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technologies.? It utilizes metallic nano-

Collective (lattice) localized surface plasmons (cLSP) with actively tunable
and extremely narrow spectral characteristics are reported. They are supported
by periodic arrays of gold nanoparticles attached to a stimuli-responsive

structures that support localized surface
plasmons (LSPs) originating from collec-
tive electron density oscillations coupled

hydrogel membrane, which can on demand swell and collapse to reversibly
modulate arrays period and surrounding refractive index. In addition, it
features a refractive index-symmetrical geometry that promotes the generation
of cLSPs and leads to strong suppression of radiative losses, narrowing

the spectral width of the resonance, and increasing of the electromagnetic
field intensity. Narrowing of the cLSP spectral band down to 13 nm and its
reversible shifting by up to 151 nm is observed in the near infrared part of
the spectrum by varying temperature and by solvent exchange for systems
with a poly(N-isopropylacrylamide)-based hydrogel membrane that is
allowed to reversibly swell and collapse in either one or in three dimensions.
The reported structures with embedded periodic gold nanoparticle arrays
are particularly attractive for biosensing applications as the open hydrogel
structure can be efficiently post-modified with functional moieties, such as
specific ligands, and since biomolecules can rapidly diffuse through swollen

polymer networks.

1. Introduction

Plasmonics provides an efficient means for nanoscale manipu-
lation of light!!] in order to push forward the miniaturization
and performance characteristics of a variety of optoelectronic

with the associated electromagnetic field.
The plasmonic materials rapidly find their
applications in thin film optical devices
for light harvesting,l’! in photocatalysis,
nanophotonic circuits,”! amplified optical
spectroscopy,l®! and sensors of chemical
and biological species.”] Recent advances
in nanofabrication technologies allowed for
the development of facile tools for the prep-
aration of metallic nanostructures with pre-
cisely tailored plasmonic characteristics.!®!
However, such properties are typically fixed
as, after their preparation, the metallic
nanostructures cannot be reconfigured. In
order to overcome this limitation, there is
pursued a new class of plasmonic mate-
rials that can be on-demand actuated and
thus opens the door for actively controlled
nanoscale manipulation with light.”! These
materials are particularly important for
integrated optics components such as modulators,!!% switches,!!!
and polarizersl? as well as in plasmonic high resolution
displays,'*l and advanced sensing platforms.'#l

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

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

2. Results and Discussion

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

2.1. Morphology of cLSP Arrays

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

www.advopticalmat.de

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

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

2.2. Optical Characteristics of cLSP Structures

The changing of temperature below or above Tjcsr of used
thermo-responsive pNIPAAm polymer networks is accompanied
by abrupt volume changes. These changes are associated with
the polymer density variations, which translate to the modulating
of hydrogel refractive index m,. The surface-attached pNIPAAmM
layer in its hydrated swollen state (T < Tjcgr) exhibits a low
refractive index of ny, = 1.36 while in its collapsed state (T> Tjcg7)
the refractive index increases to ny, = 1.46. These parameters were
measured by optical waveguide spectroscopy combined with sur-
face plasmon resonancel®¥ for the layer used in the geometry A.
The measurements revealed that the swelling of the film perpen-
dicular to its surface leads to the increase in its thickness from
dy, =275 nm to about 1 um (data not shown). In its swollen state,
the prepared pNIPAAm hydrogel exhibits a refractive index n,
that is close to that of water ny = 1.33, which generates nearly
symmetrical geometry around the arrays of gold nanoparticles.
Such configuration promotes the diffraction coupling of LSPs
supported by individual gold nanoparticles and it leads to the
establishment of collective (lattice) modes—cLSPs. As investigated
before, such modes occur when the spectral position of diffrac-
tion Rayleigh anomaly Ay, is in the vicinity to LSP wavelength
Aisp2% In order to tune the spectral distance between A;gp and
Aga, the diameter D of gold nanoparticle arrays was adjusted for a
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period fixed at A = 460 nm. As reported before, varying diameter
of arrays of gold nanoparticles from D =150 to 110 nm leads to a
shift of the A;sp by 50 nm.B% Therefore, decreasing the diameter
D was utilized to push A;sp closer to the Rayleigh anomaly and
thus to generate the cLSP mode. Such behavior is observed in the
measured angular—wavelength transmission spectra presented
in Figure 3. In these data, one can see a characteristic V-shaped
feature centered at Agp = Any, =620 nm, which corresponds to the
splitting of Az, when deviating the incident angle 6. At longer
wavelengths, there can be seen a dip associated to the resonant
excitation of LSPs that is shifting from 700 to 650 nm when
decreasing the diameter D. Importantly, the LSP resonance
wavelength A;p become angular dispersive and its spectral
width AAd;sp decreases when decreasing D, which can be attrib-
uted to its gradual shifting to the vicinity to Az, and diffraction
coupling of cLSPs. The dispersive cLSPs band is observed for the
transversally electric polarization of the incident beam (TE, with
the electric field intensity vector parallel to the surface) as illus-
trated in Figure 3d showing the schematics of the geometry.

2.3. Actuating of cLSPs Arrays
The spectrally narrow resonances associated with the excita-

tion of cLPSs can be actuated by breaking the refractive index

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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symmetry or by varying the arrays period A. The surface-
attached structure A is allowed to swell and collapse only in
perpendicular direction and thus only changing the refrac-
tive index symmetry is possible. The free-standing structure
B is allowed to swell and collapse also in the lateral direction
and therefore one can take advantage of the combined effect
of modulating the arrays period A and refractive index ny.
The first approach was tested for the architecture A with
A =460 nm and D = 110 nm. As can be seen in Figure 4a,
the temperature-triggered variations in the refractive index
Any, =0.10 induced a reversible shift in the spectral position of
cLSP resonance A;gp. The shift of 64, ¢p = 18.5 nm was meas-
ured in the transmission spectrum for the normally incident
optical beam 6 = 0°. In addition, it illustrates that the perturba-
tion of refractive index symmetry by the increasing of tempera-
ture leads to an increase in the spectral width of the resonance
from Ald;sp = 38 nm in swollen state (cLSPs are excited) to
Alrsp = 73 nm when the hydrogel is collapsed (regular LSPs
are excited). Similar experiment was carried out for the struc-
ture B carrying arrays of gold nanoparticles with A = 360 nm
and D = 140 nm on the top of free-standing hydrogel mem-
brane. When swollen in water at a temperature below Ty gy, the
structure expands in lateral direction and the period of arrays
increases to about A = 525 nm, which is manifested as a shift
of the first diffraction order Rayleigh anomaly to A, = 700 nm.
As Figure 4b shows, the spectral position of the cLSPs is then
located at a longer wavelength of A;sp = 747 nm and exhibits
the spectral width Ad;sp = 66 nm. This width is wider com-
pared to that for the surface-attached structure (A), which can
be attributed to the larger diameter D of used nanoparticles.
When increasing the temperature above the NIPAAm Tjcs,
the spectral position A;sp shifts opposite compared to the struc-
ture A toward shorter wavelength of A;gp = 686 nm and the
spectral width increases to Ad;sp = 120 nm. The reason for
the blueshift of the resonance is the decreasing of the period
A below 380 nm due to the shrinking of the structure, which
stronger impacts the resonance compared to the increase of
refractive index n, (that redshifts the resonance position). It
is important to note that the observed temperature actuating
of responsive hydrogel membrane is accompanied with more
than one order of magnitude stronger refractive index changes
Any, compared to that occurring for water in the used tempera-
ture range.3% Interestingly, when incubating the structure in
ethanol, both Az and A;gp are redshifted to 820 and 838 nm,
respectively, and the spectral width of LSP resonance decreases
to Arsp = 22 nm. This observation can be explained by the fact
that ethanol acts as a better solvent than water. Therefore, the
period is prolonged to about A = 600 nm and refractive index
of more swollen hydrogel m;, is closer to that of the solvent n,.
In addition, the refractive index of ethanol ng is higher than
that of water, which further contributes to the red spectral shift.
The performed measurements reveal that reproducible revers-
ible shifts of 0A;sp = 61 nm were obtained by the repeated
switching between the collapsed and the swollen state in water
through modulating temperature T. Even stronger shifts of
OArsp = 151 nm were observed for the changing of solvent
between ethanol and water at a temperature above Tjcgt. It is
worth of mentioning that the pNIPAAm-based hydrogel film
does not exhibit thermo-responsive behavior in ethanol*! and
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Figure 4. Transmission spectra measured for a) tethered structure
(A, prepared with A = 460 nm, D =110 nm) and b) free-standing struc-
ture (B, prepared with A =360 nm, D =140 nm) in contact with water at
T=22°C (blue curve), T=45 °C (red curve), and in contact with ethanol
(green curve) at room temperature for the normally incident beam 6=0°.
c) Measured changes in the wavelength A sp upon series of five cycles of
swelling and collapsing in H,O and in ethanol for tethered (bottom) and
free-standing (top).

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

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

www.advopticalmat.de

carried out for the wavelengths A;sp corresponding to the reso-
nant excitation of LSPs. For the nonsymmetrical configuration I
(when regular LSPs are excited) the field intensity enhancement
peaks at the gold nanoparticle wall and decays when increasing
the distance from the wall of gold nanoparticle. When normalized
with the electric intensity of the incident beam, the field inten-
sity enhancement at the nanoparticle walls yields |E/Ey* = 100.
For the geometry resembling the nanoparticle arrays on hydrogel
cushion swollen in water II, the establishing of cLSPs leads to
stronger maximum field intensity enhancement of |E/Ey|* = 375.
Moreover, the increasing of the period A by swelling in ethanol
(IIT) shifts the resonance closer to the Rayleigh anomaly Aga
and the field intensity enhancement reaches a value as high
as |E/Eyf> = 814. The confined LSP field intensity probes to
the distance of d = 14 nm (field intensity drops to half) for the
geometry I and the mode supported at longer wavelengths on
the structure III exhibits more delocalized field intensity profile
probing up to the distance of 17 nm, see Figure 5c.
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Figure 5. a) Simulated transmission spectra, b) spatial distribution electric field amplitude, and c) cross-section of the electric field intensity averaged
over walls of gold nanoparticle arrays (with D = 140 nm) for the geometry experimentally determined for the free-standing structure B observed in
Figure 4. The parameters used to represent the collapsed state in water (I, red), swollen state in water (Il, blue), and swollen state ethanol (I, green)
are stated at the bottom of the figure.
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2.5. Refractometric Sensing Measurements

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

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

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

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

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

3. Conclusion

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

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

4. Experimental Section

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

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

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

in the bulk refractive index n.

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

A) Tethered hydrogel structure

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

D=110 nm 3(6=8)

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

D=150 nm 45 (9 8°)

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

D =150 nm 35 (60=28°)

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

D =200 nm 102 (0=8°)

B) Free standing hydrogel structure

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

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

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

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

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

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

Numerical Simulations: The finite difference time domain (FDTD)
method that was implemented in a commercial software from Lumerical
Inc. (Canada) was employed. The geometry of nanoparticle arrays was
described by using Cartesian coordinates with the x and y axis in the
plane and with z axis perpendicular to the plane of the arrays. A single
unit cell with a uniform mesh size of 2 nm in all three directions was used
to calculate the near field electric intensity and the far-field transmission
spectra. Convergence checks lead to the conclusion that this mesh size
was sufficient for accurate results. A transmission monitor was placed
0.4 um below the nanoparticle arrays and a 2D monitor in the xz-plane
was employed for simulating near field distribution of the electric field
intensity. The perfectly matched layers (PML) above and below the
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structure and periodic Bloch boundary conditions in x- and y-direction
were employed. Optical constants of gold were taken from literature.%
Refractive index of a collapsed hydrogel membrane was estimated as
ny, = 1.46, that of the membrane swollen in water as n, = 1.34 (refractive
index of solvent ng = 1.331 at 700 nm and T = 25 °C), and after swelling
in ethanol as n, = 1.36 (refractive index of water ny = 1.359 at 700 nm
and T = 20 °C). These values were obtained assuming the volumetric
swelling ratio in water of 8 (same material showed swelling in each
direction of about 2 as observed for micro-disks!'’#%l) and by relating
this swelling ratio to data measured for similar thin hydrogel films with
same volume swelling ratio.['”]
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