonenverstärkter
Fluoreszenzspektroskopie eingesetzt. Zweitens wurden Biointerface-Architekturen en-
twickelt, um als Affinitätsbindungsmatrix an der Sensoroberfläche zu dienen. Dabei waren
mehrere voneinander abhängige Aspekte der Post-Modifikation der Sensoroberfläche, der
Minimierung unspezifischer Wechselwirkungen und der zusätzlichen (nicht-optischen)
Signalverstärkung von Interesse. Schließlich wurde die Verwendung von reaktionsfähigen
Polyelektrolytbürsten und Hydrogelen auf Poly[N-Isopropylacrylamid (pNIPAAm)]-Basis
für den empfindlichen Nachweis von Biomarkern in klinischen Speichel- und Plasmaproben
durchgeführt.

vii





Figures

1.1 Scheme of biosensor components: Specific interaction of target molecules with
the biorecognition elements results in a binding event, which is subsequently
transformed into a readable signal employing a transducer. . . . . . . . . . 1

1.2 Global biosensor market in 2015 (reproduced under CC BY 4.0 © 2019.[6]) 2
1.3 Scheme of propagating surface plasmons (PSPs) and localized surface plasmons

(LSPs) indicating the charge distributions and penetration depth penetration
depth (Lp). (Adapted by permission from Springer Nature © 2016.[35]) . 5

1.4 a) k − ω graph showing the dispersion relation of surface plasmons (SPs) and
light in air and with a prism (reproduced under CC BY 3.0 © 2012[52]) and
b) prism coupling using Kretschmann configuration. . . . . . . . . . . . . 7

1.5 a) Example of optical system highlighting the most important components of
the biosensor b) Angular reflectivity spectra and shift in the surface plasmon
resonance (SPR) angle due to binding and subsequent refractive index (RI)
increase at the sensor chip surface and c) corresponding sensogram. . . . . 8

1.6 Schematics of the excitation of SPs on a diffraction grating. . . . . . . . . 9
1.7 GC-SPR (reproduced under CC BY 3.0 © 2012 [52]) . . . . . . . . . . . . 10
1.8 Schematic of commonly used fiber-optic SPR (FO-SPR) (Reprinted with

permission from Elsevier from [69]) . . . . . . . . . . . . . . . . . . . . . . . 11
1.9 optical waveguide spectroscopy (OWS) using Kretschmann configuration:

a) Schematic of the excitation of the polymer [hydrogel optical waveguide
(hydrogel optical waveguide (HOW))] as well as SP waves. b) Example of
transverse magnetic (TM) reflectivity spectra measured in a µm thick dielectric
layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

ix



1.10 : a) Scheme of localized surface plasmon resonance (LSPR) on a metal
nanoparticle (reproduced with permission from Annual Reviews[74]) b) LSPR
sensing on a metal nanostructure. Through the change in RI by binding of
an analyte, a peak-wavelength shift is induced. (Reprinted with permission
from Elsevier from [75]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.11 a) Jablonski diagram b) Schematic of SP field modes coupled with a fluorophore
(reproduced under CC BY 2.0 © 2013 [101]) . . . . . . . . . . . . . . . . 16

1.12 Activation of carboxylic acid groups and formation of a covalent amide bond
with the biorecognition element (BRE) (reproduced under CC BY-SA 4.0 ©
2019 [114] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.13 SAM formation on a metal surface (reprinted by permission from © 2013[139]) 20
1.14 a) Formation of polymer brushes using “grafting to” and “grafting from”

approaches (Reproduced with permission from the Royal Society of Chemistry
[142]) b) Scheme of polymer brush conformation and thickness depending on
grafting density on a solid support. (reproduced under CC BY 4.0 © 2015 by
the authors[143]) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

1.15 Structure of different motives developed over the years to show resistance to
non-specific adsorption. (reprinted with permission from Nature, Copyright ©
2014, The Society of Polymer Science, Japan[185]) . . . . . . . . . . . . . 24

x



xi





Acronyms

2D two dimensional. 18

3D three dimensional. 18

AI artificial intelligence. 4

ATR attenuated total internal reflection. 5–7

BRE biorecognition element. x, 2, 3, 9, 17–20, 22, 28, 63, 123

Da Dalton. 15

DNA desoxyribonucleic acid. 2, 17

EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide. 18

ELISA enzyme-linked immunosorbent assay. 19

EM electromagnetic. 123

fM femtomolar. 99

FO-SPR fiber-optic SPR. ix, 11

FoM figure of merit. 15

fwhm full width half maximum/minimum. 15

GC-SPR grating-coupled SPR. 10, 85

HOW hydrogel optical waveguide. ix, 12

xiii



Ig immunoglobulin. 19, 63

IoT Internet of Things. 4

KD (equilibrium) dissociation constant. 3, 19

LbL layer by layer. 20

LCST lower critial solution temperature. 123

LOD limit of detection. 3, 15, 99, 123

Lp penetration depth. ix, 5, 6, 14

LSP localized surface plasmon. ix, 5, 12–14, 16

LSPR localized surface plasmon resonance. x, 13, 123

MAbs monoclonal antibodies. 19

MIP molecularly imprinted polymer. 20

MPG multi-period plasmonic grating. 99

MW molecular weight. 15, 21

NHS N-hydroxysuccinimide. 18

nM nanomolar. 3

OWS optical waveguide spectroscopy. ix, 11, 12, 49

PCR polymerase chain reaction. 142

PEF plasmon-enhanced fluorescence. 16, 17, 33, 49, 63, 99, 123

PEG poly(ethylene glycol). 23

pM picomolar. 3, 123

PNA peptide nucleic acid. 2

pNIPAAm poly(N-isopropylacrylamide). 63, 123

xiv



POC point of care. 4, 28, 33

PSP propagating surface plasmon. ix, 5, 6, 12–14

RCA rolling circle amplification. 49, 142

RI refractive index. ix, x, 8, 11–15

RIU refractive index units. 14, 15

RNA ribonucleic acid. 2, 17

RU refractive units. 14

SAM self-assembled monolayer. 20, 21, 23

SEIRAS surface-enhanced infrared absorption spectroscopy. 16

SERS surface-enhanced raman spectroscopy. 16

SI-ATRP surface initiated atom transfer radical polymerization. 21

SP surface plasmon. ix, x, 4–12, 15–17

SPFS surface plasmon enhanced spectroscopy. 4, 16, 33

SPP surface plasmon polariton. 4

SPR surface plasmon resonance. ix, 3–5, 7–15, 19, 27, 28

ssDNA single stranded deoxyribonucleic acid. 49

TE transverse electric. 12

TIR total internal reflection. 7

TM transverse magnetic. ix, 6, 12

TNF-α tumor necrosis factor alpha. 85, 141

UV-NIL UV-nanoimprint lithography. 28, 142

xv





Table of Contents

Abstract v

Kurzfassung vii

Figures ix

Acronyms xiii

Table of Contents xvii

1 Introduction Into Biosensors 1
1.1 Surface Plasmons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 History of SPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Propagating Surface Plasmon Resonance . . . . . . . . . . . . . . . . . 6
1.4 Localized Surface Plasmon Resonance . . . . . . . . . . . . . . . . . . 12
1.5 Fluorescence and Plasmon-Enhanced Fluorescence Spectroscopy . . . 16
1.6 Biointerface architectures . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Research Aims 27

3 Individual Studies 31
3.1 Plasmonic Hepatitis B biosensor for the analysis of clinical saliva . . . 33
3.2 In situ monitoring of rolling-circle amplification on a solid support by

surface plasmon resonance and optical waveguide spectroscopy . . . . 49
3.3 Responsive hydrogel binding matrix for dual signal amplification in fluo-

rescence affinity biosensors and peptide microarrays . . . . . . . . . . 63
3.4 Multi-diffractive grating for surface plasmon biosensors with direct back-

side excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

xvii



3.5 Multi-resonant plasmonic nanostructure for ultrasensitive fluorescence
biosensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.6 UV-Laser Interference Lithography for Local Functionalization of Plas-
monic Nanostructures with Responsive Hydrogel . . . . . . . . . . . . 123

4 Summary and Outlook 141

Bibliography 145

xviii







CHAPTER 1
Introduction Into Biosensors

For decades, the demand for quick and easy-to-use yet reliable, sensitive, and specific
sensors for detecting molecules or monitoring molecular interactions increased continuously.
These tools have been widely researched, leading to a broad range of applications,
from diagnosing certain diseases and monitoring therapeutic drugs to environmental
observations, food safety and control, and biodefense and security. Since the earliest days
of biosensing, advances in the field have been driven by practical considerations, working
towards applications for creating a digital signal proportional to the concentration of a
specific molecule.[1]

Figure 1.1: Scheme of biosensor components: Specific interaction of target molecules with
the biorecognition elements results in a binding event, which is subsequently transformed
into a readable signal employing a transducer.
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1. Introduction Into Biosensors

By definition, biosensors are “integrated receptor–transducer devices, which are able
to provide selective quantitative or semi-quantitative analytical information using a
biological recognition element“.[2] This description already states the two most important
components a biosensor consists of, a biorecognition element (BRE) and a transducer.
Furthermore, in a standard representation, a biosensor is divided into four parts, as
depicted in fig. 1.1) Sensing elements or BREs, which should specifically interact with
the targeted analyte 2) an interface, which provides an environment where the BRE
sit, 3) a transducer, which converts the physical or chemical change associated with the
binding event into a readable, electrical signal and 4) a set of electronic signal amplifiers,
processors and an interface for data analysis.

Biosensors are often categorized according to their transduction mechanism or their type
of biorecognition element. Depending on the physical or chemical property measured
(the type of transducer), biosensors are divided into optical, electrochemical, acoustic,
calorimetric, or piezoelectric-based devices.[3] Biosensors can be classified according
to the BRE, nucleic acid-based (desoxyribonucleic acid (DNA), RNA ribonucleic acid
(RNA),peptide nucleic acid (PNA),..),[4] protein-based (antibodies,..), peptide-based[5],
or cell-based sensors can be differentiated.[1]

Since the first biosensor was developed in the 1960s for glucose monitoring,[7] the global
market has expanded to a value of 25.5 billion USD in 2021. The field is expected to
reach 36.7 billion USD by 2026.[8] When compared to other areas like industrial processes
and environmental analysis, the healthcare sector has the most significant share by far,

Figure 1.2: Global biosensor market in 2015 (reproduced under CC BY 4.0 © 2019.[6])
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as 64% of the market is dedicated to medicine-related activities (see fig.1.2). [6]

In this context, medical diagnostics require biosensors able to detect biomarkers with
sufficient sensitivity and thus prevent diseases or enable treatment at the earliest stage
possible. In the first stages of cancer[9, 10], bacterial and viral infections[11], neuropsy-
chiatric disorders[12], or cardiovascular diseases[13], only very low concentrations of
biomarkers are present in the sample to be analyzed.[14] Therefore, a detection limit far
below picomolar (pM) concentration in actual biological samples is crucial for viable com-
mercial applications, which are much needed in the field.[14] Moreover, better sensitivity
would enable new insights into disease onset and progression, particularly concerning
various cancers.

According to the IUPAC, the International Union of Pure and Applied Chemistry,
Sensitivity is the “slope of the calibration curve,” which defines how well the method
can discriminate changes in concentration. However, it is worth noting that in the field
of biosensing, contrary to the definition, sensitivity is often used synonymously for the
lowest detectable target analyte concentration (limit of detection (LOD)).[15] To enhance
the sensitivity and improve the LOD of a sensor, finding the optimal combination of
BRE and transducer is of utmost importance. On the one hand, catalytic biosensors
are commonly utilized in conjunction with electrochemical detection. For example, most
commercial glucose biosensors are based on enzymatic detection, where the oxidation of
the analyte is catalyzed by an enzyme (most often glucose oxidase). The resulting current
is shuttled to the electrode through artificial electron acceptors or mediators. The signal
intensity can be directly translated to the concentration of glucose in the blood.[16]

On the other hand, affinity biosensors are preferably used with optical transducers, most
prominently SPR, especially for the real-time observation of biomolecular interactions,
which will be introduced in the following chapters.[17] The ability to reach an LOD
below pM concentration depends on the type of the assay and, in the case of affinity
biosensors, especially the affinity of the BRE to the analyte. With high affinity, LODs in
the attomolar range can be easily achieved. However, this is most often not the case as
most assays have an (equilibrium) dissociation constant (KD) even above the nanomolar
(nM) range.[18]

Furthermore, the transduction system as well as instrumentation set the boundaries for
the performance of the sensor. Next to sensitivity, the main performance characteristics
for biosensor development are the specificity of the sensor device and the response time.[19]
The specificity (or selectivity) is the ability to discriminate a specific analyte in a complex
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1. Introduction Into Biosensors

sample containing large amounts of other species. The main challenge causing reduced
specificity is the non-specific binding of non-target compounds in the sample matrix.
The sensor response time is defined by mass transport effects[20] and limited by the
diffusion of the analyte to the surface. These can be optimized through the development
of better microfluidic systems and lab-on-a-chip applications.[21] Additionally, especially
in biomarker detection and research, the detection of a single analyte is often insufficient,
as only changes in a panel of biomarkers enable a accurate diagnosis or provide reliable
information on progression status.[10] Therefore, multiplexing, the possibility to detect a
variety of analytes with one test.[22], is another major challenge in biosensor development.
Multiplexed sensors can be beneficial as minimally invasive tests for early diagnosis of
cancer using nucleic acids[23], proteins[24], or autoantibodies[25]. Additionally, it saves
time and money for the patient as well as for the health care system. Furthermore,
point of care (POC) diagnostics directly at the point-of-care are increasingly popular,
requiring sample analysis outside a laboratory environment.[26] In this case, the focus
in development lies not only in enhancing sensitivity, but they should also be robust,
reliable, specific, fast, and easy to use by untrained persons without additional medical
equipment. The readout can be as simple as by naked eye using lateral flow devices, like
in pregnancy or COVID-19 rapid antigen tests, but these types of devices usually provide
only a qualitative result.[27, 28, 29] However, even devices using more advanced integrated
sample treatment and qualitative readout in the sensor can be miniaturized to a wearable
size, e.g., as a watch.[30] Moreover, analysis and even the interpretation of the results
using smartphones is paving the way for digital or mobile health (mHealth)[31], which can
provide means for assisted health monitoring, including personalized interactions with
the POC device.[32] Even further, due to advancements in fields like data analytics and
the promotion and implementation of concepts like Internet of Things (IoT) and artificial
intelligence (AI), monitoring of healthcare using POC devices holds great promise for
the near future.[33]

1.1 Surface Plasmons

As this work mainly involves the use of surface plasmon resonance (SPR) sensors in
conjunction with surface plasmon field-enhanced fluorescence (surface plasmon enhanced
spectroscopy (SPFS)), as well as both surface and localized surface plasmon effects and
optical waveguide phenomena to improve assays for the detection of molecules, these will
be introduced below. Surface Plasmons (SPs) or surface plasmon polaritons (SPPs) can
be described as waves originating from a collective oscillation of electron density at the
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1.2. History of SPs

interface of a metal (e.g., gold) and a dielectric (e.g., liquid, gas, or solid).[34] SPs traveling
along an interface of flat or corrugated continuous metallic films are termed propagating
surface plasmons (PSPs). In contrast, SPs resonantly excited at nanostructures with a
size much below the wavelength are referred to as localized surface plasmons (LSPs),
both possibilities are depicted in fig. 1.3.

Figure 1.3: Scheme of PSPs and LSPs indicating the charge distributions and penetration
depth Lp. (Adapted by permission from Springer Nature © 2016.[35])

1.2 History of SPs

Surface plasmons were first observed and described by Wood by shining polarized light
onto a metallic diffraction grating, and a pattern of dark and bright bands appeared in the
reflected light spectrum.[36] The phenomenon was only later explained by Fano through
theoretical analysis, associating it to the “quasi-stationary waves [..] which can be strongly
excited on the surface of metallic gratings”.[37] At the end of the 1950s, the SPR theory
was developed and scientifically proven, describing the energy loss associated with the SPs
occurring when an electron beam passed through metallic thin films in contact with the
dielectric.[38, 39, 40] The optical excitation of SPs by attenuated total internal reflection
(ATR) was shown in the 1960s by Otto[41] and Kretschmann and Raether.[42, 43] Based
on these findings, Nylander and Liedberg developed the first SPR biosensor device,
capable of label-free and real-time observation of biomolecular binding studies.[44] In
1990, Pharmacia brought the first commercial instrument to the market, the BIAcore,[45]
which was further improved in sensitivity, automation, multiplexing, simplicity, and
throughput. Since then, commercial SPR-based biosensors have been used to detect
molecules and to study their interactions in academic (i.e., life and material sciences),
industry (i.e., pharmaceutical drug discovery, material characterization), and medical
research(i.e., clinical studies for identification of targets). However, most commercialized
SPR biosensors are not designed for application outside of laboratories and for in-field
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1. Introduction Into Biosensors

measurements. Therefore, research is continuously seeking to improve the applicability
on-site and enhance performance parameters like sensitivity and selectivity.

1.3 Propagating Surface Plasmon Resonance

PSPs are 2D electromagnetic waves propagating along a metal-dielectric interface with
a TM transverse magnetic polarization. Thereby the propagation constant β can be
defined as:

β = k0

√
n2
mn

2
d

n2
m + n2

d

, (1.1)

where nm and nd are the refractive indices of metal and dielectric, respectively. Further-
more, k0 = 2π/λ = ω/c, the propagation constant of light in a vacuum with an angular
frequency ω, wavelength λ, and velocity of light in a vacuum c.[46, 47]

The SP modes that probe the dielectric medium have an electric field intensity of |E|2,
which perpendicularly decays away from the interface with a penetration depth Lp. This
electromagnetic field distribution exhibits an evanescent wave profile. The probing depth
for an adjacent medium is usually defined as Lp/2, which for a gold surface in contact
with water and an excitation light with λ = 633nm, yields about 100 nm. This means
that a slice with such thickness can be utilized for selective optical sensing experiments.
[35, 48, 49]

When depicted in a k − ω diagram (fig. 1.4), the SP dispersion curve and the light line
of the dielectric (ω = ck) do not intersect at any point. The propagation constant β is
always greater than the wave vector k of light. Therefore, SPs cannot be excited by a
light beam directly impinging at a flat metal surface. The energy and momentum of the
incident light beam must be matched with those of the SPs, which is not possible without
employing special couplers.[50] These different matching configurations will be further
discussed, namely ATR based on prism coupling in Otto or Kretschmann configuration,
diffraction gratings, optical waveguides, or fiber optic systems.[51]

1.3.1 Prism coupling

For the prism coupling, additional momentum is added via a prism providing a higher
refractive index np, which means a beam which is reflected at the prism-metal interface
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1.3. Propagating Surface Plasmon Resonance

Figure 1.4: a) k − ω graph showing the dispersion relation of SPs and light in air and
with a prism (reproduced under CC BY 3.0 © 2012[52]) and b) prism coupling using
Kretschmann configuration.

will have an in-plane momentum of [50, 53]

kx = k0npsinθ (1.2)

This allows excitement of SPs at the outer interface between a metal and a dielectric
with lower refractive index nd < np. In the diagram in 1.4 (a), this additional momentum
leads to an occurrence of an intersection of the dispersion curves of the SPs and the light
line inside the prism (see 1.4 (a)). In the most common case of prism coupling of SPs
using Kretschmann configuration of attenuated total reflection (ATR), a thin metal film
is directly placed on top of a high refractive index prism (1.4 (b)). If the photons from
the excitation beam propagate through the prism and are made incident at the thin metal
layer, a part of the light energy is reflected into the prism, and a part tunnels through the
metal. The metal acts as a mirror at a certain angle of incidence and reflects all the light
back into the prism (= total internal reflection (TIR)). If the angle is above the critical
angle of TIR, photons can tunnel through the metal film in the form of an evanescent
wave and excite SPs at the interface. The back-reflected light intensity decreases until it
reaches a minimum, at the SPR angle, where the SPs take up most of the energy.[47, 54]

A practical example for sensing using angular modulation is depicted in fig. 1.5 (a-c). The
intensity of the light reflected to the detector is recorded as a function of the incidence
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1. Introduction Into Biosensors

Figure 1.5: a) Example of optical system highlighting the most important components of
the biosensor b) Angular reflectivity spectra and shift in the SPR angle due to binding
and subsequent RI increase at the sensor chip surface and c) corresponding sensogram.

angle θ. Any refractive index increase in the dielectric layer (nd) (i.e., through the binding
of an analyte leading to mass accumulation on the surface) leads to an increase of the
propagation constant β of the SP. Then, the coupling condition will be fulfilled only if
the wave vector of the incoming light is greater than before. This is accompanied by
a shift in the position of the reflectivity minimum, the resonant angle θ, of the curve,
as shown in fig. 1.5 (b). Practically, each binding event on the surface leads to an
electrical signal processed via respective instruments and software into readable data
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1.3. Propagating Surface Plasmon Resonance

that can be further processed. By setting the incidence angle to a fixed position in the
part of the reflectivity curve with the highest derivative (largest changes), variations in
reflectivity can be monitored as a function of time (see fig. 1.5 (c), enabling real-time
monitoring of binding events and deriving kinetic parameters of affinity interactions in a
so-called sensogram.[55] Thereby each step of biomolecular interactions can be followed
and analyzed. A typical experiment starts by recording a baseline in buffer, then the
analyte is injected into the system and its binding to the BRE on the surface can be
tracked as an increase in the response in the sensogram (= association phase). After
the reaction reaches an equilibrium where no further change in the SPR signal can be
observed, the buffer is again injected into the system, leading to a dissociation phase,
seen as a decrease in SPR response.

The described angular modulation (depicted in fig. 1.5 (a) is the most commonly
implemented method, which is also used in BIAcore apparats.[44] Nevertheless, the SPR
can also be monitored through other characteristics of the light wave coupled to SPs,
e.g., intensity, phase, polarization, or wavelength modulation of the light. [56, 57]

1.3.2 Grating coupling

Another way to achieve phase-matching of an incident wave with SPs is the use of
diffraction on periodically corrugated metallic surfaces (see fig. 1.6). Thereby, the
missing wavevector ∆kx enables the phase-matching of the far-field light beam with the
wavevector kx = ksinθ to the SP propagation constant β by:

∆kx = m
2π
Λ (1.3)

Figure 1.6: Schematics of the excitation of SPs on a diffraction grating.
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1. Introduction Into Biosensors

and
β = ksinθ ±∆kx (1.4)

where m = 0,±1,±2, .. are attributed to the diffraction orders generated in the reflected
light beam and Λ is the periodicity of the grating.[50, 58] Similar to prism coupling, the
wavevector can be tuned.

The resonant wavelength is determined by the period and the amplitude of the grating.
Analogously to prism coupling, the SP excitation is manifested as a minimum in the
reflected light, as depicted in fig. 1.7.

With typical (grating-coupled SPR (GC-SPR)), the incident and reflected beam have to
pass the flow cell harboring the sample solution, requiring it to be optically transparent
and making the measurement prone to scattering or absorption of the passing light
and fluctuations of the passing liquid.[59] This leads to a decreased stability of the
sensor in comparison to the Kretschmann configuration. Additionally, GC-SPR requires
more complex mathematical models for prediction of the sensor response and to design
the structures.[58] Therefore, although systems based on gratings have been developed
alongside the prism coupled systems,[60, 61, 62] they remained the “alternative” approach
as prism coupling is predominately used for commercial SPR sensor instruments nowadays
due to their simple handling and high sensitivity. Nevertheless, compared to the relatively

Figure 1.7: GC-SPR (reproduced under CC BY 3.0 © 2012 [52])
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Figure 1.8: Schematic of commonly used FO-SPR (Reprinted with permission from
Elsevier from [69])

“bulky” prism coupling systems, there is no need for precise control of the layer thickness
of the metal; they can be cheaply made, offering the possibility for scale-up to industrial
dimensions.[63]

1.3.3 Waveguide coupling

SPR measurements can also be utilized by resonant interaction between modes of a
dielectric waveguide and SPs in various configurations.[56, 64, 65, 66]

Fiber-optic SPR (FO-SPR)

With optical fibers, the cylindrical higher refractive index core of the fiber serves as
an optical waveguide. SPR sensing takes place on the outer surface of the fiber, where
the cladding is stripped off and a gold layer deposited (see fig. 1.8).[67, 68] Different
wavelengths at which the light is coupled are sweeped through, and the intensity of each
wavelength coupling with the plasmons varies if mass accumulates (e.g., a binding event
takes place).

Optical Waveguide Spectroscopy

The SPR techniques described so far deal with optical fields confined to a region a few
hundred nm above the transducing surface. Observation beyond these regions can be
made possible by using additional guided waves supported by layers attached on top of
the SPR supporting metal film. If there is for example a polymer film attached to the
metal surface with a sufficiently large RI and thickness, it is possible to excite dielectric
waveguides, a technique called optical waveguide spectroscopy (OWS).[70, 71]
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Figure 1.9: OWS using Kretschmann configuration: a) Schematic of the excitation of the
polymer [hydrogel optical waveguide (HOW)] as well as SP waves. b) Example of TM
reflectivity spectra measured in a µm thick dielectric layer.

In the Kretschmann configuration, it is possible to implement waveguide spectroscopy
additionally to the SPR in order to observe characteristic changes in the optical properties
of the layers (e.g., through a binding event), like thickness and RI, independently. The
changes can be observed in real-time and with higher accuracy than with regular SPR in
a range from 100 nm up to several microns away from the surface.[72] In addition to the
SPR minimum peak, extra waveguide modes appear as dips in the angular reflectivity
spectrum at angles that fulfill the phase-matching condition between the light beam and
the guided dielectric wave at the sensor surface.[73]

By analyzing the different waveguide modes measured in reflectivity for transverse
magnetically polarized, (TM-) see fig. 9) and transverse electrically polarized, (transverse
electric (TE)-) polarization and fitting them with a Fresnel reflectivity-based model, the
properties of the biointerface can be assessed.[73]

1.4 Localized Surface Plasmon Resonance

SPs do not only travel along the interface of flat or corrugated continuous metallic surfaces
like shown above – propagating surface plasmons (PSPs), they can also be excited at
nanostructures smaller than the λ of the incident optical wave and are then termed
localized surface plasmons (LSPs).
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Figure 1.10: : a) Scheme of LSPR on a metal nanoparticle (reproduced with permission
from Annual Reviews[74]) b) LSPR sensing on a metal nanostructure. Through the
change in RI by binding of an analyte, a peak-wavelength shift is induced. (Reprinted
with permission from Elsevier from [75])

Compared to the former, the incident light is much more confined to the surface, and
when its energy is coupled into LSPs, a strong electromagnetic field intensity is generated
around the nanostructures. Any changes in the vicinity of this field (e.g., a change of RI
through a binding event) can be seen as spectral changes (i.e., the plasmon peak position in
the absorption wavelength spectrum of transmitted light) (see fig. 1.10 (b)). The spectral
position depends on many properties like size, shape, or material of the nanostructures
and the interaction with other structures and the surrounding environment.[76, 77, 78]
Compared to PSPs, LSPs can only probe several nanometres away from the surface.[79]
The biosensors presented until now are also termed refractometric sensors, as refractive
index changes upon reactions on the surface are tracked by monitoring variations in the
SPR spectral characteristics, e.g., coupling angle θspr or resonant wavelength λspr, which
are then fitted with respective analytical functions. An approximate surface mass density
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Γ of the biolayer is calculated by:

Γ = d(nb − ns)
δc

δn
, (1.5)

where Γ is given in mass per area, (e.g., pg/mm2), d is the thickness of the biolayer, nb
and nb are the refractive indices of the biolayer and the solvent, respectively, and δc

δn is the
incremental change in refractive index with the concentration, which for depending on
the biomolecules is around 0.1-0.2 mm3

mg .[80, 81] Often, especially in commercial Biacore™
instruments, the term refractive units (RU) is used as a unit for surface coverage, which
is defined as:[54]

1RU −→ 1 pg

mm2 . (1.6)

The changes measured in coupling angle θspr or wavelength λspr due to refractive index
changes depend on the thickness of the biolayer, as the probing field exponentially
decreases with the probing depth Lp/2.[82] The refractive index sensitivity of an SPR
biosensor is defined as a ratio of SPR coupling angle δθspr or wavelength shift δλspr and
the RI change.

Sθb = δθspr

δnb
, (1.7)

Sλb = δλspr

δnb
. (1.8)

The refractive index sensitivity of a prism-based system is around 1000-10000 nm/refractive
index units (RIU) or 100-200°/RIU, whereas, in grating-coupler-based SPR sensors, it is
around half of these values.[58] Refractive index units (RIU) are the relative change in
the refractive index of the medium, a quantity to describe SPR sensitivity based on the
bulk fluid, which gives a reasonable estimate for the sensor’s performance. Nevertheless,
it is not necessarily identical to the sensitivity for detecting biomolecular binding events
happening on the surface, which is more accurately expressed by the term of surface
coverage introduced before.[83, 84] The longer probing depth Lp/2 of PSPs leads to
around 20 times higher bulk refractive index sensitivity for PSP biosensors in comparison
to LSP sensors, but a very similar sensing performance, especially at thicknesses below
10 nm, due to the stronger localization of the LSP.[74, 85, 86] Performance can also be
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characterized by the figure of merit (FoM):[87]

FoM = Sb
fwhm

, (1.9)

where full width half maximum/minimum (fwhm) is the full width at half-maximum
(or minimum) of the SPR dip or peak. often dimensioned at RIU−1.[88] The resolution
is the smallest change in the RI, which produces a change that can be resolved by the
device. It is typically expressed as the standard deviation of the baseline noise σ, divided
by the sensitivity of the respective detection approach, Sbθ or Sbλ

RI − resolution = σ

Sb
. (1.10)

For prism-based systems, the resolution is usually around 10−6 − 10−7 RIU, which is
the relative change in the RI of the medium, whereas grating based-systems and optical
fiber-based systems are around 10−4− 10−6 RIU.[58, 89] Another parameter which is also
termed analytical sensitivity is the limit of detection (LOD). It is the lowest concentration
of the analyte that can be reliably detected[90] and both assay and instrument dependent.
In this work, it is defined as:

LOD = Xb + 3SD, (1.11)

where Xb is the mean concentration of the blank and Sb is the standard deviation of the
blank. Standard SPR biosensing instruments can detect a monolayer of large analytes
with a molecular weight molecular weight (MW) above 1000 Dalton (Da).[55, 54] To detect
smaller MW analytes, concepts to improve sensitivity and LOD have been investigated
intensively in the field, leading to advances in instrumentation, novel structures, and
sensing approaches[51], as well as in the context of surface functionalization and assay
design. For instance, in refractometric sensing, the signal can be enhanced simply
through competition and inhibition assays [91, 92] or sandwich assays using nanoparticles
as labels.[93] Additionally, the change in the conformational structure of molecules
or any other effects leading to a redistribution of mass on the surface can utilize the
different penetration depths of the SPs and make detecting low MW analytes with SPR
possible.[94, 95] Besides that, methods have been established, which are utilizing the
enhanced and confined electromagnetic field intensity exhibited by SPs on metal surfaces,
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including surface-enhanced raman spectroscopy (SERS)[96], surface-enhanced infrared
absorption spectroscopy (SEIRAS)[97], and SPFS[98], the latter will be discussed further
below.

1.5 Fluorescence and Plasmon-Enhanced Fluorescence
Spectroscopy

Fluorescence is to a process where a photon is absorbed by a molecule, a fluorophore, at a
particular wavelength λabs and re-emitted at a longer wavelength λem.[99] Absorption and
emission transitions upon fluorescence are traditionally depicted by using the Jablonski
diagram (see fig. 1.11 (a).[100]

Figure 1.11: a) Jablonski diagram b) Schematic of SP field modes coupled with a
fluorophore (reproduced under CC BY 2.0 © 2013 [101])

By absorbing a photon, the orbital electron at the ground state S0 is shifted into an
excited state with higher energy, followed by a rapid relaxation to the lowest vibrational
level of the S1 state corresponding to internal conversion. Then, a photon can be emitted
as the electron shifts back to the S0 ground state. Through this process, λem is longer
than λabs due to the Stoke’s shift. Both SPs and LSPs can be employed for fluorescence
signal amplification, a technique termed plasmon-enhanced fluorescence (PEF). The
fluorescent molecules are coupled with the strong electromagnetic field of SPs confined
at the surface of metallic thin films or nanostructures, as depicted in the scheme in fig.
1.11 (b) [98, 101, 102] For optical waveguide fluorescence spectroscopy, at the resonance
angles of the modes, the guided waves can be used to excite fluorophores in the thin
film.[103] For fluorescent assays, the emitters are usually organic fluorophores conjugated
with biomolecules (proteins, peptides, nucleic acids) serving as labels.[104] The light
used for the excitation of SPs is coincident with the λabs of the used fluorescence dye.
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Three main mechanisms contribute to the PEF: 1) The rate of excitation from ground to
excited state is enhanced at λabs,[105, 106] 2) the quantum yield is changed by opening
additional radiative decay channels by SPs[107] and 3) the emission is altered to allow
more directional distribution confined to certain angles for higher collection efficiency at
λem.[108]

1.6 Biointerface architectures

A crucial step in biosensor design is the combination of the usually inorganic materials
on the substrate with the organic layers to form a functional biointerface. Especially
important is the immobilization strategy to align with the choice of the BRE, which
can be proteins, antibodies, peptides, aptamers, DNA, RNA, and many more. The
immobilization method depends firstly on the application, the size and the characteristics
of the analyte, and the type of BRE to be bound to the surface. Essential considerations
are first to preserve the structure of the BRE and its functionalities, secondly to orient
the BRE in a favorable direction, and thirdly, to assure a high density of BREs on the
surface (sometimes steric hindrance effects have to be taken into account). The fourth
important point is to provide an architecture which is allowing the least possible amount
of unspecific binding to the surface. Because not only the desired specific interaction
contributes to the signal of the sensor, but also non-specific interaction of other species
in the matrix may cause a false response or block the surface.

1.6.1 Immobilization strategies

Due to its chemical inertness and stability, gold is the most widely employed metal for the
excitation of SPs in biosensing. As a result, various protocols for its modification have
been developed and optimized over the years.[109] The most straightforward approach
of attaching a BRE to the surface is physical adsorption to a metal surface. Basic
forces determine these interactions at the molecular level, mainly ionic, hydrophobic,
and polar interactions between the molecules and the surface.[110] The disadvantage
of this technique is, on the one hand, the often low surface coverage and random
orientation, but also the tendency of the molecules to rearrange in their energetically
most favorable state over time, impact reliability and reproducibility of the assay.[111, 112]
These limitations have led to the development of more advanced architectures through
controlled introduction of specific functional groups on the surface.
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Covalent coupling

Functional groups can couple BRE covalently to the surface via an activation step.
Carboxylic groups are widely used as they can effortlessly be introduced in two dimensional
(2D) or three dimensional (3D) architectures (see sec.1.6.3 and 1.6.4) and can couple
reactive nucleophiles to the surface. These can be primary amine groups (e.g., in the
amino acid lysine in peptides or proteins) to form amide bonds or hydroxyl groups to
form covalent ester bonds. For coupling in aqueous solutions, the carbodiimide reagent
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) is utilized to create a reactive
O-acylisourea group which can couple with the amine group[110, 112, 113] (see fig. 1.12).
N-hydroxysuccinimide (NHS) is often used as an ester-forming compound to stabilize

Figure 1.12: Activation of carboxylic acid groups and formation of a covalent amide bond
with the BRE (reproduced under CC BY-SA 4.0 © 2019 [114]

the O-acylisourea intermediate group before forming the covalent bond. The addition
of ethanolamine in excess blocks any remaining activated groups.[115] The coupling
conditions often require optimization depending on the molecules (e.g. pH, ionic strength,
time). Usually, a slightly acidic buffer is used, as most proteins are positively charged, and
electrostatic attraction to the negatively charged surface allows a higher immobilization
yield through the local attraction.[116] Another coupling mechanism is the copper(I)-
catalyzed 1,3-dipolar cycloaddition of azide and alkynes to form 1,2,3-triazoles, termed
“click chemistry.”[111, 117, 118] It is highly selective, fast, irreversible, and provides a
high yield. A subclass of click chemistry reactions is termed bioorthogonal reactions,
which are highly selective and work completely inert without metal catalysts, which
might be interfering with biological systems.[119] Other covalent coupling techniques
include the coupling of thiol groups to reactive groups like pyridyl disulfides, maleimide,
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and acyl halide derivates; or coupling of aldehyde groups to amines and hydrazines.[120]

Affinity interactions

A commonly used non-covalent interaction for the immobilization of BRE is the specific
interaction of immunoglobulin (Ig)G antibodies’ Fc region with protein G or A. Thereby,
the binding sites of the antibodies, the Fab variable regions, remain accessible for efficient
capturing of analytes.[121, 122] Even wider-spread is the coupling via avidin-biotin,
exhibiting a non-covalent but high-affinity interaction with a KD around 10−15 M.[123,
124] Similar to protein G and A coupling, it provides an oriented immobilization and
shows high stability in harsh conditions. Biotin is a small molecule, which permits
multiple labels attached without influencing conformation or functionality. Avidin and
its neutravidin and streptavidin derivatives are the most widely used forms, varying in
their isoelectric points and carbohydrate moieties attached to them, but all exhibiting
four biotin-binding sites for the coupling.[125]

1.6.2 Assays and BRE

This thesis concerns affinity biosensors, which represent a sub-class of sensors relying
on ligand-binding interaction between the BRE and the analyte constituting an assay.
The oldest type of assays are immunoassays[126] (Nobel prize in 1977), based on the
unique properties of antibodies to bind to many natural and synthetic analytes with high
specificity and strength.[127] Antibodies can be divided into five main isotypes: IgG,
IgA, IgD, IgM, IgE, and they exist as monomers, dimers (IgA), and pentamers (IgM). In
addition, B cell-derived polyclonal antibodies are a “mixture” of antibodies with different
affinities and epitope binding sites[128], whereas monoclonal antibodies (MAbs)[129]
deriving from a single parent cell have identical specificity. In the simplest form of an
immunoassay, an antigen and its matching antibody bind for qualitative or quantitative
detection of one or the other. In SPR biosensors with a direct assay format, the analyte
is detected through a change of mass on the probed surface (see chapter 1.3) without
further amplification steps. Thus, the signal generated by the transducer is directly
proportional to the amount of analyte in the sample. Nevertheless, in many instances,
the signal generated through the mass change is not measurable and the detection of
target analyte requires an additional enhancement step. This can be done through
competitive, inhibition, or sandwich assay formats,[127] based on the same analytical
principles as enzyme-linked immunosorbent assay (ELISA) [130, 131] routinely used in
labs. In a sandwich format, the secondary molecule, for example an additional antibody,
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is bound to the analyte, which is captured by the BRE with another epitope. This
additional mass change can lead to a stronger sensor signal than the analyte on its own.
To further enhance the signal, the secondary molecule can be labeled with nanoparticles
for even larger mass changes or fluorophores for detection independently of mass changes
on the surface. The assay schemes of immunoassays can be readily converted to other
types of BREs as well. Not only monoclonal or polyclonal antibodies, but antibody
fragments (Fc fragments, nanobodies)[132] can serve as BRE, as well as whole (modified)
cells, receptors, proteins, or nucleic acids. Biomolecules can be engineered to perform
recognition not present in nature like (oligo-) peptides, oligonucleotides, or aptamers,
and synthetic materials can be used to mimic biorecognition, like molecularly imprinted
polymers (MIPs).[133]

1.6.3 2D Architectures

Many strategies have been pursued in order to introduce reactive groups onto the surface
and minimize non-specific interactions with other species. Three major rganic thin films
are most dominantly used to form 2D architectures: self-assembled monolayers (SAMs),
Langmuir-Blodgett films, and layer by layers (LbLs) preparations. [134] The most widely
used ones are SAMs based on the spontaneous self-formation of ordered structures on
gold reacted with thiol molecules.[135, 136] Through strong coordination of the metal
with the sulfur ion and van der Waals and hydrophobic forces between the hydrocarbon
chains, stable and densely packed monolayers are formed (depicted in fig. 1.13),[137]
which have been used for biosensing in various forms.[138]

Figure 1.13: SAM formation on a metal surface (reprinted by permission from © 2013[139])
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1.6.4 3D Architectures

Polymer Brushes

Polymer brush layers are composed of polymer chains individually attached to the solid
surface at one end. Due to their adjustable chain length and various chemical modification,
they have been used for versatile applications in and outside the sensing world.[140, 141]

Figure 1.14: a) Formation of polymer brushes using “grafting to” and “grafting from”
approaches (Reproduced with permission from the Royal Society of Chemistry [142]) b)
Scheme of polymer brush conformation and thickness depending on grafting density on a
solid support. (reproduced under CC BY 4.0 © 2015 by the authors[143])

There are two main methods of preparing polymer brush coatings: “grafting to” and
“grafting from” (see fig. 1.14). “Grafting to” approaches, similar to SAM assembly, implies
reacting a pre-synthesized polymer from a solution or a melt with the surface under
appropriate conditions.[144, 145] The brush structure on the surface is created through a
functionalized end group of preformed polymer chains.[146] This method is simple and
easily scalable but is limited by the thickness of the formed layers as well as a lower
surface coverage and grafting density σ, the space between individual chains.[147] For
this reason, and also because heterogeneous chains and brushes with higher MW can be
grown, most polymer brushes are “grafted from” the surface. “Grafting from” processes
are bottom-up strategies, which allow growing brushes via initiator molecules anchored to
the surface firstly, followed by a subsequent polymerization process. Especially since the
development of living radical polymerization techniques[148] like surface initiated atom
transfer radical polymerization (SI-ATRP), numerous designs and techniques for their
growth have been developed.[149, 150, 151] The radius of gyration (or root-mean-square
radius of gyration, Rg) is an often-used measure for the chain configuration.[152] If the
distance D between the individual chains is much larger than Rg (D > 2Rg), that is,
the grafting density is low, the conformation is resembling a more globular mushroom
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shape, whereas higher grafting densities provide a more extended structure of tightly
packed stretched chains (brushes).[153, 154, 143] Fig. 1.14 (b) shows this correlation of
the grafting density σ to the thickness h and the brush conformation. In general, in the
brush regime, the thickness h can be described as

h ∝ Nσv (1.12)

where N is the degree of polymerization, and v an exponent, which itself is depending on
grafting density and solvent quality.[154, 155]

Surface-attached hydrogels

Another possibility is to anchor a polymer network to the surface using multiple attach-
ment points. Thin layers of a polymeric gel, a viscoelastic but deformable material[156]
can increase the mechanical stability while still exhibiting the high surface to volume
ratio of polymer brushes.[153] These networks are called hydrogels if they are swollen
in water, which is made possible by a hydrophilic nature of the repeating units in the
polymer chain, which can be introduced by functional moieties with high polarity.[156]
The individual polymer chains are interconnected through structural moieties, which
are most often introduced into the polymers during synthesis.[157] These crosslinks can
either be of chemical or physical nature and prevent the dissolving of the network. An
important parameter is the swelling ratio of the hydrogel network, which is defined by
the total volume of the swollen system divided by the volume of the polymer. The more
crosslinks are introduced into the network, the less swollen and more compact the hydrogel
becomes.[158] The hydrophilic polymers that build the network can occur in nature (e.g.,
sugars [159, 160] or proteins[161]), or can be synthetically prepared (acrylamides[162],
sulfobetaines, or carboxybetaines[163]). Following other interface architectures discussed,
surface-attached hydrogel layers can be “grafted to” using preformed polymers or “grafted
from” using initiators on the surface.[156] A significant advantage is the environment
these materials provide on a sensor surface. They allow integration into sensor devices
while preserving the structure of the BRE and its functionalities, as, due to their high
water content, they resemble a living biological system and can be considered biocom-
patible. They further can be microstructured and selectively attached and crosslinked.
Through their high surface to volume ratio and consequently rapid diffusion of solu-
tions (even with large molecules) into the network, fast sensor response times can be
achieved.[153, 164] Hydrogels, as well as polymer brushes[165] and microgels[166], can
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also be responsive, changing their properties by applying an external stimulus. This
can be ionic strength[167], temperature[168], pH[169] or illumination[170]. The hydrogel
structure changes shape or volume, dissolves or assembles, or may switch between differ-
ent states of hydrophilicity and hydrophobicity.[171] Thin responsive polymer films as
interface architectures are often termed “smart materials” as they can serve as sensors,
actuators, and autonomous devices.

Antifouling surfaces

Preventing non-specific adsorption (fouling) while sensing in complex media represents
an ever-present challenge in biosensing. Biofluids like urine, saliva, and blood (and its
constituents serum and plasma) contain a high concentration of complex mixtures of
proteins, which deposit on the sensor surface and change the surface properties of the
sensor. These effects can lead to an unspecific signal even orders of magnitudes higher
than the specific one, which is particularly prohibitive for the direct detection formats of
biomolecules.[149, 172] Thiol SAMs with multiple poly(ethylene glycol) (PEG) groups
have been used for decades for biocompatibility and minimizing unspecific binding[173,
174], as it contains basic ether bonds and a low polymer-water interfacial energy[175],
creating a hydration layer close to the surface, which is improving with increasing
thickness.[176, 177] These mixed SAMs in varying ratios can simultaneously suppress non-
specific interactions and provide functional head groups for post modifications,[110, 178]
exhibiting, e.g., carboxylic or biotin moieties. As they present a simple method to connect
different materials in a “bottom-up” approach and provide reasonably good protection
against fouling, they have become the most used kind of organic monolayer.[137] However,
for sensing in undiluted and more complex biological matrices, the properties of PEG
surface hydration layers are not sufficiently resistant against non-specific binding as even
a tiny amount limits the performance in an application for smaller molecules or less
concentrated samples. Therefore, methods were investigated to reduce the non-specific
interactions including using zwitterionic materials with positively and negatively charged
moieties, e.g., phosphocholine, sulfobetaine, and carboxybetaine.[179, 180] These can
be attached to the surface via SAMs[181], by “grafted-from” polymers[150, 182] or even
introduced onto the surface using thicker polymer networks like hydrogels. Compared
to more simple approaches, they provide a dense surface hydration layer that derives
not only from hydrogen bonding but from stronger ionic solvation by the zwitterionic
materials.[179, 183] An overview of the development in antifouling polymers is shown in
fig. 1.15. These materials also provide proven biocompatibility features, as they are now
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Figure 1.15: Structure of different motives developed over the years to show resistance to
non-specific adsorption. (reprinted with permission from Nature, Copyright © 2014, The
Society of Polymer Science, Japan[185])

widely employed not only for sensors but also in contact lenses, carriers for drugs, and
implants.[172, 184]
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CHAPTER 2
Research Aims

The current progress in the development of bioanalytical methods has significantly
impacted diverse fields of medical diagnostics, food control, and environmental analysis.
Through the last years, we have witnessed how numerous biosensor technologies have
been gradually introduced into daily lives as simple, fast, and reliable analysis of chemical
and biological species is gaining importance. Most prominently, this field concerns
detecting harmful compounds and biomolecules that serve as biomarkers present at
trace amounts in complex biological fluids. Detection of such analytes is typically
employed in central laboratories using methods relying on enzymatic amplification and
extensive sample pre-treatment. Rapid detection using assays with direct detection
format holds the potential to overcome these limitations and therefore is of utmost
importance for biosensing technologies. In order to address this challenge, research has
focused on enhancing accuracy and improving sensitivity of biosensors at the level of
assay development, biointerface design, and transducing mechanism. Until now, this
research was typically focused only on the improvement of individual biosensor subparts.
However, specific applications in the biomedical field can be addressed only when all
these aspects are delicately orchestrated.

This thesis presents several strategies for enhancing the analytical performance of op-
tical biosensors for sensitive readout of heterogeneous assays on the sensor surface by
combining surface plasmon resonance (SPR) and fluorescence, tailoring of polymer bioin-
terface architectures resistant to fouling, and implementation of optical and non-optical
amplification of the output optical signal. This work contributes to both developments of
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methods as well as applications, especially in the context of medically relevant analytes
and point-of-care (POC) diagnostics.

A considerable part of this work deals with the design of specific types of biointerfaces
suitable for evanescent wave optical biosensors. For this, it is crucial that one can
control the specific interaction of the analyte present in the analyzed liquid sample and
the biorecognition elements (BREs) attached to the solid sensor surface. In order to
selectively capture target analytes from complex bodily fluids or food samples at the
surface where it is optically probed, precise chemical modifications are necessary. In
this work, the specificity is improved by polymer architectures minimizing non-specific
interactions on the sensor surface that otherwise interfere with the specific signal (chapter
3.1). Responsive hydrogels are utilized for their ability to respond to external stimuli, and
moreover, this work includes a study of how these features are integrated with plasmonic
nanostructures with dual output optical signal enhancement (chapter 3.3 and 3.6).

Often the transduction system itself is a limiting component for the performance of
the overall sensor, e.g., SPR changes induced by the capture of target analyte may
not be associated with sufficiently strong surface mass density increase, particularly for
low concentrations or small-sized analytes. To address this challenge and reach high
sensitivity, the combination of SPR with fluorescence (chapter 3.1 - 3.3) and optical
waveguide spectroscopy (chapter 3.2) was pursued, nanostructured surfaces for optical
enhancement of signals were designed (chapter 3.4 - 3.6), and BREs were selectively
attached in certain spots of highest optical signal enhancement. Additionally, the analytes
were preconcentrated through the means of a hydrogel binding matrix (chapter 3.3 and
3.6).

Developing devices to be used for POC is another direction that is gaining importance.
Thereby, the sensor’s sensitivity and analytical performance still play a crucial role, but
the emphasis is also put on simplicity and ease of use, robustness, and the possibility
of scaling-up the amplifying nanostructures for their potential mass production. In the
optical sensors based on grating-structured surfaces developed within the thesis, the
structures are prepared by UV-nanoimprint lithography (UV-NIL) and provide means to
implement simple and compact sensor devices (chapter 3.4 and 3.5).

Overall, this work presents several routes of combined efforts towards the development of
facile strategies for sensitivity improvement of plasmonic biosensors, which is not at the
expense of other important performance characteristics, including the range of detection,
reproducibility, stability and the ability of assay multiplexing. Finally, this thesis takes
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into account the interplay of key biosensor elements, which, when acting together, can
make the overall device a viable tool for the rapid analysis of complex biological samples.
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CHAPTER 3
Individual Studies

The central part of this thesis is formed by six papers published in peer-reviewed journals.
These individual studies are presented here in consecutive chapters. The first three
studies (chapters 3.1-3.3) deal with biointerface design and detection of nucleic acids and
proteins in a real-world setting, whereas the second part (chapter 3.4-3.6) emphasizes the
optical aspects of plasmonic biosensors and the implementation of new optical readers
with (nano-) plasmonic surfaces for sensing.
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3.1. Plasmonic Hepatitis B biosensor for the analysis of clinical saliva

3.1 Plasmonic Hepatitis B biosensor for the analysis of
clinical saliva

This chapter is reprinted under permission of Creative Commons Attribution 4.0 Interna-
tional Public License (CC-BY).

Riedel, T., Hageneder, S., Surman, F., Pop-Georgievski, O., Noehammer, C., Hofner,
M., Brynda, E., Rodriguez-Emmenegger, C. and Dostalek, J. Plasmonic hepatitis B
biosensor for the analysis of clinical saliva. Analytical chemistry, 2017, 89(5), 2972-2977.
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ABSTRACT: A biosensor for the detection of hepatitis B antibodies in clinical
saliva was developed. Compared to conventional analysis of blood serum, it offers
the advantage of noninvasive collection of samples. Detection of biomarkers in saliva
imposes two major challenges associated with the low analyte concentration and
increased surface fouling. The detection of minute amounts of hepatitis B antibodies
was performed by plasmonically amplified fluorescence sandwich immunoassay. To
have access to specific detection, we prevented the nonspecific adsorption of
biomolecules present in saliva by brushes of poly[(N-(2-hydroxypropyl)
methacrylamide)-co-(carboxybetaine methacrylamide)] grafted from the gold sensor
surface and post modified with hepatitis B surface antigen. Obtained results were
validated against the response measured with ELISA at a certified laboratory using
serum from the same patients.

Analytical tests that become available for detection of a broad
spectrum of molecular biomarkers in blood plasma or

serum provide a powerful tool for diagnosis of diseases. However,
the invasive nature of blood collection complicates the analysis
for special populations (e.g., elderly people, small children) and
in situations when blood sampling is not possible or patients
impose high risk of infection. Noninvasive sample collection
holds potential to solve this problem, bring the analysis closer to
the patient, and set the basis for point-of-care analysis with
increased frequency of individual tests, thus enhancing the
chances for early diagnosis.
The use of easily accessible bodily fluids, in particular the use of

saliva, is an attractive alternative to blood as a large number of
disease biomarkers are also present in this fluid and its collection
is inexpensive, completely noninvasive, and minimally disturbing
for the patient.1 Saliva is a complex fluid containing a variety of
glycoproteins, antibodies, growth factors, carbohydrates, salts,
hormones, mucus, and bacteria that leach from blood by passive,
as well as active transport.2 In the past, saliva had already been
used to monitor oral health and periodontal diseases.3 With the
advance of modern biochemical techniques more biomarkers for
systemic diseases were identified in saliva.4

Specific antibodies against epitopes displayed on the capside of
the hepatitis B virus (hepatitis B surface antigen-HBsAg) are
secreted to blood upon infection or vaccination. The evaluation
of the presence of antibodies against HBsAg (anti-HBs) in serum
allows confirming the recovery and immunity in patients, as well

as checking for the efficiency of vaccination.5 Hepatitis B virus
(HBV) can cause potentially life-threatening diseases, such as
chronic hepatitis, cirrhosis, or even liver cancer, and therefore, it
represents one of the major global health threats. Especially in
African countries, HBV is highly prevalent and causes rising
infections6 that are associated with about 0.8 million deaths every
year related to hepatitis B.7 HBV can be easily transmitted by the
contact with infected blood or body fluids.8

The use of saliva as a diagnostic tool for the analysis of
biomarkers actively or passively transferred from blood (such as
anti-HBs) is challenging as they are typically present at
concentrations several orders of magnitude lower than in plasma,
and thus it requires platforms with substantially enhanced
sensitivity.9−11 Plasmonics has recently emerged as new
nanophotonics research field that provides sensitive means for
direct label-free detection of biomarkers.12 In addition,
plasmonics increasingly finds its application for the amplification
of weak optical signals in optical spectroscopy-based analytical
techniques.13 Among these, plasmonic amplification of fluo-
rescence paved newways for advancing single molecule studies.14

In addition, it has been increasingly applied in optical systems
that employ fluorescence readout of assays relying on ensembles
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of fluorophores coupled with biomolecules.15,16 The plasmon-
enhanced fluorescence (PEF) that is also referred to as metal-
enhanced fluorescence (MEF) exploits the extremely strong
electromagnetic field intensity that occurs upon the resonant
excitation of surface plasmons (SPs) at metallic nanostructures
and on thin metal films. This phenomenon originates from
collective oscillations of electron density at these structures and
they enable increasing the intensity of emitted fluorescence light
from emitters in their close proximity. When fluorophores are
used as labels in immunoassays, their coupling with SPs enhances
the fluorescence light intensity extracted from the surface where
the assay takes place. This type of amplification thus allows
resolving lower amount of captured target molecules and
concomitantly improving the limit of detection of an assay.
In spite of high sensitivity of plasmonic biosensors that enable

reaching limit of detection < fM concentrations,12 we witnessed
limited success in translation of these systems to clinical praxis.
For example, several hepatitis plasmonic biosensor system
utilizing label-free surface plasmon resonance (SPR) detection
of binding induced refractive index changes were developed.17,18

However, these biosensors were typically applied only for the
analysis of model samples such as spiked buffer or pooled diluted
serum. Arguably, the key problem in the analysis of clinically
relevant samples by plasmonic biosensors is the fouling of their
metallic surface with tethered ligands for specific capture of target
analyte.19,20 To solve this problem, research in surface
chemistries and architectures was pursued to decrease or
completely eliminate the adverse effect of fouling and thereby
maximize the efficiency. The most widely used surface
modifications are based on poly(ethylene glycol) (PEG), for
example, self-assembled monolayers (SAM) terminated with
short oligoethylene glycol (OEG). While this approach is able to
completely eliminate the nonspecific adsorption of albumin, it
fails when complex samples (such as blood plasma/serum and
saliva) are analyzed.21,22

In this work, a biosensor for the noninvasive analysis of anti-
HBs antibodies in clinical saliva samples is presented. It takes
advantage of highly sensitive plasmon-enhanced fluorescence
readout and novel antifouling poly[(N-(2-hydroxypropyl)
methacrylamide)-co-(carboxybetaine methacrylamide)] (poly-
[HPMA-co-CBMAA]) polymer brush. This recently developed
brush retains its properties even after the immobilization of large
surface mass density of ligands.23 This combination addresses the
two key challenges in the biomarker analysis in saliva that are
associated with extremely low analyte concentration and severe
unspecific interactions with the biosensor surface.

■ EXPERIMENTAL SECTION
Materials. 1-Ethyl-3-(3-(dimethylamino)propyl) carbodii-

mide hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
were purchased from GE Healthcare Life Sciences. 1,4,8,11-
Tetramethyl-1,4,8,11-tetraazacyclotetradecane (Me4Cyclam,
98%), CuCl (≥99.995%), and CuCl2 (99.999%) were purchased
from Sigma-Aldrich and used as received. HBsAg antigen
(recombinant, adw subtype) and monoclonal mouse antihepa-
titis B virus surface antigen antibodies (anti-HBs) were
purchased from Hytest (Turku, Finland). Secondary antibodies
against mouse antibody (Alexa Fluor 647 Goat Anti-Mouse IgG
(H+L)), and against the human antibodies (Alexa Fluor 647
Goat Anti-Human IgG (H+L)) were purchased from Molecular
Probes (Eugene, OR, US). Initiator ω-mercaptoundecyl
bromoisobutyrate was synthesized according to the literature
procedure.24 The monomers (3-acryloylaminopropyl)-(2-car-

boxyethyl) dimethylammonium (carboxybetaine methacryla-
mide, CBMAA) and N-(2-hydroxypropyl)methacrylamide
(HPMA) were synthesized according to the literature.25−27

The buffers used were phosphate buffered saline (PBS, 10 mM
disodium hydrogen phosphate, 2 mM potassium phosphate, 137
mM sodium chloride, 2.7 mM potassium chloride, pH 7.4),
HEPES buffer (10 mM, pH 7.5), and sodium acetate buffer (SA,
10 mM, pH 5).

Biological Samples. Saliva samples were collected from
eight healthy donors who were either vaccinated or not-
vaccinated against Hepatitis B. The samples were centrifuged
for 5 min at 16000g and the supernatant was aliquoted. Saliva
aliquots were stored at −80 °C before analysis. The donors did
not consume food nor liquids for 30 min prior to collecting of
samples. The titer of anti-HBs antibodies in serum was tested
using enzyme-linked immunoassays (ELISA) done in CE
certified laboratory Labors, in Vienna (Austria). The serum
was collected from the same donors and at the same time as
saliva.

Preparation of Sensor Chips. BK7 glass slides with 2 nm
chromium and 50 nm gold films were prepared by high vacuum
evaporation. The surface of gold was subsequently rinsed with
ethanol and deionized water, dried and cleaned with ozone for 20
min (UVO cleaner, Jelight). Afterward, the gold surface was
overnight incubated in a 1 mM solution of ω-mercaptoundecyl
bromoisobutyrate in ethanol. This compound served as an
initiator in the synthesis of poly(HPMA-co-CBMAA) brushes as
described in more detail in our previous work.23 Briefly, for the
catalyst solution, 7 mL degassed methanol were transferred
(under argon atmosphere) into a Schlenk tube with 354 μmol
(35 mg) of CuCl, 78 μmol (10.5 mg) of CuCl2, and 472 μmol
(121mg) ofMe4Cyclam and stirred until complete dissolution. A
second Schlenk tube, at 0 °C, contained 16.6 mg (2.4 g) of
HPMA and 2.9 mmol (0.7 g) of CBMAA dissolved in 12 mL of
degassed water and 5 mL of deoxygenated methanol. The
catalyst solution was added using a gastight syringe. Polymer-
ization on the substrates with the initiator SAM was done at 30
°C for 2 h. Samples were washed thoroughly and stored in water
until usage.

Immobilization of HBsAg. The antigen HBsAg was
immobilized to the brushes via the carboxylate groups carried
by CBMAA that were previously activated using the EDC/NHS.
First, the brush surface was contacted with SA buffer pH 5.
Subsequently, the surface was reacted with a freshly prepared
solution 1:1 v/v of EDC (0.4 M) and NHS (0.1 M) for 10 min.
Then the surface was rinsed with SA and HEPES buffers for 1
min each and the antigen, HBsAg (25 μg·mL−1 in HEPES
buffer), was flowed over the surface for up to 10 min. Any
unreacted active ester groups were let to hydrolyze by flowing
PBS for 90 min.

Optical Setup. The time-resolved readout of sandwich assay
on the sensor chip was performed by using a setup depicted in
Figure 1. It combines angular interrogation of SPR with
plasmonically amplified fluorescence detection.
Monochromatic beam with transverse magnetic polarization

and a wavelength of λex = 633 nm was used to excite SPs on the
sensor surface. Intensity of the excitation beam was attenuated to
1.5 μWand it was coupled to a 90° prismmade of LASFN9 glass.
To the prism base, a sensor chip with gold layer modified by
poly(HPMA-co-CBMAA) brushes was optically matched by
using an immersion oil (from Cargille Inc., USA). A transparent
flow-cell (volume 10 μL) was clamped to flow analyzed samples
over the surface of the sensor chip at flow rate of 15 μL·min−1 by
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using a peristaltic pump. The angle of incidence of the excitation
beam was adjusted to around θ≈60° at which the resonant
coupling to SPs at the interface between gold and polymer
brushes occurs. The enhanced field intensity of SPs at λex excited
fluorophore labels on the sensor surface and the fluorescence
light emitted at longer wavelength of λem through the flow cell
was collected by a lens with numerical aperture 0.2. The
fluorescence beam was focused at the input of a photomultiplier
that was connected to a counter. The output fluorescence
intensity was recorded in time by using software Wasplas
developed at Max Planck Institute for Polymer Research in
Mainz (Germany). The fluorophore Alexa Fluor 647 and
respective filters were used for the excitation wavelength of λex
= 633 nm and emission wavelength of λem = 670 nm. Band pass
filter FL632.8−10 from Thorlabs (UK) was employed to select
the excitation wavelength λex and band-pass filter 670FS10−25
from L.O.T.-Oriel (Germany) and notch filter XNF-632.8−25.0
M from CVI Melles Griot (Germany) were installed for
collecting light at emission wavelength λem. All measurements
were carried out at room temperature T ≈ 25 °C.

■ RESULTS AND DISCUSSION
Preparation and Characterization of Brushes Archi-

tecture. Polymer brushes of poly(HPMA-co-CBMAA) were
successfully grown from a densely packed SAM of ω-
mercaptoundecyl bromoisobutyrate on Au via surface initiated
atom transfer radical polymerization (SI-ATRP) as described
and characterized in detail before.23 The thickness of the brushes
was determined by ellispometry in dry state hdry = 29.2 ± 2.3 nm
and when hydrated in water hsw = 81.5 ± 1.7 nm. X-ray
photoelectron spectroscopy and Fourier transform infrared
grazing angle specular reflectance spectroscopy were utilized to
prove the chemical structure of the brushes. The core level C 1s
spectrum (Figure 2 a) of the brushes is characterized by C−C,
C−H (285.0 eV), C*−C(O)− from the secondary chemical
shifts induced to the carbon atoms in the vicinity to amide and
charged carboxylic groups (285.5 eV), C−N (286.1 eV), C−OH
(286.9 eV), C(O)−NH (288.0 eV), and C(O)−O−

carboxylate (288.7 eV). The high resolution N 1s spectrum of
the brushes (Figure 2 b) is characterized by a prevailing amide

contribution (400.1 eV) and a contribution characteristic for the
charged quaternary ammonium of the CBMAA comonomer
(403.0 eV). The O 1s spectrum is presented in the SI. Further
evidence of the chemical composition of the brushes was
obtained by FTIR GASR. Figure 2 c depicts the spectrum of
poly(HPMA-co-CBMAA) brushes which exhibits both a band at
1376 cm−1 and a shoulder band at 1610 cm−1 corresponding to
the symmetric and asymmetric stretching modes of COO−

stemming from CBMAA as well as it shows the amide I and
amide II bands at 1527 and 1653 cm−1 originating from the
HPMA. The morphology of the surface of the brushes was
observed using an AFMmicroscope which can be found in the SI.
The functionalization of the gold-coated sensors rendered the
surface more hydrophilic as evidenced by the dynamic contact
angles of θadv = 34 ± 0.5°; θrec = 15.3 ± 3.3.
Selection of an adequate biofunctionalization procedure is of

great importance to achieve high loading of immobilized ligands.
In particular, the pH of buffer plays a key role as discussed detail
in SI. First, carboxylate groups are converted to succinimidyl
ester in water and rinsed with SA. The pH of SA buffer (pH 5) is
preferred due to the lower rate of hydrolysis of succinimidyl ester
compared to alkaline solutions.28 After the activation of
carboxylate groups (negatively charged) of CBMAA to form
succinimidyl ester (neutral), using EDC/NHS, the surface
becomes positively charged (stemming from quaternary
ammonium groups). Therefore, by using a buffer with a pH

Figure 1. Schematics of plasmon-enhanced fluorescence spectroscopy
biosensor with a detail of sensor chip with poly(HPMA-co-CBMAA)
brush functioning as a binding matrix.

Figure 2. Characterization of the poly(HPMA-co-CBMAA) copolymer
brush. (a) High resolution of C 1s and (b) N 1s XPS spectra and (c)
FTIR GASR spectrum.
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above the isoelelectric point of the chosen ligand (HBsAg with pI
∼4.5)29 this protein exhibits negative charge and is attracted to
the surface by Coulombic force which leads to a higher yield in
the immobilization on the brush. After the subsequent rinsing
with buffer, the unreacted active esters hydrolyze back to
carboxylate groups and the (close to) neutral net charge of the
polymer brush is restored. The loading of HBsAg on the brushes
was controlled by the reaction time and the herein used chips
carried the surface mass density of HBsAg of ΔΓ = 0.52 ± 0.03
μg·cm−2 as determined by SPR measurements. This value
corresponds to about a monolayer as was reported for proteins
exhibiting similar molecular weight.30 Comparable surface mass
density has been shown previously for SAM-based architectures,
however, the resistance to fouling was largely impaired.31

The resistance of the poly(HPMA-co-CBMAA) brush to the
fouling was evaluated for saliva samples collected from healthy
individuals. Since the immobilization of bioreceptors may change
the antifouling properties, the fouling of brushes functionalized
with HBsAg was evaluated for samples from individuals that
showed negative response in the ELISA serum test. As illustrated
by SPR sensorgrams in Figure 3, the surface mass density change
upon 10 min flow of saliva samples over the sensor surface with
and without HBsAg was measured. The protein deposition from
undiluted 100% saliva and samples with 10% saliva diluted by

PBS was not measurable on pristine poly(HPMA-co-CBMAA)
brushes, see Figure 3a and Figure 3b.
Importantly, the resistance to the fouling of poly(HPMA-

CBMAA) brush is retained even after the HBsAg is immobilized
with surface mass density as large as 0.5 μg·cm−2, see Figure 3c.
This is a key observation as the functionalization of brushes
composed from individual homopolymers (HPMA and
CBMAA) is known to severely deteriorate their antifouling
properties.31 This effect can be ascribed to the reaction of too
many functional groups (e.g., carboxyl of CBMAA) leading to a
net positive charge or cross-linking of the chains. The herein
reported approach enables efficient biofunctionalization of the
polymer brush because of the presence of carboxyl groups in
CBMAA while preserving antifouling properties of the polymer
brush owing to the HPMA units.

Analysis of Clinical Saliva Samples.Clinical saliva samples
collected from 8 healthy human donors were used and prepared
as described in the methods section. The total amount of sample
needed for one analysis was only 15 μL. The response of
developed plasmonic biosensor for each saliva sample was
compared with the results obtained by ELISA for serum samples
from the same donor. The ELISA analysis was carried out by an
independent certified laboratory (Labors.at, Vienna, Austria).
According to ELISA, the tested saliva samples were obtained
from donors that showed negative response in serum (samples
D, F, H, antibody titer below the detection limit of ELISA 0.002
IU·mL−1), positive response in serum (B, E, G, 0.068−0.645 IU·
mL−1) and highly positive response (A, C, > 1 IU·mL−1).
The SPR detection principle was tested for the analysis of

saliva samples collected from donors which were known to
exhibit highly positive response in serum. These serum samples
were analyzed by using an identical instrument with the same
brush surface architecture.23While the direct binding of anti-HBs
human IgG could be easily observed from serum samples, no
measurable positive response was obtained from saliva samples,
even after binding of secondary antibody against human IgG
(hIgG). Therefore, the PEF biosensor was used in order to
increase the sensitivity as described further.
The developed PEF assay is illustrated in Figure 4. First, a

stable baseline in fluorescence signal acquired in time was
established upon a flow of PBS over the surface of HBsAg-
functionalized brushes. Then a calibration step was performed in
which PBS spiked with mouse anti-HBs was flowed at 10 pM
concentration through the sensor for 10 min. This antibody was
labeled with Alexa Fluor 647 dye and therefore the injection is

Figure 3. SPR characterization of the fouling on pristine and
functionalized poly(HPMA-co-CBMAA) brush: (a) Pristine surface in
contact with 100% saliva, (b) pristine surface in contact with 10% saliva,
and (c) surface modified with HBsAg in contact with 10% saliva.

Figure 4. Example of kinetics of fluorescence signal for negative and
highly positive saliva samples.
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accompanied by increased fluorescence signal F. The sensorgram
in Figure 4 shows that an abrupt change occurs at time t = 10 min
due to the excitation of fluorophores present in the bulk.
Between the time t = 10 and 20 min, a gradual increase in the
signal occurs because of the affinity binding to the immobilized
antigen HBsAg. At time t = 20 min the sensor surface is rinsed
with buffer and the fluorescence signal drops to an increased level
ΔFcal which is proportional to the amount of affinity bound anti-
HBs molecules.
After 5 min rinsing, an analyzed 10% saliva sample was flowed

over the sensor surface for 10 min. At this time no fluorescence
change is observed as the human hIgG specific to HBsAg are not
labeled. To detect the presence of these antibodies on the
surface, the sensor was rinsed for 5 min with PBS and the
antihuman IgG labeled with Alexa Fluor 647 dye (anti-hIgG, 4
μg·mL−1 in PBS) was injected. This compound was flowed for 10
min between t = 40 and 50 min. Similarly as in the calibration
step, the fluorescence signal rapidly increased upon the injection
and then gradually rose due to the affinity binding to captured
hIgG. An additional rinsing with PBS for 5 min was applied and
the difference in the fluorescence intensity ΔF before and after
the flow of detection anti-hIgG was determined. In order to
compensate for small changes in the alignment, the sensor
response was defined as a ratio ΔF/ΔFcal.
Figure 5a compares the obtained normalized fluorescence

response ΔF/Fcal for saliva samples with values determined by
ELISA for serum. The PEF saliva analysis was performed in
triplicate for each sample and showed error bars represent the
standard deviation (SD) of measured values. The average SD

associated with chip-to-chip variations of the PEF assay output is
26% of the mean value of fluorescence response ΔF/Fcal. This
relatively high error can be partially ascribed to the noise in the
detected fluorescence signal (as observed in Figure 4) which can
be improved by using plasmon-enhanced fluorescence schemes
with higher enhancement factor and thus improved signal-to-
noise ratio.32,33 In addition, the reproducibility of the assay that
involves multiple manually performed steps including saliva
centrifugation, dilution of supernatant with buffer, sensor
calibration with labeled mouse IgG, and sequential flow of saliva
sample and labeled antihuman IgG may be improved by using
automatized flow injection system. The plotted dependence of
PEF saliva response on respective ELISA serum response in
Figure 5b shows that it can be fitted with a linear function (r-
square value of 0.89, the ELISA response is presented in log scale
on the horizontal axis). In this graph, the response for samples
collected from negative donors (H, F, D) and highly positive
donors (A, C) was averaged. The results of PEF analysis of saliva
samples indicate that highly positive saliva samples (average
fluorescence response of 1.87, SD = 0.3) can be reliably
discriminated from negative samples (average fluorescence
response of 0.33, SD = 0.1). Interestingly, the PEF response to
saliva samples is not proportional to that acquired by ELISA for
serum samples as the slope of the respective dependence in a
log−log representation substantially differs from 1 (is of about
0.3). Therefore, such dependence in conjunction with relatively
high error bars does not allow for accurate quantitative
measurements in the range between 0.01 and 1 IU·mL−1. The
reason for such deviations may be attributed to different
composition of saliva compared to serum which may affect the
assay. In addition, we assume that the hIgG antibodies present in
saliva and serum can bind to HBsAg with a range of affinity
constants. As in ELISA the immobilized antigen is typically
incubated for much longer time (hours) compared to the
presented PEF sensor (10 min), the lower affinity fraction of
hIgG against HBsAg may not be detected by the PEF biosensor
while in ELISA it can contribute to the sensor signal.

■ CONCLUSIONS

We report for the first time the successful implementation of a
plasmonic biosensor for the analysis of human IgG against
hepatitis B surface antigen in clinical saliva samples. The work
pursued enhanced specificity and sensitivity to analyze minute
amounts of biomarkers in the complex saliva matrix. This was
achieved by the design of a novel antifouling biointerface
architecture based on poly(HPMA-co-CBMAA) brushes in
combination with surface plasmon-enhanced fluorescence
detection principle. It is worth of noting that regular SPR
biosensor with identical surface architecture and assay did not
show measurable signal for analyzed clinical saliva samples and
made the use of plasmonically enhanced fluorescence detection
principle necessary. The biosensor showed excellent resistance to
fouling from saliva samples and allowed distinguishing of highly
positive clinical saliva samples (respective serum ELISA response
>1 IU/mL) and negative clinical saliva samples (respective
serum ELISA response <0.01 IU/mL). It is envisioned that the
achieved results will pave the way to new class of biosensor
technologies that can be deployed outside centralized
laboratories and which take advantage of the analysis of bodily
fluids that are collected completely noninvasively. In conjunction
with miniaturized PEF readers34 and more sensitive plasmonic
architectures32,33 the presented approach is among others

Figure 5. (a) Comparison of the response of PEF biosensor to saliva
samples collected from donors A-H compared to ELISA-based
characterization of respective serum samples. (b) Overview of PEF
sensor response as a function of concentration in serum as determined
by ELISA. Indicated errors represent standard deviation for samples
measured in triplicate, the response and error to negative and highly
positive samples is averaged, line shows a linear fit with r-square (COD)
value of 0.89.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.6b04432
Anal. Chem. 2017, 89, 2972−2977

2976

3.1. Plasmonic Hepatitis B biosensor for the analysis of clinical saliva

39



expected to find its applications in clinical practices for diagnosis
and measuring of the antibody titers.
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Characterization of the brush architecture 

X-ray photoelectron spectroscopy (XPS) 

XPS measurements were carried out with a K-Alpha
+
 spectrometer (ThermoFisher Scientific, 

East Grinstead, UK). The samples were analyzed using a micro-focused, monochromated Al 

Kα X-ray source (400 µm spot size) at an angle of incidence of 30° (measured from the 

surface) and an emission angle normal to the surface. The kinetic energy of the electrons was 

measured using a 180° hemispherical energy analyzer operated in the constant analyzer 

energy mode (CAE) at 200 eV and 50 eV pass energy for the survey and high resolution 

spectra respectively. Data acquisition and processing were performed using Thermo 

Advantage software. The XPS spectra were fitted with Voigt profiles obtained by convolving 

Lorentzian and Gaussian functions. The analyzer transmission function, Scofield sensitivity 

factors, and effective attenuation lengths (EALs) for photoelectrons were applied for 

quantification. EALs were calculated using the standard TPP-2M formalism. All spectra were 

referenced to the C1s peak of hydrocarbons at 285.0 eV. The BE scale was controlled by the 

well-known position of the photoelectron C-C and C-H, C-O and C(=O)-O peaks of 
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polyethylene terephthalate and Cu 2p, Ag 3d, and Au 4f peaks of metallic Cu, Ag and Au, 

respectively. The BE uncertainty of the reported measurements and analysis is in the range of 

±0.1 eV. 

 

The XPS analysis verified the covalent structure of the poly(HPMA-co-CBMAA) brushes 

grown from the initiator SAM on Au via SI-ATRP. The core level C 1s spectrum (Figure 2 a) 

of the brushes is characterized by C-C, C-H (285.0 eV), C*-C(=O)- from the secondary 

chemical shifts induced to the carbon atoms in the vicinity to amide and charged carboxylic 

groups (285.5 eV), C-N (286.1 eV), C- OH (286.9 eV), C(=O)-NH (288.0 eV) and C(=O)-O- 

carboxylate (288.7 eV). The high resolution N 1s spectrum of the brushes is characterized by a 

prevailing amide contribution (400.1 eV) and a contribution characteristic for the quaternary 

ammonium cation of the CBMAA comonomer (403.0 eV). The corresponding O 1s spectrum was 

fitted with two contributions arising from the C=O (531.4 eV) and C-O (532.6 eV) moieties of HPMA 

and CBMAA. Table S1 reports the surface atomic concentration of the identified moieties. Based on 

the obtained XPS results, the composition of the poly(HPMA-co-CBMAA) brushes was estimated 

to be 87% HPMA and 13% CBMAA.  

 

 

 

Figure S1. High resolution C 1s, O 1s and N 1s XPS spectra of poly(HPMA-co-CBMAA) 

brushes grown from the sensor surface by SI-ATRP. Measured spectra are presented with 

black lines, while their corresponding fitted envelopes are presented in red. The individual 

contributions of different functional groups are represented with dotted blue lines. 
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Table S1. Surface concentration of chemical moieties present on the surfaces of poly(HPMA-

co-CBMAA) brushes as determined by XPS. 

 

 
Moiety 

Binding 

energy 

Surface 

concentration 

  [eV] [atomic %] 

C1s 

C-C, C-H 285.0 27.1 ± 0.7 

C*-C=O 285.5 10.7 ± 0.6 

C-N 286.1 13.5 ± 0.2 

C-O 286.9 9.6 ± 1.2 

C(=O)-NH 288.0 8.1 ± 0.4 

C(=O)-O 288.7 1.8 ± 0.8 

N1s 
NH-C(=O) 400.1 10.5 ± 0.1 

N
+
(CH3)2 403.0 0.6 ± 0.1 

O1s 
O=C 531.4 7.5 ± 0.4 

O-C 532.6 10.6 ± 0.6 
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Fourier transform infrared grazing angle specular reflectance spectroscopy (FTIR-

GASR) 

FTIR-GASR was carried out using a Nicolet Nexus 870 with a SAGA attachment. In total 

256 scans at a resolution of 2 cm
–1

 were recorded for each sample and processed with 

OMNIC software. The spectrometer was purged continuously with dry air. 

The FTIR GASR spectrum of poly(HPMA-co-CBMAA) brushes (Fig. S2) exhibits both a 

band at 1376 cm
–1

 and a shoulder band at 1610 cm
–1

 corresponding to the symmetric and 

asymmetric stretching modes of COO
–
 stemming from CBMAA as well as it shows the amide 

I and amide II bands at 1527 and 1653 cm
–1

 originating from the HPMA. 

 

 

Figure S2. FTIR GASR spectrum of the poly(HPMA-co-CBMAA) brush.  
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Atomic force microscopy (AFM) 

Multimode AFM Nanoscope IIIa (Digital Instruments) was used to investigate the topography 

of the polymer brushes. The scans were performed in tapping mode in water. Area of 

5x5 µm2 was scanned at a rate 0.5 Hz and analyzed using Gwyddion software. 

The AFM images showed smooth and homogenous coverage with the polymer brush without 

any uncovered areas (Fig. S3). The roughness (root mean square) of the surface was 

Rq = 1.4±0.1 nm.  

 

Figure S3. A topographical image of the poly(HPMA-co-CBMAA) brush. Scale bar is 1 µm. 

 

Post-modification of brushes with protein ligand 

The selection of the buffer was optimized based on the following premises: (1) Favor 

activation of carboxylic groups (formation of N-hydrosuccynimide active ester) over the 

hydrolysis of the active ester, and (2) the amidation of proteins to the carboxylic groups of the 

brushes over the hydrolysis of the N-hydrosuccynimide. The active ester is more prone to 
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hydrolysis at basic pH compared to slightly acidic conditions, that is why we performed the 

activation in SA buffer and water. Moreover, the SA buffer better solubilizes any residual 

EDC or NHS which could remain on the surface. The immobilization of the antigen (pI 4.6) 

[Lee, Y. S.; Kim, B. K.; Choi, E. C., Physicochemical properties of recombinant hepatitis B 

surface antigen expressed in mammalian cell (C127). Archives of Pharmacal Research 1998, 

21 (5), 521-526] is conducted at 7.4 in HEPES buffer. The copolymer brushes are composed 

of HPMA (neutral) a betaine (quaternary ammonium always positively charge and 

carboxylate: negatively charged above pH 4) and some betaines activated (only the quaternary 

ammonium). Thus the surface in the immobilization procedure can only be positively 

charged. At pH 7.4 (HEPES) the antigen is slightly negatively charged (pI 4.6). Therefore the 

antigen will be attracted to the surface increasing the efficiency of the covalently coupling. 

The sample is then incubated in PBS so that any unreacted succinimide group is hydrolyzed. 
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3.2. In situ monitoring of rolling-circle amplification on a solid support by surface plasmon
resonance and optical waveguide spectroscopy

3.2 In situ monitoring of rolling-circle amplification on a
solid support by surface plasmon resonance and
optical waveguide spectroscopy

The following chapter is reprinted with permission from:

Lechner, B.*, Hageneder, S.*, Schmidt, K., Kreuzer, M. P., Conzemius, R., Reimhult,
E., Ivan Barišić, I. & Dostalek, J., 2021. In Situ Monitoring of Rolling Circle Amplification
on a Solid Support by Surface Plasmon Resonance and Optical Waveguide Spectroscopy.
ACS Applied Materials & Interfaces. https://doi.org/10.1021/acsami.1c03715

Copyright © 2021 American Chemical Society

(*contributed equally)

First author paper: BL and I were working jointly on the experiment design, conduction
and analysis, results discussion, writing the initial manuscript and figure preparation,
reviewing and editing the final paper. JD was the supervising author and was involved
with concept formation, results discussion, and manuscript composition. KS and MPK
supported the experiments. RC and IB were responsible for padlock design and involved
in experiment design and discussion. ER was involved in discussion and manuscript
review.

The following chapter deals with the real-time observation of the growth and (ion-)
responsiveness of polyelectrolyte single stranded deoxyribonucleic acid (ssDNA) brushes
tethered to a surface. PEF combined with OWS allows the in-situ and real-time
observation of rolling circle amplification (RCA) prolongation of ssDNA chains in the
form of an electrolyte brush, as well as conformation changes in the bioarchitecture
through changes in the ionic environment and intra- and interchain crosslinking by
oligonucleotide staples. Furthermore, this observed compaction of the brushes was more
than ten times, providing a valuable feature for signal enhancement in an analytical
application.
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In Situ Monitoring of Rolling Circle Amplification on a Solid Support
by Surface Plasmon Resonance and Optical Waveguide
Spectroscopy
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ABSTRACT: The growth of surface-attached single-stranded deoxyribonucleic acid (ssDNA)
chains is monitored in situ using an evanescent wave optical biosensor that combines surface
plasmon resonance (SPR) and optical waveguide spectroscopy (OWS). The “grafting-from”
growth of ssDNA chains is facilitated by rolling circle amplification (RCA), and the gradual
prolongation of ssDNA chains anchored to a gold sensor surface is optically tracked in time. At a
sufficient density of the polymer chains, the ssDNA takes on a brush architecture with a thickness
exceeding 10 μm, supporting a spectrum of guided optical waves traveling along the metallic
sensor surface. The simultaneous probing of this interface with the confined optical field of surface plasmons and additional more
delocalized dielectric optical waveguide modes enables accurate in situ measurement of the ssDNA brush thickness, polymer volume
content, and density gradients. We report for the first time on the utilization of the SPR/OWS technique for the measurement of the
RCA speed on a solid surface that can be compared to that in bulk solutions. In addition, the control of ssDNA brush properties by
changing the grafting density and ionic strength and post-modification via affinity reaction with complementary short ssDNA staples
is discussed. These observations may provide important leads for tailoring RCA toward sensitive and rapid assays in affinity-based
biosensors.

KEYWORDS: rolling circle amplification, DNA, polyelectrolyte brushes, surface plasmon resonance, optical waveguide spectroscopy,
surface plasmon-enhanced fluorescence, biointerfaces

■ INTRODUCTION

The analysis of nucleic acids using polymerase chain reaction
(PCR) has become a central method in numerous important
fields ranging from screening hereditary diseases, detecting
infectious pathogens, and cancer diagnosis to forensics and
food quality control.1−5 In the past decades, PCR-based
methods have been gradually advancing, and we witnessed
their implementation in a broad spectrum of analytical tools,
including real-time PCR, digital PCR, and DNA sequenc-
ing.6−8 In addition, there are pursued alternative approaches to
PCR that allow a faster and simpler analysis of nucleic acid-
based analytes without the need of thermocycling, such as
isothermal rolling circle amplification (RCA)9−11 and loop-
mediated isothermal amplification (LAMP).12,13 All these
methods rely on enzymatic reactions with nucleic acids and
are predominantly used in bulk solutions. However, the
deployment of DNA amplification reactions at solid surfaces
holds the potential to expand the performance of DNA
analytical technologies through, for example, efficient multi-
plexing.14,15 In addition, surface DNA amplification reactions
may open doors to other types of sensor modalities and assay
amplification strategies suitable for the detection of different
analytes, including proteins that cannot be directly amplified
and are typically detected by immunoassays.16−18

RCA enables generating densely packed single-stranded
deoxyribonucleic acid (ssDNA) chains that form polyelec-
trolyte brush layers. Common techniques to observe such
surface-attached polymer chains are ellipsometry,19,20 fluo-
rescence imaging,21,22 X-ray photoelectron spectroscopy,23 and
angle-resolved near-edge X-ray absorption fine structure
spectroscopy (NEXAFS).24 However, these techniques
typically provide information on the final structure and cannot
be used to monitor the RCA growth process. The observation
of soft ssDNA brushes in contact with a solvent was performed
by atomic force spectroscopy, and the obtained thickness was
substantially lower compared to the length of the ssDNA
chains.25 A chain length of up to several kilobases was
determined for RCA-grown ssDNA brushes using enzymatic
cleavage from the surface and subsequent gel electrophoresis,
yielding a prolongation rate in the order of magnitude of
several tens of bases/sec at the surface.25 It should be noted
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that the growth of ssDNA using RCA on solid surfaces differs
from that in bulk due to steric hindrance and slowed down
diffusion of molecules associated with the interface carrying
densely packed neighboring chains.26

Surface plasmon resonance (SPR) represents an established
method for the observation of polymer thin films and
molecular interaction analysis at solid surfaces.27 It relies on
the probing of (typically) a gold sensor surface using a tightly
confined field of surface plasmons (SPs)optical waves
originating from the coupled collective oscillations of charge
density and the respective electromagnetic field. SPR
biosensors allow tracking molecular binding events accom-
panied by an increase or a re-distribution of the refractive index
occurring in close proximity to the metallic sensor surface in
real time.28 To observe thicker polymer architectures such as
crosslinked networks forming hydrogels, the SPR technique
was combined with optical waveguide spectroscopy
(OWS).29,30 The analysis of detuning the resonant optical
coupling to multiple dielectric waveguide modes (traveling
along the surface with a more delocalized field profile than
SPs) enables obtaining a more detailed picture of the interface.
It allows for encoding multiple resonances to the measured
optical spectra and, for example, accessing the information on
the swelling and collapsing of polymer brushes in simpler
means than with probing only by SPR.31 Among others, OWS
was utilized for the observation of hydrogel thin-film density
gradients and for determining the responsive characteristics of
polymers to external stimuli.32,33 Moreover, the enhanced field
intensity occurring upon the resonant excitation of SPs and
optical waveguide (OW) modes has also been exploited for the
optical amplification of weak fluorescence signals in a
technique referred to as SP-enhanced fluorescence spectros-
copy (SPFS).34,35 The combined SPR and SPFS measurement
allows distinguishing binding events of different molecular
species and determining, for example, the incorporation of
nucleotides to ssDNA strands attached to a gold surface using
the Klenow fragment of a polymerase enzyme.36

We report on the combination of SPR, OWS, and SPFS for
the in situ observation of RCA on a solid metal surface. This
approach provided means for real-time monitoring of the
growth of ssDNA chains that form a polyelectrolyte brush
architecture with a thickness of above 10 μm. Furthermore, it
was utilized to determine its important characteristics such as
the grafting density of oligonucleotide chains, polymer volume
content, time-dependent average chain length, reaction speed
in terms of the number of nucleotides incorporated per
minute, and the impact of the ionic strength on the thickness
of the polyelectrolyte brush. Moreover, this technique was

utilized for kinetic measurements of affinity binding of
biomolecules occurring inside these brushes by labeling the
chains and investigating the effect of intra- and inter-chain
crosslinking with short ssDNA staples.

■ EXPERIMENTAL SECTION
Materials. The hydroxyl-(HS-[CH2]11-EG6-OH)- and biotin-(HS-

[CH2]11-EG6-biotin)-terminated alkane oligo(ethylene glycol)
(OEG)-thiols were purchased from ProChimia Surfaces (Poland).
Phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 12 mM
phosphate, pH = 7.4), nuclease-free water (NFW), Tween 20, and
ethanol (EtOH) were obtained from VWR Chemicals (Germany).
PBS Tween (PBST) was prepared by adding Tween 20 [0.05% (v/v)]
to PBS. Hellmanex III, sodium chloride (NaCl), calcium chloride
(CaCl2), potassium chloride (KCl), magnesium chloride (MgCl2),
and sucrose were ordered from Sigma-Aldrich (Germany). Bovine
serum albumin (BSA) was purchased from New England Biolabs
(United Kingdom) and was diluted with NFW to a final
concentration of 0.2 mg/mL (NFW-BSA). Neutravidin (NA, Mw =
67 kDa), phi29 DNA polymerase (φ-29 Pol), and deoxynucleotide
triphosphates (dNTPs) were obtained from Thermo Scientific
(Germany) and Ampligase DNA ligase from Biozym (Germany).
The DNA oligonucleotides, summarized in Table 1, were acquired
from Integrated DNA Technologies (Belgium).

Sensor Chip Preparation. Substrates made from BK7 (Assistant,
Germany) or N-LASF9 (Hellma GmbH, Germany) glass were
subsequently sonicated in 1% (v/v) Hellmanex III, ultrapure water (R
≥ 18.2 MΩ/cm2), and ethanol, followed by thorough rinsing with
pure ethanol and drying in a stream of pressured air. Afterward, they
were loaded into a vacuum thermal evaporator (HHV Ltd, Auto306
Lab Coater, UK) to deposit 2 nm-thick chromium and 50 nm-thick
gold (MaTeck, Germany) layers in a vacuum better than 10−6 mbar.
The freshly prepared gold layers were modified using a mixed-thiol
self-assembled monolayer (SAM) by immersion in 1 mM ethanolic
solution containing a mixture of thiols with biotin and hydroxyl
headgroups dissolved at a molar ratio of 1:4. After overnight
incubation, the glass substrates with a SAM-modified gold surface
were rinsed with pure EtOH, dried under a nitrogen stream, and
stored in the dark under an argon atmosphere until further use.

Growth of the ssDNA Brushes. NA (125 μg/mL in PBST) was
flowed over the sensor surface for 90 min and allowed to bind to the
biotin-functionalized SPR sensor chip, which was modified with a
mixed-thiol SAM. The surface was rinsed with PBST, and the
biotinylated target sequence (biotin/TS) hybridized with the circular
padlock (CP) probe was reacted with the sensor surface for 30 min.
Then, RCA was conducted for 1−4 h under a continuous flow of a
solution with phi29-DNA polymerase (φ29-Pol) and the respective
reagents. A detailed description of the preparation of the CP and the
RCA reaction on the surface can be found below.

Ligation. The padlock probe sequence (LP, 90 nM) was ligated in
the presence of the biotinylated target sequence (biotin/TS-, 40 nM)
and 75 units of DNA ligase in NFW-BSA with the respective ligation

Table 1. Overview of the Used Oligonucleotides and Their Respective Molecular Weight (Mw)
a

aThe (+) sequences are complementary to their corresponding (−) sequences, and colors indicate the parts that affinity hybridize.
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buffer (20 mM Tris-HCl, 25 mM KCl, 10 mM MgCl2, 0.5 mM NAD,
and 0.01% Triton X-100) in a total volume of 500 μL. Ligation was
conducted for 2 h at 50 °C at 700 rpm on a shaker, and it was
terminated by heating the solution to 85 °C for 5 min.
Rolling Circle Amplification. RCA was conducted with 100 units

of φ29-Pol and 100 μM of each dNTP in NFW-BSA with the
respective buffer constituents (33 mM Tris-acetate, 10 mM Mg-
acetate, 66 mM K-acetate, 0.1% Tween 20, and 1 mM DTT) in a total
volume of 500 μL. Prior to the RCA, the sensor chip was rinsed with
φ29-Pol buffer without the dNTPs to establish a baseline in the
sensor response. The RCA product was hybridized with Cy5
fluorophore-labeled C2CA+ oligonucleotide (C2CA+/Cy5) at a
concentration of 10 nM in PBST for 15 min, which was followed
by a buffer-rinsing step for 5 min.
Optical Instrument. A home-built SPR/OWS optical system

based on the Kretschmann configuration (see Figure 1) was used for

the resonant excitation of SP and dielectric OW modes at the sensor
chip carrying a gold layer with the mixed-thiol-OEG-OH/biotin SAM
and in the course of the experiment generated ssDNA brushes. This
sensor chip was optically matched to a 90° LASF9 glass prism base
using refractive index immersion oil (Cargille Laboratories, USA) and
was mounted on a rotation stage. A HeNe laser beam at a wavelength
of λex = 632.8 nm passed through a laser band-pass filter (LBF) and
neutral density filter (NDF) and was coupled to the prism impinging
at the sensor chip surface at a controlled angle of incidence θ. The
intensity of the reflected beam R was measured with a photodiode
connected to a lock-in amplifier. A transparent flow cell was clamped
against the sensor chip to transport liquid samples along the sensor
surface. The flow cell was composed of a glass substrate with drilled
inlet and outlet ports and a thin PDMS gasket that defined a reaction
chamber volume of 10 μL. The flow cell was connected with Tygon
tubing (inner diameter = 0.25 mm) to a peristaltic pump to flow
liquid samples kept at room temperature with a flow rate set to 50
μL/min. All reaction mixtures containing proteins and enzymes were
continuously re-introduced by closing the tubing loop. The reflected
beam intensity R was monitored as a function of the angle of
incidence θ or time t to resolve changes in resonant excitation of SP
and OW modes that manifest themselves as a series of dips in R(θ).
The polarization of the excitation beam was set to transverse magnetic
(TM) or transverse electric (TE) using a polarizer (POL). In
addition, the resonantly coupled SPs and OWs were utilized for the
excitation of Cy5 fluorophore labels conjugated with ssDNA that
binds to the RCA-synthesized ssDNA chains at the sensor surface.
These fluorophores emitted fluorescence light at a shifted wavelength
of λem = 670 nm, which was collected through the transparent flow
cell using a lens and made to pass through a fluorescence band-pass
filter (FBPF, 670FS10-25 from Andover Corporation Optical Filter,

USA) and a laser notch (LNF, XNF-632.8-25.0M, CVI Melles Griot,
USA) filter. The spectrally clean fluorescence beam was focused using
an additional lens at the input of a photomultiplier tube (PMT,
H6240-01 from Hamamatsu Photonics, Japan). The intensity of the
fluorescence signal F was measured with a photon counter (53131A
from Agilent, USA) in counts per second (cps). The optical
instrument was operated with dedicated software (Wasplas, developed
at Max Planck Institute for Polymer Research, Mainz, Germany; see
more details in the Supporting Information).

Sensor Readout and Data Analysis. The SPR measurement
started with recording the angular reflectivity spectrum R(θ) for a
gold sensor surface that carried a mixed-thiol SAM in contact with
PBST. Time-dependent measurements R(t) were performed at an
angle of incidence θ set in the vicinity to the SPR dip within the range,
where the reflectivity linearly decreases with the angle of incidence θ.
The recorded variations in reflectivity R(t) were converted to
refractive index unit (RIU) changes using a calibration. This
calibration was performed by measuring R(t) upon the flow of
aqueous solutions containing 1, 2, and 4% (w/w) of sucrose, which
increases the bulk refractive index by Δnb = 1.4 × 10−3, 2.9 × 10−3,
and 5.8 × 10−3 RIU, respectively. After each immobilization or
reaction step (NA, target sequence|circular padlock, RCA), the sensor
surface was rinsed with PBST, and an angular reflectivity spectrum
R(θ) was recorded. These curves were fitted with a Fresnel
reflectivity-based model using dedicated software (Winspall, devel-
oped at Max Planck Institute for Polymer Research, Mainz,
Germany). The polymer brushes were approximated as a dielectric
layer with a thickness dp and refractive index np, which were
determined by fitting the resonant angles of a series of dips in the
measured reflectivity curves R(θ) that are associated with the resonant
excitation of SP and OW modes. The modes measured in TE and TM
polarization were fitted in parallel, and the birefringence was omitted.

The surface mass density of the polymer layer was calculated as Γ =
dp(np − nb)/(dn/dc), where np and nb are the refractive indices of the
attached layer and of the buffer, respectively, and dp is the thickness of
the protein/ssDNA layer. The incremental change in the refractive
index with the concentration (dn/dc) for DNA and protein was set to
0.17 and 0.2 mm3/mg, respectively.37,38 Surface mass density Γ was
obtained in ng/mm2, and it was converted into a grafting density σ of
attached molecules per area (in nmol/mm2) using their respective
molecular weights (Mw). A summary of the used mathematical models
can be found in the Supporting Information.

■ RESULTS AND DISCUSSION
As illustrated in Figure 2, the “grafting-from” growth of ssDNA
polymer chains was initiated by capturing a circular padlock
(CP) probe that was hybridized with the target sequence (TS)
to facilitate solid-phase RCA at the sensor surface.39 The
padlock probe sequence was designed to hybridize with the
specific TS that is present in the clinically highly important
antibiotic resistance gene blaOXA‑48.

40 For the proof of concept,
the linear padlock probe (LP) was hybridized with the
synthetic TS that was conjugated with biotin (biotin/TS-).
The subsequent ligation reaction enzymatically sealed the gap
between the 5′ and 3′ ends of the target recognition arms of
the LP when hybridized with the TS. This step is highly
specific and led to the circularization of the padlock probe
CP. Afterward, the created target sequence|circular padlock
duplex (biotin/TS-|CP) was anchored to the sensor chip gold
surface in an oriented manner.41 This was done through biotin
moieties incorporated to the mixed-thiol SAM, which allowed
the binding of NA, serving as a linker for the immobilization of
the biotin/TS-|CP construct.
Isothermal RCA was initiated by the addition of φ29-

polymerase, which sequentially incorporates nucleotides
(dNTPs) on the TS- free 3′ end to form long ssDNA chains
composed of multiple reverse-complementary repeats of the

Figure 1. Optical configuration used for the combined SPR, OWS,
and SPFS measurements.
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CP sequence. Then, the RCA product was reacted with C2CA
+ or BA+ oligonucleotides conjugated with Cy5 fluorophores
(C2CA+/Cy5 and BA+/Cy5, respectively). All immobilization
procedures were monitored using an optical setup, which
combined surface plasmon resoance (SPR) and surface
plasmon-enhanced fluorescence spectroscopy (SPFS) (see
Figure 1). The SPR detection principle allowed us to acquire
time-dependent kinetics of the sensor response R(t), while the
recorded angular reflectivity curves R(θ) were used for probing
the biointerface with multiple SP and OW modes in order to
determine changes in the ssDNA polymer architecture
thickness dp and refractive index np, reflecting increasing
surface mass density Γ. Furthermore, the fluorescence
intensity, originating from fluorophore-labeled biomolecules
that were affinity-bound to the ssDNA chains and excited via
the resonantly coupled SP and OW modes, was recorded in
time F(t) and as a function of the angle of incidence F(θ).
These SPFS recordings enabled monitoring events that yield
only subtle changes in the refractive index and hence cannot be
measured with SPR.

Implementation of the Assay on a Plasmonic Sensor.
Figure 3a shows a typical SPR sensorgram R(t) upon the
subsequent binding of (i) NA, (ii) the biotin/TS oligonucleo-
tide hybridized to the circular padlock probeCP, and (iii)
RCA followed by the binding of C2CA+/Cy5. The affinity
binding of the tetravalent NA to the biotin headgroups on the
thiol-SAM led to an increase in the SPR response to ΔRNA =
3.8 mRIU. The free biotin-binding pockets allowed us to
anchor the oligonucleotide biotin/TS|CP duplex in a following
step, which changed the SPR response of ΔRbiotin/TS|CP = 1.2
mRIU. After the contacting of φ29-Pol and dNTPs with the
sensor surface, a gradual increase in the sensor signal R(t) was
observed, which corresponds to the binding of the polymerase
and the subsequent prolongation of ssDNA chains tethered to
the sensor surface via the biotin tag. In this experiment, the
RCA reaction was terminated after 1 h by removing
nucleotides from the flow cell (through rinsing with a buffer),
and an increase in the SPR signal ΔRRCA = 2.3 mRIU was
measured with respect to the baseline after the oligonucleotide
immobilization. The abrupt jumps in the SPR response
occurring upon rinsing the sensor surface with ligation and
RCA buffers are ascribed to variations in the bulk refractive
index nb due to different buffer compositions. The generated
ssDNA chains are composed of repeating C2CAsequences
and TSsequences complementary to the CP. In order to
confirm their presence, complementary C2CA+/Cy5 and
control non-complementary (random/Cy5) Cy5-labeled oli-
gonucleotides were reacted with the sensor surface after each
reaction step. As seen in the recorded fluorescence signal F(t)
before conducting RCA, the signal increased abruptly after the
injection of fluorophores conjugated to short oligonucleotides
but dropped back to its baseline level after the rinsing with
buffer. This rapid increase in the fluorescence signal is
explained by the excitation of the Cy5 fluorophores in the
bulk solution. After running the RCA, the introduction of the
control non-complementary oligonucleotides conjugated with
Cy5 showed a small change in the fluorescence intensity of
ΔFrandom/Cy5 = 600 cps. However, the reaction with a specific
oligonucleotide was accompanied by a 130-fold stronger
increase in the fluorescence intensity of ΔFC2CA+/Cy5 =
80,000 cps, proving the successful synthesis of ssDNA chains
by RCA.
To determine the surface mass density Γ of the incorporated

molecules on the surface, the reflectivity curves R(θ) were
measured in between each reaction step, as shown in Figure

Figure 2. Schematics of the biointerface architecture and the growth
of the ssDNA brush.

Figure 3. (a) Example of the kinetic SPR signal R(t) and fluorescence signal F(t) upon capture of neutravidin, the CP and the generation of the
ssDNA polymer brush through RCA on the sensor surface. (b) Respective angular reflectivity R(θ) and fluorescence F(θ) scans measured between
the reaction steps.
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3b, and fitted with a Fresnel reflectivity-based model. The
black curve in Figure 3b shows the resonant excitation of SPs
on the gold surface carrying a mixed thiol SAM, which
manifests itself as a dip in the angular reflectivity R(θ). This
dip is centered at the resonance angle θ = 58.15°, and it shifted
to a higher angle (θ = 58.6°) upon the conjugation of NA to
the biotin headgroups and after immobilization of the biotin/
TS|CP duplex (θ = 58.75°). These shifts translate to a grafting
density σ of 3.1 × 10−5 and 1.8 × 10−5 nmol/mm2 for the
immobilized NA and target|padlock duplex, respectively. A
closer look at this number revealed that only ∼59% of the
immobilized NA molecules reacted with a biotin-tagged
oligonucleotide strand. This can be ascribed to the fact that
NA shows ∼7 nm center-to-center distance at full surface
coverage,42 and thus, the subsequent reaction with the 81 nt
circularized padlock probe exhibiting a diameter of ∼9 nm was
likely to be sterically hindered.43

The shift in the SPR angle after the RCA to θ = 59° cannot
be independently attributed to the bound polymerase and the
generated RCA product. However, the excitation of Cy5
fluorophores in F(θ) was only observed after hybridizing the
RCA product with its specific C2CA+/Cy5 oligonucleotide.
This proves the presence of the ssDNA chains within the
evanescent field of SPs, as their excitation enhanced the
emitted fluorescence intensity. Thus, it can be observed as a
peak in the spectrum F(θ) at the angle where a dip occurs in

the SPR reflectivity curve R(θ). It is worth noting that only the
fluorescence-based measurement provides this confirmation, as
the change in the SPR detection channel gave a negligible shift
in R(θ) after the specific binding of C2CA+/Cy5 that exhibits
too low molecular weight Mw.

In Situ Monitoring of Chain Growth. Several research
groups investigated RCA on the solid surface using SPR and
reported that the measured output signal saturated, and
increasing the reaction time was assumed to not change the
properties of the generated ssDNA chains for reaction times, t,
above 1 h.44−48 In general, this optical measurement allows us
to monitor changes occurring only within the evanescent field
of SPs that probe a distance of up to about 100 nm from the
gold surface. In the following study, we attempted to optically
probe farther from the surface and investigate ssDNA chains
generated by the RCA for several hours on the gold surface
with a grafting density of CP probes σbiotin/TS|CP = 2.6 × 10−5

nmol/mm2 (detailed calculations can be found in the
Supporting Information). In these measurements, we con-
tinuously recorded reflectivity curves R(θ) in order to in situ
optically track the prolongation of ssDNA brushes every 15
min. Interestingly, after 30 min of reaction, we observed an
additional resonant dip in R(θ) close to the critical angle θc =
47.5° (besides the SPR dip at θ ∼ 59°); see Figure 4a. This
resonant dip in the reflectivity spectrum can be attributed to
the resonant excitation of dielectric OW modes traveling along

Figure 4. (a) Angular reflectivity curves R(θ) (measured data are shown as symbols, and fitted curves using the “one-box model” are showed as
lines). For better data visualization, the reflectivity curves R(θ) measured at 60 and 90 min for θ < 50° are offset by a factor of 0.3 and 0.6,
respectively (offset indicated with red and blue arrows). (b) Schematics of probing the ssDNA brushes with distinct distribution of electromagnetic
field amplitude of SP and OW modes and used models approximating the optical properties of the brush. (c) Determined time-dependent
thickness dp and refractive index np together with estimated polymer chain length. Determined values are shown as symbols and fitted with a
polynomial function (lines).
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the surface. The excitation of such waves (for transverse
polarized light marked as TM1,2,3...) is a signature of the
presence of a ssDNA polymer layer with a refractive index np
higher than that of the bulk solution nb and a thickness dp
exceeding 100 nm. Furthermore, we took advantage of the
interrogation of the resonant excitation of OW modes to
optically probe DNA polymer strands stretching beyond the
regular probing depth of SPR upon their prolongation by the
RCA reaction (see Figure 4b). At thicknesses dp > 100 nm, the
growth of ssDNA chains occurs outside the evanescent field of
SPs, and thus, only OWS enables their monitoring from the
independent measurements of the thickness dp and the
refractive index np of the respective polymer layer. This was
possible by fitting the measured angular reflectivity curves R(θ)
exhibiting a series of resonant dips (Figure 4b) with a Fresnel
reflectivity-based model. For the analysis of the obtained data,
the surface-attached ssDNA brush was first represented by a
homogeneous dielectric layer with a uniform refractive index np
in contact with a semi-infinite medium exhibiting a bulk
refractive index of the buffer (nb = 1.336). This approach is
referred to as the “one-box model,” and Figure 4c shows the
obtained time dependence of these two parameters, which
reveals gradual incorporation of nucleotides by RCA that leads
to the generation of dp = 11.2 μm-thick brush after 4 h of
reaction. In general, at least two resonant features need to be
fitted to determine both the refractive index np and thickness
dp independently, and thus, this was possible only for times t >
90 min. Interestingly, the (average) refractive index np of the
ssDNA brush determined from OWS was gradually decreasing
upon the RCA reaction, reaching a value of np = 1.3423 after t
= 240 min. This can indicate that the prolongation stops on
some strands and the brush gets diluted as it grows away from
the surface analogously to chain termination in a polymer-
ization reaction (which is often observed for surface-initiated
polymerization of thick polymer brushes). In the presented
study, it would be the result of the loss of steric access to
strands buried in the thick brush. Additionally, it can be seen
that the SPR coupling angle gradually decreases in time after
the initial phase of RCA. This occurs even at times t when the
ssDNA chains grow far away from the SP evanescent field, and
therefore, it can be explained by rearrangement of this part of
the brush at close vicinity to the gold surface that is associated
with possible chain stretching.
The respective gradually increasing thickness dp and slowly

decreasing refractive index np were used to calculate the
accumulated surface mass density ΓRCA at each given time
point (see the Supporting Information for details). At the end
of the reaction at time t = 4 h, a massive increase in the surface
mass density of ΓRCA = 415 ng/mm2 was determined. This
corresponds to ∼16 MDa (ΓRCA/σbiotin/TS|CP) or ∼52 kb per
oligonucleotide strand and indicates that the padlock probe
(81 nt) was in average amplified ∼640 times on each chain.
Interestingly, the average (contour) length of the ssDNA
chains obtained from the number of repeats of 48.6 nm-long
LP yields about 31.2 μm. This value corresponds to the
configuration, where the effective thickness of the brush dp is
almost a third of the contour length of the grafted ssDNA
chains.
From the dependence of the number of nucleotides

incorporated to the ssDNA polymer chains (shown as the
red curve in Figure 4c), an average extension rate of ∼215 nt/
min can be deduced. This value is substantially slower than the
one obtained at 30 °C by Soengas et al. in bulk solutions

yielding >103 nt/min.49 At this point, it should be noted that
the determined amplification rate should be seen as the
minimum speed of nucleotide incorporation by φ 29-Pol on a
solid support-based platform that is affected by the chain
folding, gradual dilution when moving away from the surface,
and diffusion of nucleotides to the surface.
As mentioned above, the chain prolongation does not

proceed identically for all the chains, and a certain distribution
of their length can be expected. In addition, the stretching of
the chains can differ at the inner and outer sides of the brush.
The impact of these phenomena can be assessed by
determining the gradient of the ssDNA brush layer density
in the direction perpendicular to the surface. As seen in Figure
5a, three or more OW modes (TM1,2,3) became apparent in

the measured reflectivity spectra R(θ) after 2 h of reaction, and
then, a clear deviation between the measured and fitted curves
occurs (we fitted the number of OW modes and the angular
position of the first and last one). Therefore, the “one-box
model” was extended by splitting the layer into three segments
and fitting the refractive index independently for each of them.
As schematically shown in Figure 4b, this refined model allows
us to take into account a gradient in the brush density with a
lower refractive index nb of the layer on its outer interface (in
contact with buffer) and a higher refractive index nb at its inner
surface (where it is attached to the gold surface). The fitting
with such a “three-box model” is presented in Figure 5b for t =

Figure 5. (a) Measured R(θ) at the growth time of t = 120, 180, and
245 min that is fitted with the Fresnel reflectivity model using the
“one-box” approximation. The reflectivity curves R(θ) measured at
180 and 240 min are shifted, respectively, by a factor of 0.3 and 0.6 in
respect to the one measured at 120 min. (b) Comparison of the fitting
with “three-box” approximation for data acquired at t = 240 min.
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240 min. It shows that the angular positions of all five
supported OW modes can be fitted, and the first compartment
exhibited a thickness of dp1 = 3.8 μm followed by the second
one with dp2 = 6.0 and third with dp3 = 2.9 μm. The fitted
refractive index decreased from np1 = 1.3434 at the gold surface
to np2 = 1.3410 in the middle part and np3 = 1.3384 for the
outer segment of the polymer brush. This analysis suggests that
the polymer volume content (proportional to the layer
refractive index np) is decreasing with distance from the gold
surface, and it can be ascribed to a length distribution of the
RCA-generated ssDNA polymer chains or possibly more
stretched conformation of polymer chains at the outer than the
inner interface. The total thickness (dp1 + dp2 + dp3 = 12.7 μm)
is slightly higher than the one obtained in the “one-box
model”, and the weighted refractive index of the attached layer
of (np1·dp1 + np2·dp2 + np3·dp3)/(dp1 + dp2 + dp3) = 1.3411 is
slightly decreased. However, the corresponding overall surface
mass density and respective average polymer chain length of 48
kb per immobilized padlock probe at a reaction duration of
240 min are comparable for both models.
Response of the ssDNA Brush to Ion Environments.

Recent studies have shown that the DNA structure is highly
dependent on its surrounding aqueous environment,50 which is
of high importance in sensor applications of surface-attached
ssDNA brushes.51 Especially, the presence of specific cation
species causes changes in inter-nucleotide distances52 and can
strongly affect the grafting density53,54 and hybridization
regimes of DNA on solid supports.55,56 Figure 6a shows a
schematic of the effect of increasing ionic strength on the DNA
brush, which leads to its compression or expansion.
Furthermore, we exposed the ssDNA brush to electrolytes
containing monovalent (NaCl and KCl) and divalent (MgCl2
and CaCl2) cations to study their impact on the ssDNA brush.
The influence on DNA brush thickness dp and its
corresponding refractive index np was determined by fitting
the reflectivity spectrum R(θ) and exhibiting SP and OW
resonances with the “one-box model” approximation in
different ionic solutions (we used ssDNA brushes prepared
by RCA with a reaction time that did not allow for the probing
with multiple OW modes, and thus, the more accurate “three-
box model” was not possible to use). The refractive index of
the bulk aqueous solution nb was determined from SPR on a
bare gold surface or from the position of the critical angle θc.
An additional option for the observation of the swelling and
collapsing of the ssDNA brushes offers the SP- and OW-
enhanced fluorescence spectroscopy. After the affinity binding
of Cy5-conjugated DNA strands (C2CA+/Cy5 or BA+/Cy5),
such changes lead to variations in the fluorescence signal
originating from the respective part of the architecture
selectively probed with the SP or OW field. The evanescent
field of resonantly excited SPs excites the fluorophores in a thin
(∼100 nm) slice at the inner side of the brush, whereas the
OWs are more delocalized and can probe the whole brush
volume (see Figure 4b). Therefore, compacting the ssDNA
brush carrying affinity-bound molecules conjugated with
fluorophores is associated with an increase in the SP-enhanced
fluorescence signal, whereas the expansion of the structure has
the opposite effect.
As the example in Figure 6b illustrates for the brush

structures with C2CA+/Cy5, the exposure of the brush to an
ionic solution can lead to the compression and expansion of
the structure. The compression is manifested as a shift of the
SPR to higher angles and the respective increase in the SP-

enhanced fluorescence intensity. The expansion is seen as a
shift of the SPR angle to lower values and a drop in the SP-
enhanced fluorescence intensity. The analysis of the reflectivity
curves R(θ) revealed that the ssDNA brush expanded, and its
thickness dp increased by a factor of 2.2 and 1.1 (compared to
that measured in PBST dp‑PBST) when the surface-bound
ssDNA strands were exposed to a solution with K+ and Na+

ions, respectively, at a molar concentration of 100 mM.
Interestingly, the divalent Mg2+ and Ca2+ ions impose an
opposite effect, and a decrease in the thickness dp by a factor of
1.6 and 6.6 is observed, respectively, at the same 100 mM
concentration. The particularly strong collapse of the brush in
the presence of Ca2+ suggests a specific effect of this ion as all
other compounds, K+, Na+, and Mg2+, did not produce a

Figure 6. (a) Schematics of the response of the ssDNA brush to
different ionic environments. (b) Measured angular reflectivity scans
R(θ) and angular fluorescence intensity scans F(θ) in 150 mM PBST
buffer and in 100 mM KCl and CaCl2 solutions. (c) Evaluated
thickness and refractive index changes in respect to the 2.2 μm-thick
brush in PBST buffer in electrolytes containing monovalent and
divalent cations at different concentrations.
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similarly strong change even at 1 M concentration; see Figure
6c. In PBST, the peak fluorescence intensity upon the probing
by SPs was FSP(PBST) = 2.6 × 104 cps, whereas for the excitation
via the OW mode, it was 1 order of magnitude stronger,
FTM1(PBST) = 3.9 × 105 cps. This difference can be attributed to
the fact that the volume probed by the OW mode is larger and
thus enables excitation of all Cy5 fluorophores inside the
brush. In the presence of monovalent K+ ions at a
concentration of 100 mM, the fluorescence intensity of the
fluorescence peak accompanied with the SP mode excitation
decreased by a factor of 2.1, which indicates that the ssDNA
strands stretched away from the sensor surface, and therefore,
fewer fluorophores could be excited by its confined field. In the
presence of Ca2+ ions at a concentration of 100 mM, the
fluorescence intensity excited via SPs in close vicinity of the
metal surface increased by a factor of 2.2. These changes
confirm the observations obtained from the fitting of
reflectivity curves, and the difference in the magnitude of the
decrease and increase factors can be attributed to the
additional effect of bleaching.
Let us note that similar observations have been attributed to

the negatively charged ssDNA backbone that changes its
molecular conformation and gets compacted through electro-
static crosslinking in buffers containing Ca2+ and Mg2+.23,57

Our results revealed a much stronger impact of Ca2+ ions that
can be ascribed to this effect, while Mg2+ ions mainly seem to
contribute to the Debye screening of the charge interactions,
probably due to the higher affinity of Ca2+ ions to the DNA
bases.58 Importantly, the changes generated by the exposure of
the ssDNA brush to Ca2+, Mg2+, K+, and Na+ are reversible,
and the ssDNA brush re-arranged its structure back to the
original state after rinsing with PBST.
An additional route to manipulate the long ssDNA chains is

explored based on short oligonucleotides that carry two
sequences complementary to spatially separated parts of

ssDNA repeating motifs generated by RCA. Such oligonucleo-
tides can serve as staples that crosslink the neighboring
polymer chains or force the individual chains to fold and take
on a more compact conformation. As seen in Figure 7a, this
approach was investigated using a nucleotide, BA+/Cy5, which
has two binding parts with complementary sequences to the
RCA-generated ssDNA chains (marked in the sequences
presented in Table 1). After flowing the 10 nM solution with
BA+/Cy5 over the surface with the ssDNA brush for 15 min,
the molecules diffuse inside the polymer architecture and bind
(as seen from the comparison of the angular fluorescence scans
F(θ) in Figure S1). The binding occurs in the whole volume of
the brush architecture as the fluorescence signal increased in
both SP-enhanced fluorescence (peak at θ = 58.5°, probing the
volume close to the chip surface) and OW-enhanced
fluorescence (peak close to the critical angle exciting the
fluorescence throughout the brush).
Interestingly, the binding of BA+/Cy5 did not significantly

change the conformation of the ssDNA chains, as the angular
positions of SP and OW modes were not altered. This
indicates that the BA+ sequences were predominantly able to
bind with one of its parts and did not act as crosslinks.
Therefore, the ssDNA chains hybridized with BA+/Cy5 staples
were exposed to 100 mM Ca2+, which was shown to compact
the ssDNA chains and enable bringing their spatially distinct
segments closer to each other. As can be seen in Figure 7b, the
Ca2+ ions induced a strong shift of the SP resonant angle to
about θ = 66° on the brush reacted with BA+/Cy5, which
corresponds to a collapse by a factor of 65, as obtained from
fitting the reflectivity curves R(θ). This value is stronger than
the factor of 26 observed for the same brush hybridized with
C2CA+/Cy5 (Figure 7c), and it can be ascribed to the
additional effect of BA+/5 crosslinking of ssDNA chains. In
addition, the collapse leads to a more pronounced change than
that observed in Figure 6b,c (which is assumed to be caused by

Figure 7. (a) Schematics of the affinity binding of BA staples to the ssDNA brush and its compression by incubation with CaCl2 and re-swelling.
Measured angular reflectivity scans R(θ) and angular fluorescence intensity scans F(θ) for (b) for the incubation in 100 mM CaCl2 followed by
rinsing with PBST and (c) for control experiment with the RCA brush that was affinity reacted with C2CA+/Cy5.
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diluting the surface density of ssDNA chains tethered on the
surface with σ = 3.2 × 10−6 nmol/mm2). Moreover, when
switching back to PBST, the ssDNA brush hybridized with the
C2CA+ sequence returned to its original state, but the one
modified with BA+/Cy5 partially retained the collapsed nature,
as documented by the shifted SPR angle and increased SP-
enhanced fluorescence peak. The intensity of the SP-enhanced
fluorescence signal increased in PBST by a factor of 2.7 after
the collapse of the BA+/Cy5 structure, while that of C2CA5+/
Cy5 decreased by a factor of 1.33. These changes are in
agreement with those obtained from fitting R(θ) and confirm
that the stronger compression of the ssDNA brush architecture
can be obtained by a combination of crosslinking with specific
DNA staples and ionic environment change.

■ CONCLUSIONS

For the first time, we report on the in situ and real-time
observation of RCA prolongation of ssDNA chains above 10
μm when attached to a solid surface. The grown ssDNA chains
take the form of a brush, and they are probed by a combination
of SPR and OWS methods, enabled by the fact that a
sufficiently thick polymer layer can serve as an optical dielectric
waveguide. The analysis of the spectrum of guided waves
traveling along this interface with “grafted-from” densely
packed ssDNA chains provides an efficient means to monitor
their elongation and determine key characteristics of the RCA
reaction on a solid surface. Such observations are difficult to
achieve with other techniques that are typically only able to
characterize the DNA brush after its synthesis is finished, and
their use is complicated by the soft and fragile nature of the
ssDNA brush. On the other hand, it is worth noting that the
presented approach provides detailed information only when
the thickness of the brush layer is sufficiently high (several
micrometers) and the probing of the interface over an area of
about one mm2 is needed in order to record sharp dielectric
OW resonances. Due to this fact, it is not feasible to investigate
the behavior of sparsely immobilized DNA chains that do not
form the thick brush layers when small amounts of padlock
probes are immobilized on the solid surface. We demonstrate
how this platform can be used to monitor conformation
changes of ssDNA in response to an ionic strength-triggered
collapse of the ssDNA brush and its intra- and inter-chain
crosslinking via specifically designed oligonucleotide staples. A
combination of DNA staples and ionic change allowed
compacting the RCA-generated brush by a factor of >10,
which can be useful in analytical application with plasmonic
biosensor readout for enhancing the sensitivity by dragging the
molecules to the plasmonic hotspot on the surface.
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3.3. Responsive hydrogel binding matrix for dual signal amplification in fluorescence affinity
biosensors and peptide microarrays

3.3 Responsive hydrogel binding matrix for dual signal
amplification in fluorescence affinity biosensors and
peptide microarrays

This chapter is reprinted under CC-BY-NC-ND license:

Hageneder, S., Jungbluth, V., Soldo, R., Petri, C., Pertiller, M., Kreivi, M., Wein-
haeusel, A., Jonas, U. and Dostalek, J., Responsive hydrogel binding matrix for dual signal
amplification in fluorescence affinity biosensors and peptide microarrays, 2021, ACS Ap-
plied Materials & Interfaces, 13(23), 27645-27655 https://doi.org/10.1021/acsami.1c05950
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In this chapter, a thermoresponsive poly(N-isopropylacrylamide) (pNIPAAm) based
polymer was used in the biointerface architecture. It was shown that even after post-
functionalization of the polymer with peptide BREs, the responsive properties of the
matrix remained. The analysis of human IgG in diluted plasma was possible due to
the low fouling polymer structure and the sensitive readout with PEF. Through the
thermally induced collapse of the responsive interface, an increase in the fluorescence
intensity by a factor of 5 was observed. Both optical- and interface-based amplification
make it possible to measure real-time fluorescence with a combined enhancement factor
of more than 100 times.
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ABSTRACT: A combined approach to signal enhancement in fluorescence affinity
biosensors and assays is reported. It is based on the compaction of specifically captured
target molecules at the sensor surface followed by optical probing with a tightly confined
surface plasmon (SP) field. This concept is utilized by using a thermoresponsive hydrogel
(HG) binding matrix that is prepared from a terpolymer derived from poly(N-
isopropylacrylamide) (pNIPAAm) and attached to a metallic sensor surface. Epi-
illumination fluorescence and SP-enhanced total internal reflection fluorescence readouts
of affinity binding events are performed to spatially interrogate the fluorescent signal in the
direction parallel and perpendicular to the sensor surface. The pNIPAAm-based HG binding matrix is arranged in arrays of sensing
spots and employed for the specific detection of human IgG antibodies against the Epstein−Barr virus (EBV). The detection is
performed in diluted human plasma or with isolated human IgG by using a set of peptide ligands mapping the epitope of the EBV
nuclear antigen. Alkyne-terminated peptides were covalently coupled to the pNIPAAm-based HG carrying azide moieties.
Importantly, using such low-molecular-weight ligands allowed preserving the thermoresponsive properties of the pNIPAAm-based
architecture, which was not possible for amine coupling of regular antibodies that have a higher molecular weight.

KEYWORDS: thermoresponsive hydrogel, pNIPAAm, plasmon-enhanced fluorescence, microarrays, click chemistry, peptide, serotesting,
biomarkers

■ INTRODUCTION

Responsive hydrogel (HG) materials are increasingly em-
ployed in optical analytical technologies, where they are
employed to serve in three-dimensional binding matrices for
the specific capture of the target analyte and to suppress
unspecific interactions of abundant molecules present in the
analyzed liquid samples,1,2 facilitate readout and amplify the
sensor response to specific binding events,3 and allow for
manipulating small volumes of analyzed aqueous samples on
miniature sensor chips.4

Responsive HGs are often combined with metallic
nanostructures, and among others, their on-demand swelling
and collapse were utilized in colorimetric5 and surface-
enhanced Raman spectroscopy (SERS)-based sensors.6−8

These sensor modalities take advantage of the resonant
excitation of surface plasmons (SPs) that exhibit a tightly
confined profile of the electromagnetic field associated with
collective oscillations of the charge density at the metal surface.
The implementation of responsive HGs allows for the active
control of near-field coupling between localized SPs at metallic
nanoparticles,9 and they can be tailored to trap target
molecules and deliver them to the zones referred to as
plasmonic hotspots. The plasmonic confinement of electro-
magnetic field intensity at such hotspots was further enhanced
by approaching metallic nanostructures through the collapse of

a responsive HG that serves as a host material or a thin
spacer.6,10

The majority of thermoresponsive HGs used in the
analytical technologies are derived from poly(N-isopropylacry-
lamide) (pNIPAAm), a polymer exhibiting a lower critical
solution temperature (LCST) of 32 °C,11 at which it switches
between a hydrophilic expanded state (T < LCST) and a
hydrophobic collapsed state (T > LCST). In order to allow for
post-modification of the pNIPAAm network with functional
biomolecules, mostly copolymers have been used for the
incorporation of moieties enabling the controlled coupling of
protein molecules.12,13 The large surface area of HG films
renders them the ability to host high amounts of biomolecules
that can function as ligands in affinity biosensors. Such an
extended three-dimensional biointerface can affinity-bind
target molecules from the analyzed samples with an efficiency
that outperforms that of traditionally used two-dimensional
surface architectures in surface plasmon resonance (SPR) and
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surface plasmon-enhanced fluorescence (PEF) biosen-
sors.12,14,15

Similar to SERS, an improved readout accuracy can also be
achieved for other types of plasmon sensors with the HG
binding matrix. Then, its switching to the collapsed state can
cause compaction of the specifically bound analyte to a smaller
volume. This approach can be particularly beneficial for the
PEF readout, as the plasmonic amplification of fluorescence
emission is strongly dependent on the distance from the metal
surface and requires delicate control of the biointerface
architecture. However, we witnessed that only a few works
have explored this concept until now. It was reported that
responsive HG binding matrix-enhanced fluorescent signal
amplification was carried out for PEF immunoassays with the
collapse of the system triggered by ionic strength16 and
temperature10,17 stimulus. However, these works demonstrated
possible detection only in model samples, under conditions
that are not suitable for practical applications, and reveal that
the responsive characteristics of the used pNIPAAm-based HG
matrix substantially deteriorate after conjugation with high-
molecular-weight ligands such as antibodies.10,17

More recently, peptides have been frequently explored as
ligands, offering the advantage of cost-efficient and reprodu-
cible synthesis, increased long-term stability, and more
controlled ways for their immobilization.18,19 In this work,
we explore several routes to utilize a spatially resolved
fluorescence readout of assays that takes advantage of arrays
of antibody and peptide ligands incorporated in the
pNIPAAm-based HG matrix. The possibility of using the
temperature-induced collapse of the HG for compacting the
captured analytes is demonstrated for the PEF readout,
yielding a dual amplification functionality. This study reveals
the importance of the choice of the ligand used for the post-
modification of the HG matrix as only the use of low-
molecular-weight components such as peptides allowed
preserving the responsive properties and implementing the
dual amplification concept.

■ EXPERIMENTAL SECTION
Materials. All reagents were used as received. 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) was obtained from
Sigma-Aldrich (Germany). Alkyne-modified peptides were custom-
made by JPT (Berlin, Germany) mapping epitopes of Epstein−Barr
virus (EBV) nuclear antigen or of the enzyme carbonic anhydrase XII
(CA12), which can be found in literature.20 The recognition
sequences of these peptides were CA12: HLQHVKYKGQEAFVP;
EBV1: PGRRPFFHPVGEADY; EBV2: AQPAPQAPYQGYQEP;
EBV3: YQEPPPPQAPYQGYQ; and EBV4: FHPVGEADYFEYHQE.

The monoclonal antibody against human CA12 peptide
(AMAb90639) was purchased from Atlas Antibodies, Bromma,
Sweden. Goat detection antibodies anti-mouse and anti-human IgG
(H + L) conjugated with Alexa Fluor 647 (anti-mIgG-AF647 and
anti-hIgG-AF647) were purchased from Thermo Fisher. IgG from the
mouse serum (mIgG) and human serum (hIgG), phosphate-buffered
saline (PBS), Tween 20, Hellmanex III, and bovine serum albumin
(BSA) were purchased from Merck-Sigma-Aldrich (Austria). Pooled
human plasma samples were obtained from Innovative Research
(USA). Sodium acetate buffer (ACT) was made using sodium acetate
and acetic acid; both obtained from VWR Chemicals (Austria). All
buffers were prepared with deionized water (Arium Pro, Sartorius
Stedim). 2D-Azide Glass slides (#10400621) were purchased from
PolyAn, Berlin, Germany.

Synthesis of the Polymer and Linker. 2-Azidoethan-1-aminium
chloride was synthesized as follows based on the procedure in the
literature:21 9.83 g of 2-bromoethylamine hydrobromide (48 mmol)
was dissolved in 25 mL of water, to which a solution of 9.75 g of
sodium azide (150 mmol) in 25 mL of water was added at room
temperature. The mixture was heated at 80 °C overnight until the
completion of the reaction, then the volume was concentrated to
around 10 mL, and the mixture was cooled in an ice bath. The
reaction conversion was followed by silica gel thin-layer chromatog-
raphy (eluent: chloroform/methanol/conc. aqueous ammonia13/
5/1; staining: ninhydrine). 150 mL of diethylether was added to the
flask, followed by 8 g of KOH powder under vigorous stirring and
keeping the temperature below 10 °C. The organic phase was
separated, and the aqueous phase was further extracted two times,
with 50 mL of diethyl ether. The combined organic phases were dried
over anhydrous K2CO3, the solvent removed, resulting in yellowish
oil. Afterward, 50 mL of 4 M HCl was added. The solvent was

Figure 1. Optical configuration used for the readout of affinity binding on the biochip with arrays of HG sensing spots based on (a) epi-
illumination fluorescence configuration (EPF) and (b) total interal reflection fluorescence (TIRF) readout combined with SPR that utilizes a laser
band pass filter (LBPF), polarizer (POL), neutral density filter, laser notch filter (LNF), fluorescence bandpass filter (FBPF), and photomultiplier
(PMT). (c) Schematics of the biochip with arrays of HG sensing spots and (d) chemical structure of the used photocross-linkable pNIPAAm-based
polymer, passivating polyoxazoline (pOx), and the benzophenone-disulfide (BP-S2) linker forming a SAM on the gold surface of the biochip.
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removed and dried in a vacuum at 50 °C overnight. Yield: 4.80 g
(39.2 mmol, 82%).
4-Sulfotetrafluorophenol (TFPS) and the benzophenone-disulfide

BP-S2 (see Figure 1) were synthesized as described in the literature
(see ref22,23). The pNIPAAm-based terpolymer was synthesized using
N-isopropylacrylamide, methacrylic acid, and N-(4-benzoylphenyl)-
acrylamide (94:5:1 ratio).24 Shortly, 4-aminobenzophenone (20.3
mmol, 4.00 g) was dissolved in dichloromethane (DCM) (50 mL),
and the solution cooled with an ice-water bath to 0 °C. Na2CO3 (20.3
mmol, 2.15 g) was added, and the resulting dispersion stirred for 20
min at 0 °C. Acryloyl chloride (26.4 mmol, 2.39 g, 2.12 mL) was
diluted with DCM (50 mL) and added dropwise to the dispersion at 0
°C. After complete addition, the reaction mixture was allowed to
warm to room temperature and stirred for 16 h. The formed solid was
filtered off, and the reaction mixture extracted with aq. NaHCO3
solution (5 wt %, 3 × 100 mL) and water (3 × 100 mL). The organic
layer was separated and dried over MgSO4, filtered, and the solvent
evaporated, giving the title compound as a brownish solid. Yield: 33%
(6.73 mmol, 1.69 g). 1H NMR (400 MHz, chloroform-d): δ [ppm] =
7.85−7.46 (m, 9H); 6.51−6.47 (dd, 1H); 6.31−6.24 (dd, 1H); 5.85−
5.83 (dd, 1H). Anti-fouling polymer poly(2-ethyl-2-oxazoline) (pOx)
was synthesized as reported.25

Preparation and Structuring of HG Layers. The HG structures
were prepared on BK7 or LASFN9 glass substrates, cleaned for 15
min by consecutive sonicating in 1% (v/v) Hellmanex III aqueous
solution and deionized water, and a final sonication in ethanol puriss.
After drying the substrates under a stream of compressed air, they
were coated with 2 nm chromium and 50 nm gold by a vacuum
thermal evaporation instrument AUTO 306 (from HHV Ltd., UK) at
a pressure below 10−6 mbar. Immediately after the evaporation of
metal layers, the slides were immersed overnight in a 1 mM solution
of BP-S2 in dimethyl sulfoxide (DMSO) to form a self-assembled
monolayer (SAM). After rinsing with ethanol, 100 μL of a pNIPAAm
terpolymer solution with concentrations from 0.5−2.5% (w/w) in
pure ethanol was spun on top, at 2000 rpm for 120 s, using
SpinCoatG3-P8, (from SCS, IN, USA). The polymer layer was
subsequently dried at 50 °C in a vacuum oven for a minimum of 4 h
and then irradiated with UV-light at 365 nm (UV lamp Bio-Link 365,
Vilber Lourmat) with 2 J/cm2 dose to cross-link and simultaneously
attach the polymer to the surface. The layer thickness depends linearly
on the concentration of the polymer solution spun on the surface.
Post-modification of HG Layers with Peptides. For the click

coupling of alkyne-modified peptides to azide groups introduced to
the HG network, copper-mediated cyclization26 was used. First, the
carboxyl groups in the pNIPAAm-based network were activated with
EDC and TFPS for 15 min, washed with ACT buffer pH 5, and then
exposed to 2.6 μM 2-azidoethan-1-aminium chloride in ACT pH 5 for
1 h. After washing, passivation was done with ethanolamine,
continued by either drying and storage or using in experiments
immediately after. For the attachment of peptides to the azide groups,
a solution of 0.05 M CuSO4·5H2O in 3:1 DMSO/t-butanol and a
solution of 0.05 M tris((1-benzyl-4-triazolyl)methyl)amine (TBTA)
in 3:1 DMSO/t-butanol was mixed 1:2. To 1.5 μL of this solution,
0.75 μL of 0.1 M Na-ascorbate in water was added, as well as 2 μL of
the peptide solution, which was dissolved in PBS at a stock
concentration of 500 μM. 4.38 μL of DMSO and 1.37 μL of H2O
was added to a final volume of 10 μL. All reagents were freshly
prepared. A volume of 7.5 μL was put onto the chip and allowed to
react in the dark for 2 h, covered with a coverslip (20 × 20 mm). The
chip was rinsed with water and PBS with 1 mg/mL BSA and 0.05%
Tween (PBST).
For the spotting of peptides on microarrays, peptides dissolved to a

concentration of 80 μM (from 500 μM stock in DMSO) in an
aqueous buffer containing 10% DMSO, 1.25 mM Na-ascorbate, 1 mM
hydroquinone, and 0.95 mM CuSO4 (which equals to around 16 fmol
of the peptide on each spot on which a volume of 0.2 nL was
delivered) were degassed and microspotted by using the contactless
spotter Marathon Argus (from Arrayjet, UK). The sensor chips were
either directly used for further immunoassay experiments or stored in

an argon atmosphere and preventing light exposure for up to several
months without affecting its performance.

Post-modification of HG Layers with Antibodies. Carboxyl
groups present in the pNIPAAm-based HG were activated using EDC
and TFPS (21 and 75 mg, respectively) in 1 mL of water for 15 min.
Immediately after washing with ACT buffer pH 4, IgG in ACT pH 4
was spotted using printer Omnigrid arrayer (from GeneMachines, San
Carlos, CA, USA) with SMP 3 pins (from TeleChem International
Inc., Sunnyvale, CA, USA) under adjusted air humidity (55−60%).
Alternatively, the whole surface was brought in contact with the IgG
solution and allowed to react for 1 h. After rinsing, the possible
unreacted groups were passivated with 1 M ethanolamine pH 8.5 in
water for 15 min and used for further assay experiments or stored at 4
°C in the dark in an argon atmosphere for several weeks without
deterioration in the performance.

Optical Instruments. Two different readout methods were used
in the course of the experiments (Figure 1). A PowerScanner (from
Tecan, Switzerland) that utilizes the epi-illumination fluorescence
(EPF) geometry was used for the scanning of arrays spots (endpoint
measurements) (λex = 635 nm, λem = 676 nm). In situ observation of
the assay steps and layer modifications was done by an instrument
built in-house. It relies on the Kretschmann configuration of
attenuated total reflection and allows for combined readout based
on SPR and PEF. Shortly, a He−Ne laser (2 mW) emitting at λex =
632.8 nm was made passing through a laser bandpass filter (LBPF,
Thorlabs, FL632.8-10), a chopper model 197 (from Signal Recovery,
USA) set to frequency f = 933 Hz, and a polarizer (POL) and was
coupled to a 90 ̊ prism made of high refractive index glass LASFN9
with an optically matched glass substrate (using immersion oil)
carrying a thin gold layer. A flow cell made of a transparent glass
substrate with drilled inlet and outlet ports was clamped on top of the
substrates, which, for temperature-control, had a Peltier element as
described previously.12 A polydimethylsiloxane gasket (thickness: 100
μm; volume: 5 μL) and tubing Tygon LMT-55 (from Ismatec,
Germany) with an inner diameter of 0.25 mm was used for the
transportation of the liquids using a peristaltic pump (from Ismatec,
Germany) at a flow rate of 15 μL/min. The intensity of the laser beam
reflected at the sensor surface R was measured as a function of the
angle of incidence θ or time t by a photodetector connected to a lock-
in amplifier (from EG&G, USA). The enhanced field intensity
associated with the resonant excitation of SPs was used for the
excitation of Alexa Fluor 647 fluorophores. The emitted fluorescence
light intensity F at the emission wavelength λem = 670 nm was
detected by a photomultiplier tube (PMT, H6240-01, Hamamatsu,
Japan) after a set of filters [laser notch filter (LNF) XNF-632.8-25.0M
(from Melles Griot, CVI, USA) and 2 bandpass filter FBPF FB670-10
(from Thorlabs, USA) and 670FS10-25 (from Andover Corporation
Optical Filter, USA)]. Both readout signals (reflectivity and
fluorescence intensity changes) were recorded using Wasplas software
developed at the Max Planck Institute for Polymer Research, Mainz,
Germany.

Human IgG Detection by Peptide Ligands. Chips with a
pNIPAAm-based HG layer were spotted with a pattern of alternating
CA12 and EBV1-4 peptides (see above) and processed by blocking
the surface with DIG easyHyb (Roche), washed two times for 15 min
with a working PBS buffer with dissolved 0.05% Tween and 1 mg/mL
BSA. Then, the surface was reacted with pooled hIgG at a
concentration of 0.3 mg/mL (corresponding to 2 μM) for 1 h,
followed by incubation with 2 μg/mL AF647 anti-hIgG (correspond-
ing to 13 nM) for 45 min. After the rinsing and drying steps, the
readout was done using the microarray scanner.

Observation of Thin HG Layer Swelling. Thin pNIPAAm-
based HG layers were characterized by SPR to determine the
dependence of the thickness dh and the swelling ratio SR on
temperature T in the range between 20 and 40 °C. The measured
reflectivity spectra R(θ) were analyzed by fitting with a Fresnel
reflectivity model implemented in software Winspall, developed at the
Max Planck Institute for Polymer Research, Mainz, Germany. The
method of matching the surface mass density measured in dry and
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swollen states was used, and the SR was calculated as the ratio of the
swollen film thickness to the dry film thickness (SR = dh/dh‑dry).
Observation of the Assay in Biological Fluids by PEF. Thin

HG layers bearing either no ligand or EBV4 peptide immobilized via
click coupling (see above) were used for PEF detection. First,
unspecific binding was tested with 2 μg/mL AF647 anti-hIgG, then
human plasma diluted 1:10 in PBST was flowed over the surface for
30 min. After rinsing with PBST for 5 min, detection was performed
for 15 min with 2 μg/mL AF647 anti-hIgG. Each step was observed
and analyzed as described before.

■ RESULTS AND DISCUSSION

A tailored pNIPAAm-based HG was utilized in the form of a
thin layer that was attached to a metallic sensor surface and
post-modified with the antibody and peptide ligands for the
affinity capture of target species. The analyte molecules
captured from the analyzed aqueous sample at the sensor
surface were then reacted with fluorophore-labeled detection
antibody (dAb) in order to establish a sandwich assay format.
The focused optical beam at the excitation wavelength of the
fluorophore (λex) was laterally scanned over the surface
carrying arrays of sensing spots reacted with dAb, and the
output fluorescent signal was collected at the fluorophore
emission wavelength (λem) by an instrument relying on an epi-
illumination configurationEPF (Figure 1a). In order to
observe the swelling of the HG layer in the direction
perpendicular to the surface, the biochip surface was probed
with the evanescent optical field at the fluorophore excitation
wavelength λex. Then, an optical setup that combines SPR and

PEF was employed with an optical configuration resembling
the TIRF (Figure 1b).

Preparation of Array HG Sensing Spots. The arrays of
sensing spots were prepared using a polymer network formed
by photocross-linking of a pNIPAAm-based terpolymer layer
attached to a solid substrate (Figure 1c,d). The pNIPAAm-
based layer exhibited a thickness of dh‑dry = 120 nm in the dry
state, and it was anchored atop of a glass substrate with a 50
nm thick gold film and BP-S2 SAM (Figure 1d). As illustrated
in Figure 2, BP-S2 serves as a linker and two routes for the
preparation of arrays of sensing spots were pursued, yielding
either a laterally structured pNIPAAm-based HG layer
conjugated with ligands (surface architecture I) or a
continuous pNIPAAm-based HG layer that was locally post-
modified with ligands by using microspotting (surface
architecture II). The used pNIPAAm-based HG was allowed
to swell in water after its preparation, yielding a thickness of dh
= 700 nm (as demonstrated by the following SPR study)
corresponding to a swelling ratio SR = dh/dh‑dry of 5.8.
In the first route toward surface architecture I, the deposited

pNIPAAm-based polymer was cross-linked by UV light
through a stencil mask with square arrays of circular apertures
exhibiting a diameter of 500 μm and a period of 800 μm. An
irradiation dose of 2 J/cm2 was used to simultaneously cross-
link and attach the polymer chains to the gold surface by the
photoactivated benzophenone groups carried by their back-
bone and by the BP-S2 linker on the gold surface (Figure 2a,
step 2). After rinsing with ethanol (Figure 2a, step 3), the
pNIPAAm polymer chains outside the irradiated zones were
washed away, leaving the surface with unreacted BP-S2. To

Figure 2. (a) Preparation routes for the microarrays with a pNIPAAm-based HG binding matrix. (b) Post-modification of pNIPAAm-based HG
with protein and peptide molecules. (c) Structure of the used peptide ligands.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c05950
ACS Appl. Mater. Interfaces 2021, 13, 27645−27655

27648

3. Individual Studies

68



protect this hydrophobic area and thus prevent the unspecific
adsorption of biomolecules from the analyzed samples, a thin
layer of noncross-linkable pOx was coupled on these zones.
This polymer was deposited over the whole biochip surface
area, followed by the irradiation with UV light (Figure 2a, step
4) upon which the pOx polymer chains in contact with BP-S2
attached to the gold surface. After additional rinsing of the
surface, the pOx on the already coated sensing spots and
further away from the gold surface was washed away.
Therefore, pOx forms a thin monolayer only outside the
circular sensing spots where its chains are in direct contact with
the BP-S2. Also, it is worth noting that the thin pOx “grafted
to” polymer brush layer does not form a network as its polymer
backbone does not carry benzophenone groups. Such an
architecture was then used for the post-modification with
functional biomolecules serving as ligands (Figure 2a, step 5).
It is utilized for protein ligands by using amine-coupling
through reacting carboxyl groups with EDC and TFPS. In
addition, the coupling of peptide ligands carrying alkyne tags
was performed by converting the carboxyl groups on the
pNIPAAm-based polymer chains to azide moieties with
amine−azide (Figure 2b). As only the pNIPAAm-based
polymer carrying carboxylic groups is employed for the post-
modification, the anchoring of the antibody or peptide ligands
does not occur on the zones outside the sensing spots with
pOx moieties.
In the second route toward architecture II, the whole

pNIPAAm-based polymer layer was uniformly cross-linked
with UV light using the same dose of 2 J/cm2, followed by
rinsing of loosely bound polymer chains (Figure 2a, step 6).
Then, the carboxylic groups present in the photocross-linked
pNIPAAm-based polymer networks were activated by EDC
and TFPS, and the functional biomolecules were immobilized
inside the polymer networks in defined, spatially controlled
areas by microspotting (Figure 2a, step 7). After the
subsequent rinsing and passivating the remaining activated
carboxyl groups with ethanolamine, the HG film was swollen,
yielding arrays of functional molecules attached to flexible
polymer chains inside the pNIPAAm-based networks (Figure
2a, step 8).
Observation of Affinity Binding with Architecture I.

The arrays of sensing spots were in situ post-modified with an
antibody ligand (mouse immunoglobulin GmIgG) and were
allowed to bind its affinity partner that was labeled with a
fluorophore (anti-mIgG-AF647). For the used concentration
of 12 nM and a time of 45 min, the affinity reaction reached
saturation, and the majority of accessible mIgG binding sites

inside the HG was assumed to bind with anti-mIgG-AF647.
After the washing and drying steps, the fluorescence images
were acquired with the EPF geometry by scanning the
excitation beam at λex = 635 nm over the arrays and recording
the fluorescent signal F emitted at λem = 670 nm.
The acquired fluorescence images are presented in Figure 3,

and they show a series of bright spots with a size of 500 μm
that correspond to the HG-coated zones where the a-mIgG-
AF647 biomolecules were affinity captured to covalently
coupled mIgG. As shown in the inset of Figure 3a, fluorescence
intensity inside the spots is homogeneously distributed, and
one can observe a brighter rim at their circumference. This can
be attributed to the possible lateral swelling of the cylindrically
shaped HG coating at the sensing spots occurring at its
vertically oriented walls (besides the swelling in the
perpendicular direction at the horizontally oriented interfaces,
which is investigated by SPR further). This effect may enhance
the accessibility of the binding sites and locally increase the
amount of captured biomolecules. The averaged fluorescent
signal from inside the spots Fs and outside the spots Fb was
compared for biochip architecture I with the pOx passivation
(a,c) and without the passivation (b,d). The excitation beam
power was set to either 1% (a,b) or 10% (c,d) to distinguish
the weaker background fluorescence intensity originating from
outside the spots Fb. For a lower excitation power of 1%, the
fluorescence intensity collected from inside the spots Fs was
about 50% lower on the chip with the pOx passivation than
that without (Fs = 23,000 vs 50,000 counts). This can be
attributed to the hindered diffusion of biomolecules through
the HG due to the higher cross-linking density associated with
the double exposure to UV light. For the stronger excitation
power Iex = 10%, the fluorescent signal Fs was above the
saturation level (Figure 3c,d).
The fluorescent signal in the area between the sensing spots

Fb originates from the unspecific physisorption of the ligands
upon the post-modification step and the subsequent affinity
binding and/or physisorption of anti-mIgG-AF647. These
effects are particularly pronounced for the hydrophobic surface
of the BP-S2 SAM and are substantially suppressed by the pOx
passivation. The obtained data confirmed that the background
signal Fb outside the spots decreased by more than 1 order of
magnitude when the pOx passivation was used (Fb = 100 vs
1200 counts for the excitation power Iex = 1%). This difference
is clearly visually observed from the images acquired for the
increased excitation power of 10%.
In order to quantify the quality of the biointerface in

fluorescent microarrays, the signal-to-noise ratio (SNR) is

Figure 3. Fluorescence images of biochip architecture I acquired by EPF: (a,c) arrays with a pOx-passivated area between the sensing spots and
(b,d) arrays without the pOx passivation. The images were measured (a,b) with the excitation power Iex = 1% and (c,d) with the excitation power
Iex = 10%. (e) Comparison of the average fluorescence intensities Fs and Fb for excitation power Iex = 1%.
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often used. It is defined as SNR = Fs − Fb/σ(Fb), where σ(Fb)
states for the standard deviation of the background signal.27

The SNR in the field of microarrays is affected by the surface
chemistry utilized for the spotting (e.g., epoxy, nitrocellulose,
and HG) as well as the deviations occurring during all
preparation, hybridization, and scanning steps. Usually, an
SNR above 3 is considered as a useable threshold28 and, here,
the values of 1160 and 104 are obtained for the pOx-passivated
and nonpassivated surfaces, respectively, when the excitation
power was set to Iex = 1%.
Observation of Affinity Binding with Architecture II.

The EPF readout was also employed to characterize spatially
controlled affinity binding on biochip architecture II by using
the same immunoassay. Here, the mIgG serving as the ligand
was delivered onto a series of sensing spots by using
microspotting with a tip that dispenses a 0.7 nL liquid volume
over the pNIPAAm-based photocross-linked layer with the
carboxylic groups pre-activated by EDC and TFPS. The
concentration of the mIgG serving as the ligand in the spotted
droplets was set in the range from 0 to 3 μM, and the
microspotted arrays were arranged in a lattice with a period of
300 μm.
After the affinity binding of anti-mIgG-AF647 to the

covalently immobilized mIgG (following the same protocol
as for architecture I), the biochip was rinsed, dried, and the
fluorescence intensity images were acquired. As Figure 4a

shows a series of bright fluorescence spots are observed due to
the affinity binding in the spotted areas, and the diameter of
each spot was about 100 μm. The acquired intensity exhibits
maximum in the middle of the spot, and it decreases when
moving away from its center (which gives the impression of
decreasing spot area with decreasing mean intensity Fs). It also
illustrates the dependence of the mean intensity Fs and Fb on
the microarray scanner settings, either in a high dynamic range
(left) or with a high gain (right). Figure 4b shows the
fluorescence signal intensity Fs from the affinity-bound a-
mIgG-A647 depending on the concentration of the mIgG
ligand used for the microspotting and covalent coupling to
pNIPAAm-based polymer chains. It reveals that above mIgG
concentration of 1 μM, the response Fs flattens as all available
activated carboxyl groups in the pNIPAAm-based HG layer
were used for the amine coupling of the ligand. However, the
fluorescence intensity Fs reaches the reader saturation values
for a more than one order of magnitude higher excitation
power of Iex = 50% compared to the architecture II (when the
scanner is set for high gain). This observation indicates that the
microspotting protocol used in the architecture II provides
lower immobilization yield than the in situ incubation in
architecture I and thus, deteriorated SNR varying between 20
and 250 was achieved.
Nevertheless, architecture II allows a straightforward

immobilization of different ligands in the array format and
thus, it is further exploited for the spotting of four peptides
with sequences derived from the EBV antigen (EBV1-4)29

together with the control CA12 peptide derived from the
enzyme carbonic anhydrase XII. These peptides were spotted
by dispensing 0.2 nL of a solution spiked with each peptide
ligand at a concentration of 80 μM on the pNIPAAm-based
polymer layer. Before the microspotting, the carboxylic groups
carried by the pNIPAAm-based polymer chains were converted
to azide groups (Figure 2b), so the peptides bearing a
propargylglycine (alkyne) side group can covalently couple by
a copper-mediated click reaction. The prepared peptide
microarrays were employed to detect human IgG (hIgG)
collected from blood donors’ plasma, reactive against the EBV.
In this experiment, the sensor chip was sequentially exposed to
isolated hIgG dissolved at a concentration of 0.3 mg/mL (2
μM) followed by the binding of captured hIgG with anti-hIgG
conjugated with AF647 (13 nM). Figure 5 summarizes the

Figure 4. (a) Fluorescence observation of architecture II acquired by
EPF with varying concentrations of spotted mIgG after incubation
with fluorescently labeled anti-mIgG-AF647 dissolved at 12 nM
concentration. 50% laser intensity and scanner configured for high
(left) and low (right) dynamic ranges. (b) Comparison of the
fluorescence intensity emitted from the sensing spots Fs after the assay
with the scanner set to the high dynamic range. The error bars
represent the standard deviation of the eight spots for each
concentration.

Figure 5. Fluorescence intensities for architecture II after the affinity
capture of hIgG pooled with known reactivity against EBV followed
by tagging with the fluorescently labeled secondary antibody in
comparison with the control CA12. All values are relative to an
untagged peptide.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c05950
ACS Appl. Mater. Interfaces 2021, 13, 27645−27655

27650

3. Individual Studies

70



results and reveals that the spots with the specific peptides
EBV1-4 show a 9 to 30-fold stronger fluorescent signal Fs in
comparison to the control spots with the CA12 peptide and
bare pNIPAAm-based polymer network (where peptides
without the alkyne tag were spotted).
Furthermore, the performance of the peptide arrays

prepared on the 3D pNIPAAm-based HG film was compared
to that on the commercial substrate carrying the 2D monolayer
interface with azide groups (2D-Azide from PolyAn,
Germany). Under identical conditions as in the previous
experiments presented in Figure 5, antigenic peptide EBV4
with an alkyne group on either the C or N terminus was
spotted onto both interfaces of commercial 2D-Azide and of
3D pNIPAAm-based HG that was post-modified with an 2-
azidoethan-1-aminium chloride. As a mock control, there was
also spotted EBV4 peptide with a biotin end group. Figure 6

shows that specific fluorescent signal Fs−Fb acquired on the
2D-Azide slides carrying the EBV4 peptide immobilized via the
N and C terminus was higher by a factor of 1.8 and 2.7,
respectively, with respect to that for the mock control. Such
moderate signal strength suggests that the peptide with the
biotin tag was probably also partially immobilized onto the
control spots carried by the 2D-Azide surface. Importantly, a
stronger signal increase of 6 and 10-fold was measured for the
EBV4 peptide immobilized via the N and C terminus,
respectively, on the 3D pNIPAAm-based HG when compared
to the mock control.
Interestingly, the peptide orientation clearly affected the

fluorescence response on a HG matrix as a 3-fold higher signal
was measured for the C-terminal bound peptide compared to
the N-terminal one. This is different for the 2D-Azide surface,
and it can be ascribed to the effect of steric hindrance that is
partially elevated when ligands are conjugated to flexible
polymer chains forming the HG interface. When comparing
the SNR, a value of 67 was obtained for the 2D-Azide slides,
and a slightly better SNR of 88 was determined for the 3D
pNIPAAm-based HG matrix. In a nutshell, these experiments
confirm an enhanced signal and a possible implementation of
assays utilizing both amine coupling and click chemistry for the
conjugation of protein as well as peptide ligands, respectively,

to the pNIPAAm-based polymer network that can then serve
as a binding matrix.

Dual Amplification of the Fluorescent Signal
Plasmonic Excitation and Temperature-Induced Col-
lapse. The responsive properties of the pNIPAAm-based HG
matrix offer additional means to manipulate the captured target
molecules by exploiting its temperature-induced collapse.
Upon pNIPAAm-based HG compaction occurring above its
LCST, the affinity-captured biomolecules inside the polymer
network structure are dragged toward the gold surface, as
shown in Figure 7a. Then, the fluorophore labels bound in the

HG matrix after the specific capture of the target analyte can
be placed at the optimum distance from the metal surface in
order to benefit from the optical amplification based on PEF.30

This amplification originates from the probing by the confined
field of increased intensity of SPs, which translates to the
enhanced fluorescence emission rate without changing the
background signal.
To utilize this concept, we first characterized changes in the

responsive properties of the pNIPAAm-based HG layer after
its post-modification with the high-molecular-weight IgG
ligand (MW = 160 kDa) and smaller peptide ligand (MW =
2.3 kDa). The thickness of the HG layer dh was measured as a
function of temperature T by using SPR.12 As shown in Figure
7b, the measured changes in the HG layer thickness dh were
normalized with that obtained for a dry polymer film dh‑dry to
yield to swelling ratio SR = dh/dh‑dry. For the pristine

Figure 6. Fluorescence intensities relative to biotin control for
architecture II after the affinity capture of hIgG pooled with known
reactivity against EBV4 followed by tagging with a fluorescently
labeled secondary antibody for commercial 2D-Azide slides (PolyAn)
and 3D HG slides, with the alkyne tag bound to either N or C
terminus of the peptide.

Figure 7. (a) Schematic of the SPR probing of swelling changes and
responsive properties of the pNIPAAm-based HG in contact with (b)
H2O and (c) PBS that is affected by the post-modification with high
(mIgG)- and low (peptide)-molecular-weight ligands. Swelling ratios
are derived from the SPR signal and are fitted with the sigmoidal
function (lines) (obtained error bars are derived from standard
deviation of the SR).
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pNIPAAm-based HG in contact with water, the HG layer
collapses at a temperature between T = 30 and 35 °C, which is
in agreement with the pNIPAAm LCST of 32 °C. The swelling
ratio SR correspondingly drops by a factor of 4.7 when
increasing the temperature from T = 20 to 40 °C. The
response of the pNIPAAm-based HG to temperature changes
is strongly suppressed after its post-modification with IgG
molecules as the SR changed only by a factor of 1.6 when
increasing the temperature from T = 20 to 40 °C. This
observation agrees with our previous study, and it can be
ascribed to the hydrophilic nature of IgG that dominates over
the properties of pNIPAAm polymer networks when switched
to a hydrophobic state above the LCST.17 Importantly, the
response of the same HG layer that was post-modified with a
lower molecular weight peptide EBV4 (MW = 2.3 kDa) is
preserved as the swelling ratio SR changes by a factor of 4.3
when increasing temperature T from 20 to 40 °C. This change
is similar to that observed for the pristine pNIPAAm HG layer
in contact with water. However, the thermoresponsive
characteristics are strongly suppressed when it is swollen in
PBS. Like in our previous studies, the swelling ratio SR
gradually decreases with the increase of temperature T from 20
to 40 °C by only a small factor of about 1.5, which can be
ascribed to the presence of ions in the solution.31

Finally, the peptide-functionalized pNIPAAm-based binding
matrix was explored for the affinity capture of the target analyte
from the pooled human plasma and for its detection by using a
dual amplification strategy. The affinity captured hIgG against
EBV was compacted at the sensor surface using a temperature
stimulus, and the surface plasmon-enhanced fluorescence was
used for its detection. In this experiment, the sensor chip with
the pNIPAAm-based HG was attached atop of a glass substrate
with a 50 nm thick gold layer, and it was post-modified with
the EBV4 peptide. The thickness of the HG was set to dh‑dry =
40 nm in order to match with the penetration depth of the
probing field of resonantly excited SPs (about 100 nm). The
sensor chip was then loaded to an optical system for the
combined SPR and PEF measurements. In the PEF modality,
the excitation of the fluorescent signal was utilized via the
enhanced field intensity of the SPs at the fluorophore
excitation wavelength λex. In the used system, the resonant
coupling to SPs was tuned by varying the angle of incidence θ
and it is manifested as a dip in the reflectivity spectrum R(θ)
and respective peak in the fluorescence intensity spectrum
F(θ), as shown in Figure 8.
The swollen HG film carrying immobilized EBV4 peptides

was reacted with a pooled human plasma, diluted 1:10 in
PBST buffer. The whole concentration of hIgG in the plasma is
around 8.5 mg/mL,32 and a small fraction is specific to EBV.
First, the surface of pristine (unmodified) pNIPAAm-based
HG with no peptide ligand immobilized was exposed to the
pooled human plasma (diluted with PBS 1:10) followed by the
reaction with the detection antibody a-hIgG-A647 for 15 min
at a concentration of 13 nM. Afterward, the same experiment
was performed for the pNIPAAm-based HG that was post-
modified with the EBV4 peptide. After each step, the
reflectivity scan R(θ) was measured together with the
fluorescence intensity spectrum F(θ). As shown in Figure 8b,
the affinity binding of hIgG against EBV is manifested as a
peak in the fluorescence angular spectrum F(θ) located close
to the angle θ where the resonance excitation of SPs occurs
[manifested as a dip in the respective R(θ)]. These graphs
reveal that increasing the temperature from T = 25 to 40 °C

leads to a shift in the SPR reflectivity dip by about 5° due to
the increase of the refractive index on the gold surface
associated with the collapse of the polymer network. Notably,
the fluorescence peak also shifts by the same angle, and its peak
intensity increases by a factor of 5 for the affinity capture of
hIgG against EBV in water. This additional enhancement can
be attributed to the dragging of target molecules closer to the
gold surface, where the maximum plasmonic enhancement
occurs. The summary of the peak fluorescence intensities ΔF
presented in Figure 8c compares the signal acquired for control
experiments and the specific detection of a-EBV antibody. In
the first control, a nonmodified HG was directly reacted with
detection antibody a-hIgG-A647 and its unspecific sorption
leads to an increase of the fluorescent signal of about ΔF = 600
cps. The same was done for the EBV4 peptide-modified HG

Figure 8. (a) Schematics of the sandwich assay with the peptide
ligand in the thermoresponsive pNIPAAm-based binding matrix. (b)
Angular reflectivity and fluorescence intensity scans at temperatures of
T = 25 and 40 °C before and after the assay, a-EBV antibodies from
the diluted human plasma, followed by anti-hIgG-AF647. (c)
Comparison of the peak fluorescence intensities of only anti-hIgG-
AF647, unspecific binding of plasma to the HG without a ligand, and
specific detection of a-EBV antibodies in the plasma through the
peptide assay, both for swollen and collapsed states of the HG binding
matrix. Error bars were determined as 3× the standard deviation of
the fluorescent signal.
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layer as a second control, which showed an even lower increase
of ΔF = 300 cps. The third control was performed in the
nonmodified HG layer exposed to 10% pooled human plasma
followed by reacting with detection antibody a-hIgG-A647,
which showed a higher response of ΔF = 103 cps. Finally, the
specific detection of a-EBV antibodies in 10% pooled plasma
was tested and revealed a strong signal of ΔF = 3 × 104 cps at
room temperature T = 25 °C. From the angular scans, F(θ)
follows that the peak fluorescent signal further increases by a
factor of 5 to ΔF = 1.5 × 105 cps, when the temperature is
changed from T = 25 °C to 40 °C and the pNIPAAm-based
HG collapses at the metallic surface. From these data, no
apparent fluorescent background signal due to the autofluor-
escence of the pNIPAAm network itself was observed and
when calculating the SNR ratio (analogously as on the
microarray experiments above), a value of 1550 and 8000 was
determined for 25 and 40 °C, respectively, highlighting the
advantage of a dual amplification approach.

■ CONCLUSIONS

A thin responsive HG layer was tailored to serve as an affinity
binding matrix in assays with a fluorescence readout, and its
utilization to dual amplification strategy was explored. It is
based on the combination of optical enhancement and efficient
pre-concentration of captured analytes by the HG compaction
triggered by an external stimulus. This concept was carried out
using a pNIPAAm-based terpolymer with functional and
photoreactive groups, allowing the facile post-modification by
ligand molecules and photocross-linking and patterning arrays
of sensing spots. Antibody and peptide ligands were
conjugated with the pNIPAAm-based three-dimensional
polymer network through amine and click coupling,
respectively, for the specific capture of target biomolecules.
The ability to perform analysis in complex samples is
demonstrated by the detection of human IgG against EBV in
the human plasma with a set of peptide ligands. The developed
responsive biointerface is documented to provide improved
performance characteristics with respect to commercial sensor
chips with azide groups arranged in a regular two-dimensional
architecture.
The pNIPAAm-based thermoresponsive biointerface plat-

form was employed on a sensor chip for surface plasmon-
enhanced fluorescence measurements, which in conjunction
with specific metallic nanostructures can provide optical
enhancement in the acquired fluorescent signal by a factor of
300.30,33 Compared to our previous studies with large-
molecular-weight antibody ligands,17 post-modification with
low-molecular-weight peptides offers the advantage of
preserving the thermoresponsive properties of pNIPAAm-
based polymer networks, and it translates into a pronounced
increase in the fluorescence intensity by a large factor of 5. The
combination of optical- and analyte-compaction-based ampli-
fication holds the potential to benefit from both the high
binding capacity of the swollen HG binding matrix and
probing with the tightly confined electromagnetic field
associated with the excitation of SPs on metallic thin films
and nanostructures. It can provide a route for efficient in situ
fluorescence measurements with the combined enhancement
factor >103 under realistic conditions and complex samples.
Moreover, new sensor modalities can be developed for rapid
and sensitive fluorescence monitoring of biomolecular binding
events and affinity interactions in conjunction with fast

temperature actuation, which for instance, is possible by
plasmonic heating.34
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Polymer synthesis:
- 2-Azidoethylamine:

Figure S1: IR spectrum of 2-azidoethylamine
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Figure S2: 1H NMR spectrum (400 MHz) of 2-azidoethylamine recorded in CDCl3.

Figure S3: 13C NMR spectrum (101 MHz) of 2-azidoethylamine recorded in CDCl3.
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- Benzophenone-disulfide BP-S2: 

Figure S4: 1H NMR spectrum of 3,3’-disulfanediylbis[N-(4-
benzoylbenzyl)propanamide] recorded in DMSO-d6.
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Figure S5: 13C-NMR spectrum of 3,3'-disulfanediylbis(N-(4-
benzoylbenzyl)propanamide) (DMSO).

- pNIPAAm-based terpolymer:

Figure S6: 1H-NMR of 4-benzophenylacrylamide. 
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Figure S7: 1H-NMR of pNIPAAm-based terpolymer N-isopropylacrylamide, 
methacrylic acid, and N-(4-benzoylphenyl)acrylamide (94:5:1 ratio) in d-methanol.

Figure S8: Comparison of 1H-NMR spectra of the terpolymer measured in d-methanol 
(top), after addition of D2O and d-chloroform (middle), and after preparation of the 
TMS-ester (bottom, measured in d-methanol). 
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- poly(2-ethyl-2-oxazoline) (pOx):

Figure S9: 1H-NMR spectrum of poly(2-ethyl-2-oxazoline) (CDCl3).
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3.4 Multi-diffractive grating for surface plasmon
biosensors with direct back-side excitation
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In this chapter, optical amplification was exploited through a new design of structures for
GC-SPR readout. Refractometric sensing by probing from the back-side of the grating
sensor chip allowed the observation of the affinity binding of tumor necrosis factor alpha
(TNF-α), an important inflammation biomarker. This configuration enables avoiding the
light beam passing through the flow cell with the sample, minimizing perturbations from
flow or scattering effects which could influence the sensor’s accuracy.
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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/OE.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 µm 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 µW cm−2)
emitted from a HeCd laser IK 3031 R-C from Kimmon (Japan) at wavelength λ=325 nm. The
angle of the interfering beams was set to 69°05’ and 47°10’ deg, which corresponds to periods
of Λ1=455 and Λ2=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 Λ1 of 10 min, recording time of the period Λ2 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 10−6 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 M26L02 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 µL, 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 µL/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 R0(λ)
were processed by a routine centroid [26] in the selected wavelength range λn1 - λn2 in order to
track the refractive index changes in realtime. The reflectivity spectra R0(λ) 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 R0(λi) as:

λcen =

N2∑︂
i=N1

λi[Rt − R0(λi)]/
N2∑︂

i=N1

[Rt − R0(λi)], (1)

where N1 and N2 are indexes that define pixels over which the centroid routine was applied, λi is
the wavelength corresponding to the ith detector pixel, and Rt 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 Λ=4.6
µm and height 1 µm 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 (periodΛ1=0.46 µm andΛ2=0.242
µm) and were defined as higher harmonics: y= a1sin(2π/Λ·n1·x)+ a2sin(2π/Λ·n2·x), where a1
and a2 states for amplitudes and n1=10 and n2=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).

Fig. 1. Schematics of a) the cross-coupling of PSPs across a thin metallic film on an MPG
with encoded longer period Λ1 and shorter period Λ2. 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 KCl, 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 λcen 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-α) BMS301 from eBioscience (Austria), and a sandwich immunoassay format was
implemented by using a secondary monoclonal antibody sAB against another part of TNF-α
#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 ni) and impinges on a corrugated thin gold film
(refractive index nm, thickness of dm). A normally incident beam (θ=0) is coupled to the PSPs at
the inner interface between the substrate ni and gold nm by the first-order diffraction on grating
corrugation component with a period Λ1. In general, this corrugation component also allows to
couple the incident beam to PSP modes travelling along the outer interface between the gold
film nm and a lower refractive index dielectric (water with refractive index no). However, the
coupling efficiency is negligible as the majority of the incident beam intensity is reflected at an
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inner interface with the substrate ni and does not reach the opposite interface in contact with the
superstrate no.

To solve this problem, additional corrugation component with a shorter period Λ2 was
superimposed over the corrugation with the period Λ1. As schematically indicated in the PSP
dispersion relation folded to the first Brillouin zone in Fig. 1(b), the introduction of shorter Λ2
can be utilized for its splitting at the outer and inner interfaces so new Bragg-scattered PSPs
occur at distinct wavelengths (represented by frequencies ωi and ωo) with an optical bandgap in
between. These Bragg-scattered modes are further noted as ω+ and ω- and they are associated
with diffraction coupling of counter-propagating PSP modes on the corrugation component
Λ2 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 ωi and ωo can be
tuned, so the short-wavelength Bragg-scattered PSP on the inner interface ωi

+ overlaps with the
long-wavelength Bragg-scattered PSP on the outer interface ωo

−. 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 dm=50 nm was assumed with conformally corrugated interfaces between the
substrate with refractive index ni=1.5 (BK7 glass) and superstrate with lower refractive index
no=1 (air) and no∼1.33 (water). There was used relief profile composed of sinusoidal corrugation
with a longer period Λ1=460 nm superimposed over additional sinusoidal corrugation exhibiting
a shorter period Λ2=242 nm. Firstly, we simulated zero-order reflectivity spectrum R0 for the
corrugation profile, in which the amplitude for the long period Λ1 component was set to a1=10
nm and the shorter period component Λ2 was not present by assuming a2=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 R0 centered at a wavelength λi=745 nm, Fig. 2(a). When increasing the
refractive index of the dielectric at the outer interface from no=1.33 to 1.35, a negligible shift in
the resonance wavelength δλi=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 Λ2 forming the complete MPG structure with
the amplitudes a1=10 and a2=10 nm, the resonance at λi splits and two overlapping dips occur at
wavelengths of λi1=724 and λi2=744 nm. Interestingly, when increasing the refractive index at
the outer interface from n0=1.33 to 1.35, both resonances shift by about 6.5 nm and the coupling
strength to shorter wavelength resonance λi1 increases while that to λi2 decreases, Fig. 2(b). The
reason that the split resonance can be efficiently detuned by the refractive index change at the
outer interface no 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 a1. 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 periodsΛ1 andΛ2 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 a1 and a2
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 dm=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 Λ1=462.0 nm,
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Fig. 2. Simulated reflectivity R0 for transverse magnetically polarized normally impinging
beam from a substrate at the structure with a) encoded single period (a1=10 nm, a1=0)
and b) two periods (a1=10 nm, a1=10 nm). c) Near field distribution of magnetic field
intensity |Hz | in the xy plane at wavelength λi, λi1 and λi2. The simulations were carried
out for a super-period Λ=4.6 µm, longer period Λ1=460 nm, shorter period Λ2=242 nm, and
no=1.33.

Λ2=236.4 nm, a1=13 nm and a2=4 nm. It is worth of noting that the period Λ1 was selected
to slightly deviate from the 2Λ2 (as was originally studied on gratings with photonic bandgap
[28]) in order to lift out the sensitivity on the mutual phase between these corrugations ϕ. 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 mm2 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 R0(λ) due to the variations of the refractive index of a liquid no flowed through
the flow-cell as well as upon refractive index changes induced by molecular binding events.
Reflectivity spectra R0(λ) were firstly measured for refractive index no=1 (air was present in the
flow-cell) and no=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 R0(λ). For the inner substrate side, the dip
is centered at a wavelength close to 720 nm (red curve,ωi+) which is spectrally separated from that
observed from the superstrate outer side at 575 nm (blue curve, ωo−). When increasing the outer
refractive index to no=1.33, the reflectivity spectrum R0(λ) 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 (ωo+) and 720 nm (ωo−), and they can be interpreted as first-order
diffraction coupling by the corrugation component Λ1 to PSP modes that are Bragg-scattered on
the outer interface by the corrugation component Λ2. Importantly, the spectral position of the
resonance ωo− is coincident with ωo+ 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 Λ1=462 nm, a1=13 nm and shorter period
Λ2=236.4 nm, a2=10.5 nm as determined by b) Fourier transform analysis. c) Schematics
of the sensor chip with the MPG corrugation and the optical setup for the measurement of
spectral reflectivity R0 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 R0(λ) 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 a1,
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 no=1.33 to 1.38, and the
reflectivity R0(λ) 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 λi1) red
shifts and become more pronounced. The longer wavelength part (centered at λi2) also red
shifts, but its coupling strength decreases when increasing no. 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 R0 with a beam normally incident at the sensor chip carrying
MPG from its substrate (ni) and superstrate (no) sides and air (no=1) and water (no=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 situ realtime SPR measurements, the
reflectivity spectra R0 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 λi1 and λi2 appears to be more pronounced
than the spectral shifts δλi1 and δλi2. In general, the centroid wavelength λcen is blue-shifted
when increasing the refractive index of the outer dielectric medium no, 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 λi1 and λi2. To test the performance of the approach, we
tracked the centroid wavelength λcen in real-time upon changing the bulk refractive index no 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 λcen 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 Rt=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 (δno=1.4 × 10−3, 2.8 × 10−3, 5.6 × 10−3 RIU, respectively).
As can be seen in Fig. 5(b), the increase in refractive index no is accompanied by a stepwise
decrease in the sensor signal λcen, from which a sensitivity of Sb=δλcen/δno=−252 nm/RIU was
determined. For the baseline noise quantified with a standard deviation of σ(λcen)= 3.75×10−3

nm, this sensitivity corresponds to the refractive index resolution of 1.5×10−5. It is worthy
of noting that such resolution is comparable to similar sensors with regular grating-coupled
SPR (resolution of 6×10−6 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 dm. In
general, decreasing this parameter leads to increasing the coupling strength between the surface
plasmon modes travelling along the outer (PSPo) and inner (PSPi) by stronger overlapping their
field profiles. However, there will also occur an increase in radiative damping of PSPo that is in
general leaky mode into the substrate with higher index of refraction ni. 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 dm=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.

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 δn0 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-α – human tumor necrosis factor
alpha. Firstly, a solution with neutravidin – NA – dissolved in PBST at a concentration of 125
µg/mL was flowed through the sensor for 45 min. The respective SPR sensor signal presented in
Fig. 5(b) shows a gradual decrease of λcen 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-α was immobilized from PBST solution spiked at a concentration
of 2 µg/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 λcen, which levels as a change of
0.30 nm. Afterwards, the sensor surface is used for the detection of TNF-α that was amplified
by using a secondary antibody cAB that is also specific to TNF-α. The detection consisted of
15 min flow of TNF-α, 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 λcen (0.028 nm) was measured
for direct binding of the TNF-α 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-α concentration increased to 1 µg/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-α 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 no 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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In the following chapter, multi-period plasmonic grating (MPG) structures were developed
for PEF. The fluorescence enhancement factor achieved was of 300× compared to a
flat dielectric surface, and ultrasensitive detection of an immunoassay with a LOD of
six femtomolar (fM) was demonstrated. In addition, a new PEF reader modality was
developed, which allows observation of real-time affinity binding as well as multiplexing
through spatially resolved readout of multiple spots.
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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

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 accompaniedwith 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 λab and emission λem
wavelengths [9, 10]. This interaction can (i) increase the
excitation rate at λab, (ii) improve extraction yield of fluo-
rescence light from the sensor surface by narrowing the
angular emission range at λem towards the detector, and (iii)
enhance quantum yield. The fact that the coupling with SPs
occurs locally within their confined near-field allows only

*Corresponding author: Jakub Dostalek, Biosensor Technologies,
Austrian Institute of Technology GmbH, Konrad-Lorenz-Straße 24,
Tulln 3430, Austria; and FZU-Institute of Physics, Czech Academy of
Sciences, Na Slovance 2, Prague 182 21, Czech Republic.
E-mail: Jakub.Dostalek@ait.ac.at. https://orcid.org/0000-0002-
0431-2170
Stefan Fossati and Simone Hageneder: Biosensor Technologies,
Austrian Institute of Technology GmbH, Konrad-Lorenz-Straße 24,
Tulln 3430, Austria, E-mail: Stefan.Fossati@ait.ac (S. Fossati),
Simone.Hageneder@ait.ac.at (S. Hageneder). https://orcid.org/
0000-0002-1109-0035 (S. Fossati)
Samia Menad and Emmanuel Maillart: Horiba France SAS, 14,
Boulevard Thomas Gobert - Passage Jobin Yvon CS 45002, Palaiseau
91120, France, E-mail: samia.menad@gmail.com (S. Menad),
emmanuel.maillart@horiba.com (E. Maillart)

Nanophotonics 2020; ▪▪▪(▪▪▪): 20200270

Open Access. © 2020 Stefan Fossati et al., published by de Gruyter. This work is licensed under the Creative Commons Attribution 4.0 Public
License.

3.5. Multi-resonant plasmonic nanostructure for ultrasensitive fluorescence biosensing

101



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
SPswith decreased damping can provide stronger near-field
intensity enhancement,whichmanifests 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 λab and
emission λem 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 overlapwith both λab
and λem of commonly used organic fluorophores [14]. This,
however, holds true only for isolated or randomly arranged
metallic nanoparticles, 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 λem 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

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 PSPmodes 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 beam
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 targetmotives 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. It is
based 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 S1805 G2 and its developer AZ303were bought fromMicroresist
(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-OEG6-dithiol) and oligoethylene glycol head group (SPT-0013,
OH-OEG3-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 λ = 325 nm was collimated and expanded in
order to perform the recording over an area of 1 cm2 with homogenous
intensity of about 15 μW/cm2. A glass or Si wafer substrate coated with
a 500-nm thick film of positive photoresist S1805 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 Λwas controlled by
changing the angle of the interfering beams θ. Multiple subsequent
exposures of different periods Λ were performed in order to yield the
target structure. In this work, the exposure of the period ofΛ1 = 564 nm
was followed by two additional orthogonal exposures carried out with
an interference field period set to Λ2 = Λ2 = 583 nm. Between each
recording step, the substrate with resist layer was rotated by an
azimuthal angleφ 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

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 Λ 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 J cm−2 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 beamof a halogen lampwas 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,NewYork,USA).Asa reference, a flat gold-
coated glass substrate was used.

2.4 Sensor chip and surface modification

Immediately after the deposition of thinmetallic 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 × 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 785S
with λex = 785 nm from TOptica, Photonics AG (Gräfelfing, Germany)
passed through a laser cleanup filter (BP λex, LL01-785 from
Semrock, Rochester, NY, USA) and a spatial filter consisting of a
60× microscope objective, a 40 µm 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
λex = 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 DMmodule and the sensor chip
was set to the focal distance of lens 3. In this configuration, the
reflected excitation beam λex was focused again at the CM and re-
flected away from the detector arm. Contrary to the excitation beam
λex, the fluorescence light emitted from the sensor chip surface at
longer wavelength λem propagated at deviated angles and thus the
majority of its intensity passed through the DM module towards the
detector. The surface of the sensor chipwas imagedat thedetector plane
by an imaging lens (lens 4, AC-254-80-B from Thorlabs, Newton, NJ,
USA). In the detector arm, a notch filter (NF03-785E-25 from Semrock,
Rotchester,NY,USA) andafluorescencebandpassfilter (FF01-810/10-25
fromSemrock, 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-μm-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 SAMwith
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−1 EDC and 21 mg mL−1 NHS for 15 min. After
rapid rinsing with acetate buffer of pH 4, mouse IgG dissolved (protein
ligand) at a concentration of 50 μg mL−1 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 H2O, 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−1 BSA.

2.7 Numerical simulations

The finite-difference time-domain method implemented in commercial
softwarewas employed fromLumerical Inc. (Canada). Optical near-field
calculation of the electric field intensity distribution was performed at a
wavelength that is coincident with the absorption band of the chosen
emitter (λ = 785 nm). Fluorophore emissionwas studied by representing

a fluorophore as an oscillating electric dipole. Both absorption μ→ab and

emission μ→em 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 definedwith
lateral dimensions of 20 × 20 µm along the structure surface and height
of 8 µm was used. Perfectly matched layer boundary conditions were
applied to all boundaries. Cartesian coordinateswere used and the axes
in the plane of the structure arenoted perpendicular (t) andparallel (||)
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 nm 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-
diumwas assumed nondispersive with ns = 1.332. To study the spectrum
of supported plasmonicmodes, the MPG structurewas illuminated with
a plane wave source from above the bulk dielectric with refractive index
ns. 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 configurationwas 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

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 λex = 785 nm and emission wavelength
λem = 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 ΔλFWHM = 15 nm, which is
substantially narrower than the Stokes shift of available
fluorophore labels (including that for the chosen AF790
with λem–λab = 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 λex) and take advantage of
SP-mediated emission with diffractive outcoupling of
fluorescence light trapped by PSPs (at λem) 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.

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
Λ1 = 563 nmwas followed by two additional longer periods
Λ2 = Λ3 = 586 nm that were rotated around the axis
perpendicular to the surface by an azimuthal angle of
φ = 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( r→) � ∑
3

i�1
aisin(2πΛi

k̂
→

i · r
→) , (1)

where ai is the amplitude, Λi is the period of corrugation

components, k̂
→

i is the unit vector defining its orientation in
the MPG plane (i = 1, 2, 3), and r→ 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 forcemicroscopywasused to determine
the topography of the prepared MPG, and the maximum

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 Λ1, Λ2, and Λ3. The depen-

dence of the respective orientation of k̂
→

i vectors agrees with
the azimuthal angles φ used in the recording process. The
modulation amplitude for each corrugation was determined
to be around a1 = a2 = 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 before
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:

k
→

SP � 2π
λ
Re

⎧⎨⎩ 







n2
m · n2s

n2m + n2
s

√ ⎫⎬⎭[ ê→⊥sin(φ) + ê
→

||cos(φ)] , (2)

where nm and ns are the refractive indices of the metal and
the adjacent (water) dielectric, respectively, φ is azimuthal
angle, and e/t 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:

± k
→

SP � 2π
λ
nscos(θ)[ ê→⊥sin(φ) + ê

→
||cos(φ)] + ∑

3

i�1
mi

2π
Λi

k̂
→

i  ,

(3)

where θ and φ are the polar and azimuthal angles,
respectively, of a planewave traveling in the dielectric with
a refractive index ns, Λi is the period of corrugation com-

ponents, k̂
→

i is unit vectors defining its orientation in the
MPG plane (i = 1, 2, 3), and integers (m1, m2, m3) refer to a
diffraction order.

The prepared gold-coatedMPG structure was brought
in contact with water exhibiting ns = 1.332, and the
specular reflectivity spectrum R0 was measured for the

normally incident optical beam (θ = 0, φ 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 Λ1 (which is recorded with
only one azimuthal orientation) while the longer wave-
length resonance is associated to the corrugation com-
ponents Λ2 and Λ3 (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 (R0) 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 ofmeasured specular reflectivity R0. It is worth of
noting that the spectral position of short and long
wavelength SPRs can be tuned by changing the respec-
tive periods Λ1 and Λ2/Λ3 (see Figure S2A) and thus the
reported MPG concept can be implemented for other
emitters absorbing and emitting at different wavelengths
λab and λem, respectively. Moreover, the coupling
strength of PSPs with optical wave that impinges from the
far field depends on the modulation depth ai and on the
polarization of the incident field with respect to the
grating vector as illustrated in Figure S2B.

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).
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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 λab and λem, respectively. The
coupling of this fluorophore with the enhanced intensity of
electric field |E→|2 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 × 8 × 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 μ→ab. 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 μ→ab and emission μ→em

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 λex and ab-
sorption moment of the fluorophore μ→ab. Assuming the
excitation rate is far below saturation, it can be expressed
as ∝| μ→ab · E

→|2 and thus being proportional to the electric
field intensity enhancement |E→/ E

→
0|2 accompanied with

the resonant excitation of PSPs, which is strongest for
the E

→
component perpendicular to the surface. It reaches

value |E→|2/|E→0|2 = 160 (normalizedwith the intensity of the
incident field intensity |E→0|2) for the resonant coupling of
light to PSPs at λex = 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 μ→ab 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
λex, its emission can also be mediated by these modes at λem
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

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 μ→em (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 farfieldabove theMPG inFigure 4A, it exhibits
a pattern with multiple narrow dispersive bands that are
attributed to first-order diffraction on the corrugation com-
ponents Λ1, Λ2, and Λ3, 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
theprobability offluorescence emission towaves traveling at
small polar angle θ. Assuming afluorescence 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, anda factor of 6.2 compared toadipoleona
flat gold surface. MPG shows an additional 30% improve-
ment compared to previous work utilizing a crossed grating

Figure 4: Surface plasmon-coupled emission at λem.
(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 onMPG

In order to measure the fluorescence signal amplified by the
developedMPGnanostructure, its gold surfacewasmodified
with amixed 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 fromθ=−10.2 to 10.2°, Figure 4B. This image shows six
dispersive bands originating from first-order outcoupling of
PSP-mediated fluorescence emission at λem 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 IgG
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 Λ2 and Λ3, the fourth
and fifth zones carried two superimposed components Λ1,
Λ2 andΛ1,Λ3, and the sixth zone comprised all components
Λ1, Λ2, Λ3 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 λex, and the intensity of emitted fluorescence
light at λem was collected and imaged to the EM-CCD de-
tector. In order to distinguish between the impact of plas-
monically enhanced excitation at λex andplasmon-coupled
emission at λem, the polarization of the excitation beam

was rotated so the SPR at the excitationwavelength λex 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 Λ1, Λ2, and
Λ3. 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 ⊥ (which does not couple to surface PSPs at λex via
corrugation component Λ1), the impact of MPG to the
SP-coupled emission at λem was investigated. As Figure 5A
shows, the presence of individual corrugations Λ2 and Λ3

provided the enhancement factor of collected fluorescence
light intensity F of 3.7. On the zones when these components
are overlaid with Λ1, this factor increases to 17, and when all
the componentsΛ1,2,3 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 λem (factor
of 6.2). This observation can be attributed to partial miss
alignment of the excitation beampolarizationwhich leads to
weak coupling to PSPs at the excitation wavelength λex,
which amends the excitation rate of the attached fluo-
rophores. For the parallel polarizationof the excitation beam
||, the enhancement by individual corrugations Λ2 and Λ3

provided the same enhancement factor of 3.7. On the zones
where these components are superimposed with Λ1, the
enhancement factor of 248wasmeasured, which is about 67
times higher than on the surface without this component
andwhich agrees well with the predicted contribution of the
enhanced excitation rate at λex of 53. On the zone where all
componentswere present, additionally higher enhancement
factor of 300 was determined with respect to the flat surface
where both the excitation rate enhancement at λex by Λ1 and
the improving of collection yield at λem by Λ2 and Λ3 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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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 t from 21 cir-
cular spots defined on the sensor chip surface (see
Figure S5). Each spot exhibited 220-µm 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
spots 1, 2, 3, 4, 7, 13, and 21were 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
Fb was established for all sensing spots 1–21. Afterward, a
series of samples spiked with a target analyte (antimouse

IgG conjugated with AF790) at concentrations between
10 fM and 10 nMwas 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
λex was 30 μW cm−2, 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
Fb 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 ΔF
until saturation is reached, then upon the rinsing step a

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 beamwas (A) orthogonal and (B,C) parallel to the grating
Λ1. (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.
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slow decrease in the fluorescence signal occurs due to
dissociation of affinity bound molecules. The irradia-
tion power at λex was selected to prevent the fluo-
rophore labels from bleaching within the reaction
time. The sensor response ΔF to the analyzed sample
was defined as a difference in the fluorescence signal

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 observations per-
formed without the kinetics readout (see Figure 5).

Figure 6: Optical biosensor reader.
(A) Schematics of the optical configuration
for themeasurement of fluorescence signal
kinetics from arrays of spots on the MPG
sensor surface imaged to the detector.
(B) Sensor chip with MPG structure that is
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.

Figure 7: Biomolecular binding kinetics
observed for a model IgG–anti-IgG on the
MPG surface. The fluorescence reader was
configured for detection of (A) high
fluorescence intensities and (B) low
fluorescence intensities for which the
respective (C) calibration curve was
established. The caption R states for the
rinsing and red curves correspond to data
measured on the MPG surface and green
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 λex was raised to 265 μW cm−2,
irradiation time 30 s, without accumulation of images). In
Figure 7B, the kinetic measurement of the fluorescence
signal F(t) 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 that in
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 λex.

From the measured kinetic data, the calibration curve
presented in Figure 7C was established and the respective
LOD was determined. The fluorescence response ΔF 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 LODwas determined from the
intersection of the fitted calibration curve with three times
the standard deviation of the fluorescence background
3σ(F), where σ(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 shouldbenoted that the imaged
area of 4 × 4mm 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 300× on the MPG surface with respect to a
nonstructured surface carrying the same biointerface

architecture. This enhancement factor is about 2× as high
as previously reported by our group for single period
crossed grating tuned for the excitation enhancement only
[48] and more than 5× 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 mm2, 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 66× 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
ofnovel antifouling biointerfacearchitectures [50]mayopen
a pathway for future industrial applications (including
analysis of trace amounts of diseases biomarkers in bodily
fluids, which is a topic for the follow-up work).

Abbreviations

AF790 Alexa Fluor 790 fluorescent dye
CM 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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Multi-resonant plasmonic nanostructure for 
ultrasensitive fluorescence biosensing 

 
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 Λ is achieved by adjusting the angle θ while the modulation depth is adjusted 
by the exposure time and development parameters.  
 

 
 

Figure. S1: 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 

3.5. Multi-resonant plasmonic nanostructure for ultrasensitive fluorescence biosensing

115



2 
 

to PDMS for C) UV-nanoimprint lithography 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. 

 
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 

 

 

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 φ 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. S3: Distance dependence of the local electrical field enhancement averaged over the MPG along the axis perpendicular 
to the surface. 

 

Measurement of fluorescence angular distribution 
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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). 

   

 
 

Experimental observation of a fluorescence assay 

 

 
 
 
Figure. S5: 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. 

 
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 
 
 

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 = 𝑛 sin 𝜃 
the collection only part of fluorescence light emitted to a cone with half angle 𝜃 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.  

𝐴௧ௗ = න න  𝑠𝑖𝑛θ dϕ dθ
ଶగ







= 2𝜋 ( 1 − 𝑐𝑜𝑠Θ) (1) 

 

𝐶𝐸 =
𝐴௧ௗ

𝐴௦
=

𝐴௧ௗ

4 π
=

1

2
(1 − 𝑐𝑜𝑠Θ) (2) 

 
 

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 Θ 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.  
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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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ABSTRACT: A novel approach to local functionalization of plasmonic hotspots at
gold nanoparticles with biofunctional moieties is reported. It relies on photo-
crosslinking and attachment of a responsive hydrogel binding matrix by the use of a
UV interference field. A thermoresponsive poly(N-isopropylacrylamide)-based
(pNIPAAm) hydrogel with photocrosslinkable benzophenone groups and carboxylic
groups for its postmodification was employed. UV-laser interference lithography with
a phase mask configuration allowed for the generation of a high-contrast interference
field that was used for the recording of periodic arrays of pNIPAAm-based hydrogel
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.

■ INTRODUCTION

A variety of naturally occurring or synthetic biopolymers has
been tailored for specific biomedical1 and analytical2

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.3−5 Such materials can be
incorporated into architectures that are on-demand actuated
by stimuli, including temperature, pH, or electric current.6−8 A
prominent example of a responsive polymer is the poly(N-
isopropylacrylamide) (pNIPAAm), which is well-known for its
thermoresponsive behavior. pNIPAAm exhibits a lower critical
solution temperature (LCST) with pronounced and fully
reversible hydrophobic-to-hydrophilic transition close to the
body temperature.9 pNIPAAm has been utilized in drug
delivery micro/nanogels,10 for modulating cellular interac-
tions,5,11 biosensors,12 and in opto-responsive coatings.13

The nanoscale patterning of responsive polymer materials is
important to let them serve in diverse areas ranging from
sensing,14 optical components,15 and catalysis16 to tissue
engineering17 and cell biology.18 Self-assembly represents a
widely used method for the preparation of nano- and micro-
structures based on, for instance, block-copolymer that
combines hydrophobic and hydrophilic segments.19,20 In
addition, casting of microstructures by polymerization in
template cavities has been utilized for the fabrication of
miniature responsive polymer objects actuated in aqueous
solution.21 To prepare structures that are attached to a solid

surface, photolithography has been extensively used for various
types of responsive polymer structures.22 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.23,24 In
addition, UV nanoimprint lithography has been introduced to
harness both nanoscale precision and compatibility with
scaled-up production.25 This method is based on a transfer
of a target motif carried by a stamp to a polymer layer by the
subsequent polymerization26 or photocrosslinking.27

Metallic nanostructures can be incorporated into responsive
polymer architectures to provide means for their optical
actuating28,29 or to be employed for the optical readout in
bioanalytical applications.30 Metallic nanostructures support
localized surface plasmons (LSPs) that tightly confine the
electromagnetic field in their vicinity through its coupling with
collective charge density oscillations. The resonant excitation
of LSPs is accompanied by a strongly enhanced electro-
magnetic field intensity,31 locally increased temperature32 or,
for instance, an emission of hot electrons.33 In bioanalytical
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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.34 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.35,36 In
addition, other strategies, including material-orthogonal
chemistries,37 surface plasmon-triggered polymerization,38

and surface plasmon-enhanced two-photon cleavage of photo-
sensitive organic moieties,39 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.40 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,41,42 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.

■ METHODS

Materials. OrmoPrime08, S1805 and SU-8 photoresist,
SU-8 2000 thinner, and an AZ303 developer were purchased

from Micro Resist Technology (Germany). Dimethyl sulfoxide
(DMSO), acetic acid, propylene glycol monomethyl ether
acetate, and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) were obtained from Sigma Aldrich (Germany).
pNIPAAm-based terpolymer composed of N-isopropylacryla-
mide, methacrylic acid, and 4-methacryloyloxybenzophenone
(in a ratio of 94:5:1), benzophenone disulfide, and 4-
sulfotetrafluorophenol (TFPS) were synthesized in our
laboratory as previously reported.43−45

IgG from mouse serum (mIgG, 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-mIgG, 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 λ = 325 nm with 4 mW was employed. The
coherent beam was expanded with a spatial filter consisting of a
pinhole (10 μm) 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 cm2. The
measured intensity of the beam in the recording plane was
around 30 μW cm−2. For recording with the phase mask
configuration, the power of the recording field in the recording
plane was increased to 400 μW cm−2.

Preparation of a Phase Mask. OrmoPrime08 was
employed as an adhesion promoter to prevent delamination
of the resist. A Quartz substrate (20 × 20 × 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.46 An
interference pattern, originating from two interfering beams,

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, c, and d. (d) Schematics of the overlapping of
collimated waves at the recording plane with zero-order T0 and first-order diffracted T+/−1 beams.
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was recorded in the photoresist layer, and a stencil mask with
two symmetric circular apertures was utilized to define the area
to be exposed. Custom-made stainless stencil masks were
fabricated from PIU-PRINTEX (Austria) and carefully placed
on top of the photoresist-coated glass substrates. The
irradiation dose of 18 mJ cm−2 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 θ = 13.6°,
yielding a period of the four gratings of ΛPM = 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.46 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 × 20 mm. Subsequently, a 100 nm thick layer of
S1805 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 θ = 20.69° yielding a period of ΛG
= 460 nm, and the dose was set to 6.75 mJ 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 ΛPM = 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−1

and T+1 transmission diffraction orders) with the middle part
blocked to prevent the interference with a normally
propagating beam (T0). The irradiation dose was set between
84 and 240 mJ cm−2 for the SU-8 substrates by adjusting the
irradiation time and by keeping the intensity of the UV beam
fixed (400 μW cm−2). 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 mJ
cm−2 and the same UV beam intensity (400 μW cm−2). The
irradiation dose was obtained as a product of the power of the
collimated UV beam and the irradiation time that was set
between 210 and 600 s. The pNIPAAm-based polymer in the
nonexposed regions was washed away with deionized water,
and the obtained structure was dried on the hot plate at a
temperature above the LCST of pNIPAAm. For the control
experiment, a 30 nm thick pNIPAAm hydrogel layer was
attached and crosslinked on a flat 100 nm Au film that was
reacted with benzophenone disulfide using a UV lamp (365
nm) and an irradiation dose of 2 J cm−2.

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−1 were
utilized. Height, diameter, and lateral spacing of the nanoscale
features were determined by employing Gwyddion free
software.

LSPR Transmission Measurements. The polychromatic
light beam emitted from a halogen lamp (LSH102 LOT-Oriel,
Germany) was coupled to a multimode optical fiber. This
beam was out-coupled from the fiber, collimated with a lens,
and made normally incident at a substrate carrying arrays of
gold nanoparticles. The transmitted beam was collected by a
lens to another multimode optical fiber and delivered to a
Shamrock SR-303I-B spectrometer from Andor Technology
(Ireland). The obtained transmission spectra were normalized
with that obtained without the investigated substrate. A flow
cell with a Peltier element12 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.47 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
1.2 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 (LL01-
785, Semrock) and a spatial filter built from a 60× microscope
objective, a 40 μm 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
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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 μm). 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 μm owing to the
size of the CCD camera pixel of 8 μm and optical
magnification of 2.
Immunoassay Experiment. COOH groups carried by the

pNIPAAm-based polymer chains on the biochip surface were
activated by reacting for 15 min with EDC and TFPS dissolved
in water at a concentration of 75 and 21 mg/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 mIgG
dissolved at a concentration of 50 μg/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

perform plasmon-enhanced fluorescence observation of affinity
binding inside the pNIPAAm-based hydrogel matrix. The flow
cell was connected to a peristaltic pump through a microfluidic
tubing system with a total volume of ≈1 mL. After establishing
a stable baseline in the fluorescence signal upon a flow of
working buffer (PBS with Tween and BSA), changes in the
fluorescence signal emitted from different spots on the biochip
due to the affinity binding were measured using dedicated
LabView-based software. A dilution series of a-mIgG
(conjugated with Alexa Fluor 790) at concentrations of 1, 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.

■ 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

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.
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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 θ. The recorded structure
typically exhibits smoothly varying features48 arranged in an
array with a period equal to Λ = λ/2 sin(θ), where λ 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 1a, featuring a
phase mask. This phase mask consists of four transmission
gratings a, b, c, and d on a UV-transparent glass slide, as
depicted in Figure 1c. 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−1, T0, and T+1, as shown in Figure 1d.
These orders propagate to different directions, and the mask
was designed so that four coherent diffractive beams T−1 and
T+1 overlap in the central zone at a distance of 5.6 mm,
forming an interference field as indicated in Figure 1c. 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 Λ = ΛPM/√2, where ΛPM 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 Λ/2.
To observe the interference pattern formed by the phase mask
with a grating period of ΛPM = 690 nm at a wavelength of λ =
325 nm, it was recorded to a layer of S1805 positive-tone
photoresist with a thickness of 100 nm. After developing the
recorded field distribution (an irradiation dose of 27 mJ cm−2),
atomic force microscopy (AFM) was employed for the
observation of the structured resist topography. The obtained
results presented in Figure S1 show a series of circular holes in
the resist layer with a periodicity of Λ = 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.43 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.49

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 ΛH = 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

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 mJ
cm−2, 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 ΛH/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

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 layers48 and nanoimprinted nano-
pillars.27 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

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/cm2.
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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.46 The obtained cylindrical
gold nanoparticle exhibited a diameter of D = 132 ± 5 nm, a
height of about 50 nm, and an array periodicity of ΛG = 463 ±
2 nm, as revealed by the AFM image in Figure 5a. 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 gold44).
Then, the same phase mask-based procedure (for recording

the four-beam UV interference field with the period of ΛH =
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 Moire ́ 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 ΛH·ΛG/(ΛH − ΛG) in
the range of about 8 μm. Figure 5b shows an AFM image for
the topography of a 2 × 2 μm 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 5c.
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 BK7 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

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 mJ/cm2.

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

measured over the area of about 1 mm2, which averages the
variations in the alignment between gold nanoparticles and
hydrogel features with a domain size <10 μm. LSPR for the
structure at the temperature T = 25 °C manifests itself as a dip
in the transmission spectrum centered at a wavelength of λLSPR
= 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
Moire ́ 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

pNIPAAm-based hydrogel features wrapping (about half) of
the gold nanoparticles that were postmodified with mouse IgG
antibodies (mIgG). The polymer carboxylic groups were
employed for establishing covalent bonds between the lysine
groups of the protein and the polymer chain based on the
established amine coupling scheme.49 Then, the substrate was
clamped against a flow cell, and a series of liquid samples with
an increasing concentration of goat antibodies specific to mIgG
(a-mIgG) were pumped over its surface. To detect the affinity
binding, the goat antibody a-mIgG was labeled with an organic
dye (Alexa Fluor 790). This label exhibits its absorption and
emission wavelengths (λex = 785 nm, λem = 810 nm) in the
vicinity of the LSPR wavelength (λLSPR = 764 nm). Therefore,
the kinetics of the affinity binding of a-mIgG from the liquid
sample was measured using plasmon-enhanced fluorescence.50

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 instrument47 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 μm 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-mIgG leads to an increase of the fluorescence
signal by about 20%. This is due to the collapse and
compacting of the hydrogel, which increases the polymer
volume fraction and affinity-bound analyte molecules closer to
the gold surface, where the plasmonic hotspot is located. This
observation corroborates that affinity binding occurs in the

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 μm
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.
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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.

■ 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 Moire ́
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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Nanopatterned Polymer Brushes: Conformation, Fabrication and
Applications. Nanoscale 2016, 8, 680−700.
(24) Idota, N.; Tsukahara, T.; Sato, K.; Okano, T.; Kitamori, T. The
Use of Electron Beam Lithographic Graft-Polymerization on
Thermoresponsive Polymers for Regulating the Directionality of
Cell Attachment and Detachment. Biomaterials 2009, 30, 2095−2101.
(25) Traub, M. C.; Longsine, W.; Truskett, V. N. Advances in
Nanoimprint Lithography. Annu. Rev. Chem. Biomol. Eng. 2016, 7,
583−604.
(26) Guo, L. J. Nanoimprint Lithography: Methods and Material
Requirements. Adv. Mater. 2007, 19, 495−513.
(27) Pirani, F.; Sharma, N.; Moreno-Cencerrado, A.; Fossati, S.;
Petri, C.; Descrovi, E.; Toca-Herrera, J. L.; Jonas, U.; Dostalek, J.
Optical Waveguide-Enhanced Diffraction for Observation of
Responsive Hydrogel Nanostructures. Macromol. Chem. Phys. 2017,
218, No. 1600400.
(28) Mourran, A.; Zhang, H.; Vinokur, R.; Möller, M. Soft
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S2

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 Ʌ=690 nm. Thus, the samples were irradiated 

once to 27 mJ cm-2 and developed for 35 sec.

a)

b)

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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S3

Plasmon-enhanced fluorescence readout of model assay

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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S4

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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CHAPTER 4
Summary and Outlook

In recent times the pace of development of point-of-care devices has increased, particularly
in light of the current Covid-19 pandemic, which is bringing biosensors closer to small
laboratories, doctors’ offices, and into people’s everyday lives. Moreover, the trend
towards miniaturized, simplified, and cost-effective biosensors could improve medical
diagnosis and monitoring of diseases in economically disadvantaged or rural areas with
limited access to medical infrastructure.

Within the scope of this thesis, several projects were completed, which are addressing
key aspects for practical biosensor technology development.

Chapter 3.1 of this thesis demonstrates the application of grafted-from polymer brushes
to enhance the antifouling properties of a sensor interface for detecting disease markers
present in complex biological fluids. The subsequent chapter (3.2) deals with the real-time
observation of the growth and (ion-) responsiveness of polyelectrolyte ssDNA brushes
tethered to a surface, which can serve as an efficient amplification step in high sensitivity
assays. Chapter 3.3 explores the use of a thermoresponsive polymer networks as an element
for fluorescence affinity biosensors and peptide microarrays, able to host a high density of
specific ligands and to provide enhanced antifouling properties. Whereas chapters 3.1-3.3
utilize already established prism coupled SPR/SPFS/OWS methods, chapters 3.4-3.6 deal
with different optical sensing schemes based on specially designed metallic nanostructured
surfaces which are tested for their sensing capabilities for a more sensitive and selective
analysis. Chapter 3.4 describes an easy-to-use refractometric sensing approach based on a
nanostructured plasmonic chip that is back-side illuminated for readout of TNF-α protein
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affinity binding studies as an alternative to regular grating-coupled SPR. The study in
chapter 3.5 also deals with developing a plasmonic grating-based biosensor for protein
detection but on the principle of plasmon-enhanced fluorescence and a spatially resolved
readout for observation of multiple spots on one chip. Finally, in the last chapter in 3.6,
the same sensing mechanisms are also exploited to investigate the local and selective
attachment of responsive hydrogel networks to plasmonic nanoparticle arrays.

The critical challenges of biosensor development covered in this thesis contribute towards
the development of an "ideal" biosensor described throughout this work: a sensor that
is capable of rapid, high-throughput, multiplexed and sensitive biomarker detection in
complex matrices outside of centralized laboratories with the ability to solve some of the
open challenges in the fields of medicine and healthcare.

Further research will explore the concept of isothermal amplification like the herein
investigated rolling circle amplification (RCA) as an alternative to polymerase chain
reaction (PCR) techniques for nucleic acid biomarkers. This approach can also lower the
complexity of such assays and allow the implementation into sensing devices which do
not rely on specialized laboratory infrastructure. Additionally, isothermal amplification
concepts can enhance the sensitivity of biosensors by shifting from the interrogation of
ensembles of molecules to resolving single molecule binding events.[186]

At the optical transducer level, cost-effective preparation methods of optically functional
substrates are important. UV- nanoimprint lithography (UV-NIL) with roll-to-roll
processes and other techniques used in this work can be scaled up for the production of
large quantities of structures. Straightforward and cost-effective sensing chips may support
the application of surface plasmon-based optical sensor techniques and open door for their
implementations into standard laboratory environment and beyond, which has historically
been prohibitively expensive. Furthermore, the combination of tailored, responsive
polymers with plasmonic nanostructures has already contributed to the fabrication of
smart materials, which offer the possibility to serve as autonomous functional objects
and devices, like micro-and nanorobots.[187, 188, 189]

Most notably, antifouling brushes and networks can be tailored to be deployed for
detecting analytes in bodily fluids, which are minimally or even completely noninvasively
collected ("liquid biopsy") and even can pave the way towards implantable sensors and
continuous monitoring inside the body.
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