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ABSTRACT

Colloidal suspensions of plasmonic nanoparticles (NPs) are a well-established tool for biomedical applications and enhanced spectroscopy
because of their strong optical response. The specific response is greatly dependent on the NP shape. The strong optical activity of chiral
NPs has created special interest but fabrication of chiral NPs in solution remains challenging. Here, we present an approach whereby
three-dimensional (3D) chiral Au nano-hooks, fabricated with the parallel hole-mask colloidal lithography (HMCL) method, can be lifted off
from a glass substrate in a controllable manner by using a combined treatment with oxygen plasma oxidation and a reduction step in solution.
This method has the advantage of being based on established techniques and not requiring strong acids or complex substrates as in etching
based approaches. We furthermore demonstrate the integration of the hook NPs into reversibly cross-linked hydrogels inspired by mussel
catechol chemistry but containing an oxidation resistant catechol analogue grafted onto poly(allylamine) crosslinked by coordination of AI**
and how this facilitates the remote analysis of hydrogel microenvironment, e.g. the water content. The suspended particles are promising
candidates for optically active surface-enhanced Raman spectroscopy (SERS), asymmetric photo catalysis or aggregation sensing. The
integration into hydrogels to produce functional hydrogels holds benefits for applications of metamaterials in optics, sensing or activation in

environmental remediation or drug delivery.
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1 Introduction

The interaction of light with small metal nanoparticles (NPs) can
excite collective oscillations of conduction electrons, known as
localized surface plasmon resonance (LSPR), and give rise to various
remarkable properties such as enhancement of optical transitions
and non-local dielectric responses [1-3]. Especially for applications
in chemistry, colloidal suspensions of NPs have the advantage of high
surface area-to-volume ratios and surface accessibility, improving
surface bonding properties and chemical reactivity [4-7].

The standard approach to fabricate suspended plasmonic NPs is
to use solution-based synthesis, allowing for the high-yield production
of mono-crystalline particles [8]. Although recent developments of
synthesis techniques have resulted in an increased control over the
geometry of NPs that can be generated, the obtainable NP shapes are
very limited compared to lithographic techniques such as electron
beam lithography (EBL) [9-11]. Since the optical properties of
plasmonic NPs are strongly dependent on the particles shape, it is of
great interest to precisely control this parameter and achieve highly
monodisperse particles [12-14]. For achieving geometries that are
more complex and especially the fabrication of anisotropic particles,
the utilization of assembly techniques to form clusters of colloidal
NPs has gained much interest [15-18]. Apart from the generation
of hotspots, the more complex geometries of NP clusters also lead
to the emergence of different interactions with light. In particular,
chiral structures, that are not superimposable with their mirror image,
show strong optical activity like circular dichroism (CD) and optical
rotary dispersion (ORD) [19, 20].

Chiral NPs are employed in a broad range of applications, ranging
from nano-sensors and -photonics to catalysis and more general
nanoelectromechanical systems [21-26]. These applications demonstrate
the great potential of suspended chiral NPs and pose the challenge
to develop methods for the reliable fabrication with a high control
over the particles shape. The solution-based synthesis of chiral NPs
usually relies on assembly processes guided by chiral organic
templates [27, 28]. Relying on templates limits the control over the
NPs chirality, which is why more common approaches to fabricate
chiral plasmonic nano-structures are usually based on lithographic
techniques such as direct write EBL, allowing for highly precise
and controllable structuring of two-dimensional (2D) and three-
dimensional (3D) chiral NPs on a surface [29, 30]. These methods
come with the drawback of being very costly and time consuming,
with yields much lower than for solution-based synthesis. An alternative
is given by large-area patterning techniques like nano-imprint
lithography (NIL) based on EBL defined imprint masks or colloidal
lithography (CL) [31, 32]. The latter uses colloidal suspensions to
form self-assembled layers for the patterning of some cm? surface
areas [32]. To achieve suspensions of the nano structures fabricated
with lithographic approaches, the NPs have to be lifted-off from the
surface, a process that usually involves strong etchants followed by
purification steps [33-35].

Here, we report a novel way of generating colloidal suspensions
of chiral plasmonic NPs by using hole-mask colloidal lithography
(HMCL) for the fabrication of specific chiral Au nano-hooks with a
tunable CD response in the visible and near-infrared (NIR) and lifting
them off the substrate by a combined treatment with oxygen plasma
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and reducing solutions. HMCL enables the large-scale and low-cost
fabrication of monodisperse 3D NPs with a high control over the NPs
shape and size [35-39]. Using a 3D chiral Au nano-hook structure
we demonstrate how HMCL can be used to precisely tune the CD
response of chiral NPs in the visible and NIR. The structures are
then transferred into either an ethanol or an aqueous solution at
neutral pH, a process controlled by a prior treatment with strong
oxygen plasma. Lastly, we demonstrate how NP suspensions can be
incorporated into hydrogels and for the first time, to our knowledge,
realizing such incorporation for a supramolecular, reversibly cross-
linked hydrogel [40-42]. To this end we use a construct based on
the strong coordination between AI(III) ions and an oxidation
resistant catechol analogue (cHOPO, (1-(2'carboxyethyl)-2-methyl-
3-hydroxy-4(1H)-pyri-dinone) grafted onto polyallylamine (g-cHOPO-
PAH) [43]. Furthermore, we show how the integrated NPs allow the
remote and dynamic sensing of the hydrogels water content. The
chirality of the hook structure enables the use of CD measurements
for this sensing, which requires a lower NP concentration than
necessary for direct extinction measurements.

Having precise control over the exact shape and optical activity
of suspended NPs holds great potential exploring many effects like
superchirally driven asymmetric photocatalysis or interactions with
chiral molecules for pharmaceutical and biological applications [19,
44]. In particular, the demonstrated incorporation of such NPs into
hydrogel holds potential for applications in environmental remediation
or drug delivery, especially in the case of the AI(III): g-cHOPO-PAH
construct with its reversible gelation and self-healing properties
(43, 45-47].

2 Results and discussion

2.1 Fabrication and tunability of Au nano-hooks

Figure 1 schematically depicts the fabrication process for the Au
nano-hooks, including the various tunable parameters. The fabrication
is based on the low-cost and highly scalable technique of HMCL [36].
To achieve chiral structures with the achiral hole-mask, HMCL is used
in combination with angled physical vapour deposition (PVD). This
method allows simultaneously tilting and rotating the sample during
the metal deposition process. Here, we used the prototype PVD
machine Cryofox-GLAD from Polyteknik (Denmark), which allows
free control of the tilt angle & and in-plane rotation angle f3, during
the deposition. Keeping « fixed while rotating the sample less than
360° leads to hook-like structures due to the clogging of the hole
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while depositing material [48, 49]. The radius R of the hooks is
determined by « and the circular sectioning ¢ by Bmax while the free
control over 8 enables the precise modification of the width w and
height H of the hook and their decrease along its backbone. This change
in w and H is the origin of the hooks’ chirality, and having precise
control over these parameters allows tuning of its optical activity.

In Fig. 2, a comprehensive study of the influence of the hooks
structural parameters on their CD optical activity is presented. For all
presented structures,  was rotated from 0° to 270° at a deposition
rate of 1 A/s. The top row shows that varying the static parameters
tilt « Fig. 2(a) and PS size S Fig. 2(b) enables a shift in the LSPR
peak to higher or lower wavelengths in the visible and NIR for
bigger and smaller angles a, respectively, and that increasing the
particle size S leads to an increase in the intensity of the response.
The shift of the resonance position is a result of the change of the
NP’s aspect ratio as well as of the influence of & on the length of the
hooks’ backbone: Modifying the distance the oscillating electrons are
moving and thus the wavelength necessary to excite the oscillations.
The latter only affects the CD signal, as can be seen in comparison to
the unpolarized extinction spectra shown in Fig. S4 in the Electronic
Supplementary Material (ESM). The increased intensity arises from
the increased amount of material deposited due to the larger hole
size, resulting in more conduction electrons contributing to the
LSPR. The bottom row in Fig. 2 displays the effect the variation of
the rotation §8 has on the CD signal. By making the rotation speed
faster (C), the signal is reduced due to the smaller total amount of
deposited material and the flatter profile of the hook.

The profile shape can be further varied by changing from constant
rotation speed to an accelerated rotation (D, for atomic force
microscopy (AFM) characterization see Fig. S1 in the ESM). In both
modes the same total amount of material is deposited but in the
latter mode the rotation speed is constantly increased from 29 s/° to
4 s/°, at which it was kept for the last 50° to ensure the formation of
a coherent Au film in this part of the hook. The CD signal strongly
increases and sharpens notably for the accelerated case, underlining
the importance the 3D geometry of plasmonic NPs has on their
optical response. We were able to show the versatility of the HMCL
method for the fabrication of 3D chiral nano-structures and the high
degree of tunability it allows in connection with sample tilt and
rotation. This enables the fabrication of monodisperse structures
on large areas in a low-cost and high-throughput manner. In the
following section, a method for transferring the Au nano-hooks into
a suspension is demonstrated, making this HMCL approach for

®

Figuer 1 (a)-(c) Schematic representation of the fabrication process via combined HMCL and PVD. (a) The utilized polystyrene sphere (PS) colloidal solution
determines the hole size S and nearest-neighbor distance d. An etch-resistant mask is formed by a 20 nm thick Ti layer. (b) By controlling the sample tilt angle « and
in-plane rotation angle $ during the PVD process it is possible to precisely tune the structural parameters of the hook (height H, backbone radius R and circular
sectioning ¢, shown in (c) for the final sample after the cleaning procedure). The width w is determined by the PS size S. (d) SEM image of a nano-hook array, scale bar

1 pum. Inset: a single hook structure in high resolution, scale bar 100 nm.
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Figuer 2 Structure-plasmon relation of the nano-hook structure. The structural parameters varied as described in Fig. 1 and the structural change is verified using
SEM images. The change in plasmon response is determined via CD spectra. (a) Increasing the tilt angle « and thus the backbone radius R red-shifts the plasmon
peak. (b) Increasing the hook width w by using PS with larger size S slightly blue-shifts and strongly amplifies the peak. (c) Decreasing the rotation speed during the
deposition process leads to smaller structures with less decrease in width w along the backbone. This entails a much lower LSPR response. (d) By changing from a
constant rotation during the deposition process to an accelerated one, while keeping the total amount of deposited material constant, the hook gets a steeper height
profile along its backbone. The result is a sharpened LSPR peak. All scale bars are 100 nm.

the fabrication of 3D chiral structures a viable tool for generating
suspended NPs with complex geometries.

2.2 Lift-off

To transfer the hook NPs from the sample surface into a suspension
a two-step process was performed. The first step was a prolonged
O: plasma treatment (RF 100 W, 30 mbar pressure, 55 cm?/s oxygen
flow) that creates a stable layer of oxidized gold (Au(+3), see Fig. 5).
This also affects the plasmon resonance, slightly red-shifting the peak
positions, as shown in Fig. S5 in the ESM. The plasma treatment also
leads to the removal of the Au nano-spots around the structures that
are a result of surface diffusion and are a known problem in stencil
lithography (see Fig. S1 in the ESM) [50].

The second step is the immersion of the sample in a solution
with strong reducing agents, which leads to mobilization of the NPs
and eventual lift-off. This is demonstrated for both, an aqueous
solution with the strong ionic buffer HEPES (10 mM, 100 mM NaOH,
pH 7.4) and for 1-dodecanethiols (10 mg/mL) in ethanol (> 99.5 vol.%).
Figure S2 in the ESM highlights the necessity of the plasma oxidation
step for a successful lift-off. The necessity of the reduction step is
demonstrated in Fig. S6 in the ESM, which shows that ultrasonication
of the oxidized sample in a non-reducing does not lead to lift-off.

In Fig. 3, the successful lift-off is characterized using CD spectroscopy
and scanning electron microscopy. The top row compares the CD
signal of the structures before lift-off on a glass substrate with the
same structures in the ethanol-thiol solution (in a quartz cuvette,
light path 1 mm) after having stored the plasma treated sample for
1 day in the solution followed by 1 min ultrasonication. Note that
the CD LSPR peaks appear slightly red-shifted (on average 21 + 9 nm,
as calculated from the shown spectra), which can be attributed to
either the change of refractive index (RI) from air (RI 1) to ethanol
(RI 1.361) or to the change from a coherent direction of illumination
to an average over illumination of all possible orientations due to
the suspended state. The latter was verified by FDTD simulations

(lumerical solutions, minimum feature size 2 nm), where the hooks
CD spectra for various illumination directions were determined and
then averaged, as displayed in Fig. 4(a). For the illumination normal
to the hooks horizontal plane the FDTD simulations were also used
to generate the differential E-field distribution (E-field for left-hand
circular polarized, LCP illumination, minus E-field for right-hand
circular polarized illumination, RCP) for the two major CD
peaks, at 588 and 726 nm (Figs. 4(b) and 4(c)). At both wavelengths,
quadrupole and higher order modes emerge with the higher
wavelength experiencing stronger field enhancements, especially in
the gap between the big and small end of the hook.

The scanning electron microscopy (SEM) images (Figs. 3(b)-3(e))
show the sample before and after a 2 h reduction in thiol solution
((b) and (c), no ultrasonication) as well as hooks that were redeposited
from solution onto a Si wafer ((d) and (e)). The before and after
image comparison clearly shows that the reduction step mobilizes
the NPs on the surface; before reduction, all hooks have the same
orientation and the ordering determined by the random sequential
absorption of the PSs, while afterwards this pattern is broken with a
strongly reduced surface coverage and a random orientation of the
remaining hooks. Figure S2 in the ESM shows the similar situation
for the samples in HEPES buffer and furthermore compares the
samples with and without plasma oxidation, the latter showing no
change in orientation or pattern, proving the necessity of the plasma
treatment for a successful lift-off. A proposed explanation for this
process is strain emerging in the hook upon reduction due to its
highly asymmetrical shape. The SEM images of the redeposited
hooks ((d) and (e)) confirm that the hooks maintain their chiral
shape when lifted off the surface, as verified by the CD spectra, for
both, the lift-off in aqueous and ethanol solutions. The aggregation
visible in the SEM images could be attributed to the redeposition
process, where the solution were left to dry on the Si wafer. This
can lead to the so-called coffee-ring effect; to verify this assumption
it would be necessary to suppress this effect, even though the CD
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Figure 3 Verifying the successful particle lift-off. (a) Comparing the CD signal
for two samples of each handedness before lift-off on the glass sample with those
after lift-off, suspended in ethanol-thiol solution. The peak-shift results from the
change in RI (1) from air to ethanol (1.361). SEM image of the hooks on a glass
sample before (b) and after (c) the 2 h reduction in 10 mg/mL 1-dodecanethiols
in ethanol. Reduction leads to mobilization of the nano-hooks as seen by the
loss of order and decrease in surface coverage. Samples were covered in 4 nm Ti
for imaging purposes. Nano-hooks redeposited on a Si wafer from suspension in
thiol-solution (d) and HEPES buffer (e). The CD signal indicates that the
apparent aggregation is a result of the redeposition and does not occur in the
suspension. All scale bars are 500 nm.

spectra do not indicate aggregation of the suspended NPs [51, 52].

Successfully transferring lithographically designed NPs into
suspension could hold further potential, e.g., for sensing application
involving larger biomolecules or heterogeneous chemical catalysis,
for which especially chiral NPs enable enhanced enantio-selectivity
[53-55]. Furthermore, it allows the integration into hydrogels, which
is demonstrated in the following section.

2.3 Hydrogel integration

To further explore the potential of suspended plasmonic particles we
integrated the lift-off particles into two different hydrogels, gelatin
and AI(III):g-cHOPO-PAH. Gelatin gels were cast by dissolving
porcine gelatin at 10 wt.% in HEPES buffer at 55 °C in the NP
suspension and then letting the solution cool down back to room
temperature. The reversible AI(III):g-cHOPO-PAH hydrogel was
fabricated by first dissolving 20 mg of the g-cHOPO-PAH
((1-(2'carboxyethyl)-2-methyl-3-hydroxy-4(1H)-pyridinone-grafted
polyallylamine hydrochloride, synthesized by a previous published
protocol) in 30 uL HEPES buffer, followed by adjustment of the
pH to 7.4 by adding 10 pL of 5 M NaOH and further dilution with
100 pL of the colloidal suspension [43]. Reversible crosslinking was
facilitated by the addition of 10 pL 0.5 mM aluminum chloride
hexahydrate, which coordinates cHOPO above pH ~ 4 [43]. Before
the hydrogel casting, the concentration of the hook solutions was
increased by a factor of 4 by centrifugation (15 min, 15,000¢) and
removal of the top % of liquid, followed by vortex mixing and
ultrasonication.

Nano Res. 2019, 12(7): 1635-1642
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Figure 4 (a) Comparing the CD response of the hook under normal illumination
and averaged over illumination from all directions (discretized to 45" angles) by
FDTD simulations, which gives an additional explanation for the red-shift
observed in Fig. 3. Differential E-field distribution (Erce-Eice) of the hook for
wavelength A = 588 nm (b) and A = 726 nm (c), the minimum and maximum of
the CD signal under normal illumination. Both wavelengths show the emergence
of quadrupoles or higher order modes, with the higher wavelength having the
stronger field enhancement, especially in the hook’s gap. The dashed lines indicate
the horizontal and vertical cross-section, respectively.
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Figure 5 XPS spectra of the Au 4f peaks for a continuous, 20 nm thick gold film
right after 12 min oxygen plasma treatment (O) and after reduction in HEPES
buffer (R). In the former, the Au(+3) peaks at 85.4 and 89.1 eV, assigned to Au,O;
show a high level of oxidation [56-58].

The hydrogels, depicted in Fig. 6(a), were spectroscopically
analyzed (Jasco-810 CD spectrometer for hooks on substrate, Chirascan
CD spectrometer for hooks in solution and hydrogels and data,
displayed in Fig. 6(b)). The spectra show that the NPs optical
properties are well retained, both in gelatin and Al(III):g-cHOPO-
PAH. Interestingly, upon lift-off and integration into the gel, the
lower-wavelength CD peak changes signs. This can be explained by
the simulations in Fig. 4(a), which show that the emergence of this
peak strongly depends on the direction of illumination, specifically,
it flips signs when changing from normal illumination to an average
over all directions. The observable LSPR peak shift (measured for
the lower-wavelength peak around 600 nm) can be attributed to the
increase in RI when transferring the particles from buffer into the
hydrogels, while the reduction in signal intensity is a result of the
absorption and scattering by the hydrogels combined with a dilution
of structures within the beam area. Casting the AI(III):g-cHOPO-
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Figure 6 Integrating the lifted-off nano-hooks into hydrogels. (a) Pictures of the nano-hooks in gelatin (left) and in AI(III):g-cHOPO-PAH (right) hydrogels.
(b) Comparing the CD signal of the sample, in solution (HEPES buffer), in gelatin and in AI(III):g-cHOPO-PAH. The lift-off leads to a flip of the lower A peak,
hydrogel integration leads to a red-shift due to the change in RI. Note the amplification for solution and hydrogel samples. (c) FDTD simulations on the effect of a
change in bulk RI on the CD response. The peak positions were tracked (at the maxima seen in the shown spectral range) for the two illumination directions with the
strongest and the weakest CD signal (see Fig. 4), averaging to a sensitivity of 300 RIU-1. (d) Comparing the CD peak position (at ~ 600 nm) for the hooks in solution
and in AI(III):g-cHOPO-PAH hydrogels with increasing water content. Data normalized in CD amplitude for comparison (division with integral, original data in
Fig. S3 in the ESM). The peak shift correlates well to the wt.% of polymer (see inset). (e) Tracking the CD peak shift induced by swelling of Al(III):g-cHOPO-PAH.
The time-dependent peak-position is shown in the inset and was determined by maxima of 6th order polynomial fits to the raw data (grey solid lines) and binning of

7 measurements per point.

PAH hydrogel with different weight percentages (wt.%) of polymer
leads to a shift in the LSPR peak (Fig. 6(d)). This shift correlates
well with the polymer concentration (see inlay), showing that the
integration of plasmonic NPs into hydrogels can be used for the
remote sensing of the hydrogel’s water content, which is especially
useful for hydrogel systems like Al(III):g-cHOPO-PAH, where the
crosslinking can be dynamically tuned. It should be noted that
the slope of the peak shift does not go through the 0 wt.% point,
suggesting that the NPs are themselves a crosslinking point for
the polymer. The potential to dynamically study gel properties was
tested by placing the gel in a cuvette filled with HEPES buffer and
tracking the CD peak-shift during the swelling process of the gel,
shown in Fig. 6(e). The peak continually shifts from 617 (+2) to 600
(+4) nm, indicating an increase in water content that reduces the
wt.% of the polymer content by 21%.

Figure S3 in the ESM compares the CD spectra shown in Fig. 6(b),
to extinction spectra with unpolarized light. The details of the
measurements are given in the ESM; the results show the advantage
of the chiral spectra: While the extinction of the hydrogels suppresses
the signal of the LSPR peak for direct extinction measurements, the
CD signal, for the same NP concentration, are sharp peak and usable
e.g. for sensing purposes.

The successful integration of Au nanostructures into the self-
healing AI(IIT):cHOPO-PAH hydrogel is a first time proof-of-principle
for the combination of this novel class of hydrogels with functional
NPs and offers opportunities for improving the structural and dynamic
properties of this class of hydrogels while also having potential for
injectable drug delivery applications [46, 47].

3 Conclusions

In conclusion, we were able to show the high versatility of the HMCL

approach for the precise fabrication of chiral Au NPs. Furthermore,
we demonstrated a novel way of transferring Au nano-hooks from
SiO; substrates into aqueous and ethanol solutions, controlled by O
plasma oxidation and not involving strong acids or other hazardous
liquids. Lastly, we performed a proof-of-principle experiment of
the integration of chiral plasmonic elements into the reversibly
cross-linked, self-healing Al(III):g-cHOPO-PAH hydrogel to form 3D,
shaped and reconfigurable plasmonic metamaterials. In combination
and for themselves these methods can have potential benefits for
various applications from integrated photonics to biosensors and
chiral catalysis.

4 Methods

4.1 Materials

Sample substrates were either 0.2 mm thick glass slides (Menzel-
Gliser) for spectroscopic measurements or polished Si wafers for SEM
measurements. The HMCL process involved polymethylmethacrylate
(PMMA) (Mw = 495,000, 4% in anisole, purchased from Micro
resist technology GmbH), poly(diallyldimethylammonium chloride)
(PDDA, Mw = 200,000-350,000, 20% in H,O, Sigma-Aldrich),
poly(sodium-4-styrenesulfonate) (PSS, Mw = 70,000, 30% in H,O,
Sigma-Aldrich) and polyammonium chloride (PAX-XL60m Kemira
Milje). Colloidal polystyrene sulfate latex (PS) particles were purchased
from Invitrogen (80-120 nm, approx. 5% coefficient of variation,
8.1% solids w/v).

4.2 Sample fabrication

Before fabrication substrates were cleaned either by wiping with
acetone followed by 15 min in O»-plasma (Vision 300 MK II, Advanced
Vacuum) at RF power of 100 W, 300 mbar pressure and 55 cm’/s
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oxygen flow. An approximately 160 nm thick PMMA layer was
deposited by a 1 min spincoating procedure at 3,000 rpm with an
acceleration of 1,000 rpm/s followed by a 2 min baking step at
180 °C. Then, a 5 min ultraviolet (UV) ozone treatment (UV/Ozone
ProCleanerTM Plus from Bioforce Nanosciences) was followed by
the successive formation of self-assembled monolayers (SAMs) of
PDDA, PSS and PAX, in that order, from diluted solutions (PDDA
2 wt.% in MilliQ water (MQ), PSS 2 wt.% in MQ, PAX 5 wt.% in
MQ). The layers were formed by keeping the samples for 30 s in
solution and rinsing it afterwards with MQ for 1 min and drying the
sample in a flow of nitrogen gas. The SAMs helped stabilizing the
following formation of a monolayer of PS particles, deposited from
0.2 wt.% solution for 2 min finalized by 90 s rinsing with MQ, drying
in a nitrogen stream and 90 s UV ozone treatment.

The hole-mask was formed by PVD deposition of 20 nm Ti
(E-beam thermal PVD, prototype, Polyteknik) with subsequent PS
particle removal via tape stripping and O plasma etching for 22 min
(RF 50 W, 25 mbar pressure, 40 cm?/s oxygen flow).

Directly after the etching step the samples were transferred into
the PVD machine. The here presented chiral hook structures were
achieved by PVD (1 A/s) of Au at an angle between 12° and 32°
while simultaneously rotating the sample holder. The rotation speed
was either kept constant, accelerated (starting at 0.07 °/s and constantly
accelerated until 0.25 °/s, it was kept for the last 50° for a total
rotation of 270° and a total deposition of 209 nm Au) or deccelrated
(starting at 0.25 °/s for the first 50° and then constantly decreased
to 0.07 °/s for a total rotation of 270° and a total deposition of
209 nm Au).

After the Au deposition the sacrificial PMMA layer was removed
in a > 2 min acetone ultrasonication step and ultrasonic cleaning in
ethanol/IPA and MQ for 30s.

4.3 Lift off

First, a prolonged O plasma treatment (RF 100 W, 30 mbar pressure,
55 cm’/s oxygen flow) is used to create a stable layer of oxidized gold.
Then, the sample is immersed in a solution with strong reducing
agent, here either the strong ionic buffer HEPES (10 mM, 100 mM
NaOH, pH 7.4, Sigma-Aldrich) or 1-dodecanethiols (10 mg/mL,
Sigma-Aldrich) in ethanol (> 99.5 vol.%).

4.4 Hydrogel integration

Gelatin (bovine, Sigma-Aldrich) gels were cast by dissolving porcine
gelatin at 10 wt.% in HEPES buffer at 55 °C in the NP suspension
and then letting the solution cool down back to room temperature.
Al(IIT):g-cHOPO-PAH hydrogel was fabricated by dissolving 20 mg
of the g-cHOPO-PAH ((1-(2'carboxyethyl)-2-methyl-3-hydroxy-
4(1H)-pyridinone-grafted polyallylamine hydrochloride, for protocol
see [43]) in 30 uL HEPES buffer, followed by adjustment of the pH
to 7.4 by adding 10 pL of 5 M NaOH and further dilution with 100 uL
of the colloidal suspension. Reversible crosslinking was facilitated
by the addition of 10 pL 0.5 mM aluminum chloride hexahydrate,
which coordinates cHOPO above pH ~ 4. Before the hydrogel casting,
the concentration of the hook solutions was increased by a factor
of 4 by centrifugation (15 min, 15,000¢) and removal of the top %
of liquid, followed by vortex mixing and ultrasonication. For the
swelling experiment, the lift off was performed in dodecane-thiol
solution followed by centrifugation and transferal of the concentrated
suspended hooks into HEPES buffer. After another centrifugation
step the concentrated hooks (now in HEPES) were integrated into
AI(III):g-cHOPO-PAH hydrogel as described above.

4.5 CD and unpolarized light UV-Vis spectroscopy

Spectroscopic analysis with CPL was performed with a commercial
CD spectrometer (Jasco-810 and Chirascan CD spectrophotometer).
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Spectra with unpolarized light were recorded with a custom build
fiber spectrometer (CypherTM PDA spectrometer from B&WTek,
range 350 nm to 1050 nm) with a 20 W constant current tungsten
light source (BPS2.0, B&WTek).

4.6 Simulations

Simulations were carried out using the commercial FDTD solver
lumerical solutions. For Au the dielectric function from Johnson &
Christie was used, for the glass substrate and the surrounding medium
constant RI values were set (Nglass = 1.52). In each case a mesh size
of 2 nm X 2 nm x 2 nm was used and two perfectly matched layers
at each side of the simulated cube.

4.7 SEM and XPS measurements

The SEM images presented here were obtained with the FEI Magellan
400 system, at an acceleration of 5 kV and a probe current of 50 pA.
X-ray photon spectroscopy (XPS) data was collected with a Kratos
Axis UltraDLD. The X-ray source is monochromated Al ka (hv =
1,486.6 eV) and operates at 15 mA (150 W) and 10 kV. The pressure
in the chamber was kept below 5 x 10 mbar during measurements.
The high resolution spectra for Au 4f were obtained with pass energy
of 20 eV. The deconvolution of the spectra was carried out using the
software CasaXPS. The gold peaks have been deconvoluted with
asymmetrical 95% Lorentzian [A(0.4,0.1,0)Gl(95)] peak shape for
Au(0) and symmetrical 95% Lorentzian peak shape for Au(III).
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