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Abstract

Plasmonics is recently emerged nanophotonics research area that focuses at sub-wavelength
confinement of light energy by its coupling to surface plasmons - collective oscillations in
charge density and associated electromagnetic field at surfaces of metals. Hybrid respon-
sive polymer-metallic nanostructures represent an attractive class of materials with actively
tunable plasmonic properties. Such characteristics may enable new applications of plas-
monics in analytics that utilize direct or optical spectroscopy-based detection of molecular
analytes as well as in development of novel miniaturized plasmonic components. This thesis
describes novel implementations of thermo-responsive N-isopropylacrylamide (pNIPAAm) -
based hydrogel to metallic nanostructures that support surface plasmons. It reports means
of structuring a photo-crosslinkable pNIPAAm layer with features exhibiting size as small as
100nm by nano-imprint lithography and laser interference lithography. A new technique
for in situ observation of swelling characteristics of such nanoscopic soft matter objects that
are arranged in a period array was developed based on optical waveguide mode-enhanced
diffraction measurements. pNIPAAm periodic structures highly swell in water (swelling ratio
up to 10) and they can be prepared on around 1 cm? area on a gold surface. A structure that
acts as a tunable plasmonic crystal was prepared and by its reversible swelling and collapsing
a plasmonic bandgap can be open and closed. In addition, responsive pNIPAAm material was
employed as a "glue" in plasmonic structures. Firstly, it was employed to serve as a responsive
cushion that tethers a thin metallic film with arrays of nanoholes to a solid glass surface. The
swelling and collapsing of the cushion is demonstrated to mediate the extraordinary trans-
mission and potentially offer a new means of the implementation of nanohole arrays surface
plasmon resonance biosensor with flow-through architecture. Lastly, pNIPAAm was used as a
glue in order to form a composite film with high density of nanoparticles that were imprinted
with a low molecular weight organic molecule. The composite film exhibited highly open
architecture through which the target analyte L-Boc-phenylalanine-anilide (L-BFA) can freely
diffuse and become affinity capture. Direct detection of affinity binding at concentrations
around uM was carried by optical waveguide spectroscopy as the composite film can serve at
the same time as large capacity affinity binding matrix and an optical waveguide.
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|§ Introduction

The craving for knowledge has driven the human race to explore the materials unexplored
and know the unknowns. Since the day sun has set its light on earth, mankind has been
mesmerized by its different effects and appearances. Blue color of sky and appearance of
color bands in rainbow has always been fascinating and poetic experience. First encounter
of sunlight and subsequent appearances of shadow must have intrigued him to find out the
underlying cause. The desire to detect the events or changes in its environment, and observe
its corresponding output has driven him to make various sensory devices. In modern world,
optical sensors has becomes progressively exploited technology in important fields such as

environmental monitoring, medical diagnostics, food safety and security.

Gobal research and development (R&D) in last 30 years has expanded exponentially in terms of
financial investment, the published literature, and the number of active researchers on the field
of sensors. Sensor devices capable of rapid, selective and sensitive detections of biomarkers,
pathogens and toxic substances with simple operation are strongly desired in clinics, food
industries and environmental monitoring facilities which can be a target of bio-terrorisms.
Thus, a near revolution is apparent in sensor research, giving birth to a large number of sensor
devices for medical and environmental technology. With this paced development taking place,
there is an urgent need to explore new materials which can have the required properties to be

used in sensors.
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Figure 1.1: Schematics of a typical biosensor.

1.1 Biosensor

According to IUPAC, biosensor is a device that uses specific biochemical reactions mediated
by isolated enzymes, immunosystems, tissues, organelles or whole cells to detect chemical
compounds usually by electric, thermal, or optical signals [1]. Soon after the development of
the first biosensor by Clark in 1962 [2] many efforts have been made to take advantage of the
unique recognition and signal-amplification abilities of biological systems that have evolved
over millions of years with detection and amplification system. The most common format
of a biosensor relies on bio-recognition elements (BRE) immobilized on the sensor surface
in order to specifically capture target analyte contained in a sample solution. Interfacing
BRE on sensor surface requires ample dexterity and therefore, understanding the surface
chemistry is an important issue. For instance, a non-fouling layer offers great feasibility to
minimize nonspecific absorption of molecules from the sample onto the sensor surface, thus to
distinguish the specific signal from the noise and improve the sensitivity and specificity of the
biosensors. The potential of biosensor technologies to provide high sensitivity, high specificity
and miniaturized devices for rapid and economical detection of range of important analytes
has generated intense commercial interest. Among these biosensors, the most commonly

used biosensor schemes are based on optical [3-6] and electrochemical transducers [7-12].

A typical biosensor consists of three parts, as seen in Figure (1.1):

1. BRE, that specifically interact with target analyte, which are typically biological materials,

such as enzymes, antibodies, nucleic acids, cell receptors, organelles, tissue, and whole
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cells, or biomimic materials.

2. Transducer, that transforms the interactions of BRE with analyte into a measurable

electrochemical, optical, thermometric, piezoelectric or magnetic signal.

3. Signal output system, that is primarily responsible for the processing and display of

sensor output.

1.1.1 Optical Biosensor

Over the last three decades the field of optical biosensors have made tremendous advancement
in terms of development and application of technology that was gradually pushed forward to
provide high sensitivity, real-time monitoring of molecules interactions, and rapid signal read-
out. The methods that are prominently used include fluorescence spectroscopy [13], Raman
spectroscopy [14], optical waveguide spectroscopy (OWS) [15], ellipsometry [16], reflectom-
etry [17] and surface plasmon resonance (SPR) [3, 18, 19]. Among these optical methods,
SPR has established itself as a widely employed analytical method which in conjunction with
appropriate BRE can be tailored for label-free biomolecular interaction analysis (BIA) and
detection of chemical and biological compounds. Since the first demonstration of SPR for the
observation of processes at the surface of metal and sensing of gases [20] in the early 1980s,
SPR biosensor have become a popular technique for monitoring and quantifying bimolecular
interactions in real-time. Consequently, SPR sensing technology has been commercialized [21]

by various companies including Biacore [22], Windsor [23] and Bionavis [24].

1.2 Surface Plasmon

Surface plasmons (SPs), also known as surface plasmon polaritons (SPPs), are surface elec-
tromagnetic waves that propagate in a direction parallel to the metal/dielectric interface.
Surface plasmon resonance (SPR) was first observed by R.W. Wood in year 1902 by illuminating
metallic grating with polychromatic light beam. The observed diffraction spectra exhibit dark
bands which he describes as one of "the most interesting thing ever met" [25] and this were
later attributed to the excitation of SPs. Andreas Otto in 1968 demonstrated it by bringing the

quartz-glass substrate coated with silver in contact with quartz prism and attributed the dip
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in the reflectivity spectra to the excitation of SP [26]. In the year 1968, E. Kretschmann and
H. Raether reported the excitation of SP by covering the one side of glass prism with silver
film [27]. In years that follows, SP as an useful tool and its fundamental theory of the excitation
for different configuration and their investigation was established by researchers, thereby
introducing SPs into modern optics. Initially SPR was used for thin film characterization
tool [28], study at interfaces [29], afterwards it has flourished into a full fledged interdis-
ciplinary fields involving non-linear optics [30], semiconductor laser [31-34], optical data

storage [35], photonic bandgap structures [36-38], nanostructures [39], sensors [3, 18, 20,40].

1.3 Electromagnetic Theory of Surface Plasmon

This section presents the electromagnetic theory of SP and provides theoretical model for
light propagating along metal-dielectric interfaces. Important concepts for understanding the

propagation of SPs and methods for their optical excitation are discussed.

Surface plasmon originates from the coupled oscillations of electromagnetic field and density
of electron plasma on a metal surface. From Maxwell’s equations with standard boundary
conditions, it can be shown that planar metal-dielectric interface supports existence of guided

SP mode [41]. It’s dispersion relation can be expressed as :

EmE
B =koy/— 4 (1.1)
EmTEq

where f is the SP propagation constant, ky = 27/ = w/ c is the propagation constant of light in

vacuum with an angular frequency w, wavelength 1 and velocity of light in vacuum c. £; and
Em = E;n +1 8’,’,, are the permittivity of dielectric and metal, respectively. From the boundary
conditions of Maxwell’s equation it follows that SP exist only in transverse magnetic (TM)
polarization for which the magnetic intensity vector is parallel to the metal surface. Since
€m is a complex quantity, § is also complex. Additionally, SP exist at frequencies for which
Re{e;n} <0 and |Refe;,}| > 4. Metals such as gold, silver and aluminum have negative real
part of their complex permittivity (i.e. E/m < 0) which supports SPs. Expressing the metal
permittivity using Drude’s model, the existence of SP at interface between metal and dielectric

is fulfilled below the plasma frequency w,. This implies that for w < w, no electromagnetic
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field can propagate in a metal.

If the magnitude of the real part of the permittivity of metal is greater than the imaginary part;

'E’ml > 5’,’,1, then equation (1.1) can be expressed as:

7 " / 3/2
w | ey e, | €4¢
B=Re{p}+ilm{p}=——Lm yj—m Z| Zdm | (1.2)
c\egte, 26E,)?%c\eqt+ey,

where Re{}and Im{} denote the real and imaginary part of the complex number, respectively.

Imaginary part of the propagation constant is associated with the attenuation of the SP
propagation. The attenuation is characterized by the propagation length L, which is defined
as the distance in the direction of propagation at which the energy of the SP decreases by a

factorof 1/e:

L=1/2Imp, (1.3)

Geometry depicted in Figure 1.2(a) with Cartesian coordinate z being perpendicular to the
metal/dielectric interface is used. Metal is in the region z < 0 and the SP is propagating along
the x — axis parallel to the interface. The electromagnetic field of the SP (TM mode) then can

be expressed as:

Em = (Exm 0, Ezexpli(Bx+ kzmz—wt)],Vz <0, (1.4)
Hp = (0, Hypm, 0)expli(Bx+ kzmz—01)],Vz <0, (1.5)
Eg = (Exq,0,Eq)expli(Bx—k,qz—01)],Yz>0, (1.6)

Hy = (0, Hyq,0)expli(fx—kaz—w0)],¥2>0, (1.7)

where E and H are the electric and magnetic field vectors, respectively.

Surface plasmon propagates along the metal surface with its field exponentially decaying
into both metal and dielectric medium with transverse propagation constant /kéem -p?
and \/kgsd — 2 in the metal and dielectric, respectively. The field decay in the direction

perpendicular to the metal-dielectric interface is characterized by the penetration depth
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Figure 1.2: (a) Schematic presentation of a surface plasmon at the interface between a metal and
a dielectric. (b) Distribution of magnetic field of a surface plasmon at the interface of gold (¢, =
—12+i1.5) and dielectric (¢4 = 1.78), wavelength A = 633 nm, with the penetration depth Lpq =183
nm, Ly, = 27 nm, and propagation length L, = 7200 nm (Image reproduced from [42]).

Ly, which is defined as the distance from the interface at which the amplitude of the field

decreases by a factor of 1/e. Penetration depth for the metal can be expressed as,

1 Vep+e
Lypm = Ulkgm| = — Y2224 (1.8)
k() Em
and for the dielectric,
1 Vepm+e
Lpd:1/|kzd|:_m7d» (1.9)
ko €a

1.4 Excitation of Surface Plasmon

From the Equation (1.2), it follows that the real part of the propagation constant Re {} is
always higher than the one of the optical waves propagating to the far field, see Figure (1.3).
The SP dispersion curve (C) in Figure (1.3) approaches the light line (A) at low frequencies,
whereas at high frequency it approaches the cutoff angular frequency w,ax = wp/v/1+€4.
This implies that, these waves can not be phase matched along the metal surface and direct
coupling between them is not possible. In order to optically excite SP, a coupler providing
enlargement of the optical wave’s momentum needs to be employed. To achieve this, two

types of couplers are used. The first is by using a prism coupling employing the attenuated

6
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total reflection (ATR) and the second is grating coupling using diffraction of light on periodic

modulated metallic surfaces to achieve the momentum matching condition.

Optical wave
in Prism

Angular frequency

Propagation constant k

Figure 1.3: Curve (A) and (B) show typical dispersion relation of a free photon propagating inside a
dielectric and in a coupling prism with £, > £, respectively in order to compare with the SP dispersion.
Curves (C) shows the dispersion relation of SP at the interface between metal and dielectric.

1.4.1 Prism Coupling

There are two configurations of the ATR method- Kretschmann configuration [27] and Otto

configuration [26].

In the Kretschmann configuration of the ATR method, a high refractive index prism with
refractive index! ny (e.g. BK7 or LASF9 glass) is interfaced with a metal-dielectric waveguide
consisting of a thin metal film with permittivity €,,, and a semi-infinite dielectric with a
refractive index ng (ng < np), see Figure (1.4). When a light wave propagating in the prism is
made incident at an angle? 6 > 6, on the metal film a part of the light is reflected back into the
prism and a part tunnels through the metal in the form of an evanescent wave. If the metal
film is sufficiently thin (noble metals such as Au, Ag, --- with thickness less than 100 nm for
light in visible and near infra-red part of spectrum), the evanescent wave penetrates through

the metal film and couples with a surface plasmon at the outer boundary of the metal film.

I permitivity & and refractive index n satisfy £ = n2

2The critical angle () is the angle of incidence above which the total internal reflection occurs.
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Figure 1.4: (a) Schematic of attenuated total reflection method with the Kretschmann configuration
for the excitation of surface plasmon, and (b) the angular reflectivity spectra for 47 nm of Au (n4, =
0.18 +i3.43) [43] on a prism base 7, = 1.845 in air n,;; = 1 (dots), and water 7yater = 1.333 (solid), at
wavelength A = 632.8 nm.

Excitation of SP occurs, when the propagation constant of SP at the interface between metal

and dielectric with a lower refractive index is matched to the one of the incident optical wave:

%np sin(0) = Reif}, (1.10)

This phase-matching between the incident photon and the SP is referred to as surface plasmon
resonance (SPR). On the dispersion curve in Figure (1.3), this defines an operating point in
which the frequency and the wave vector of both the exciting light and the plasmon are
determined [44]. The strength of the coupling between an optical wave and surface plasmon
wave can be controlled by varying the thickness of the metal layer. The excitation of the SP
manifest itself as a narrow absorption dip in the angular (or wavelength) reflectivity spectrum.
The minimum in the reflection as can be seen in Figure (1.4) (b) is highly sensitive to the optical
properties of the adjacent dielectric. The spectral position of the SPR dip can be determined
from the phase-matching condition (Equation (1.10)). As follows from this equation, SPR dip

is a function of refractive index €, of the dielectric on the metal surface, as:

0=sin"'Re _ Emfd , (1.11
(Em +£d)€p
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The angular spectrum of reflectivity Figure (1.4)(b)) and field distribution can be calculated

based on Fresnel equations and transfer matrix formalism described in literature [45-49].

1.4.2 Grating Coupling

In grating coupling, diffraction on a periodically modulated metallic surface is employed to
match propagation constants of an optical wave and SP. As shown in Figure (1.5)(a), light beam
hit the metallic grating with a period A at an incident angle 8. This approach can be explained
using the Floquet theorem by means of which dispersion relations of a SPW and an optical

wave are described as folded in the first Brillouin zone, see Figure (1.5)(b).

Dielectric,n, ‘r
Incident Optical wave in
wave ~ Reflected dielectric
. wWave
: i w,/J1+ &g
o
c
e . \@ 3
-1 diffraction g
Surface
plasmon wave
>
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Figure 1.5: (a) Schematic presentation of SP along periodically corrugated metal-dielectric interface
diffraction coupled to an optical wave propagating in the dielectric. (b) Dispersion relation of SP
propagating along a periodically modulated metal-dielectric interface with the dispersion relation of
an optical wave in the dielectric (dashed region).

In this zone, the propagation constant of a SP and the one of an optical wave propagating in the
dielectric lie between —n/ A and 7/ A. Due to the folding of dispersion relations, component
of the propagation vectors of a SP and of an optical wave parallel to the grating surface can be
matched at certain frequencies, see Figure (1.5). These frequencies fulfill following momentum

matching conditions:

 nasin@) + p2T = +Relf) (1.12)
c d p N ) .
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where the first term (¢ 14 sin(6)) on the left hand side represents the component of the propa-
gation constant of the incident light beam that is parallel to the grating surface, and the second
term on left side is due to the contribution of diffraction and p is an integer. The integer p # 0
is indexing the order of diffracted wave. The strength of coupling between an optical wave

and a SP is mainly affected by the profile and depth of the modulation of grating surface.

Note that the grating constant A should be within the same order of magnitude as the wave-
length of the incoming light, given the fact that SPR coupling via the first diffraction order
(p = 1) is significantly more efficient than via higher orders. A shallow grating with amplitude
of several tens of nanometers is typically sufficient for efficient coupling to SPs. As follows
from condition (1.12), the position of SPR dip or peak is a function of permittivity €, of the

dielectric adjacent to the metal surface.

1.4.3 Field Enhancement

Upon the coupling of SP and dielectric waveguide modes, energy of incident wave is accumu-
lated on a surface and the intensity of electromagnetic field is enhanced. The value of this
enhancement factor K can be given by the ratio of the magnetic field intensity on the metal
surface at the dielectric side divided by the incoming magnetic field intensity, i.e. the light
intensity at the interface | Hs|? to the incoming light intensity | Hy|?> (K = |H|? / | Hy|?). For a
mere total internal reflection (TIR) geometry, e.g., a glass water interface, the reflectivity R
and enhancement factor K as function of angle of incidence 8, can be calculated as shown in
Figure (1.6)(a). The enhancement factor of this geometry is maximum of K =4 at the critical
angle 6.. Moreover, if prism base is coated with a 50 nm of Au to support SPs, then the en-
hancement factor K is increased to 16 due to the contribution of SPs as seen in Figure (1.6)(b)

at wavelength A = 633nm.

1.5 SPR Biosensors

Surface plasmon resonance as a tool for sensing was first reported in 1982 as a gas sensor [20,
51]. Thereafter, SPR has been extensively used for measurement in the field of food quality and

safety analysis [52-56], medical diagnostics [57-60], environmental monitoring [61-63]. Ability
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Figure 1.6: Reflectivity (R) and the intensity enhancement factor K as the function of the angle of
incidence @ for (a) total internal reflection (TIR) at a glass-water interface, and (b) a surface plasmon
polariton excitation at a gold-water interface (with d4, = 50 nm, n4, = 0.21 +i3.32) (Reproduced
from [50]).

of SPR sensors for direct, label free and real time detection has found interest in detection of
chemical and biomolecular compounds [19] and in biomolecular analysis are recently the

major and most rapidly evolving areas [3, 18].

1.5.1 Principle of SPR Biosensor

In SPR biosensor, SP is excited at the interface between a metal film and a sensitive layer,
changes in the refractive index of which are to be measured. Any change in the refractive
index of the sensitive layer produces a change in the propagation constant of the surface
plasmon. This change alters the coupling condition between a light wave and the surface
plasmon, which can be observed as a change in one of the characteristics of the optical wave
interacting with the surface plasmon [18]. Classification of SPR sensor depends upon the type
of properties it uses of light wave to interact with SP, accordingly it can be classified as SPR

sensors with angular, wavelength, intensity, phase, or polarization modulation [64].

In SPR sensors with angular modulation a monochromatic light wave excites a surface plas-
mon. The strength of coupling between the incident wave and the surface plasmon is ob-
served at multiple angles of incidence of the light wave and the angle of incidence yielding
the strongest coupling is measured and used as a sensor output. The binding of the analyte

molecules to bio-recognition element (BRE) which is immobilized in the sensitive layer (e.g.
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Figure 1.7: Concept of surface plasmon resonance sensors (Reproduced from [64])

hydrogel thin layer) induces a change in the refractive index in the vicinity to the metallic
surface 6 n which produces a change of propagation constant § 8 and consequently changes
the coupling condition to SPs, as indicated in Equations (1.1), (1.12) and (1.10). Thus the
molecular binding events are monitored as a shift in the angular SPR reflectivity dip A8, or the

reflectivity changes AR at an angle set in the vicinity of the resonance see Figure (1.7).
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Figure 1.8: Schematic of the operation of SPR biosensors measuring the binding induced refractive
index changes as a shift in the SPR resonant angle A8, or the changes of reflectivity AR

The strength of the refractive index change 6 n induced by the analyte molecules binding to
the bio-recognition elements depends on the volume refractive index increment (%) and

vol
can be expressed as:

(1.13)

dn
on= (—) Acy
dc vol

where Acy, is the concentration of bound analyte expressed in mass per unit volume. For a

12
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thin layer of thickness £, the refractive index change can be rewritten as:

(1.14)

d AT
6n:( n)

% vol7

where I' denotes the surface concentration in mass per unit area [16] and % is a constant,

that has value 0.2mm?®mg~! for measuring of biomaterials.
1.5.2 Characteristics of SPR Biosensors

The main characteristics describing the performance of SPR biosensors include sensitivity,

resolution, limit of detection and figure of merit.

Sensitivity

Sensitivity is the ratio of the change in sensor output to the change in the measurand. In a SPR
sensor with angular modulation the sensitivity Syj, to the bulk refractive index changes 6 n;,

can be expressed as:

Soi, = 1.15
0= (1.15)

b

where 6, is the resonance angle at which the reflectivity is minimum. For SPR affinity biosen-
sors, the molecular binding events induced change in the refractive index typical occurs only
within a very short distance d from the sensor surface. Assuming d << L4, thus an effective

bulk refractive index change which is seen by a SP mode can be expressed as:

2
dnp = 5ns—d (1.16)
Lya

where 6 n; is the refractive index change in the film with thickness d.

In the intensity modulation, one typically monitors the reflectivity changes at an angle 6 < 6,

where the slope Sgy = % is linear (see Figure (1.7)). Thus the reflectivity sensitivity of SPR

13
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biosensor to the bulk refractive index changes can be written as:

_6R 56’3 B
) RO = SobSRe (1.17)

Resolution

Resolution of a SPR sensor is the smallest change in bulk refractive index which produces a
detectable change in the sensor output. The magnitude of sensor output change that can be
detected depends on the level of uncertainty of the sensor outputs, the output noise. In this
study, intensity modulation is used for monitoring the refractive index changes. The resolution
of a SPR sensor, 1y, is typically expressed in terms of the standard deviation of the noise of

sensor output, og, translated to the refractive index of bulk medium,

rp=—R (1.18)
R= o :
SRb

where Sgy, is the bulk refractive index sensitivity.

Limit of Detection

The limit of detection (LOD), as defined by the International Union of Pure and Applied
Chemistry (IUPAC), is the concentration of analyte c; derived from the smallest measure Y;

that can be detected with reasonable certainty. The value of Y;op is given by the equation:

Yi0D = Ypiank + MO plank (1.19)

where Yj;.,1 is the mean of the blank (sample with no analyte) measures, 04,k is the
standard deviation of the blank measures, and m is a numerical factor chosen according to
the confidence level desired (typically 2 or 3) [65]. As ¢pani = 0, the LOD concentration czop

can be expressed as:

1

c =—Fmo 1.20
LOD S.c=0) blank ( )

where S; denotes the sensor sensitivity to analyte concentration.
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Figure of Merit

As the sensitivity is defined by detecting either the wavelength or the intensity shift of the
plasmon dip that occurs upon a change in the refractive index close to the sensitive surface
layer. However, a determination of the plasmon dip minima requires a mathematical calcula-
tion that depends on the spectral width of the plasmon dip and the intensity of the signal, or
more accurately the noise level in the signal. It is therefore necessary to introduce a term that
includes resolution in order to make a fair comparison between different surface layer since
the peak width can vary significantly. This has led to the introduction of a new parameter
known as figure of merit (FOM) that includes both sensitivity and resolution. FOM is defined

as the ratio between the bulk refractive index sensitivity and the spectral width, expressed as:

S 56, 1
_ ( ) (1.21)

X AOrwHM Onyp

~ AOrwam

where Oy ) is the change in the spectral width at full width at half minima (FWHM).

1.6 Thin Hydrogel Film

Hydrogels are cross-linked polymer networks absorbing large quantities of water without
dissolving. Softness, smartness, and the capacity to store water make hydrogels unique
materials [66,67]. The ability of hydrogels to absorb water arises from hydrophilic functional
groups attached to the polymer backbone while their resistance to dissolution arises from
cross-links between network chains. Hydrogels has been proposed as a support matrix that
can accommodate large amounts of molecules with specific functions. The polymer networks
provide support to one partner of an affinity binding pair, e.g. an antigen and easy mobility
to the analyte upon addition of the analyte solution, i.e. an antibody. This approach takes
advantage of the three-dimensional open architecture of the swollen hydrogel to increasing
the binding capacity of the surface architecture for the capture of target analyte. Responsive
hydrogels exhibit drastic volume changes in response to specific external stimuli, such as

changes in temperature, pH values, ionic strengths, light intensity, electric fields [68-71].

15



Chapter 1. Introduction

Such stimuli-sensitive hydrogels have been intensively studied with respect to drug delivery
systems [68, 72-80] and other biomedical application and medicine technique, like cell
encapsulation and tissue engineering applications [81], therapeutics [82], production of soft
contact lenses [83], medical dressings [84], artificial kidney [85] and artificial muscles [86]
because of their low toxicity and high biocompatibility. Furthermore, mechanical strength of

the hydrogel has been shown to perform work on the micro and macroscale [87].

Hydrogels application in biosensor technologies has allowed great improvements in the
performance for detection of chemical or biological analytes [88-91] where it has been imple-
mented at the interface between an analyzed sample and a transducer. Typically, hydrogels
are modified with BREs such as antibodies, enzymes, or biomimetic moieties based on molec-
ular imprinting in order to specifically recognize target analytes present in a liquid sample
(Figure (1.9)). Compared with other types of biointerfaces (e.g., based on self-assembled
monolayers [SAMs]), hydrogels can accommodate orders-of-magnitude larger amounts of
recognition elements and provide a more natural microenvironment for biomolecules, which
increases their stability and offer routes for implementing additional functionalities (e.g.,
separation of target analyte from other molecules in a sample, simplified methods for readout).
In addition, the class of "smart" gels that can respond to external stimuli (e.g. temperature
or pH changes) holds potential for development of biosensors with enhanced sensitivity and
implementing of new biosensor schemes for sensitive analysis of molecular analytes [92-94].
For instance, miniature hydrogel sensor elements were integrated in a contact lens for the
analysis of glucose in tear fluid. The hydrogel element served both as a host for recognition

elements and as an optical transducer for detection of glucose [95].

L ]
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Figure 1.9: Concept of biosensor surface modification with hydrogel.
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Work in this thesis has been performed on poly(N-isopropylacrylamide) (pNIPAAm)-based
hydrogel, which is the most commonly used polymer based hydrogels [96] having the ability to
respond to temperature change undergoing reversible phase transition, [80,97,98] and exhibits
a well defined lower critical solution temperature (LCST) in water around 31-34°C [71,72]
which is close to the body temperature. It can be conveniently synthesized in multi-gram
amounts by free radical polymerization [99,100]. Since pNIPAAm has both hydrophilic (amide)
groups and hydro- phobic (isopropyl) groups, hydrogen bonds between pNIPAAm and water
are strong to show hydrophilicity and a mixture of pNIPAAm and water is a homogeneous
solution as the temperature is below the LCST. On the contrary, as the temperature is above
LCST, the interaction within pNIPAAm is stronger than the hydrogen bonds between pNIPAAm
and water to show hydrophobicity and the mixture appears to be a heterogeneous solution.

Therefore, pNIPAAm is widely used as a thermo-sensitive carrier to control drug activity.

1.6.1 Diffusion of Target Analyte

In biosensor applications, hydrogel materials are employed at an interface between an an-
alyzed aqueous sample and a transducer. Typically, the hydrogel interface is modified with
biomolecular recognition elements (BREs) such as antibodies, enzymes or with bio-mimetic
molecular imprinted moieties in order to specifically recognize target analytes. Highly sen-
sitive biosensors that detect analytes at extremely low concentration levels or recognize
environmental changes arising from biological processes are crucial for the early detection
of diseases and prognosis. In order to reach fast detection times, target analytes have to
rapidly diffuse through the hydrogel binding matrix and react with incorporated recognition
elements. The mesh size ¢ and the molecule hydrodynamic radius rj, are the key parameters
affecting the diffusion-driven mass transport in gels in which the diffusion coefficient scales
as Dg ~ exp(—rp,/¢). In highly swollen gels with r;, < ¢, D, of mobile target molecules is
close to that in water and the recognition elements in hydrogels are easily accessible for the
binding. However, diffusion is dramatically hindered by steric and hydrodynamic interactions
when the size of the mobile molecules is comparable to the mesh size r;, ~ . The distance
between polymer crosslinks provides a measure for the mesh size ¢ and it is related to the

hydrogel swelling ratio (SR) defined as the ratio of the thickness in swollen (hydrated) and
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collapsed (dry) state. The swelling ratio SR is inversely proportional to the polymer volume
fraction f. These parameters can be controlled through the gel composition and cross-linking
density. [101] The characteristic time of the hydrogel response to the stimuli scales with its
size Ax and diffusion coefficient D of the network as ~ Ax?/D, where D is in the order of

107* - 10"mm?s~! for most common gels [91].

1.6.2 Structured Hydrogels

The use of three-dimensional (3D) hydrogel Structures are becoming increasingly important
in applications such as cell culturing, development of scaffolds for tissue engineering, and
high-throughput assay platforms with microarray detection format (e.g. 2D cell cultures do
not properly imitate the micro-ambiance of three-dimensionally organized native tissue) [102].
The ability to structure 3D hydrogels with controlled geometry and feature sizes is important
since pore size and shape strongly impact cell behavior in many biomedical applications such
as tissue engineering and biosensors [103, 104]. Until now, numerous methods for structur-
ing of hydrogels on a surface were developed including those based on microfluidics [105],
photolithography [106-108] or soft-lithography-based techniques [109-111]. Among these
techniques, laser interference lithography (LIL) and nanoimprint lithography (NIL) are easy to
use and suitable for fabricating large scale area. Optical diffraction has been introduced as a
technique to investigate the periodically patterned hydrogel films. It was later shown that the
diffraction efficiency could be greatly enhanced by using SP as the diffracted electromagnetic
wave [112]. The reversible swelling and collapsing of the structured hydrogel triggered by
an external stimulus leads to an increase in the refractive index contrast on a grating, which

manifested in enhancing the diffraction efficiency of the grating. [112]

As seen in Figure (1.10), light beam from a laser source is coupled to a high-refractive-index
prism and SPs are excited at its base by using the ATR method with Kretschmann configuration.
The angle of incidence of the excitation light beam, 0, is set to an edge of an SPR dip with
a high slope 66/60 (see Figure (1.8)). Because of the changes in the local environment of
structured hydrogel, refractive index changes occurs, which in turn causes the variation of
coupling strength of SPs at a given angle of incidence across the sample. Thus, the intensity

of a reflected light beam is modulated by the hydrogel structure and can be observed by a
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Figure 1.10: Schematics of a SP-enhanced diffraction for the investigation of periodically patterned
hydrogel films.

detector. For detail description see the section (4.2.5).

1.6.3 Hydrogel Optical Waveguide Modes

In an asymmetric planar slab waveguide structure with a thin dielectric film attached to
the metal surface such that its permittivity ¢ is greater than that of adjacent top dielectric

medium (¢4), additional guided optical waves can be observed as shown in Figure (1.11).

Dielectric,¢,

Figure 1.11: Schematics of optical waveguide modes on a structure with metal (g,,), film (thickness
d,e 2L and dielectric ().

The considered planar structure comprises of a dielectric film (permittivity of € r and thickness

of d) sandwiched between a substrate (metal, €,,) and a superstrate (dielectric, £4). The
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boundary conditions of Maxwell’s equations require that the components of the electric
and magnetic field intensity vectors parallel and perpendicular to the boundaries ® of the
wave-guiding layer are continuous at the boundaries (z = 0 and z = d). According to these
conditions, one can derive the dispersion relation of guided waves propagating with distinct

propagation constant § which fulfills the following relations:

Ik lk
tan(kd) = YalX*Ym ;for TE modes, (1.22)
1= (yalk)(ym!k)
(1.23)
erlkeg+ymerlke
tan(kd) = Yatfited T ¥me s Eem ;for TM modes, (1.24)

1- (}fdt‘f/kt‘d)(}/mEf/kEm)

where k? = kgg - B2, v2, = B> - kgsm, and yfj =p?- kgsd are the transverse propagation

constants in the waveguide film, the metal and dielectric, respectively.

1.6.4 Optical Waveguide Spectroscopy

Optical waveguide spectroscopy (OWS) refers to a method of observation of guided waves
supported by dielectric structures. The basic slab structure of a dielectric optical waveguide is
alayer of transparent material with a refractive index (n), which is higher than its surroundings.
The light is confined and propagates with low attenuation. The optical coupling depends
on the dimension and refractive index of the different parts in the waveguide system. This
makes optical waveguiding suitable for sensor applications. For example, adsorption of a small
amount of analyte on the surface of the waveguiding layer can lead to a large change in the
optical coupling conditions (see Figure (1.12)). Analysis of the coupling conditions (incident
angle, and percent reflected light) gives quantitative information about the adsorbed analyte.
Only light with specific momentum and energy may propagate in a waveguide. Depending

on the thickness and refractive index of the waveguide system, more than one mode of such

3Normal components: B ; D arecontinuous,
Tangential components: E|; H| arecontinous,
where D = eoerE"; B= ,uoer
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1.6. Thin Hydrogel Film

guided light may be allowed. Analysis of multiple guided modes can give information on the

structural properties of the adsorbed analyte layer.

OWS refers to the application of waveguide spectroscopy for sensing purposes using a 1-
dimensional slab waveguide and using prism coupling through a semi- transparent metal
film in the Kretschmann configuration [27]. Figure (1.11) shows the schematic of these layers
with waveguide mode. The dielectric thin-film waveguide (typically > 500 nm) is prepared on
top of a semi-transparent metal layer (e.g. 47 nm Au), which in turn is deposited on a BK7
(n=1.515) or LASF9 (n = 1.845) glass substrate. Optical modes in the dielectric waveguide are
confined in the thickness direction by the Au layer and the medium on top of the sample (e.g.
air or aqueous). The glass substrate are attached to the back of prism (with refractive index n,,
higher than the waveguide layer) with index-matched immersion oil. Laser light is directed
through the prism/glass substrate assembly and impinges at an angle on the substrate side
of the semi-transparent metal layer. The momentum of the incidence light is defined by the
refractive index of the prism, and the component parallel to the surface can be adjusted by

changing the incidence angle 6.

At most angles, light is reflected from the back of the metal film and detected by a photo-
detector. Beyond the critical angle (6.) of total internal reflection (TIR), light is coupled into
the waveguide at specific combinations of wavelengths and incidence angles if it satisfy the
conditions (1.10) and (1.24). The different modes are referred to by the number of nodes in
the propagating electric field and are excited in turn as the incidence angle (0) is scanned
in a 6 — 26 configuration. Iflight is coupled into the waveguide and propagates through the
dielectric thin-film layer, optical damping by the metal layer dissipates the energy as heat and
little light can be back coupled by the symmetric prism. Thus, waveguide modes show up as

sharp intensity minima in the reflected intensity (R) in a angular reflectivity spectra.

Spectroscopy of surface plasmon and hydrogel waveguide waves provides a powerful tech-
nique for in situ observation of hydrogel films. It allows real-time monitoring of changes in
their characteristics such as thickness (d},) and refractive index (nj,) that are associated with
variations in optical properties. These parameters can be obtained by fitting a Fresnel reflec-

tivity for a multilayer (e.g., based on transfer matrix formalism) to the measured reflectivity

21



Chapter 1. Introduction

0.8

]

0.6 -
0.4

0.2

Reflectivity R

A
!
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

0.0-{% '™, ™,

Vyi
7/ T T

47 48 49 50 51 60 65 70
Angle of incidence 6[deg]

Figure 1.12: Simulated angular reflectivity spectra in water (7,,4¢¢r = 1.333) for the excitation of optical
waveguide modes (TM; andTM>) and surface plasmon (TMp) on Au surface (14, =0.18+i3.43,da, =
47nm) with a thin hydrogel layer (nj, = 1.36, dj, = 2349nm)

spectra R(6) in which the hydrogel density is approximated by using a box model. In this
model, the dependence of the refractive index perpendicular to the surface n(x) is assumed to

be the following function of the distance from the surface:
n(x) = ng + (np — ng) H(dp — x), (1.25)

where x is the perpendicular to the sensor surface with x = 0 located at the interface between
metal and hydrogel, H is the Heaviside step function. For small refractive index nj of a

hydrogel, its surface mass density from equation (1.14) can be expressed as:

oc
['=(np—ng) x dp x , (1.26)
5nh

where the coefficient 6% ~0.2mm3mg! relates changes in the refractive index and concen-
tration of organic materials in the gel (e.g., polymer or proteins). From the effective medium

theory [46] follows that polymer volume fraction f of a swollen hydrogel is equal to:

_ (Re(np)¥ — n2)({Re(ny_ary)} +2n3)

 (Re(mp) +2n2) ({Re(n_ary)} - n2)

(1.27)
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whereny,_q; is the refractive index of hydrogel in dry state.

In this study waveguide modes were excited at only one wavelength, using a He-Ne red laser

operating at 632.8 nm.
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Aim of this study

The goal of this thesis is advancing of plasmonics applications by combining of metallic
structures with responsive hydrogel materials. In particular, the thesis aims at novel hybrid
materials for direct detection of small molecules and at nanostructures that exhibit actively
tunable plasmonic properties. It should be noted that up to now the majority of plasmonic
nanostructures are static and their properties are fixed once they are prepared. Plasmonic
nanostructures with actively adaptable properties holds potential to provide additional ad-
vantage and unleash the potential of plasmonics in various important areas ranging from
bionanotechnologies (e.g. amplification of optical spectroscopy at tunable wavelengths) to
highly integrated optical circuits (e.g. modulation of optical signal transmitted by confined
field of surface plasmons). Among others, photo-crosslinkable N-isopropylacrylamide-based
(pNIPAAm) polymer that can form thermo-responsive network is an attractive material for
such research. This material can be reversibly switched between collapsed and swollen state
by changing temperature around the lower critical solution temperature (LCST) which is
accompanied by strong variations in refractive index as well as volume. Such materials provide
an attractive platform for design of hybrid structures where spectrum of supported plasmon
modes is controlled by tuning of near field coupling or directly by changes in the optical den-
sity. Methods for the grafting of responsive hydrogel networks to a gold surface, its structuring
by using laser interference and nanoimprint lithography, and preparation of thin composite
films are to be developed and characterized. Swelling behavior of structured hydrogel will be
investigated and related to that of regular thin films. The developed structures will be applied

in four projects.
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26

1. Thermo-responsive pNIPAAm layer with arrays of nano-pillars on its top will be pre-

pared and used to explore a difference between swelling that occur only in one direction
(1D) and that occurring in three-dimensional (3D). Novel optical tool for investiga-
tion of such 3D and 1D swelling characteristics based on optical waveguide-enhanced
diffraction spectroscopy will be carried out and the observed results will be compared

to observation achieved by regular tools.

. Dense pNIPAAm hydrogel grating will be prepared on a gold surface in order to actuate

propagation of surface plasmons by their Bragg scattering. The reversible swelling and
collapsing of the material is expected to switch "on" and "off" the grating which leads
to opening and closing of a bandgap in surface plasmon dispersion relation. By this
means, local density of states in vicinity to a metallic surface can be reversibly tuned
which can find applications in optical spectroscopy (e.g. Purcell effect). In addition,
such structure can act as a tunable mirror reflecting propagating surface plasmon beam

in active plasmonics applications.

. A thin metallic film with arrays of nanoholes exhibit unique optical properties associated

with the coupling of light to surface plasmons that confine its energy in the nanoholes.
These materials are pursued for application in e.g. optical filters relying on extraordinary
transmission at narrow wavelengths or for optical sensing with "flow through" archi-
tecture when an analyzed liquid sample passes through the structure. In the present
work we propose a novel structure where a thin perforated metallic film is attached to a
solid support by using a responsive hydrogel cushion. This approach can provide means
to reversibly change plasmonic properties (e.g. peak transmission wavelength) and
actively flow aqueous sample through the pores triggered by the swelling and collapsing

of the cushion.

. Lastly, pNIPAAm is to be used as a glue to form a composite film with high density

of polymer nanoparticles. In particular, molecular imprinted polymer nanoparticles
(nanoMIP) are used in order to form a highly permeable layer with large surface area
that can be used for efficient capture of target molecules by the imprinted moieties.
Such approach is envisaged to dramatically improve the binding capacity of nanoMIPs

that typically weakly interact with target small molecules. When the same film acts as a



waveguide, highly accurate optical waveguide spectroscopy (OWS) may provide means
for sensitive direct detection of small molecules by nanoMIP which is not possible by

regular surface plasmon resonance.

The thesis is structured into 7 chapters with the following outline. Chapters 4 to 7 describe
the key results achieved in this thesis. Introduction chapter describes the concept of optical
biosensor, theory of surface plasmon, excitation techniques, discussion about hydrogel and
optical waveguide spectroscopy. The implementation of these guided waves to biosensor is
discussed. In addition, estimation of the LOD, selectivity, resolution of SPR biosensor and an
overview of hydrogel binding matrices applied in biosensors are presented. Chapter 3 titled
as "Methods and Sample Preparation" covers experimental methods used in this thesis. All
information about general sample preparations, used optics and instruments, and applied
methods are introduced in this chapter. Protocols used for sample preparation including
nanoimprint lithography, laser interference lithography, deposition of thin films, surface
modification with self-assembled monolayer (SAM), template stripping and readout methods

are presented.
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8] Methods and Sample preparation

In the course of this work, several method were followed and equipment were used. Here a

general idea about them is presented which will find recurrence in later chapters.

3.1 Optical Instruments

In this section, discussion about optical setups and equipments necessary to complete the

projects has been done.

3.2 Preparation of Nanostructures

Preparation of nanostructures has become easier with advancement in technology including
electron beam lithography, colloidal lithography, laser interference lithography (LIL) and
nanoimprint lithography (NIL). Electron beam lithography is generally used for preparing

prototypes with sub-10 nm resolution [113].

However, many of these techniques requires extensive amount of time and money and pro-
duces writing area in micro to millimeter range see Table (3.1). Thus they are not suitable for
large scale production of nanostructures. Where as, nanoimprint lithography [114] and laser
interference lithography are methods that allow for structuring of large areas in a short time.
Nanoimprint lithography has been shown to produce feature sizes below 10 nm [115], while
laser interference lithography is mainly intended to patterns a few micrometers to a few 100

microns.
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Table 3.1: Characteristics of most popular lithographic techniques [116]

Techniques Minimum feature size Area Cost Time
Deep UV lithography [117] =50-100 nm Large High Short
Extreme deep UV lithography [118] =30 nm Large High Short
X-ray lithography =20 nm Large High Short
Electron beam lithography [113] <10 nm Small High Long
Soft lithography =10 nm Large Low Short

3.2.1 Laser Interference Lithography

Laser interference lithography utilizes the wave nature of light to produce an interference
pattern on the screen (photoresist here), when two coherent beams interferes. Figure (3.1)
shows the Llyod’d mirror configuration utilized to achieve such an interference pattern. Nar-
row beam from UV-laser (He-Cd laser, output power 4 mW, model IK 3031 R-C, Kimmon,
Japan) operating at 1 = 325 nm is focused by a 40x microscope objective lens (LMU-40X-NUYV,
Thorlabs) to a pin hole with diameter d = 10 um. Combination of microscope objective lens
and the pinhole works as a spatial filter to improve the homogeneity of the beam. A lens
with focal length f'= 100 cm is placed at a distance of 1 m from the pinhole to collimate the
divergent beam. This combination of microscope objective lens, pinhole and lens works as a
beam expander for the setup. Beam expander allows increasing the beam diameter thereby
making it possible to radiate large areas with homogeneous intensity. The expanded beam is
incident on a sample holder consisting of a rectangular dielectric mirror (RM-50.0-30.00-12.7-
UV, CVI Melles Griot) and a space to fix the sample. The dielectric mirror and the sample are
orthogonal to each other. The sample holder can be rotated by an angle 6 to suite the need of
period of nanostructures. Intensity of the interference pattern on the sample comprises of
the expanded incident beam directly hitting the sample and a fraction of the beam which is

reflected by the dielectric mirror.

Intensity distribution is a critical factor for fabricating uniform periodic patterns especially on
large area, where it is a function of the wave amplitude of the interfering beams, the wavelength

of the light source, and the LIL angle. For a two-beam interference pattern, intensity is given
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Figure 3.1: Schematics of the Llyod’s mirror configuration employed for laser interference lithography.

4 .
I(x) = ZA{COS(T X sm(@)) + 1} 3.1)

where A is the wave amplitude of the partial beams, A is the wavelength, and @ is the LIL angle.
The intensity is oscillating with the cosine in x-direction. The period (also known as pitch) of

this oscillation can be derived as:

A A
~ 2sin(0)

(3.2)

LIL has the following advantages compared with other nanolithography technologies: (1)
low cost; (2) very high throughput; (3) no contamination on the surface; (4) capability to
fabricate patterns large areas (up to hundreds of mm in diameter); (5) re-configurable patterns
(with different periods, feature sizes and pattern shapes) [119]. In general, an N-dimensional
periodic structures (N < 3) can be obtained by interfering (N + 1) non-coplanar beams within

the photoresist. The fringe contrast (or intensity modulation) of the pattern is defined as:

_ Imax — Imin 3.3)

Imax + Imin

where I, and I,;, are the maximum and minimum intensities in the interference pattern,
respectively. An ideal fringe modulation corresponds to the case where I,,;,, = 0. This will
occur when the intensity and polarization of each beam are identical, and the two beams

interfere at the photoresist symmetrically at an angle [120].
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Figure 3.2: Schematics of the nano-imprinting process. a) master is used to prepare the b) PDMS stamp
by heat curing it at T = 50°C which has the opposite features than that of master. ¢) Stamp is released
from the master carefully. d) Photoresist is spread over substrate and e) PDMS stamp is brought in
contact with resist which is UV-cured and then e) detached to give a structured surface with features
similar to the master.

3.2.2 Nano-Imprint Lithography

Nano-imprint lithography is fundamentally different from other conventional lithographies
in principle. NIL creates a relief pattern on resist by deforming the resist shape physically
using embossing of an existing nanostructure (master), rather than modifying the resist’s
chemical structure with radiation or self-assembly as is done in LIL and colloidal lithography,
respectively. This difference in principles makes NIL capable of producing sub-10 nm features
over a large area with a high throughput and low cost [115]. One can distinguish between two
kinds of NIL which differ in the way to cure the resist. The first is thermal NIL; where the resist
is heat cured, and the second is UV-NIL; where the resist is a UV-crosslinkable photoresist,
that is cured by UV-light. Feature sizes are limited by the size of the master from which the

structure is replicated.

Methods used in NIL can broadly be categorized into two steps: imprint and pattern transfer.
In the imprint, a mould of Polydimethylsiloxane (PDMS) is created by casting liquid PDMS
over a master containing the structure to be reproduced. The PDMS is then heat cured at
T = 50°C overnight or at room temperature for 2 days. After releasing the PDMS from the

master it can be used for imprinting a substrate. For the pattern transfer, PDMS stamp is
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brought into contact with the substrate with spin coated UV-photoresist on top. Weight of the
stamp itself is enough to make a conformal contact. The substrate with photoresist and stamp
on top is then put inside a UV-lamp for crosslinking. Afterwards the PDMS working stamp
can be easily detached from the substrate. Step-by-step process for imprinting can be seen in

Figure (3.2).

Since imprint lithography is not based on modification of resist chemical structure by ra-
diation, its resolution is immune to many factors that limits the resolution of conventional
lithography, such as wave diffraction, scattering and interference in a resist, back-scattering

from a substrate, and the chemistry of resist and developer.

3.2.3 Prism-Coupled SPR Spectroscopy

A custom-built surface plasmon resonance (SPR) setup in the Kretschmann configuration
was developed in-house and was used for optical SPR studies. As shown in Figure (3.3), an
attenuated total reflection (ATR) method was used for the excitation of prism-coupled SPs
on the sensor surface. Laser beam (He-Ne, Uniphase, 5 mW, A = 632.8 nm) passes through a
chopper (frequency = 1432 Hz) that is connected to a lockin amplifier (EG & G, Model 7260).
The modulated beam then passes through a polarizer, through which intensity and plane of
polarization of the laser beam can be changed. A sample chip was optically matched to the
prism base by index matching immersion oil (refractive index n = 1.700, Cargille Laboratories
Inc, USA). The beam is then reflected off the base of the coupling prism (Schott, LASFN9,
np = 1.85@ A = 632.8nm) for an angle of incidence 6, and is collected by a photo-detector
connected to lock-in amplifier with integration time of 300 millisecond. The whole assembly
of prism/sample and the photo-detector are mounted on two co-axial goniometers with an
angular resolution of 0.001° (Huber GmbH, Germany) enabling an independent tuning of

respective angular positions.

3.2.4 Angular Wavelength Spectroscopy

An optical setup utilizing ATR method with the Kretschmann configuration has been used to

measure angular-wavelength A(0) reflectivity spectra. With this custom-built setup as seen in
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Figure 3.3: Schematics of the setup used for measuring SPR.

Figure (3.4), a wavelength range of 400 — 1000 nm and angles between 0.6°—90° can be covered.
The optical system used for the reflectivity measurement consisted of a white light source
(halogen lamp LSH102, LOT-Oriel, Germany) that was connected to an optical fibre (M25L02,
Thorlabs, USA). The light emitted from the optical fiber output end was collimated by an
achromatic lens (f = 6 cm, 14 KLA 001, CVI Melles Griot, Germany) [121]. This collimated
white light beam after passing through a polarizer was coupled to a LASFN9 glass prism and
reflected from the base of prism for an angle of incidence 6. A sample chip was optically
matched to the prism base by using index matching immersion oil. The complete setup was
mounted on a two stepper motor system with resolution of coupling angle 6 = 0.005° (Huber
GmbH, Germany). One motor controls the incident angle 8 of the incident beam to the sample,
while the second motor controls the position of the detection optics at angle 26. The reflected
light was coupled via a lens (F810SMA-635, Thorlabs, USA) into a multimode optical fibre
(M26L02, Thorlabs, USA) that was connected to a high-resolution spectrometer (HR4000,
Ocean Optics, USA).

An in-house developed system was used for the reflectivity measurement. Using this soft-
ware [121], typically from an angle of 45° to 62° with an angular step size of 0.1°, requires three

steps:

1. Background : Measuring the background spectrum by blocking the incident light. This

background will be subtracted from all the subsequent measurements.
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Figure 3.4: Schematics of the angular wavelength measurement setup.

2. Reference : The unique spectrum of white light source would overlap with all measure-
ments which are performed. To overcome this, a reference spectra on the sample needs
to be measured. In this work, the reflectivity spectra measured for TM polarisation of

incident beam are normalised with that measured for TE polarisation.

3. Signal : The last step is to record the spectra of the reflected light of the investigated

region.

The reflectivity spectra normalized to the reference spot is then achieved by the intensities of
the three measurements by:
Isample - Ibackground

R_

Lieference — I background

(3.4)

The reflectivity R was measured for transverse magnetic polarized incident beam (TM) and

normalized with that measured for transverse electric polarization (TE).

3.2.5 Transmission Spectroscopy

Transmission spectroscopy is the oldest and most basic technique for analysing samples.
Light from a source passes through a sample to be registered by a detector. The method of

analysis is based upon the absorption of the light beam by a sample at specific wavelengths
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Figure 3.5: Schematics of the nanoimprinting process.

or frequencies of light. The resulting spectrum carries the signature of path length or sample
thickness, the absorption coefficient of the sample, the reflectivity of the sample, angle of
incidence, the polarization of the incident radiation, and, for particulate matter, on particle

size and orientation.

An in-house developed system used for the transmission measurement consisted of a white
light source (halogen lamp LSH102, LOT-Oriel, Germany) that was connected to a multimode
optical fibre (M26L02, Thorlabs, USA). The light emitted from the optical fiber output end
was collimated by an achromatic lens (f = 6 cm, 14 KLA 001, CVI Melles Griot, Germany).
This collimated white light beam was allowed to pass through the sample arrangement. A
sample chip was fixed to the base plate having space to hold sample as seen in Figure (3.5).
This whole assembly was arranged on a movable rail which allows bringing the reason of
investigation into path of light. The transmitted light was coupled via a lens (F810SMA-635,
Thorlabs, USA) into a multimode optical fibre (M261L.02, Thorlabs, USA) that was connected
to a high-resolution spectrometer (SR-303i-B, Andor, USA). A temperature controlled flow
cell was attached to the top surface of sample chip and measurements were performed as

described in section (3.4).
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Figure 3.6: Schematics of the vacuum chamber used for thermal vapor deposition.

3.3 Metallic Gold Deposition

Evaporation is a common method for thin-film deposition. The source material is fed onto
Molybdenum dimple boat (HHV Ltd, UK) and evaporated in a vacuum, i.e. vapors other than
the source material are almost entirely removed before the process begins. In high vacuum
(with a long mean free path), evaporated particles can travel directly to the deposition target
(cleaned glass substrate) without colliding with the background gas, where they condense back
to the solid state. Purity of the deposited film depends on the quality of the vacuum, and on
the purity of the source material. At a given vacuum pressure the film purity will be higher at
higher deposition rates as this minimizes the relative rate of gaseous impurity inclusion [122].

As seen in Figure (3.6), thickness of metal film deposited is monitored by a quartz crystal.

Glass substrate (BK7 or LaSFN9) were cleaned by sonication in 1% Hellmanx solution, followed
by water and ethanol for 15 min. each and dried with air gun. Cleaned substrates were put

inside the thermal evaporator (Model HHV FL400, HHV Ltd, UK) and a thin film of gold layer

was prepared.

3.3.1 Surface Functionalization

Gold surface was chemically modified to support the adhesion of hydrogel layer on top of it.
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Figure 3.7: (a) Chemical structure of benzophenone-thiol and (b) chemical structure of poly (N-
isopropylacrylamide-co-methacrylic acid-co-4-methacryloyloxy benzophenone) (pNIPAAm)

Self-Assembled Mono-layer

Self-assembled mono-layer (SAM) are organic assemblies formed by the adsorption of molec-
ular constituents from solution onto the surface of solids. The molecules that form SAMs have
three different parts: terminal, backbone and head group. Head group has a specific affinity
for a surface. There are a number of headgroups that bind to specific metals, metal oxides,
and semiconductors. The thickness of a SAM is typically 1-3 nm; they are the most elementary

form of a nanometer-scale organic thin-film material [123].

In this study, (3-thiopropyl)oxybenzophenone (BP-thiol) was used for adhesion promoting.
As the Figure (3.7a) shows the chemical structure of the BP-thiol molecules used in this
study, terminal group is benzophenone, canbon chain is the backbone and thiol is the head-
group. Typically, the SAM was prepared by immersing fresh prepared Au substrates in a mixed
benzophenone thiol solution at 1 mM total concentration in ethanol for at least 24 h. The
substrates modified with SAM were then rinsed with ethanol and dried with air and stored in

nitrogen filled environment.
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3.3.2 Hydrogel Thin Layer

In this study, pNIPAAm based polymer composed of N-isopropylacrylamide, methacrylic acid,
and 4-methacryloyloxy benzophenone in a ratio of 94:5:1, respectively, was used to prepare
thin film of hydrogel (see Figure (3.7b)). The polymer was synthesized [99] to carry two
functional groups: i) the benzophenone groups which offers the photo-crosslinking capability
and, ii) the carboxylic groups which serve the chemical immobilizations of ligands. During the
UV-crosslinking of hydrogel, oxygen radical is formed in the benzophenone group which is
highly reactive. This oxygen radical attack the carbon chain and thus crosslinking occurs, see
Figure (3.8a) to follow the sequence of steps leading to crosslinking of polymers. The amount
of crosslinking or crosslinking density depends upon the irradiation dose of the UV-lamp.
Higher the dose, higher the crosslinking density. In a hydrogel, this dose dependent is directly
related to the swelling ratio of hydrogel, which is defined as the ratio of thickness in swollen

state to the thickness in dry state. It is express as:

dh—dry

SR (3.5)

Highly crossliniked hydrogel will have less access for swelling and thus will have less swelling
ratio. Figure (3.8b) shows the decrease in swelling ratio from ca. 10 to 5 as the irradiation
dose increases from 5 to 25 Jem 2. This pNIPAAm based hydrogel is temperature sensitivea
and have its lower critical solution temperature (LCST) around 32°C. As seen in Figure (3.8c)
increasing the temperature beyond the LCST will cause the hydrogel to collapse and in effect
swelling ratio will decrease and refractive index (ny) will approach the dry state value (Mh—dry)-
Hydrogel thickness was adjusted by changing the concentration of pNIPAAm solution with

ethanol, as seen in Figure (3.8d).

To prepare the substrate with thin layer of hydrogel, two methods were employed to modify

the gold surface:

1. SAM of BP-thiol : A gold coated glass substrate was immersed into a thiol-benzophenone
solution with ethanol at the concentration of 1 mM overnight to form a functionalized

thiol mono-layer on gold surface. After rinsing with ethanol and drying in air stream,
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Figure 3.8: (a) Chemical reaction occurring during the UV-crosslinking of hydrogel, (b) variation of
swelling ratio of hydrogel with the change in irradiation dose of UV-lamp for 4% wt. of pNIPAAm from
5-25Jcm™2, (c) variation of swelling ratio and refractive index with the change in temperature for
4% wt. of pNIPAAm from 23 —50°C and (d) variation in thickness of hydrogel in dry state and in swollen
state for a change in concentration ¢}, = 0.125 — 2% wt. for a irradiation dose of 2 Jem 2.

the pNIPAAm polymer solution with ethanol is spin-coated on the substrates.

2. SU-8 layer : On top of the gold surface, a SU-8 polymer film with a thickness of about
10 nm was spin-coated from ¢ = 4.8 vol % solution (dissolved by SU-8 thinner) at spin
rate 6000 rpm. After the spin-coating of SU-8, substrates were dried in a vacuum oven at
50°C for 2 hours and after this pNIPAAm polymer solution with ethanol is spin-coated

on the substrates.

Hydrogel layer were spin-coated (G3P-8, SCG) with 2000 rpm for 2 minutes, and dried at 50°C
in a vacuum oven (VT6025, Thermo scientific) overnight then crosslinked by using a lamp
(Bio-Link 365, Vilber, Germany) with (1 = 365nm) with a irradiation dose of 25 Jcm 2. The
density and thickness of the hydrogel layer were controlled by the rate of spin-coating, the

concentration of polymer used in spin-coating and UV-light irradiation dose.
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3.4. Temperature Controller

Figure 3.9: a) Side view of custom made temperature controlled flow-cell showing the Peltier element
along with electronics attached into it and b) shows the two mini-fans mounted on the metal slab and
at the center of it lays the gasket region where the buffer flows.

3.4 Temperature Controller

As seen in Figure (3.9), an in-house designed flow cell with temperature-stabilization at a
background temperature Ty by a Peltier device connected to its driver (LFI3751, Wavelength
Electronics, USA) was attached to the sample chip and water was pumped by using a peristaltic
pump with a tubing (ID 0.76, SC0008, IDEX Health & Science SA, Switzerland). Two mini
fans were mounted on flow cell to prevent it from overheating. Fans were controlled by
electronics from VOLTCRAFT (VLP-1303 PRO, Conrad Electronics SE, Germany). Temperature
was changed from T (generally room temperature) upto 50 ° C in a series of steps. The
data acquisition and system control was performed by an in-house developed software tool

developed in LabVIEW (National Instruments, USA) [121].
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Responsive Hydrogel Nanostructures
Studied by Waveguide-enhanced
diffraction

4.1 Introduction

Microstructuring of hydrogel has been focus of interest for many applications, including drug
delivery [73-76, 78, 79], dry adhesives that mimic gecko foot fibrillars [124, 125], adaptive
microlenses [126], photonics crystals [127,128] and label-free contact lens biosensors [129].
Thin hydrogel films were structured by using modern fabrication techniques, including e-
beam lithography [130], nano-imprint lithography (NIL) [131, 132], laser interference lithog-
raphy (LIL) [133] and colloidal lithography [134]. Among these, NIL is widely used methods
because of its low cost, high throughput and high resolution. Replica molding [131] from
poly(dimethylsiloxane) PDMS has been applied to pattern hydrogels from polyerms [135].
Amongst the responsive polymers, poly(N-isopropylacrylamide) (pNIPAAm)-based polymer
holds a prominent stage due to its strong swelling and collapsing by variations of tempera-
ture around its lower critical solution temperature (LCST) ~ 32°C. Subsequently pNIPAAm
have been used in the form of 2D films [89], composites [79] showing their great potential in
biomedical fields. Surface plasmon enhanced diffraction measurement was shown to be an
important technique to investigate the periodically patterned hydrogel films. The reversible
swelling and collapsing of the structured hydrogel triggered by an external stimulus could
be greatly enhanced the diffraction efficiency by using SP as the diffracted electromagnetic

wave [112].

This work presents a new technique to observe the responsive hydrogel nanostructures based

on waveguide mode-enhanced diffraction measurement. NIL is used to imprint thermo-
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responsive photo-crosslinkable pNIPAAm — based hydrogel over large area with arrays of high
aspect ratio nanopillars. 3D swelling and collapsing of nanopillars is observed in situ optically
and by atomic force microscopy measurements. it is being compared to the 1D swelling of a

film from identical pNIPAAm hydrogel.

4.2 Materials and Method

4.2.1 Polymer Synthesis

A random pNIPAAm-based terpolymer (composed of N-isopropylacrylamide, methacrylic
acid, and 4-methacryloyloxy benzophenone at a ratio of 94 : 5 : 1, respectively is depicted
in Figure (4.1)a) was synthesized by free radical polymerization as described elsewhere [99].
The N-isopropylacrylamide provided the thermo-responsive characteristics of the terpolymer,
the benzophenone moieties enabled its photo-crosslinking, and the MAA allowed the post-

synthetic modification [92] and it improved the swelling properties.

PDMS stamp Stlamp
soaked in Evaporation "¢ c25¢ uv

a) b) ethanol J§ of ethanol <0 crosslinking

COOH Hydrogel —
o NH o (o) y 83-8—-

Au—

c)

D
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d,
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pNIPAAm-based i '
polymer structure d,
' A

Figure 4.1: a) Chemical structure of poly (/N-isopropylacrylamide-co-methacrylic acid-co-4-
methacryloyloxy benzophenone) (pNIPAAm)-based photo-crosslinkable polymer, b) schematics of
the methods employed to prepare arrays of hydrogel nanopillar by nanoimprint lithography, and c)
geometry of the final imprinted nanopillar arrays on hydrogel.
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4.2.2 Working Stamp Preparation

Arrays of nanoholes on a Si wafer were fabricated by e-beam lithography at Temicon GmbH
(Germany). The SEM observation was used to determine the diameter of nanoholes of D=90
nm, their depth was dhp:260 nm, and the array period of A=460 nm. The structured area
of 1cm? was transferred to a PDMS working stamp in two following steps. In the first step,
an Ormostamp polymer from Micro Resist Technology GmbH (Germany) was dispensed on
the Si master and contacted with a glass substrate that was previously coated with adhesion
promoting OrmoPrime08 from Micro Resist Technology GmbH (Germany). The Ormostamp
polymer was crosslinked by UV light (irradiation dose 1Jcm™2 at a wavelength of A = 365
nm), detached from the Si master, and a final thermal treatment at 130°C for 30 minutes was
applied. The Ormostamp copy with inverse structure (arrays of nanopillars) was modified
with an anti-sticking layer by vapor-deposition of 1H,1H,2H,2H perfluorooctyl-trichlorsilane
from Sigma Aldrich in an desiccator at 250°C. In the second step, PDMS working stamp was
prepared from Sylgard 184 from Dow Corning (USA) that was mixed at ratio of 1:10 with its
curing agent and poured over the Ormostamp. After curing the PDMS elastomer at 60°C, it
was detached from the Ormostamp copy forming about 3 mm thick PDMS working stamp

with arrays of nanoholes at its bottom surface.

4.2.3 Preparation of Arrays of Hydrogel Nano-pillars

pNIPAAm hydrogel film was prepared on high-refractive index LaSFN9 glass substrate that was
subsequently coated with 2 nm Cr and 47 nm Au film by vacuum thermal evaporation (FL400,
HHV Ltd, UK). In order to promote adhesion of pNIPAAm layer to the Au surface, a thin SU-8
film was spun on its top. SU-8 from Micro Resist Technology GmbH (Germany) was diluted
with SU-8 thinner at ratio of 1:50 and spun at 500 rpm for 1 second followed by 5000 rpm
for 60 seconds. Then, the substrates were dried in a vacuum oven for 2 h at 50°C. Afterward,
pNIPAAm layer was prepared on the top of SU-8 linker. A 6 %wt pNIPAAm polymer solution in
ethanol was spun at 2000 rpm for 2 minutes and dried overnight at 50°C in a vacuum oven.
The thickness of a dry pNIPAAm film of dj;_; ~ 300nm and the thickness of SU-8 linker layer

of ~ 10nm were measured by surface plasmon resonance (SPR).
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The imprinting of pNIPAAm polymer layer with arrays of nanopillars by using the PDMS
working stamp is illustrated in Figure (4.1)b). Firstly the permeable PDMS working stamp was
soaked in ethanol for several minutes. Then, the working stamp was removed, its surface was
quickly dried with a stream of air, and it was allowed to form a conformal contact with the
pNIPAAm film. After the placing of PDMS working stamp onto the pNIPAAm layer, additional
10 1L of ethanol was dispersed on its top. The ethanol diffused from PDMS to the surface and
partially dissolved the pNIPAAm polymer so its upper part become fluid and filled the PDMS
nanoholes. The PDMS working stamp soaked with ethanol was kept in contact with pNIPAAm
atroom temperature for 1 hour and then it was dried overnight in vacuum at room temperature.
Afterwards, the PDMS working stamp was released leaving the imprinted arrays of pNIPAAm
nanopillars. The imprinted pNIPAAm surface was dried kept in vacuum oven at 50°C for
several hours and subsequently cross-linked with UV light at wavelength A = 365nm and
irradiation dose of 10 Jcm™2 by using a UV lamp Bio-Link 365, Vilber (Germany). Further, the
geometry of pNIPAAm imprinted surface is described by the period A, diameter of cylindrical

pillars D and height dj,,.

4.2.4 Imaging of Nanopillars by AFM

Ex situ observation of imprinted pNIPAAm surface was performed in air at room temper-
ature by atomic force microscope (AFM) from PicoPlus from Molecular Imaging (USA) in
tapping mode. The used n*-silicon cantilever (PPP-NCHR) was purchased from NANOSEN-
SORS™ (Switzerland).

For the in situ measurements, investigated substrate with nanostructured pNIPAAm surface
was placed in a flow-cell that contains water and allows to control temperature in the range
T =15-60°C. The surface with swollen and collapsed nanopillars was observed in situ by
silicon-nitride probes (DNP-S10, Bruker, USA) with a nominal spring constant of 0.24 N/m.
Prior to its use in the AFM, the cantilever was cleaned with UV/Ozone for 20 minutes. AFM
images (AFM Nanowizard II, JPK Instruments, Germany) were obtained in tapping mode, at

low forces to prevent sample damage, at a scan rate lower than 2 Hz.
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Figure 4.2: a) Optical system for probing the swelling and collapsing of hydrogel films and nanopillars
arrays by optical waveguide spectroscopy and diffraction, b) schematics of the layer architecture
showing hydrogel layer and hydrogel pillars, c) one dimensional swelling and collapsing of hydrogel
layer, and d) three dimensional swelling and collapsing of hydrogel nanopillars.

4.2.,5 Optical Setup

An optical setup utilizing attenuated total reflection (ATR) with Kretschmann configuration
was used for the excitation of surface plasmons and optical waveguide modes that probes
the nanostructured hydrogel film. The system is showed in Figure (4.2) and it utilizes a laser
beam emitted from He-Ne laser (Uniphase, 5 mW) at wavelength A = 632.8 nm that propagates
through a chopper and polarizer and is coupled to a 90° prism made of LaSFN9 glass. To the
prism base a glass substrate with Au layer and nanostructured pNIPAAm layer is optically
matched by immersion oil from Cargille Laboratories Inc. (USA). Against the polymer surface,
a flow cell is pressed in order to flow aqueous samples over the nanostructured hydrogel
surface. The flow cell was made from a PDMS gasket and was sealed by transparent glass
substrate. Temperature of water that was flowed over the surface by using a peristaltic pump
from IDEX Health & Science SA (Switzerland) was controlled in the range between T=22 and
50°C by a Peltier device connected to a respective driver LFI3751 from Wavelength Electronics

(USA). More details on this system can be found in section (3.4).

The whole assembly of prism, glass substrate and flow cell was mounted on two co-axial
goniometer with an angular resolution of 0.001° (Huber GmbH, Germany) for the control of

the angle of incidence 6. Upon the incidence of the laser beam, its intensity is partially reflected
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and partially scattered to series of diffraction orders on the periodic arrays of hydrogel pillars.
The intensity of reflected light beam R, was detected by a photodiode that is connected to
lock-in amplifier EG & G 7260. The intensity of —1°%? order diffracted beam T-; that propagates
through the flow-cell was measured by an identical detector. These intensities were normalized
with that of the incident beam and were measured as the function of angle of incidence 6. Let
us note that this angle describes the propagation of the beam in air before is coupled to the
prism and is refracted at its surface. The data acquisition and system control was performed
an in-house developed software tool developed in LabVIEW (National Instruments, USA) and
by the Wasplas software developed at the Max Planck Institute for Polymer Research in Mainz,

Germany.

4.2.6 Evaluation of Re ectivity and Diffraction Spectra

Measured angular dependence of reflectivity R, (6) was fitted with a Fresnel-based model
implemented in the software Winspall that was developed at Max Planck Institute for Polymer
Research in Mainz (Germany). In this analysis, refractive indices of Au, Cr and SU-8 were
assumed to be 0.2 +3.511, 3.14 + 3.3 i and 1.48, respectively. The respective thicknesses of
these layers were determined by fitting reflectivity spectra Ry(6) measured on a reference
sample prior to the coating with pNIPAAm. For the investigation of 1D swelling of pNIPAAmM
hydrogel film, a "box model" was used as prepared films were assumed to be homogeneous
perpendicular to the surface and described by its thickness dj; and refractive index nj;. The
linear swelling ratio of the pNIPAAm hydrogel film was defined from determined thickness in
water and after drying as SR1p = dp,;/dpjo. In order to capture the changes in the geometry of
nanopillars from the variations in 7_; spectrum, a numerical model based on finite element
method (FEM) was implemented in a diffraction grating solver DiPoG (Weierstrass Institute,
Germany). The refractive index of LaSFN9 was assumed as 7n,, = 1.845 and that of water as
ns = 1.33. Refractive index of gold was assumed to be dispersive n,,(0) and it was taken from
Palik [136]. Refractive index of SU-8 was set to 1.48 and the presence of chromium was omitted.
The attached pNIPAAm hydrogel refractive index was nj, = 1.356 in swollen state and nj, = 1.47

in collapsed state.
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Figure 4.3: (a) Ex situ AFM observation in a) air of a freshly prepared hydrogel nanopillars arrays
compared to b) Si master with nanohole arrays. The observation of structured hydrogel surface that
was swollen in water and dried at at temperature c) below LCST at T = 22°C and d) above LCST at
T =38°C. Scale bar shows the length 1 ym.

4.3 Results and Discussion

4.3.1 Exsitu AFM

The arrays of imprinted pNIPAAm hydrogel nanopillars that is presented in Figure (4.3) were
first observed ex sifu in air by AFM. It reveals that the freshly prepared pNIPAAm nanopillar
arrays exhibited identical period of A =460nm, but their height dj;,, ~ 208 nm and diameter
of about D ~ 143nm (measured at 40 % of maximum height). The height of the pillars was
about 25 % lower and diameter was 50 % wider compared to the original Si structure. This can
be attributed to the deviations in the multi-step replication process. The image of pNIPAAm
arrays are presented in Figure (4.3a) and are compared to the characterization of the arrays on

nanoholes on Si master in Figure (4.3b). After the imprinting and crosslinking with UV, the
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pNIPAAm nanopillar arrays and the underneath pNIPAAm layer were allowed to swell in water
at temperature T = 22°C. After drying the pNIPAAm arrays at the same temperature T = 22°C,
the surface was observed again with AFM. As seen in Figure (4.3c), after swelling the structure

in water and drying at room temperature, the surface flattens and the structure disappears.

Interestingly, when the surface is swollen in water again at T = 22°C and subsequently dried
at higher temperature of T = 38°C that is above pNIPAAm LCSST, the arrays of pillars was
partially recovered on the surface as seen in Figure (4.3d). The erasure of the structure probably
occurs due to the re-arrangement of swollen polymer chains upon the drying when the surface
tension strongly competes with retraction of the polymer network to original shape that was
imprinted. This hypothesis was confirmed by the observation of structure recovery when the
drying was performed at elevated temperature above the LCST. In this case, the temperature-
induced collapse of pNIPAAm network allows re-establishing of pillars in water which was then
rigid enough to withstand the subsequent water evaporation. It indicates that collapsing of
the pNIPAAm polymer in water at temperature above its LCST leads to the formation of pillars
which stays after the solvent evaporation. As can be seen from the comparison of Figure (4.3a)
and Figure (4.3d), the shape of the pillars that are freshly imprinted and those that were swelled
and dried dramatically changed. The freshly prepared pillars exhibited cylindrical shape with
volume of 7/ 4D2dhp = (3.35+0.5) x 1073 um3. After the subsequent swelling, collapsing at
temperature T = 38°C, and drying the surface the height of the pillars decreased by a factor of
~ 3 to dp, = 76 nm but the pillar diameter increases to a value D ~ 242nm and their volume
was estimated as (3.51+0.52) x 10~ um3. In addition, the randomly oriented prolonged shape
of pillars in the direction parallel to the surface indicates that they bend upon the pNIPAAm

collapse.

4.3.2 Insitu AFM

In order to shed light on the contraction of pNIPAAm network and recovery of imprinted
nanopillars, in situ AFM measurements were carried out upon gradually increasing temper-
ature of water from T = 22°C to T = 50°C. At low temperatures T < 30°C, the imprinted
structure was not detectable by used AFM. As seen in Figure (4.4)a), topology of soft pNIPAAm

surface exhibited irregular features that can be attributed to the buckling associated with a
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Figure 4.4: In situ AFM observation of swelling of pNIPAAm hydrogel nanopillars in water at tempera-
turea) T =22°C,b) T=31°C,c) T =38°Candd) T =50°C.

stress induced by swelling of residual pNIPAAm layer that is constrained to the direction per-
pendicular to the surface. Such behavior was observed for other hydrogel films that exhibited
thickness of about several tens of um and a gradient in the cross-linking density perpendicular
to the surface [137]. It should be noted that crosslinking density gradient was also observed
by OWS for the herein used pNIPAAm-based films with a thickness in swollen state of several
pm [138]. When approaching LCST of pNIPAAm, the regular imprinted structure become
apparent in acquired AFM images. Figure (4.4)b-d) illustrate that the height and area of pe-
riodic imprinted features gradually decreases with the temperature. These features exhibit
stronger contrast as the height of irregular features associated with the buckling in between
imprinted pillars decreases with increasing temperature as well. The height of contracting
pillars of ~ 45nm was observed at T = 31°C and it shrunk to ~30nm at T = 50°C. In addition,
Figure (4.4)d) clearly indicates that the imprinted pillars bend and lay randomly oriented par-
allel to the surface in water at temperature well above the polymer LCST. This is similar to the
observations made in air as seen in Figure (4.3d) which indicates that this effect does not occur

due to the surface tension upon the drying and it was probably associated with hydrophobic
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interaction. Hydrophobicity of polymer in pillars as well as that of the underneath residual
layer gradually increases when increasing the temperature as reported by previous AFM study

on similar pNIPAAm-based material [139].

4.3.3 Insitu Optical Waveguide Spectroscopy

Further, the temperature-induced changes in pNIPAAm nanostructures was investigated
optically. The swelling and collapse of residual pNIPAAm layer was observed by OWS that was
implemented in the optical system showed in Figure (4.2). As can be seen in Figure (4.5)a) and
b), pNIPAAm layer in contact with water was probed by resonantly excited TEp ; and TM; »
modes that manifests itself as series of characteristic dips in the reflectivity spectrum Ry (6).
The thickness dj,; and refractive index nj; of pPNIPAAm layer were determined at temperature
between T = 22°C and T = 50°C by fitting the resonant angles at which the modes were

excited.

Results summarized in Figure (4.5)c) show that at room temperature T = 22°C, the pNIPAAm
layer swells in the direction perpendicular to the surface and exhibit the thickness of about
dy; = 2280nm and refractive index of nj; = 1.356. When increasing the temperature, the
hydrogel layer abruptly collapses at pNIPAAm LCST = 32°C and at a temperature of T = 50°C
the thickness drops to dj; = 380nm and the refractive index increases to ny; = 1.47. The
imprinting of the upper surface of pNIPAAm layer weakly affected the spectrum of guided
waves in Ry(f) and thus the evaluated thickness dj,; and refractive index ny; of structured
and flat surface were similar. The reason is that the volume of imprinted pillar is only about
few percent of that a unit cell of the residual layer (dj,; A> = 6.4 x 10~2 um? for the dry state).
Therefore, the imprinting only slightly decreased the thickness of residual layer dj,;. In addi-
tion, effective refractive index of the upper layer with pNPAAm pillars is too thin and low to
support additional guided waves. The swelling ratio of the pNIPAAm layer of SR ~ 6 at room
temperature T = 22°C was determined as the ratio of the thicknesses dj,; in swollen and dry
state. This parameter is inversely proportional to the polymer volume content f,, which can

be obtained from effective medium theory as:

2 2 2 2
_ (g —ny0) (ns +2n5 )

fr 4.1)

) 2 2_ .2
(ni, +2n5,0) (1§ = 1)
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Figure 4.5: Angular reflectivity spectra for a) TM and b) TE polarization of light for structured hydrogel
layer with varied temperature (symbols shows the measured data and lines represents the respective
fitting ) and c¢) determined refractive index ny; and thickness dj; of hydrogel layer with flat and
imprinted surface.

where nyjjo = 1.48 is the refractive index of (dry) polymer and n; is the refractive index of water
solvent n; = 1.332 at A = 633nm [140]. Based on Equation (4.1), polymer volume content in
swollen state at room temperature T = 22°C was determined as f, = 0.17 which is consistent

with the swelling ratio calculated from the volume change.

4.3.4 InsituDiffraction Ef ciency

The optical observation of 3D swelling of pNIPAAm nanopillars was carried out by the mea-
surement of changes in the intensity of diffraction beam 7_;. The sample with arrays of
pNIPAAm nanopillars was optically matched to the prism in such orientation that one of its
axis was in the plane of incidence. The light beam hitting the surface at angles 6 > 47° partially
totally internally reflected back into the prism (R signal) and is partially diffracted to —1°¢

diffraction order towards to prism (R_;) and towards the water (7_1). It is worth of mentioning
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Figure 4.6: Measured angular spectrum of transmitted beam intensity 7_; (8) for varied temperature
and a) TM and b) TE polarization. c¢) Peak diffraction intensity 7_; measured upon the resonant
excitation of TEg and TM; modes. Lines are guide for eyes.

that the —1°7 diffraction orders travel at angles that are close to zero 6 = 0. Unlike the reflected
diffraction order R_;, the transmitted beam T_; propagates through the transparent flow-cell
and thus its intensity changes can be easily detected with the optical system described in

Figure (4.2).

Figure (4.6) shows the angular dependence of T_; intensity for a) TM and b) TE polarized light
beam. These spectra were measured at temperatures between T =22°C and T = 50°C and
they reveal that the overall background (relative) intensity ~ 5 x 10~> does not change with
temperature. However, there occurs a series of peaks above this background at angles where
TEp,1 and TM; » modes are resonantly exited. The intensity of the T_; peaks strongly responds
to temperature variations. Interestingly, the TE spectrum displays much stronger diffraction
peaks than those measured for TM polarization and they can be observed for all investigated
temperatures. As summarized on Figure (4.6)c), the diffraction intensity of peak TEy and
TM;-enhanced transmission intensity increases by a factor of up to 30 when increasing the

temperature from T = 22°C to T = 38°C. This can be attributed to gradual shrinking of the
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hydrogel pillars that translates to increasing their refractive index ny, and leading to a stronger
contrast of the hydrogel diffraction grating. The measured diffraction intensity peaks at the
temperature T ~ 38°C and then drops when further increasing temperature. At temperature
T =50°C the diffraction efficiency is about 6 times lower than the maximum one at T = 38°C
for the TEp-enhanced peaks. For the transmission peak amplified by TM; the observed
changes are lower which is due to the fact that the overall signal is weaker and particularly at
low intensities masked by the background (indicated as a dashed line in Figure (4.6)c). The
decrease of T_; diffraction efficiency is probably ascribed to the bending of pillars which was

observed by AFM (see Figures (4.3) and Figure (4.4)).

4.3.5 Simulations

The measured dependence of the diffracted beam intensity T_; on the swelling of nanopillars
was compared with simulations in order to estimate the 3D swelling degree of pNIPAAm
nanopillars. In these simulations, the optical parameters of residual pNIPAAm layer were
determined by the analysis of Ry(f) spectrum as described in the previous sections. 3D
swelling of nanopillars was assumed to change height hj;, and diameter D of nanopillars.
Refractive index of the nanopillar was homogenous and it fulfills the following equation which

was derived based on effective medium theory:

20+2f,)+n22-2
nhP:ns\J . L 4.2)

n5 (1= fp) + ns 2+ fp)

where f), is the polymer volume fraction in hydrogel nanopillars and it can be described as
Ifp= DS Rhpol! D? hpp, where Do and hy,p is the diameter and height of the dry nanopillars.
When raising temperature from T = 22°C to T = 38°C, the observed change in 7_; diffraction
efficiency amplified by TEy mode is ~ 30. In order to translate this increase to a volumetric
change of nanopillars, dependence of T_; intensity on the polymer volume content f;, was
simulated at angles 6 where TEy and TM; modes were resonantly excited. The obtained
data are plotted in Figure (4.7)a) and they show that in the TE, diffraction efficiency is ~ 100
times higher than that in TM polarization. This difference is more pronounced than that

observed experimentally which is due to the fact that much weaker coupling strength to TE
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Figure 4.7: a) Simulated diffraction efficiency of T_; mode amplified by the resonantly excited TM;
and TEy modes (supported by a swollen hydrogel film) depending on the polymer volume fraction
of the nanopillar f,. b) Simulated dependence of T_; diffraction efficiency amplified by TE; mode
(supported by the collapsed gel) for varied aspect ratio of the collapsed nanopillar (2, = 1.47). Lines
are guide for eyes.

modes we achieved in the experiments (see measured data and simulations in Figure (4.5)b).
This can be ascribed to small variations of the thickness which smeared the TE resonances
that exhibit much narrower reflectivity dips than TM resonances (which is associated with
intrinsically lower Ohmic losses at the Au film). Diffraction efficiency in the log-log plot
presented in Figure (4.7)a) decreases linearly when decreasing the polymer volume content
fp- The experimentally observed efficiency change by a factor of 30 corresponds to a polymer
volume content change of about 5-fold. Assuming that the collapsed pillar exhibits f, ~ 1 at
around T = 38°C, the polymer volume content of a nanopillar in the swollen state at T = 22°C
is f; ~0.2. This value describing the 3D swelling of a nanopillar is similar to that observed for

a layer composed of identical polymer network attached to a solid support that swells in 1D. It

56



4.4. Conclusions

is contradictory to theory which suggests the volume of a hydrogel that is allowed to swell in
3D increases by a higher factor of a® when compared to 1D swelling with a factor of « [141].
The reason can be that this behavior observed for larger hydrogel objects may not be valid for
small hydrogel nanostructures exhibiting a size comparable to the gyration radius of polymer

chains.

In addition, we simulated the dependence of diffraction efficiency on the aspect ratio of
arrays of pillars in the collapsed state. It confirms that lowering the aspect ratio decreases the
diffraction efficiency which is consistent with the measured drop of the diffraction efficiency
when raising temperature from 7 = 38°C to T = 50°C as seen in Figure (4.6)c). By comparing
with the simulations, the decrease in aspect ratio observed in the experiment corresponds to a
value ~ 6. This value is about twice higher than that observed with AFM (see Figure (4.4)d)

and take into account hhp/ D).

4.4 Conclusions

A new method for in situ observation of highly swollen hydrogel nanostructures is reported
and applied for the investigation of unusual properties of thermo-responsive hydrogel arrays
of nanopillars. These structures were prepared from photo-crosslinkable pNIPAAm-based
polymer by nano-imprint lithography. The swelling and collapsing of periodic arrays of
imprinted pNIPAAm nanopillars were observed by AFM and by a combination of diffraction
and OWS. In situ AFM was capable to capture topology of nanopillars in contact with water at
temperatures above the LCST while the optical waveguide-enhanced diffraction allowed for
the observation of their swelling and collapsing both below and above the LCST. With the aid
of appropriate models, the key characteristics were determined from optical measurements
and these results were consistent with AFM observations. Interestingly, 3D swelling degree of
nanopillars was similar to the 1D swelling of a film from identical pNIPAAm hydrogel. The
temperature-induced collapsing of pNIPAAm leads to the collapse of nanopillars at LCST
and these structures bend when temperature in raised above LCST due to the hydrophobic
interaction with underneath surface. The structure can be reversibly erased by drying at
temperature below the LCST and recovered by swelling at temperature below LCST and drying

at elevated temperature above the LCST. The presented approach provides versatile platform
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for in situ observation of low refractive index contrast nanostructures from materials like highly
swellable hydrogels. The investigated thermo-responsive material can find its applications
in areas such as sensing (e.g. humidity sensor in food packaging with naked eye readout of

diffraction) or safety features which will be subject to following research.

58



Tunable Plasmonic Bandgap by
Responsive Hydrogel Grating

5.1 Introduction

Surface plasmon polaritons (SPPs) are optical waves that originate from collective oscillations
of charge density and associated electromagnetic field at surface of metals. Optical excitation
of these modes allows for tight confinement of light energy at the metal surface which is
associated with enhanced field strength. These phenomena found numerous applications in
areas ranging from detection and interaction analysis of biomolecules [19], light harvesting
in thin film optical devices [142], to highly integrated optical circuits [143, 144]. In order to
manipulate with SPPs on a 2D surface, elements such as directional couplers [145], lens [146],
splitters [147], and mirrors [148, 149] were developed. Many of such elements can be designed
in the form of dense periodic gratings on a metallic surface. These structures often rely on
diffractive coupling of counter propagating SPPs which induces a plasmonic bandgap [150].
At wavelengths that coincide with the bandgap where Bragg scattering occurs, SPPs cease to
exist and at the edges of the bandgap new coupled SPP modes with long range and short range
surface plasmon characteristics occurs. Such phenomena becomes the subject of interest in
studies where SPP-mediated local density of states alters emission properties of fluorescence
emitters [121,151] and they were showed to provide versatile means for focusing, reflecting and
splitting of 2D SPP beams [143, 148]. Up to now, the majority of diffractive structures that allow
for 2D control of SPP propagation are static and after they are prepared their characteristics
are fixed. A possible means to actuate diffractive structures is by using thermos-responsive

polymers. poly(N-isopropylacrylamide) (pNIPAAm) polymer represents a prominent example
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of material that can "on demand" swell and collapse by variations of temperature around
lower critical solution temperature (LCST). The swelling-collapsing strongly alters refractive
index and for the crosslinked pNIPAAm hydrogel networks it can reach values as high as
An = 0.1 [152]. It should be noted that this value is order of magnitude higher than that
for other polymers used for thermo-actuating surface plasmons [153]. pNIPAAm gratings
with periods of several um were prepared by contact mask lithography and surface plasmon
resonance (SPR) spectroscopy was demonstrated as an efficient tool to probe SPP-enhanced
diffraction [107]. Another types of plasmonic structures that benefited from pNIPAAm in
form of a microgel [154] or thin brush [155] were reported. This work reports development of
dense and tunable pNIPAAm gratings on a gold surface that allows reversibly open and close
the plasmonic bandgap. Large-area structures were prepared by using a photo-crosslinkable
pNIPAAm-based terpolymer and UV laser interference lithography. The thermo-actuating of
polymer gratings is investigated and their ability to actively tune SPP dispersion relation is

demonstrated.

5.2 Materials and Method

5.2.1 Materials

A pNIPAAm-based polymer having composition of N-isoproprylacrylamide, methacrylic acid,
and 4- methacryloyloxy benzophenone in a ratio of 94:5:1, respectively as seen in Figure (3.7b)
was synthesized as reported earlier [138]. Ethanol of analysis grade was purchased from Merck
Milipore. SU-8 2000 and its thinner (SU-8 2000 thinner) was purchased from Micro Resist
Technology GmbH, Germany. Pre-cut BK7 glass substrates of dimension 20 mm x 20 mm x 1

mm were purchased from VWR International GmbH, Austria.

5.2.2 Substrate Preparation

BK7 glass substrates were coated by vacuum thermal evaporation with 1.5 nm thick chromium
and 47 nm thick gold layers. On the top of the gold surface, a thin SU-8 polymer layer of
thickness about 5 nm was spin-coated from ¢ = 2vol% solution (dissolved by SU-8 thinner) at a

spin rate of 5000 rpm for 60 seconds, in order to serve as a linker for the subsequent attachment
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Figure 5.1: (a) Schematics of prepared grating structures with a pNIPAAm-based hydrogel and b)
chemical structure of used photo-crosslinkable poly(N-isopropylacrylamide-co-methacrylic acid-co-4-
methacryloyloxy benzophenone) (pNIPAAm) polymer.
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of the hydrogel film. After the spin-coating of SU-8, substrates were dried in vacuum oven at
T =50°C for 2 hrs. For the preparation of hydrogel layers, an ethanol solution with pNIPAAm
polymer (c,p = 2wt%) were spin-coated at the spin rate of 2000 rpm for 2 min. Subsequently
polymer layers were dried in a vacuum oven overnight at T = 50°C and was exposed to
interfering collimated beams of intensity 360 uWcm ™2 (in LIL setup as seen in Figure (3.1)) that
were emitted by a He-Cd laser (1 = 325nm). Angle between the interfering beams was adjusted
between 6 = 35.48° and 21.17° which corresponds to the period of harmonically oscillating
intensity of A =280nmand450nm. In order to prepare crossed gratings, the interference field
of two beams was sequentially recorded onto the sample oriented at 0 and 90°. Irradiation
time was adjusted between ¢ = 20 — 30 min in order to take into account different angles of
incidence of interfering beams 0 so that the average the dose was kept constant at 0.69Jcm 2.
In the areas with high laser beam intensity, crosslinking of polymer layer networks occurs
due to the benzophenone groups attached to the pNIPAAm polymer backbone. Afterwards
the substrates were thoroughly rinsed with water and dried on a hot plate at T = 150°C. The
morphology of dried pNIPAAm gratings were observed by using Atomic Force Microscopy

(AFM) in air.
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Figure 5.2: Schematic of used optical setup for the measurement of SPR reflectivity spectra as a function
of wavelength A and angle of incidence 6 for a gold surface in contact with water and controlled
temperature T.

5.2.3 Imaging of Cross-grating

The observation of morphology of prepared cross-grating layers were performed by using
Atomic force microscopy (AFM) in tapping mode. Two different type of observation were
made for these cross-gratings: (1) swelling the hydrogel in water and collapsing it on hot plate
at elevated temperature T = 150°C and (2) swelling the hydrogel in water and drying with

stream of air. All measurement were made in air at room temperature.

5.2.4 Optical Setup

Angular-wavelength spectra A(6) was measured by an optical setup (see Figure (5.2)) utilizing
ATR method with the Kretschmann configuration as described in section (3.2.4). In brief,
the light from a white light source is coupled to an optical fibre and the output light from
fibre is collimated by an achromatic lens (f = 6 cm). This collimated white light beam after
passing through a polarizer was coupled to a LASFN9 glass prism and reflected from the base
of prism for an angle of incidence 6. A glass substrate with prepared layer supporting SPPs and
pNIPAAM grating was optically matched to the prism base by using index matching immersion
oil. The excitation of SPs and appearance of bandgap by the light beam hitting the gold layer
was observed from the angular-wavelength spectra A(0) measured by using a high-resolution

spectrometer and a rotation stage with resolution of coupling angle 6 = 0.005° through an
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in-house built software tool developed in LabVIEW (National Instruments, USA) [121]. An
in-house developed flow-cell with temperature control by Peltier device was used as described
in section (3.4). The reflectivity measured for transverse magnetic (TM) polarization was

normalized with that measured for transverse electric (TE) polarization.

5.2.5 Simulations

Simulation of diffraction coupling of between counter-propagating SPPs by the hydrogel grat-
ing was performed numerically by using finite element method (FEM) that was implemented
in a diffraction grating solver DiPoG (Weierstrass Institute, Germany). The refractive index
of LaSFN9 was assumed as n;, = 1.845 and that of water as n; = 1.33. Refractive index of gold
was assumed to be dispersive n,,(1) and it was taken from Palik [136]. Refractive index of
SU-8 was set to 1.48 and the presence of chromium was omitted. The attached pNIPAAm
hydrogel refractive index was nj = 1.36 in swollen state and nj = 1.48 in collapsed state. It
should be noted that for simplicity the grating was assumed as one dimensional (surface was
modulated only in one lateral direction that lied in the place of incidence). The modulation
profile was assumed to be sinusoidal with a period A modulation depth of d,. Additional
residual hydrogel layer with a thickness dy; in between the modulated zone and SU-8 was

assumed.

5.2.6 Optical Properties of Nanostructure

Angular reflectivity spectra R(0) were analyzed by using a Fresnel reflectivity-based model
implemented in Winspall software (developed at Max Planck Institute for Polymer Research
in Mainz, Germany). This tool allows fitting of refractive indices and thickness of used stack
of layers (in which we assumed that the birefringence is negligible) by least squares method.
It should be noted that a "box" model was used as prepared composite films were assumed
to be homogeneous perpendicular to the surface. Prior to fitting of nj, and d;, parameters of

chromium, gold and SU-8 layers were determined on reference samples.
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5.3 Results and Discussion

5.3.1 SPR and OWS Measurement

Firstly, the swelling of a pNIPAAm layer that was crosslinked by only one beam emitted from
HeCd laser was measured by SPR and optical waveguide spectroscopy. In this experiment
one of the UV interfering beams was blocked in order to crosslink the pNIPAAm layer homo-
geneously with a dose of 0.69Jcm™2. After the rinsing with water and drying, the thickness
of pNIPAAm layer was determined as dj ~ 72 nm and the refractive index was nj; = 1.48 as
seen in Figure (5.3) by the fitting angular reflectivity spectra R(0) measured by SPR. When the
layer swelled in contact with water at room temperature T = 22°C, its thickness increased to
dp ~ 370 nm and refractive index decreased to nj = 1.36 which corresponds to the swelling
ratio of about SR~ 5. The reason for the refractive index decrease is the replacement of the poly-
mer by water which exhibits lower refractive index n; = 1.33. When increasing the temperature,
the hydrogel layer collapses at pNIPAAm LCST of T = 32°C. At the temperature of T =37°C
the hydrogel layer exhibited thickness similar to that measured in the dry state dj, ~ 69 and the
refractive index of n; = 1.48. It should be noted that these observations on one-dimensional
swelling constrained perpendicular to the layer surface are in accordance with our previous
studies when identical pNIPAAm film was crosslinked with a broad spectrum of non-coherent

UV light centered at a wavelength of A = 365nm with a dose 5 —20 Jem™2 [156].

5.3.2 Observation of Structures by AFM

Series of pNIPAAm gratings with period A = 280 — 450 nm were recorded with two (interfering)
coherent UV beams and same average dose of 0.69Jcm 2. After recording sinusoidally modu-
lated crosslinking density, the pNIPAAm layer was rinsed with water in order to remove loosely
bound polymer chains from areas that were exposed to weak UV light intensity. In water at
room temperature T = 22°C, the polymer network swells and polymer chains rearrange in
order to minimize the swelling-induced stress. After subsequent drying the pNIPAAm grating
surface, such rearrangement occurs also due to the surface tension and it completely erases
the structure (see the completely flat surface at Figure (5.4)a) for a structure with recorded

A =310nm). Interestingly, as seen in Figure (5.4)b) when the same structure is allowed to
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Figure 5.3: Angular reflectivity spectra measured for structured hydrogel in trans-magnetic (TM)
polarization upon contact with a) air at T = 22°C, b) swollen in water at T = 22°C and c) collapsed
at T = 37°C on hotplate and measured in contact with air. The spectra were fitted with transfer
matrix-based model as indicated by lines.

swell in water at temperature T = 22°C and it is subsequently dried at a higher temperature
above the LCST, the written pattern is recovered. The reason is that when raising temperature
the hydrophobicity of pNIPAAm gradually increases [139] and the polymer collapses to form
a structure that resembles the original recorded cross-linking density pattern. Afterwards,
the water evaporates from the surface and recorded modulated crosslinking density can be

observed as a relief grating (see Figure (5.4)).

As can be seen in Figure (5.4)b), the relief grating with A = 310nm exhibits deep features with
a depth of about dy», = 80nm in air but its periodicity is perturbed which can be attributed
to the process of collapsing and drying. Upon the collapsing of pNIPAAm chains at elevated
temperature the polymer becomes hydrophobic and thus neighboring domains interact and
disturbs the (originally periodic) structure. This effect can be expected to be more pronounced
when the thickness in the swollen state dj, is comparable with the period A. In order to

check this effect, two gratings with the same thickness dj,, and one with a shorter period A =
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62 nm

Figure 5.4: AFM observation of pNIPAAm grating with A = 310nm that was dried at a) room temperature
T = 22°C and at b) elevated temperature of T = 150°C. Comparison of the c) denser grating with
A =290nm and d) sparser grating with A = 450nm observed after drying at elevated temperature. Scale
bar corresponds to the length of 1um.

290nm and another with longer period A = 450nm were examined. As seen in Figure (5.4)c),
the shorter period structure is significantly more perturbed than the longer period one in
Figure (5.4)d) which confirms that the ratio of thickness dj and period A plays a crucial role

in the swelling and collapsing of the highly open pNIPAAm network nanostructure.

5.3.3 Selection of Period by Simulations

For the diffraction coupling of counter propagating SPPs on the Au surface, the period has to

fulfill the following phase matching condition:

2Re{kspp} =27I/A, (5.1)
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Figure 5.5: a) Simulated wavelength reflectivity spectra for a flat swollen pNIPAAm film (1) and series
of combinations of modulation depth dy, and residual layer thickness dy,; of a collapsed pNIPAAmM
film. Subsequent reflectivity curves are offset by 0.2. b) Summary of parameters used in the above
simulations with the angle of incidence 0 and plasmonic bandgap width AA.

where kspp is the (complex) propagation constant of SPPs. In order to induce the plasmonic
bandgap at the wavelength around A ~ 800nm on a gold surface in contact with water, the
period A = 280nm was determined by series of following numerical simulations presented in

Figure (5.5).

As seen in Figure (5.5)a), wavelength reflectivity spectra were simulated for the geometry
representing the swollen and collapsed hydrogel grating. In the swollen state, a homogeneous
layer with the thickness of dj, = 372nm and refractive index nj, = 1.36 was assumed [curve
(1)]. For the collapsed state, refractive index of the pNIPAAm of nj, = 1.48 was assumed and
the outer interface with water was sinusoidally modulated [curves (2)-(5)]. As summarized in
the table presented in Figure (5.5)b), the thickness of residual layer dy,; was adjusted for each
modulation depth dj; so the volume of the collapsed layer was kept fixed. The reflectivity
curve (1) shows that for a swollen hydrogel film the coupling of incident light and the angle of

incidence 6 = 51.1° is manifested as a resonant dip centered at A = 780nm. For the collapsed
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state of the polymer [curves (2)-(5)], this resonances is split to two branches that become
stronger separated when increasing the modulation depth dy,. The reason for the splitting is
opening of plasmonic bandgap due to the Bragg scattering of SPPs described by Equation (5.1).
This scattering leads to the cancelling of SPP propagation in a band centered at wavelength
A ~800nm and when increasing the modulation depth dy, the spectral width AA is increasing.
As the average refractive index probed by the SPPs for each geometry is slightly changing,
the angle of incidence 6 was adjusted for each configuration so the reflectivity curve crosses
through the middle of the gap and the minima associated to the lower wavelength SPP branch
and higher wavelength SPP branch are the same. It is worth of noting that these two branches
correspond to the w* and w™ modes at the edges of plasmonic bandgap [151] with the field
confined in the polymer or water. The low frequency mode is confined closer to the surface
of the samples while the higher frequency component has a longer evanescent tail. The
reflectivity curves (2)-(5) indicate that the collapsed linear hydrogel grating allows for opening
a bandgap with the width AA that approximately changes linear with dy, and can reach

AA = 28nm for the modulation depth dy, = 140nm of a linear grating.

5.3.4 Angular Wavelength Spectroscopy

The optical characteristics of the dense pNIPAAm grating with period A = 280nm were ob-
served in contact with water at different temperatures by angular-wavelength spectroscopy
using Kretschmann configuration of the attenuated total reflection (ATR) method that was
implemented as shown in Figure (3.4). In this optical setup, structured polymer film attached
to the gold surface were probed by resonantly excited SPPs and changes in their dispersion
relation was measured upon swelling and collapsing the responsive polymer structure. The
spectra was measured by using a polychromatic white light beam that was launched into a
high refractive index prism with optically matched glass substrate carrying a stack of layers
consisting of 47 nm of gold, a thin SU-8 linker layer, and the structured hydrogel film. The
angle of incidence 0 of the light beam hitting the surface was varied by using a rotation stage
and the reflected beam intensity was detected by using a photodiode. In order to excite optical
modes with transverse magnetic (TM) or transverse electric (TE) polarization, a rotational

polarizer was used.
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The opening and closing of plasmonic bandgap was experimentally observed on pNIPAAm
grating with a period of A = 280nm. As seen in Figure (5.6), there was measured reflectivity
dependence on the angle of incidence 8 and wavelength A. These measurements were carried
out at temperature T = 22°C where pNIPAAm structure swells in water (see Figure (5.6)a) and
it was increased to T = 34, 37,40 and 45°C when it collapses. The resonant excitation of SPPs
manifests itself as a dark band in the reflectivity spectrum which shifts to higher angles 8 when
decreasing the wavelength A. At temperature above the pNIPAAm LCST (T > 32°C) the average
refractive index of the polymer layer probed by SPPs increases due to the collapsing of the
pNIPAAm structure which is accompanied with the occurrence of SPR band at higher angles 6.
In addition, the collapse of the pNIPAAm is associated with periodic modulating of refractive
index. This grating induces splitting in the SPP dispersion relation due to the diffraction
coupling of counter propagating SPPs on the surface as predicted by simulations in Figure (5.5).
In order to evaluate the width of the bandgap a cross-section of SPR reflectivity at 8, indicated
in Figure (5.6)a-e) was taken and plotted in Figure (5.6)f). These plots show that the gradual
collapse of the grating leads to the opening of plasmonic bandgap. Interestingly, the width of
the bandgap increases with temperature and reaches its maximum of A1 = 12nm at around
T =37°C. When further increasing the temperature to 40 and T = 45°C, the bandgap width AA
slightly decreases which can be attributed to increasing hydrophobicity of the polymer and
possible additional changes in the structure. When comparing the experimentally measured
maximum bandgap width in Figure (5.6) with simulations in Figure (5.5), the modulation
depth of pNIPAAm grating can be estimated as d,» ~ 50nm which is lower than values typically
observed by AFM on prepared samples (see Figure (5.4)). This discrepancy can be attributed to
two following effects. Firstly, the grating observed ex sifu in air exhibit probably more defects
and flatter structure than that which is probed in water by SPPs. Secondly, the experimental
data were measured on a crossed grating and the simulations were (for simplicity) carried
out for a linear grating. Therefore, the modulation depth used in experiments is effectively

decreased by a factor of two by averaging in the direction perpendicular to SPP propagation.
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Figure 5.6: Measured reflectivity dependence on 6 and A for a pNIPAAm grating with the period
A =280nm and temperature a) T =22°C, b) T =34°C, c) T=37°C,d) T =40°C, and e) T =45°C. f)
Cross-section of reflectivity at each temperature for indicated angle of incidence 8,5 at which bandgap
occurs for a pNIPAAm grating with the period A = 280nm. Subsequent reflectivity curves are offset by
0.3.

5.4 Conclusions

This work show that laser interference lithography can be used for the preparation of nanograt-
ings from a photo-crosslinkable pNIPAAm-based polymer. Series of experiments were per-
formed which shows that bandgap can be controlled by varying the temperature and their
position can be controlled by choosing a suitable period for the cross-grating structure. Re-
versible swelling and collapsing of structure with refractive index contrast of about An ~ 0.1
when brought into contact with water with temperature is able to switch on and off Bragg scat-

tering of surface plasmon that is associated with opening a bandgap in the dispersion relation.
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A crossed grating structure with period as small as 280 nm and modulation depth in collapsed
state of 60-80 nm was prepared and employed for opening and closing of a bandgap of SPPs.
The angular and wavelength spectroscopy of surface plasmon polaritons demonstrated that a
bandgap width of about 12 nm can be open for SPPs on gold surface and wavelength of A ~ 800
nm. In order to further enlarge the spectra width of plasmonic bandgap the modulation depth
of the structure can be further increased or the upper surface of the responsive polymer can
be decorated with material that increases the refractive index contrast. We believe that this
approach in conjunction with e.g. embedded ITO microheaters [156] may find its application

to 2D plasmonic optics and provide facile means to actively manipulate with SPP beams.
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Plasmonic Nanohole Arrays Actuated
by Responsive Hydrogel Cushion

6.1 Introduction

Extraordinary transmission of light through metallic nanohole arrays (NHAs) has been the
focus of intense research in last decade [157-160]. This enhanced transmission phenomenon
has been attributed to the resonant excitation of surface plasmon polaritons (SPPs) and it
allows for efficient tunneling of light through (otherwise opaque) metallic film at narrow
wavelength bands [160, 161]. Numerous factors affecting the transmission spectrum has been
studied in details, including shape, depth, periodicity, aperture area and aspect ratio of the
holes and type of metal [40, 159-163], respectively. Simplicity at which the spectral peaks
in transmission spectrum can be tuned by modifying the geometry of nanohole arrays by
modern nano-fabrication techniques such as focused ion beam (FIB) milling [40], laser inter-
ference lithography (LIL) [164], electron beam lithography [165], and template stripping [166],
has paved the way for their application in label-free biosensing [40, 165, 167], fluorescence
spectroscopy [168], and in spectral filtering devices [169]. Among these applications, label-
free surface plasmon resonance (SPR) biosensing, in particular, has been widely explored
because of its commercial success in pharmaceutical research [166]. Conventional designs of
plasmonic nanostructures are static and their optical properties are fixed after they are pre-
pared. In order to actuate resonant coupling to surface plasmons on metallic nanostructures,
they have been interfaced with inorganic materials exhibiting electro-optically [170,171] or
magneto-optically [172,173] modulated refractive index. In parallel, other organic materials

have been explored for stronger actuating of surface plasmon resonance by refractive index-
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variations associated with photochromic effect [174] and liquid crystal phase transitions [175]
as well as by mechanical changes induced by specific molecular binding [176] and responsive
polymers [177]. Among systems that utilize responsive polymers, poly(N-isopropylacrylamide)
(pNIPAAm) holds a prominent stage due to its strong swelling and collapsing by variations
of temperature around its lower critical solution temperature (LCST) ~ 32°C. This polymer
was explored in form of a brush for SERS applications in order to tune the near field coupling
between Au nanoparticles and a continuous Au surface [155]. pNIPAAm-based networks with
dispersed Au nanoparticles [178] displayed tunable LSPR wavelength due to the changes in
near field plasmonic coupling. Long range surface plasmons were actuated by crosslinked

pNIPAAm-based hydrogel layer on the top of a small ITO micro-heater [156].

This work presents a new plasmonic nanostructure that is tunable by thermo-responsive
pNIPAAm-based hydrogel and that can be prepared by template stripping. It consists of a
thin Au film with NHA that allows for diffraction coupling of propagating SPP. This structure is
tethered to a solid surface by pNIPAAm-based hydrogel cushion which respond to temperature
variations. It can rapidly swell and collapse which triggers flow of water through the plasmonic
pores and strongly modulates the refractive index leading to changes in the transmission

spectrum mediated by surface plasmon modes.

6.2 Materials and Method

6.2.1 Materials

Off-Stoichiometry Thiol-Enes polymer (OSTEmer 321) was purchased from Mercene Labs.
Ethanol of analysis grade was purchased from Merck Millipore. Ethylene glycol (EG) was
purchased from Sigma-Aldrich. Polydimethylsiloxane (PDMS, Sylgard 184) was purchased
from Sigma-Aldrich. pNIPAAm based terpolymer (composed of N-isoproprylacrylamide,
methacrylic acid, and 4-methacryloyloxy benzophenone in a ratio of 94:5:1) was synthesized as
reported before [99]. (3-thiopropyl)oxybenzophenone (BP-thiol) was synthesized as described

in literature [179].
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6.2.2 Preparation of Metallic Nanohole Arrays

The nanohole arrays were fabricated by e-beam lithography (EBL). The designed nanoholes
with diameter D = 208 nm and period A = 406 nm were written in an area of 1.2 x 1.2mm?
on electron beam resist (220 nm thick of NEB22) coated on a 600 um thick silicon wafer, by
using ELS-7000 (Elionix) with an exposure of 178uC cm™ at a current of 800 pA. Oxylene was
used to develop the resist. A 50 nm thick Au layer was deposited on the developed patterns
in a Denton Explorer E-beam deposition machine at deposition rate of 2 A/s. After that, the

e-beam resist and gold lift-off process was accomplished by soaking the wafer inside Remover

1165.

6.2.3 Polymer Deposition

The silicon wafer with Au NHA was incubated in 1 mM BP-thiol ethanol solution for 24 hrs in
order to form a self-assembled mono-layer (SAM). Afterwards, the surface was rinsed with
ethanol and dried in a stream of air. Then, a thin pNIPAAm layer was prepared by spin-coating
(Model G3P-8, SCG) an ethanol solution with polymer concentration of 3 wt%. The spin
rate was set to 2000 rpm for 2 min. Subsequently polymer layer was dried in a vacuum oven
(VT6025, Thermo scientific) overnight at T = 50°C and crosslinked by using a UV-lamp (Bio-
Link 365, Vilber, Germany) with (1 = 365nm) with an irradiation dose of 25Jcm™2. Crosslinked
polymer layer were rinsed thoroughly with water to remove any loosely bounded polymer

chains and dried with stream of air.

6.2.4 Template Stripping

OSTEmer 321 epoxy was dropped on a surface of BK7 glass substrate and contacted with
a flat block of PDMS in order to spread homogeneously. Then OSTEmer 321 polymer was
crosslinked through the PDMS by a UV-lamp at A = 365nm, irradiation dose of 3Jcm™2.
Afterwards, PDMS stamp was peeled-off leaving the glass substrate with rubbery polymer
layer on top. This glass substrate was pressed against pNIPAAm layer on a silicon wafer with
Au NHA and put into oven at T = 50°C overnight in order to heat cure. The silicon wafer

substrate is then stripped off using sharp blade leaving the glued surface on glass substrate
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and detaching from silicon wafer.
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Figure 6.1: a) Schematics of the investigated structure with Au nanohole arrays attached to a responsive
pNIPAAm-based hydrogel cushion by a thiol-BP monolayer. b) Preparation of the structure by using
template stripping from a Si wafer.

6.2.5 Imaging of Nanohole Array

Stripped substrate with NHAs on top and hydrogel underneath were observed using scanning
electron microscopy (SEM) (Carl Zeiss EVO, a low voltage of 5 kV was used). In order to image
the cross-section of the prepared layers, a substrate was broken and an angular stage was
used for SEM imaging of the exposed layer edge. In addition to SEM imaging, atomic force
microscopy (AFM) (Molecular Imaging PicoPlus) was used in tapping mode to observe the
morphology of the surface. Stripped substrate with nanohole surface was also looked through
microscope (Olympus soft Imaging Solution, Model BX51M, camera SC30) in dry and swollen

state.
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6.2.6 Optical Setup

Transmission spectra were measured using an in-house developed system and it consists of
a white light source (halogen lamp LSH102, LOT-Oriel, Germany) that was connected to a
multimode optical fiber (M26L02, Thorlabs, USA). Polychromatic light from the optical fiber
output was focused by an achromatic lens (f = 6 cm, 14 KLA 001, CVI Melles Griot, Germany)
at the tunable plasmonic structure. The focused light beam passed through the glass substrate
with Au NHA attached by a responsive hydrogel cushion under angles of incidence spanning
between 6 = 0°and 8 = 4°. The plasmonic structure was mounted on a translation stage for
selecting area with Au NHA and a reference pad with flat Au. Transmitted light was coupled via
alens (F810SMA-635, Thorlabs, USA) into a multimode optical fiber (M26L02, Thorlabs, USA)
that was connected to a high-resolution spectrometer (SR-303i-B, Andor, USA). The acquired
spectra were dark current compensated and the raw spectrum measured on Au NHA was
normalized with that obtained on a flat Au surface. Temperature dependent measurements
were performed by using a flow-cell with a Peltier device which was pressed against the sample

chip with Au NHA.

6.2.7 Simulations

Finite difference time domain (FDTD) model implemented by Lumerical Inc. (Canada) was
used for simulation of near field and far field optical properties of investigated structures. A
unit cell with the width equal to the period A was defined and symmetric boundary conditions
in x and y axis was used. In the z direction, perfect matched layer was placed at the distances
of 1 um above and below the layer stack, respectively. A transmission monitor was placed
0.7 um below the metal layer. For simulating the near field distribution of electric field intensity

there was employed a 2D monitor in the xz plane.
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6.3 Results and Discussion

6.3.1 Template Stripped NHA with Responsive Hydrogel Cushion

As illustrated in Figure (6.1)a), the investigated plasmonic structure consists of Au film with
NHA that is attached to a pNIPAAm-based hydrogel layer. When brought in contact with
aqueous environment, water flows though the pores in the perforated Au film into the under-
neath hydrogel which swells. pNIPAAm polymer exhibits thermo-responsive properties which
enables collapsing the polymer network when the structure is heated above the LCST and
thus to expel water through the structured Au membrane. The thermo-responsive pNIPAAm
/ Au NHA structure was prepared from a 50 nm thick perforated Au film on a silicon wafer
with native oxide film. In order to attach the pNIPAAm-based hydrogel to the Au surface, it
was modified by a thiol self-assembled monolayer with benzophenone functional groups
(BP-thiol). The modified Au surface was subsequently coated by pNIPAAm-based terpolymer
that carries benzophenone groups covalently attached to polymer chains. After the pNIPAAm
polymer layer was dried, it was exposed to UV light in order to crosslink the polymer chains
and simultaneously attach them to the Au surface by using the benzophenone moieties. After-
wards, the Au NHA with pNIPAAm polymer networks was stripped by using a UV pre-cured
OSTEmer layer, see Figure (6.1)b). This rubbery film was pressed against the pNIPAAm-based
surface and bonded via epoxy groups at elevated temperature. Finally, the stack of layers was
stripped from the Si wafer leaving the Au NHA film on the top of a crosslinked pNIPAAm-based
hydrogel cushion.

As seen in Figure (6.2)a), the developed process allowed for successful stripping of Au film with
NHA. SEM images revealed that the arrays of nanoholes exhibited a diameter of D =208 nm
and period A = 406nm. It should be noted that the structured area with NHA was square
shaped with dimensions of 1.2 x 1.2mm. Optical microscopy was used to image a corner
of the structured pad as rendered in Figure (6.2)b). Dark area in this figure represents the
NHA structure and the brighter more reflective area is flat Au. The left figure shows an optical
microscope image of structured area that was brought in contact with water at temperature of
T =22°C. It reveals that the Au layer wrinkles due to the swelling of the underneath pNIPAAm

hydrogel film. Such wrinkling was observed for other hydrogel films and it is associated with
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c)

Figure 6.2: a) Observation of stripped surface of Au NHA by using SEM (left) and optical microscopy
with the magnification of 100x (right). b) Optical microscope images of an Au NHA surface with a
structured pad (dark area) when swollen in water (left) subsequently dried (right). c) AFM observation
of the stripped Au surface with NHAs after exposing to water and drying.

stress induced by the swelling constrained to the direction perpendicular to the surface [156].
Afterwards, the surface was dried and water rapidly diffused through the NHA pores away
from the hydrogel film. Interestingly, the 50 nm thick Au film did not exhibit cracks and defects
after the swelling and drying as seen in the right image in Figure (6.2)b) acquired by optical
microscopy. In addition, AFM was used for the characterization of Au NHA on the top of the
hydrogel cushion after it was swollen and dried. The acquired image in Figure (6.2)c) shows
that most of the pores in Au film were filled with the pNIPAAm-based polymer which partially

protrudes above the Au surface. In addition, one can see that the Au surface between the
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pores was smooth (rms roughness of 0.5 nm) and without cracks. At larger scale the Au surface
become slightly undulated after swelling and collapsing of pNIPAAm-based hydrogel which
can be probably ascribed to the rearrangement of pNIPAAm polymer chains below the Au

membrane after the swelling and drying.

6.3.2 Swelling of Hydrogel Cushion Layer

Optical waveguide spectroscopy was used to characterize the swelling and collapsing of
pNIPAAm-based polymer film. In this study, identical pNIPAAm layer was prepared on flat
50 nm Au layer deposited on a glass substrate. Attenuated total reflection method with
Kretschmann geometry was used to probe the polymer film with resonantly excited surface
plasmons and dielectric waveguide modes. As described in our work [180], the analysis of
observed resonances allowed us determining thickness and refractive index of pNIPAAm-
based film. The thickness of dry pNIPAAm polymer film was measured as dj,_4,, = 212nm
and refractive index as ny_4r, = 1.48. When the film was brought in contact with water
at temperature of T = 22°C, it swells and increases its thickness to d;, = 1158 nm which
corresponds to the swelling ratio of SR = 5.5. As the polymer chains are diluted after the
swelling, refractive index of layer decreases to n; = 1.36 which is close to that of water n, = 1.33
at the used wavelength A = 633nm. The thickness of the film was measured in temperature
range T =22 —40°C and the LCST has been observed around 32°C. At the temperature of
T =40°C, the refractive index of the hydrogel film was 7n; = 1.46 which about 0.1 higher than

that in swollen state at T = 22°C.

6.3.3 Actuating Spectrum of Surface Plasmons Modes

The thin Au film supports SPP modes at its upper and bottom interfaces. When the upper
surface is in contact with air with n, = 1, SPP, modes that travel along this interface are leaky
into the polymer below with refractive index of n; = 1.48. At the opposite interface, guided
SPP; modes propagate and their field is mostly confined at the inner interface between Au
and the polymer. The structuring of Au film with periodic NHA allows for diffraction coupling
of light to SPP, and SPP; modes via (+1,0) and (0, +1) orders. As presented in Figure (6.3),

this coupling manifests itself as distinct resonant features in the wavelength transmission
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spectrum. These spectra were measured with a polychromatic light beam that was focused
(the angular range of 8 = 0 —4°) at NHA and transmitted light was collected and analyzed by a
spectrometer. The obtained spectra were normalized by those measured on a reference pad
with flat 50 nm thick Au film. For the structure in contact with air, there can be seen two Fano
resonances that exhibit themselves as a spectral band where the transmission drops down at
lower wavelengths and increases at higher wavelengths, see Figure (6.3)a). The first resonance
is associated with the excitation of surface plasmon SPP, at the outer interface (between Au
/ air) and exhibits a minimum at around 500 nm and peaks at around 640 nm. The second
resonance is due to the excitation of surface plasmon SPP; at the inner interface (between
Au and dry pNIPAAm) and it has its minimum at around 720 nm and peaks at a wavelength
above 800 nm. As the same figure shows, SPP; resonance blue shifts after flowing water over
the surface kept at temperature of T = 22°C. The SPP; resonance minimum decreases by
about 15 nm which can be attributed to diffusing of water through nanoholes, swelling of the
pNIPAam cushion, and accompanied decrease in its refractive index from n; = 1.48t01.36.
The minimum of the SPP,, resonance increases by about 50 nm as the refractive index above

the structure changes from n, = 1to1.33.

The permeability of the Au membrane with NHA was tested by a series of refractometric
experiments in which the upper and bottom interfaces were probed by SPP, and SPP; modes.
Firstly we changed refractive index of an aqueous solution that was flowed over the surface by
spiking with ethylenglycol (EG). Samples with EG concentrations between 0 - 40 vol% were
prepared which correspond to refractive indices of n, = 1.33 — 1.37. Transmission spectra
were measured for swollen pNIPAAm cushion at temperature of T = 22°C as presented in Fig-
ure (6.3)b). These results show that both SPP, and SPP; resonances shift to longer wavelength
when increasing the concentration of EG. The SPP, resonance is increased by about 12 nm
when changing the refractive index n, by 0.04. SPP; resonance responds stronger and it shifts
by about 26 nm upon such a change in n,. This observation indicates that the EG can diffuse
through the NHA into the underneath swollen hydrogel that is probed by SPP;. It should be
noted that the change of SPP; resonance to EG is much stronger than that observed for the
SPP, mode which is probably due to a collapse of pNIPAAm and additionally enhanced n;

associated with the presence of EG.
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Figure 6.3: Measured transmission spectra for the Au NHA on a responsive pNIPAAm hydrogel cushion
a) in contact with air and water at T' = 22°C, b) in contact with water spiked by ethylenglycol (n, =
1.33 - 1.37) swollen cushion at T = 22°C, c) in contact with water (ny = 1.33) and temperature changed
in the range T = 22 —45°C in order to actuate the pNIPAAm cushion, and d) in contact with water
spiked with ethylenglycol (n, = 1.33 —1.37) with collapsed cushion at T' = 40°C.

In order to prove the identity of transmission features that were assumed to be associated with
the excitation of SPP; and SPP,, refractive index at was changed only at the inner side of the
structure by the collapse of pNIPAAm cushion. In order to do so, temperature of water flowed
over the structure was gradually raised from T =22°C to T = 40°C. As Figure (6.3)c) reveals,
SPP, resonance that probes the upper water medium shifts negligibly with the temperature
(refractive index of water changes only by ~ 0.002°C~! at 632 nm). However, SPP; resonance
that probes the inner interface shifts strongly by 26 nm which is due to the expelling of
water through the pores and collapsing of the hydrogel. The presented data confirm that the
collapse of pNIPAAm occurs above LSCT of 31°C similar to pNIPAAm film without the metallic
structure on the top. For the collapsed pNIPAAm cushion at T = 40°C, we repeated identical
experiment when samples spiked with EG were flowed over the surface. The measured data in
Figure (6.3)d) indicate that SPP, resonance responds similar as at T' = 22°C (see Figure (6.3)b)
and shifts by about 11 nm due to the increase of n, from 1.33 to 1.37. No change in SPP;

resonance occurs which confirms that the hydrogel at collapsed state prevents diffusing of
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aqueous sample through the Au pores.

6.3.4 Simulations

20 ,
ZOJ n=1,n=1.48 /g/ 15 n,=1.33,n=145
41_8’ n=1.33,n=1.36 > 164
5 38! g s
8 8 16!
5 5
g c 124
8 g
= " os
2 D
© T 4]
—— ¢=5deg SPPy
: T T ; ; 00 . ; ; : : T
450 500 550 600 650 700 800 900 450 500 550 600 650 700 800 900
a) Wavelength 2 [nm] b) Wavelength [nm]

2 2
IEF/IE, |
50.00

2/ 12
|EF/IE,|
20.00

40,00 16.00

3000 50

20.00 8000

z [nm]
z [nm]

10.00

. . 4000
0.000 ) -

0.000

d) 100 200 300 400
x [nm] x [nm]

Figure 6.4: Simulated transmission spectra for Au NHA that is a) in contact with air (n, = 1, n; = 1.48)
and water (7, = 1.33, n; = 1.36) and the optical beam hits normally the surface 8 = 0. b) Comparison
of transmission spectra for collapsed geometry (n, = 1.33, n; = 1.46) and varied angle of incidence
between 8 = 0 and 5°. Near field distribution of electric field intensity |E/ E |2 normalized with that
of the incident plane wave that was simulated for collapsed NHA structure (n, = 1.33, n; = 1.45) c) at
wavelength of A = 590nm where SPP, is excited and d) at A = 800nm where SPP; occurs.

The experimental data were verified by simulations presented in Figure (6.4) and Figure (6.5).
The simulated transmission spectrum for geometry with n, = 1.33 and n; = 1.36 qualitatively
agree with that measured at T = 22°C when the hydrogel cushion swells in water (compare
Figure (6.4)a) and Figure (6.3)a). The SPP, resonance minimum occurs at around 590 nm and
the one associated with SPP; at around 690 nm. It should be noted that the refractive index
below and above the Au film is similar (n, ~ n;) when the hydrogel swells which leads to the
coupling of surface plasmons across the Au layer. SPP, mode excited at lower wavelengths
exhibit nature of long range surface plasmons with electric field weakly confined in the Au
layer. Contrary to this, the SPP; mode exhibit nature of short range surface plasmons with
field strongly confined in the Au film. When the hydrogel film is collapsed (7, = 1.33 and

n; = 1.46), the symmetry is broken and SPP; and SPP, modes travel at individual interfaces.
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Figure (6.4)b) illustrates that resonances for such geometry does not shift substantially when
angle of incidence 8 is varied which is due to the fact that the NHA opens a bandgap and
flattens dispersion relation of these modes. In order to check for the identity of the observed
resonances, near field distribution of electric intensity was simulated at the resonance wave-
length 590 nm and 700 nm as seen in Figure (6.4)c) and d), respectively. These images confirm
that the lower wavelength resonance SPP, is associated with probing the upper surface of Au
film in contact with water and the bottom interface with polymer attached is probed by the

longer wavelength resonance SPP;.
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Figure 6.5: a) Transmission spectra simulated for increasing refractive index n; from 1.35 to 1.45
representing the collapse of pNIPAAm cushion in contact with water (ny = 1.33). b) Transmission
spectra for increasing the refractive index ng from 1.33 to 1.37 that represents varying the liquid
refractive index above a collapsed pNIPAAm cushion (rn; = 1.45).

Finally, the simulations of sensitivity of SPP, and SPP; resonances to the refractive index above
no and below n; the Au NHA were carried out. The simulated transmission spectrum for »;
varied between 1.36 and 1.46 resembles the experiment with collapsing the gel (presented in
Figure (6.3)c). The simulated data in Figure (6.5)a) show a shift in SPP; minimum of 24 nm
which is similar to the measured value. However, the simulated changes in SPP, resonance
are much stronger than experimentally observed. We assume that this can be attributed to
the fact that the hydrogel present in the pores protrudes to above upper interface. This can
lead to additional refractive index changes that are not taken into account in the model. The
complementary case when the refractive index of the medium above the surface is presented in
Figure (6.5)b). These simulations are related to the experiment in Figure (6.3)d) when refractive
index n, was changed from 1.33 to 1.37 and pNIPAAm hydrogel cushion with n; = 1.46 when

collapsed. The obtained results predict shift of about 13 nm of the SPP, resonance which is
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close to the measured value. In addition, in agreement with the experiment the response of

SPP; mode is negligible.

6.4 Conclusions

Facile approach for tethering a thin Au NHA to a thermo-responsive hydrogel cushion is re-
ported and the optical properties of structure are characterized in detail. Series of experiments
show that water can pass through the pores in Au NHA and swell the underneath hydrogel.
Refractometric experiment confirms that molecules dissolved in water can diffuse through
the pores into the swollen polymer networks. When the hydrogel collapses by a temperature
stimulus, water is expelled through the pores and then they are closed. In the swollen state the
hydrogel generates refractive index symmetrical geometry that leads to establishing long range
and short range SPPs. When the gel is collapsed, the refractive index symmetry is perturbed
and SPPs at individual interfaces are exited. Reversible swelling collapsing of the hydrogel
is accompanied with strong refractive index change of 0.1 which can be used for tuning of
wavelength at which plasmonically enhanced transmission occurs. In conjunction with rapid
control of temperature around the LCST [156], this approach may find its applications in
actively tunable optical filters. In addition, the reported structure can be implemented to
plasmonic biosensors where analyzed samples are flowed through the nanoholes in order
to overcome diffusion-limited transfer of analyte to the surface. Such architecture typically
relies on thin nitride membranes with metallic nanoholes fabricated by multiple lithography
steps [39, 165]. The presented approach may provide simpler means for its preparation and

enable to fully harness this intriguing biosensor concept.
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d MIP Waveguides for Detection of Low
Molecular Weight Analytes

7.1 Introduction

Numerous label-free optical sensor platforms were combined with molecularly imprinted
polymers (MIP) [181] for detection of chemical and biological analytes including those utilizing
surface plasmon resonance (SPR), [182,183] dielectric optical waveguides, [184, 185] reflection
interference spectroscopy (RIfS), [186, 187] and diffractive structures [188-190]. These optical
sensors rely on the measurement of refractive index variations that are associated with a
capture of target molecules by MIP on the sensor surface. With respect to established antibody
recognition elements, the bio-mimetic MIP materials offer the advantage of superior stability
and potentially lower cost. MIPs have been most often synthesized on the sensor surface
in-situ in the form of bulk polymer films by using thermal or photo-initiated polymerization
in the presence of template molecules [191, 192]. However, this approach provides only
limited density of accessible binding sites in close proximity to the outer surface of the MIP
layer, which impedes the sensor sensitivity. In order to provide a more open structure, which
can carry higher amounts of binding sites that are available for capture of diffusing target
analyte, there were investigated MIP films, which were structured by using sacrificial colloidal
crystals [189,193] and optical lithography [192] or formed by imprinting of loosely crosslinked
hydrogels [89, 194]. These systems were reported to be capable of direct detection of small
molecular analytes at typically yM—mM concentrations [183]; however, several works reported

the limit of detection at as low as pM concentrations [189, 195].

Besides MIP layers, well-controlled synthesis of molecularly imprinted polymer micro and
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nanoparticles (nanoMIP) was carried out by using precipitation, emulsion, or miniemulsion
polymerization with a template dispersed in solution [196] or attached to particle or bead
carriers [197]. NanoMIPs represent versatile materials that can be further processed and,
e.g., their affinity purification allowed selecting nanoMIP fractions with dissociation affin-
ity constants K; as good as 1078 — 1079M that makes them competing with regularly used
antibodies [197, 198]. In optical sensor applications, nanoMIP monolayers were attached
to the sensor surface by means of physisorption [199], affinity reactions [200], or covalent

binding [187] for the capture of target analyte.

The present work reports on a new material that holds potential to improve the sensitivity of
MIP optical sensors. It is based on a composite film architecture comprising a hydrogel poly-
mer network that is loaded with nanoMIPs. Such 3D structure can accommodate increased
amounts of nanoMIPs compared to a 2D monolayer systems and it exhibits an open structure
through which target molecules can rapidly diffuse into the imprinted binding pockets. More-
over, swollen hydrogel nanoMIP composite film can simultaneously serve as a waveguide,
which confines probing optical field in the region where specific molecular binding events

occur [201,202].

7.2 Materials and Methods

7.2.1 Materials

L-Boc-phenylalanine-anilide (L-BFA) with the molecular weight of 353 g mol™! and reference
non-target analytes including ethylene glycol (EG) with 62.07 gmol ™!, L-Boc -phenylalanine
(L-BPA) with 265.3 gmol ™!, L-Boc-Tryptophan (L-BTP) with 304.3 gmol !, and L-Boc-tyrosine
(L-BTS) with 281.3 gmol_1 were obtained from Sigma-Aldrich. Methanol and ethanol of anal-
ysis grade was purchased from Merck Millipore. Sodium dihydrogen phosphate (NaH,PO4)
was purchased from Sigma-Aldrich. Working buffer was prepared from 80 x 1073 NaH,PO,4
aqueous solution (with the pH adjusted to 7 by titrating NaOH) that was mixed with methanol
at volumetric ratio of 1:1. After adding the methanol and spiking the working buffer with
specific and reference analytes, all salts in the solution were dissolved. SU-8 2000 and its

thinner (SU-8 2000 thinner) was purchased from Micro Resist Technology GmbH, Germany.
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7.2.2 Synthesis of Polymers

Molecularly imprinted polymer nanoparticles were synthesized by thermal initiated miniemul-
sion polymerization as reported previously [196, 203]. Two sets of poly[(ethylene glycol
dimethylacrylate)-(methacrylic acid)] nanoparticles were prepared, one was imprinted with
L-BFA template molecule (nanoMIP) and the second was not imprinted with the template
molecule (nanoNIP). pNIPAAm-based hydrogel (composed of N-isopropylacrylamide, methacrylic
acid, and 4-methacryloyloxy benzophenone at a ratio of 94 : 5: 1, respectively, as seen in Fig-

ure (7.1)b) was synthesized as reported before [99].

7.2.3 Preparation of NanoMIP Composites

LASFEN9 glass substrates were coated by vacuum thermal evaporation with 1.1 nm thick
chromium and 47 nm thick gold layers. On the top of the gold surface, an SU-8 polymer film
with a thickness of about 10 nm was spin-coated from ¢ = 4.8 vol% solution (dissolved by SU-8
thinner) at spin rate 6000 rpm in order to serve as a linker for the subsequent attachment of
a composite film. After the spin-coating of SU-8, substrates were dried in a vacuum oven at
50°C for 2 hrs. For the preparation of composite layers, an ethanol solution with nanoparticles
(enp = 0 —6wt%) and pNIPAAm polymer (c,p = 1wt%) were spin-coated at the spin rate 2000
rpm for 2 min. Prior to the spin-coating, the particle solution was sonicated (Elmasonic S10)
for 30 min in order to reduce aggregation. Composite polymer layers were dried in a vacuum
oven overnight at 50°C and cross-linked by UV light (1 = 365nm) with the irradiation dose of
25Jcm™2. Then, layers were extensively rinsed with ethanol in order to remove loosely bound

polymer chains and polymer nanoparticles followed by drying in a stream of air.

7.2.4 Imaging of NanoMIP Composites

The observation of morphology of prepared layers was performed by using SEM (Carl Zeiss
EVO, alow voltage of 5 kV was used). In order to image the cross-section of the prepared layers,
a substrate was broken and an angular stage was used for SEM imaging of the exposed layer

edge.
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7.2.5 Optical Setups

Angular reflectivity spectra R(8) were measured by SPR spectrometer with Kretchmann con-
figuration that was described in our previous works [201]. Briefly, monochromatic laser beam
from a He-Ne laser (A = 632.8nm) was coupled to a LASFN9 glass prism and reflected from
the base of prism for an angle of incidence 6. A sensor chip was optically matched to the
prism base by using index matching immersion oil. The excitation of SP and OW waves by
the laser beam hitting the gold layer was observed from the angular reflectivity spectra R(8)
measured by using a photodiode detector and a rotation stage with resolution of coupling
angle 8 = 0.005°. The kinetics of affinity binding reactions was observed by using an an-
other SPR spectrometer that utilized wavelength modulation of resonant coupling to guided
waves [204]. In this system, a polychromatic light from a supercontinuum source (WhiteLase
micro, Fianium, UK) was collimated and made incident on BK7 glass prism at a fixed angle 8.
Reflected light was coupled into a spectrometer (52000, Ocean Optics, USA) to perform spec-
tral analysis and wavelength shifts in resonant dips occurring in the wavelength reflectivity
spectrum R(A) were determined in time by a dedicated software SPR UP (developed at the
Institute of Photonics and Electronics in Prague, Czech Republic). In both measurements with
angular and wavelength modulation, identical composite layers were used. Against the sensor
surface carrying composite waveguide with nanoMIP or nanoNIP, a flow cell was attached and
analyzed samples prepared from a working buffer were pumped by using a peristaltic pump

with a Tygon MHLL tubing (IDEX Health & Science SA, Switzerland).

7.2.6 Optical Properties of the Composites

Thickness and refractive index of composite layers were determined by the fitting angular
reflectivity spectra R(0) measured by an optical setup with angular modulation of SPR. These
spectra were analyzed by using a Fresnel reflectivity-based model implemented in Winspall
software (developed at Max Planck Institute for Polymer Research in Mainz, Germany). This
tool allows fitting of refractive indices and thicknesses of used stack of layers (in which we
assumed that the birefringence is negligible) by least squares method. From the fitted refractive

index of the composite film that is swollen nj,, the polymer volume fraction f in the swollen
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state was obtained from effective medium theory as:

_ (Re(np)t? - n2)({Re(np-gr )} +212)

* (Re(mp)y? +2n2) {Re(nj_ary)} — n2)

(7.1)

where ny, is refractive index of the solvent (working buffer) and nj,_4,, = 1.48 is the refractive
index of the used polymers. It should be noted that a “box” model was used as prepared
composite films were assumed to be homogeneous perpendicular to the surface. Prior to
fitting of ny, dp, and dj,_4ry, parameters of other chromium, gold and SU-8 layers were

determined on reference samples.

7.3 Results and Discussion

7.3.1 Preparation of nanoMIP Composites

As illustrated in Figure (7.1), composite polymer films were prepared by deposition from an
ethanol solution with dispersed imprinted (nanoMIP) or control non-imprinted (nanoNIP)
poly[(ethylene glycol dimethylacrylate)-(methacrylic acid)] nanoparticles (diameter D =
190nm) that were mixed with a photo-crosslinkable poly(V -isopropylacrylamide) (pNIPAAm)-
based hydrogel. After the solution was spun over the sensor surface, the layer was dried
and crosslinked by irradiation with UV light (1 = 365nm). The density of nanoparticles em-
bedded in the film was controlled by the concentration of nanoMIP or nanoNIP (cyp) and

photo-crosslinkable pNIPAAm polymer (cpp) in ethanol.

7.3.2 Imaging of nanoMIP Composites by SEM

The cross-section of dry composite layers with varied nanoMIP density was observed by
scanning electron microscopy (SEM). The obtained results presented in Figure (7.2)a) reveal
that the amount of loaded nanoparticles increases with their concentration in solution (cyp
varied between 3 and 6 wt%) that was blended with pNIPAAm polymer at a fixed concentration
(cpp = 1Wt%) and spun on the sensor surface. Thickness of the dry composite films dj,_ 4y is

increasing with polymer nanoparticle concentration cyp and its morphology is changing. For
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Figure 7.1: a) Preparation of composite layer with embedded nanoMIPs and chemical structure of
used materials, b) poly (N-isopropylacrylamide-co-methacrylic acid-co-4-methacryloyloxy benzophe-
none) (pNIPAAm), c) L-Boc-phenylalanine-anilide (L-BFA), d) L- Boc-phenylalanine (L-BPA), e) L-Boc-
tyrosine (L-BTS), f) L-Boc-tryptophan (L-BTP), g) ethylene glycol (EG).

high polymer nanoparticle concentrations cnp, the interstitial volume between the nanopar-
ticles is mostly void and pNIPAAm hydrogel is present only at contact areas between the
polymer nanoparticles. For small polymer nanoparticle concentration cnp, the volume of the
film is mostly occupied by pNIPAAm hydrogel with sparsely distributed nanoparticles inside.
Figure (7.2)b) shows that the morphologies of composite films loaded with same amounts
of nanoMIP and nanoNIP are similar when using an identical protocol (cxp = 6wWt% and

7.3.3 Optical Setup

The characteristics of composite films before and after their swelling in a working buffer
(mixture of 80 x 1073M phosphate buffer and methanol at 1:1 ratio, pH = 7) were observed by

optical waveguide spectroscopy (OWS) that was implemented as shown in Figure (7.3)a). In
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NanoMIP

Figure 7.2: SEM cross-section images of dry a) nanoMIP composite films prepared from a solution with
cpp = 1wt% and cnp = 3 — 6wt% and b) comparison of nanoMIP (left) and nanoNIP (right) structures.

this optical setup, composite polymer film attached to the gold surface served as a waveguide,
which confines light propagation by the highly reflective metallic surface and by total internal
reflection at the interface between the composite film and liquid medium. Such films support
multiple guided optical waves (OW - marked further as TM; » and TEy ;) that can be coupled
with far field optical waves by using the Kretschmann configuration of the attenuated total
reflection (ATR) method. The spectrum of guided waves was measured by using a laser beam
with the wavelength of A = 632.8nm that was launched into a high refractive index prism
with optically matched glass substrate carrying a stack of layers consisting of 47 nm gold, a
thin SU-8 linker layer, and the composite film. The angle of incidence 6 of the light beam
hitting the surface was varied by using a rotation stage and the reflected beam intensity was
detected by using a photodiode. In order to excite optical modes with transverse electric (TE)

or transverse magnetic (TM) polarization, a rotational polarizer was used.

7.3.4 Re ectivity Measurements

Figure (7.4)a-d) shows that the resonant excitation of guided waves in the composite polymer

film is manifested as series of dips in the TM and TE angular reflectivity spectrum R(8). As
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Figure 7.3: Schematic of sensor surface architecture and optical setup used for optical waveguide
spectroscopy utilizing a surface plasmon resonance spectrometer with a) angular and c) wavelength
interrogation. b) Detail of the sensor surface architecture with the polymer composite waveguide.

described further, fitting of these curves by a Fresnel reflectivity-based model was used for the
determining of (complex) refractive index nj, of prepared layers as well as of their thicknesses
in swollen dj, or dry dj,_4, states. The real part of the refractive index Re{ny} relates to the
density of the film and allowed us determining the total polymer volume fraction of the film f.
Let us note that the polymer volume fraction is inversely proportional to the swelling ratio

f =1/SR, which is defined as the ratio of thicknesses in the swollen and dry states SR = dh’il’;ry.

Imaginary part of the refractive index Im{ny,} reflects the damping of OW modes due to the
scattering at nanoparticles embedded in the waveguide. In general, Re{n;} can be obtained by
fitting the angular position of the resonance (angle 8, at which the minimum of reflectivity dip
occurs) and Im{n;} can be determined from the angular width of the resonance 66,. Example
of measured and fitted reflectivity curves in Figure (7.4) shows that studied films supported at
least two OW modes in TE and TM polarizations. The simultaneous analysis of multiple OW
modes allowed for independent determining of thicknesses dj, and dj, 4, as well as respective
refractive index ny,. As can be seen in Figure (7.4)b), the resonant coupling to SP mode occurs
at significantly lower angle than model based on fitting OW modes suggests. The reason is
that the average refractive index of the composite slice, which is probed by SPs (distance up to

about 100 nm from the gold surface) comprises only a small portion of nanoparticles with the
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Figure 7.4: Angular reflectivity spectra for dry (left a and c) and swollen (right b and d) layers prepared
from a solution with concentration of nanoMIP cyp = 6wt% and pNIPAAm cpp = 1wt% (top a and
b) compared to that prepared from a solution with cxp = 0Wt% and cpp = 3wt% (bottom ¢ and d).
Measured and fitted curves for transverse magnetic (TM) and transverse electric (TE) polarization are
shown as indicated in graphs.

diameter D = 190nm and thus obtained rny, is different from that determined by the analysis of
OWs (that is averaged across the whole, around micrometer thick, composite film). Therefore,

only OW resonances TE( ; and TM » were fitted and the SP resonance was omitted in further

analysis.

The thickness of dry composite film that was prepared from the solution with dissolved pNI-
PAAm at the concentration of ¢,p = 1wt% and polymer nanoparticles with the concentration
cnp = 6wt% was fitted as dj,_ 4, = 587 nm (Figure (7.4)a), which is in accordance with SEM ob-
servations presented in Figure (7.2). In working buffer, pPNIPAAm in this composite layer swells,

which leads to an increase in its thickness to dj = 814nm and corresponds to the swelling
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Table 7.1: Comparison of fitted parameters for composite structures with and without nanoMIP.

cNp/ cpp (Wt%) dhordh_d,y (nm) Re{np} Imi{n} SR f

0/3(Dry) 206 1.480 <1073 5.42 1.00
0/3(Swollen) 1116 1361 <1073 0.19
6/1(Dry) 587 1335 0.014 1.39 0.73
6/1(Swollen) 814 1.420  0.002 0.59

ratio of SR = 1.39 (see Figure (7.4)b). This value is much smaller than SR = 5.42 obtained for
a film, which was prepared in identical way from only pNIPAAm polymer ( ¢pp = 3wt% and
cnp = 0wt%), see Figure (7.4)c, d). The reason for the hindered expansion of the composite
films is that the embedded nanoMIP (or nanoNIP) nanoparticles swell much weaker compared
to pNIPAAm-based hydrogel. In addition, they react with the benzophenon groups and thus
can serve as an additional “supercrosslinking” nodes as was shown by previous studies with

other nanoparticles [205].

As the overview in Table (7.1) presents, the imaginary part of fitted refractive index Im{n;}
is order of magnitude higher for dry composite film than for a dry film composed of only
pNIPAAm-based polymer. However, Im{nj} of the composite film with nanoMIP drops after
the swelling in a working buffer and its value reaches Im{ny} for the film without nanoMIP.
The reason is that the filling of voids in the composite structure with working buffer decreases
the refractive index difference between nanoMIP (n, = 1.48) and surrounding environment
(np = 1 for air and = 1.325 for working buffer), which reduces of the scattering losses of the

waveguide.

For dry composite films, the total polymer volume fraction f (including both the nanoMIP and
pNIPAAm polymers) is decreasing with the nanoMIP concentration cyp due to the occurrence
of void interstitial space as seen in Figure (7.2). However, an opposite behavior is observed
when the films are swollen in working buffer due to the restricted swelling. For example,
swollen layer composed of only a pNIPAAm hydrogel (prepared with cyp = 0wt% and c¢pp =
3wt%) exhibited the polymer volume fraction of f = 19%. When nanoMIP were loaded
into the pNIPAAm network (composite layer prepared from a solution with cyp = 6wt% and
cpp = 1wt%), a significantly higher total polymer volume fraction of f = 59% was determined.

Let us note that SEM observations in Figure (7.2)b) suggest that the majority of polymer
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Figure 7.5: Measured angular reflectivity spectra for nanoMIP (left) and nanoNIP (right) composite
film (exp = 6wWt% and cpp = 1Wt%) that were brought in contact with a buffer spiked with a) reference
ethylene glycol and b) target analyte L-BFA.

volume in such composite film is occupied by nanoMIPs and the polymer volume fraction
measured by OWS approaches the value corresponding to maximum space filling for ordered
colloidal crystals (f = 74%) [206]. Assuming that the volume of spherical nanoMIPs is aD3/6,
the average number of nanoparticles per volume can be estimated as 6 ( anS)_l, which
yields = 4 x 10> um =3 for the composite layer prepared from a solution with cyp = 6wt% and
Cpp = 1wt%. Such composite films with high density of nanoMIP or nanoNIP were stable
upon repeated swelling and drying cycles and we observed no changes in their binding

characteristics when stored at ambient environment for over 4 months.

7.3.5 Refractometric Studies

The prepared composite films exhibit voids (with the relative volume 1 — f) through which
small molecules can rapidly diffuse. In order to prove this, refractive index changes induced
by ethylene glycol (EG, molecular weight 67 gmol~!) diffusing through the composite film
were observed by OWS. Figure (7.5)a) shows measured angular reflectivity spectra with TM;

resonance on the sensor surface carrying composite film loaded with nanoMIP (left) and
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Figure 7.6: a) Kinetics of affinity binding of target L-BFA to nanoMIP waveguide at concentrations
indicated in the inset and b) corresponding calibration curve with the error bar showing standard
deviation of the response measured in triplicate on different waveguide chips. Comparison of binding
kinetics of target analyte L-BFA and structurally similar reference analytes L-BTP, L-BPA, and L-BTS on
¢) measuring nanoMIP and d) control nanoNIP waveguides.

nanoNIP (right). Both layers were prepared by identical protocol from a solution with cnp =
6wt% and cpp = 1wt% and they were successively brought in contact with working buffer
spiked with increasing concentration of EG. An increase in the refractive index of working
buffer dn;, due to the spiking with EG is manifested as a shift in the critical angle .. In
addition, as EG molecules diffuse from a solution into composite film they change its (effective)
refractive index nj, which leads to the shift in the resonant coupling angle 6. Shifts of 60, = 0—
0.12° were observed upon successive flow of working buffer spiked with EG at concentrations
between 0 and 6 vol% (which corresponds to the buffer refractive indices of n; = 1.325 -1.331
as determined from changes in 8. ). The TM; resonant angle shifts linearly with the refractive

index sensitivity (slope) of S = % = 24.5° per refractive index unit (RIU) for both nanoMIP

np -
and nanoNIP composite films. This value translates to the figure of merit in refractometric
measurements of FOM = 52 (FOM = S/8, - defined as the ratio of refractive index sensitivity
S and the resonance full width at half minimum 6,) taking into account the width of TM;

resonant dip of 8, = 0.47°. Such FOM is more than two-fold better than that for regular SPR at
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the same wavelength (FOM = 20.8 RIU™!) but it is about 15 times lower than that observed
for similar pNIPAAm hydrogel waveguide that was modified with small biomolecules (FOM =
810 RIUY) [201]. The reason is that the loading of nanoMIPs or nanoNIPs into the waveguide
leads to the increased imaginary part of the refractive index Im{n;} (due to the scattering of
the guided mode on nanoparticles) and subsequently to higher resonance width 8, (increased
by a factor of about five). In addition, the presence of nanoMIP increases the total polymer
volume fraction f and thus smaller volume accessible for diffusing of analyte (sensitivity S
and accessible volume proportional to (1 — f) is decreased by a factor of 2 — 3 with respect to

the structure without nanoMIP) [201].

7.3.6 Speci city and Af nity Studies

In order to characterize the specificity and binding capacity of imprinted cavities on the sensor
surface, measuring (nanoMIP) and reference (nanoNIP) composite films were probed by TM;
resonance upon a flow of series of samples spiked with L-BFA at concentrations between 0 and
2 x 1073 M. As respective angular reflectivity curves in Figure (7.5)b) show, the flow of L-BFA
is accompanied with a shift of the resonant angle 668, due to the binding-induced refractive
index changes, which are about nine times higher for the nanoMIP composite film than for
the reference surface with nanoNIPs. Such results indicate that the interaction of L-BFA with
imprinted cavities leads to efficient accumulation of analyte in the film and that the non-
specific interaction of L-BFA with used polymers is much weaker. The accumulation of target
analyte in composite films was estimated from refractive index changes determined from
measured shifts of the resonance coupling angle 68, and critical angle 66, (we assumed that
the change in the thickness dj, due to the swelling of nanoMIP or nanoNIP that is associated
with the affinity interaction with target L-BFA molecules was negligible and that the composite
films change only their refractive index ny). This analysis shows that the presence of target
analyte at the 1 x 10~3M concentration increases refractive index in the liquid sample by
dnyp = 7x 1075 RIU and leads to the increase of refractive index of nanoMIPs composite layer of
dny, = 3x1073 RIU. Assuming the refractive index increases linearly with the concentration of L-
BFA and the composite film has slightly higher RI (so that the same amount of L-BFA will cause

about 10% less RI change 6 nj, than dny), these data indicate that the concentration of L-BFA
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accumulated in the nanoMIP composite film is increased by a factor of = 46 with respect to that
in the bulk sample solution. Much weaker accumulation was observed for the control nanoNIP
films (measured value of dnj, = 2.7 x 1074RIU corresponds to the factor of = 4), which indicates
successful imprinting. It should be noted that nanoMIP nanoparticles exhibited surface area
that was larger only by a factor of 1.23 with respect to that of nanoNIP as determined by gas
adsorption experiment [207]. Therefore, the 10-times stronger accumulation of L-BFA in
the nanoMIP composite film compared to that on the reference nano-NIP surface cannot
be explained by unspecific interaction between the analyte and used polymers. Comparing
the concentration of pre-concentrated analyte inside the nanoMIP layer with the density of
imprinted nanoparticles, the number of binding pockets per nanoparticle can be estimated as

102 — 103, which agrees with previous studies [207].

For more detailed studies of affinity interaction of specific L-BFA and other structurally similar
control analytes with the nanoMIP and nanoNIP composite films, wavelength spectroscopy of
guided waves was employed. As Figure (7.3)c) shows, a source of collimated polychromatic
light beam was coupled to a glass prism and made incident at a fixed angle of incidence
on the optically matched sensor chip with nanoMIP or nanoNIP layers (let us note that
identical waveguides as in previous angular modulation studies were used). The angle of
incidence 0 was adjusted in such a way that the resonant excitation of TM; optical waveguide
mode occurred in the vicinity to the wavelength of A = 632.8nm (the same as used in the
previous angular modulation study). This TM; resonance is manifested as a narrow dip in
the wavelength spectrum of reflected beam intensity, which was measured by a spectrometer.
The refractive index-induced variations in the resonant wavelength 1, were fitted in real
time from measured wavelength spectra. The standard deviation of the sensor signal was
04 =3 x 1073 nm and the bulk refractive index sensitivity was about S = g—;ll; =5x 103nm/RIU,
which translates to the refractive index resolution of 0, /S = 6 x 1077 RIU (this resolution was
more than order of magnitude better than that for previously used setup utilizing angular
spectroscopy of guided waves). Prior to the measurement of resonance wavelength changes
0, due to the affinity interaction of studied analytes, the sensor was calibrated in order to

take into account small chip-to-chip variations and inaccuracies in the optical alignment.

First, the resonant wavelength change 1 ,¢ due to the flow of a working buffer with 0.5 vol%
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of EG was measured and the sensor output was determined as the ratio g f -

As seen in Figure (7.6)a), a baseline in the sensor output was firstly established upon the
flow of a working buffer. Afterwards, a series of samples spiked with L-BFA was sequentially
injected to the sensor and let interact with the composite film for 10 min followed by rinsing

for 10 min. Measured data show that the L-BFA binding results in a gradual shift in the sensor

output g /{1:0 which saturates at levels that increases with the L-BFA concentration. Further, the
sensor response was defined as the difference in the sensor output % before the injection
of a sample and after the 2 min rinsing (indicated as a dashed line in Figure (7.6)a). The 2
min rinsing time was sufficiently long to replace the sample from the flow-cell by working
buffer and thus eliminate the effect of the sensor output change due to the bulk refractive
index change dn;. Obtained calibration curve presented in Figure (7.6)b) reveals that the
response increases with the L-BFA concentration. From these data, limit of detection (LOD) of
30,

-6 .
2 x 107°M was determined as aridc

The specificity of the developed MIP OWS sensor for the detection of L-BFA was tested by
comparing the response of nanoMIP and nanoNIP waveguides to target L-BFA and other
structurally similar reference analytes summarized in Figure (7.1)c)—f): L-Boc-Tryptophan

(L-BTP), L-Bocphenyl alanine (L-BPA), and L-Boc-tyrosine (L-BTS). First, the obtained data

show that the response g /{lrro to target L-BFA analyte at concentration of 0.2 x 10~ M was around
14 times higher for the nanoMIP waveguide (Figure (7.6)c) than for the control nanoNIP (Fig-
ure (7.6)d), which is consistent with previous angular modulation measurements presented in
Figure (7.5)b). The interaction of structurally similar L-BTP dissolved at same concentration
0f 0.2 x 1073 M resulted in around two-fold lower response on nanoMIP surface than the target
analyte L-BFA. On the control nanoNIP waveguide, the response to L-BTP was below values
that can be reproducibly measured. The other reference analytes L-BPA and L-BTS showed
non-measurable response on both nanoMIP and nanoNIP surfaces. Let us note that for L-BFA
and L-BTP a rapid change in the kinetics is observed in Figure (7.6)c) and d) after injecting
the sample (t = 0) and working buffer (t = 10 min). It is probably caused by a bulk refractive
index change, which was caused by a small variation in the amount of methanol (added due
to the weaker solubility of these analytes). In general, the measured data on selectivity of

L-BFA imprinted nanoMIP are in line with previous studies and reveal that using of pNIPAAm
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hydrogel as a “glue” in the composite layer provided accessibility to MIP binding pockets,
did not altered their affinity with target L-BFA analyte, and allowed improving sensitivity
compared to other platforms for direct optical detection of small molecules that utilize 2D
MIP coatings. For instance, the achieved limit of detection is about 30 times better than that
reported for an optical sensor utilizing reflectometric interference spectroscopy (RIfS) with
identically prepared L-BFA-imprinted nanoparticles that were attached to the surface in form
of 2D layer [187]. This advancement can be attributed to the higher refractometric sensitivity
of the OWS readout format and large-binding capacity that is offered by the 3D composite film

architecture.

7.4 Conclusions

A new MIP architecture and readout method that is attractive for direct optical detection of
low-molecular-weight analytes is reported. It is based on molecularly imprinted polymer
nanoparticles (nanoMIP) that are embedded in a photo-crosslinkable hydrogel in order to
provide high density of easily accessible imprinted moieties. Such composite films efficiently
accumulate target analyte (about 10-fold increased concentration was observed as compared
to films with non-imprinted nanoparticles nanoNIPs) and at the same time can act as an
optical waveguide. The spectroscopy of guided waves supported by the composite nanoMIP
film allowed for accurate readout of refractive index variations associated with the interaction
of target analyte and MIP moieties. OWS can be performed using regular SPR optical setup
and it enables direct label-free detection of a model low-molecular-weight analyte L-BFA -
with an LOD as small as 2 x 1075 M. The presented approach is generic and the using of photo-
crosslinkable hydrogel allows for lithography or inject printing preparation of MIPs patterns.
For instance, sensor chips carrying arrays of measuring and reference pads with different MIP
moieties can be prepared in a much more straightforward and simple way than in case of
traditional surface synthesis of MIPs on planar films. We believe that such advancements will
allow harnessing current progress in the field of synthesis of high affinity MIP nanostructures
(plastic antibody) and open a new door to development of next generation of sensitive and

robust MIP sensors capable of multi-analyte and reference-compensated measurements.
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Summary

In this thesis, there are reports of four projects that cover new means to prepare and char-
acterize responsive hydrogel nanostructures as well as their implementation to functional
optical devices. In particular a photo-crosslinkable pNIPAAm-based polymer that forms a net-
work under irradiation by UV light was used and structured by laser interference lithography,
nanoimprint lithography, and template stripping. These techniques allowed for preparation
of hydrogel structures tethered to a solid surface with feature size as small as 100 nm. Prepared
thermo-responsive materials exhibited unusual and unique optical properties which hold
potential to allow for actively controlled characteristics of plasmonic structures as well as
provide ways in novel optical sensor concepts. Nanostructured hydrogel films were prepared
on top of and below a thin Au film. Properties of such plasmonic structures were experi-
mentally and theoretically investigated. Dense pNIPAAm relief grating was developed to
reversibly open and close a plasmonic bandgap by collapsing and swelling the pNIPAAm
structure immersed in water by temperature variations. This bandgap occurs at wavelength
that can be tuned by the period of the grating and in the bandgap the surface plasmons
propagating on the Au surface cease to exist. The limitation of such approach related to the
swelling and collapsing of the pNIPAAm nanogratings concerning the aspect ratio is discussed.
Gratings with the modulation depth up to 100nm and periods below 300 nm were prepared.
Another approach was employed to structure the same hydrogel by arrays of nanopillars

based on nanoimprint lithography. The diameter of pNIPAAm nanopillars was of 143nm and
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the height reached 208 nm. This material was in situ investigated by a new optical method
based on waveguide-mode enhanced diffraction measurements and it was complemented by
atomic force microscopy study. Measurements suggest that pNIPAAm pillars swell in 3D with
a swelling degree that is similar to that associated with 1D of from identical hydrogel film that
is allowed to expand inly in one direction. In addition, effect of bending of pNIPAAm pillars
is described and unusual behavior that allowed reversibly erase and re-form the structure
is reported. Extraordinary transmission of light through nanohole array of gold mediated
by thermo-responsive pNIPAAm hydrogel cushion layer was subject of research included in
the thesis. Here a thin Au film with arrays of nanoholes was prepared by EBL, coated with
pNIPAAm layer, attached to a transparent substrate and stripped. Results show that rapid
swelling and collapsing of the hydrogel triggers flow of water through the plasmonic pores
and strongly modulate the refractive index leading to changes in the transmission spectrum
mediated by surface plasmon modes. The experiment results obtained were verified by the
simulated results. An alternative approach to nano-structure the hydrogel material was em-
ployed by incorporating molecularly imprinted polymer nanoparticles. Composites films were
prepared with a thickness chosen to support the optical waveguide modes and at the same
time provide an open architecture to analyte molecules for diffusion when brought in contact
with water. Polymer nanoparticles were imprinted with L-BFA - an amino acid derivative. The
implemented sensor based on optical waveguide spectroscopy was demonstrated to directly
detect this low molecular weight analyte at concentration as low as uM. The key characteristics

of the biosensors was determined and compared to those for other state-of-the-art devices.

Future Outlook

Nanostructured hydrogels have gained considerable attention in recent years due to their
unique properties to swell in response to the variation of some parameter of the medium.
It can offer various advantages related to the network structure which makes it excellent
candidates for biomedical fields such as drug delivery, tissue engineering, and biosensors.
A range polymeric nanostructured hydrogel systems have been prepared and characterized
in recent years [208], each one with its particular advantages and drawbacks. One of the

most remarkable areas of research on hydrogels has been their stimulus sensitivity. In this
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context poly (N-isopropylacrylamide) (pNIPAAm)-based hydrogel has received great attention
having the photosensitive and thermo-responsive properties. It exhibits a well-defined lower
critical solution temperature (LCST) in water around 31-34°C, as this temperature is close
to the body temperature this makes it suitable for a thermo-sensitive carrier to control drug
activity. Various methods for structuring of hydrogels were developed including those based
on microfluidics, photolithography or soft-lithography-based techniques. As nanostructured
hydrogels exhibit a variety of functional properties such as swelling, surface, and optical
properties, as well as the unique property of undergoing abrupt volume changes from their
collapsed and swollen states in response to environmental stimuli, this feature can be suc-
cessfully used to make carrier for drug delivery, micro-valves and micro-pumps, wavelength
tunable optical filters, among others. The work described in this dissertation covers several
topics that are expected to open door to follow up projects. Although many developments
have taken place, there is still a huge space of research that concerns such stimuli-responsive
materials in the future. Potential applications for these systems in our daily life should be
devised and further developed. Here, many known challenges are still ahead, such as their use
as stimuli-responsive nanocarriers, a general rapid responsiveness of the applied stimuli and
the exact reproducibility, which requires prior attention. Potential future work based on this

work may include:

* Plasmonic nanohole arrays that are functionalized with ligand molecules and tethered
with a permeable hydrogel cushion are attractive for a flow-through biosensor. Such
approach can be implemented with extremely simplified fluidic compared to those
pursued now [40] and the response of the sensor is not hindered by slow diffusion to the

surface.

* Active plasmonic application where spectrum of surface plasmon modes can be dynam-
ically adjusted by responsive polymers. For instance, in implementation of plasmonic
for amplification of signal in optical spectroscopy the enhanced field intensity can be

tuned with respect to characteristics of studied analyte.

* 2D plasmonic optical circuits where propagation of surface plasmon beam is controlled
by elements formed by responsive hydrogel nanostructures acting as mirrors, splitters

or phase retarders.
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¢ New adhesive, humidity sensor or safety features based on the unusual properties of

imprinted responsive hydrogel nanostructures.

* Biosensors with array of detection format supported by hydrogel-functionalized spots

in order to provide large binding capacity.

* New architectures of MIP sensors with nanoMIP materials printed and glued by a hy-
drogel to defined desired structures with good optical properties and open architecture

for capture of large amounts of target analytes.
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