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Bright and Switchable Whiteness in Macro-Crosslinked

Hydrogels

Amanda Eklund, Shanming Hu, Yuhuang Fang, Henri Savolainen, Haotian Pi, Hao Zeng,

Arri Priimagi, Olli lkkala, and Hang Zhang*

Bright white color is often achieved in nature by the combination of
polydisperse scattering structures and high refractive index contrast between
the scatterer and the surrounding medium. Similarly, synthetic systems have
commonly utilized inorganic materials as the scattering centers to achieve
white color, which, however, lacks the ability to switch the optical properties.
While hydrogels capable of scattering light are utilized in applications such as
smart windows, their reflection properties have remained limited due to the
low refractive index contrast between the polymer and water. As a result, thick
layers in the millimeter range are often required to achieve reasonable
whiteness. Here a hydrogel consisting of a temperature-responsive
poly(N-isopropylacrylamide) (PNIPAm) and chemically modified agarose used
as a chemical macro-crosslinker is presented. The hydrogel exhibits high
whiteness at temperatures above the phase transition (%31 °C). The

cooling,*l and smart windows.’l A white
appearance is a result of the materials’ abil-
ity to evenly scatter all wavelengths of vis-
ible light.[%”] This property is influenced
by the optical thickness of the material,[”]
the refractive index difference at the scat-
tering interfaces!®! as well as the material
morphology.[®°] Generally, white materials
have an anisotropic, disordered structure,
which leads to multiple light scattering.!®-12]

To achieve maximal whiteness, tradi-
tional synthetic systems have relied on
approaches maximizing the refractive in-
dex difference between the material con-
stituents such as utilizing TiO,, which has
a high refractive index of ~2.6.123] In nat-

reflectance at 800 nm is four times as high as for standard PNIPAm, and a
change in transmittance can be induced by laser pulses as short as 30 ms.
The macro-crosslinked structure of this hydrogel provides superior reflectance
at a lower thickness compared to reported hydrogel systems, enabling a
variety of potential applications including smart windows, responsive

displays, optical switches, and camouflage.

1. Introduction

Bright whiteness in materials has gained growing interest
due to the widespread potential applications in fields ranging
from paints,[!! food,['?] and cosmetics!'? to screens,’] radiative
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ural systems consisting of polymers with
a relatively low refractive index of 1.5,
white appearance is generally achieved by
photonic structures that maximize light
scattering (081114151 Several synthetic sys-
tems have been developed that mimic
these porous structures and provide high
whiteness even at low thicknesses.!t716:17]
However, the optical properties of these
systems tend to either be static, or lack sufficient refractive index
contrast to remain white when submerged in water.®16]

Using stimuli-responsive hydrogels that undergo phase sep-
aration under certain conditions has led to advances in im-
proving the scattering properties in hydrogel systems and poly-
mer solutions.['® Both hydroxypropyl cellulosel'*-2*] (HPC) and
poly(N-isopropylacrylamide)>23-2] (PNIPAm) are often used in
such contexts as they become opaque upon heating due to phase
transitions in solubility.>?*) Commonly these systems are op-
timized for use in smart windows to regulate the indoor tem-
perature and reduce the amount of energy used for cooling by
blocking sunlight as temperature is increased above the transi-
tion temperature.>?’-3% Some systems are also designed to func-
tion as privacy windows during the night at lower temperature.3!]
However, due to the relatively low polymer content and low re-
fractive index contrast to water, higher thicknesses are generally
required in these systems compared to static dry materials.[’]

In this work, we present macro-crosslinked (MCL) PNIPAm
hydrogels based on chemically modified agarose. The hydrogels
exhibit a high whiteness above their phase transition tempera-
ture at #31 °C, and high transparency at room temperature (RT).
This is achieved even at thicknesses commonly used in dry mate-
rials as a result of an optimal pore size distribution in the phase

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 1. Bright whiteness in macro-crosslinked hydrogels. a) Chemical composition of monomer N-isopropylacrylamide and the chemical crosslinker
acrylated agarose. b) lllustration of the polymerization process from a monomer solution to the macro-crosslinked hydrogel. c) Photographs of 200 um
thick films of st. PNIPAm, ch-PNIPAm, and MCL PNIPAm hydrogel, showing the switching between the transparent state below the LCST) and the
white state above the LCST. d) Reflectance spectra of 200 pum thick film of MCL, ch-PNIPAm, and st. PNIPAm at 40 °C. The MCL hydrogel contained
15 wt.% NIPAm and 1 wt.% of acrylated agarose with an acrylation degree of 15%. Both ch-PNIPAm and st. PNIPAm contained 10 wt.% of NIPAm,
and 0.1 mol.% of N,N’-methylenebisacrylamide as a crosslinker. 0.3 wt.% of agarose was used in the preparation of ch-PNIPAm. e) Comparison of the
MCL reflectance at 600 nm to previously published polymer-water systems based on PNIPAm and HPC. Full references can be found in Figure S1a and

Table S1 (Supporting Information).

separated state, which can be attributed to the larger and more
polydisperse pores using the agarose as the macro-crosslinker
compared to standard PNIPAm. Both the hydrogel reflectance
and the switching ability are improved when compared to pre-
viously reported switchable hydrogel and polymer solution sys-
tems. This allows applications ranging from controllable reflect-
ing screens,®! deformable and optically switchable films, to opti-
cal switches.[3%!

2. Results and Discussion

2.1. Switching of Bright Whiteness in a Macro-Crosslinked
Hydrogel

The MCL hydrogel is prepared using acrylated agarose as the
chemical crosslinker in a temperature-responsive PNIPAm net-
work. All components, shown in Figure 1a, are dissolved in wa-
ter and polymerized at 45 °C using UV-initiated free radical
polymerization,**3*] which is above the gelation point of agarose
and the lower critical solution temperature (LCST) of the PNI-
PAm. An illustration of the resulting network structure is shown
in Figure 1b. The structure enhances the hydrogel reflectance
above the LCST compared to standard PNIPAm (st. PNIPAm),
as well as to a previously reported brightly white channeled PNI-
PAm (ch-PNIPAm) hydrogel.’] This improvement can be seen
in the photographs in Figure 1c and the reflectance spectra in
Figure 1d. While the MCL hydrogel shows a reflectance between
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Table 1. CIELAB coordinates of the 200 um thick hydrogel films.

Sample L* [lightness, 0~100] a" [green-red] b” [blue-yellow]
MCL 78.7 -0.71 -33
ch-PNIPAmI3] 69.1 2.4 -11.4
st. PNIPAm 56.7 -2.0 —-17.3

60% and 47% across the visible wavelength spectrum at a thick-
ness of 200 um, the reflectance of ch-PNIPAm is between 55%
and 20%, and the st. PNIPAm between 45% and 10%. The ch-
PNIPAm and st. PNIPAm also have a blue hue due to higher re-
flectance in the smaller wavelength range compared to the longer
wavelengths, while the MCL hydrogel exhibits uniform white-
ness. The difference in reflective properties between these hydro-
gels was further studied by calculating their CIELAB coordinates,
which are presented in Table 1. For a perfectly white materials the
lightness L" = 100, and the other coordinates that define hue, a”
and b, are close to zero.33] It can be seen that the MCL hydrogel
has a higher lightness while also being less green or blue in its
hue compared to both ch-PNIPAm and st. PNIPAm.

Figure le compares the MCL hydrogel with previously re-
ported hydrogel and polymer solution systems. The MCL hy-
drogel shows significantly improved thickness-dependent re-
flectance. The full references for the figure are presented
in Figure Sla and Table S1 (Supporting Information). The
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water-containing hydrogel and polymer solution systems are
based on PNIPAmM[3?3-%] and HPC.['*3] The reported systems
have typical thicknesses between 100 and 10 000 um with the
highest reflectance at 600 nm shown by 1 mm thick ch-PNIPAm
at 76%.31 The MCL shows similar reflectance of 77% at the thick-
ness of only 500 um. On the other hand, the HPC solution pre-
sented by Connelly et al. ™! shows reflectance of 67% at the thick-
ness of 500 um, ~10% less than the MCL hydrogel at the same
thickness.

In Figure S1a (Supporting Information), non-aqueous systems
are also presented for comparison. In the figure, insect scales are
shown as reference materials in the top left corner of the figure,
which provides extremely high reflectance at small thicknesses
due to the higher refractive index contrast in such systems. Most
of the dry materials consist of foam or dry polymer network struc-
tures, such as the cellulose-based nanocellulose fibril films,™
and the bio-inspired cellulose acetate structure.['’] Different ma-
terials, such as fluoropolymers!”! and polyvinyl alcohol,[**) and
processing methods, such as carbon dioxide foamingl!l and
phase separation/'®! of poly(methyl methacrylate) are used to
maximize the whiteness in these thin structures. The depen-
dence of reflectance on the thickness of reflecting layer can be
seen as the reflectance increase from ~60% to 99% as the layer
thickness increases from 10 to 300 pum.

2.2. Influence of Hydrogel Composition on the Light Reflectance

The effect of the different compositions on the hydrogel re-
flectance is presented in Figure 2. The hydrogels were chemi-
cally attached between two silanized glass slides using parafilm
as spacer to prevent dehydration and shrinking during measure-
ment. A control sample containing only water instead of hydrogel
is shown in the figure to estimate contribution to reflectance. The
effect of monomer concentration is presented in Figure 2a—c. It
can be seen that the highest reflectance of 67% at 400 nm can
be reached when using 15 wt.% of NIPAm, whereas both 10
and 20 wt.% of the monomer result in a lower reflectance. High-
est switching between the two reflectance states, AReflectance =
60%, is also reached using the 15 wt.% monomer concentration.

On the other hand, agarose concentration does not have a large
effect on hydrogel reflectance as is shown in Figures 2d—f. While
hydrogels containing either 1 or 1.5 wt.% of agarose reach 67%
reflectance at 400 nm, the 1 wt.% of agarose results in slightly
higher reflectance compared to the other concentrations at 600
and 800 nm. Similar trend is also seen in reflectance switching, as
lower concentrations of agarose results in the higher reflectance.

Figure 2g-i show the effect of the acrylation degree of agarose
on hydrogel reflectance. The degree of acrylation refers to the
feed ratio of the acryloyl chloride to the available hydroxymethyl
groups in agarose during acrylation process. The 'H-NMR spec-
tra of acrylated agarose and degree of substitution calculated
from NMR spectra are shown in Figure S2 and Table S2 (Sup-
porting Information), respectively. In this manuscript, degree of
acrylation is used for consistency due to large errors of degree
of substitution at low feed ratios. At all wavelengths, 15% acryla-
tion degree results in the highest reflectance with the maximum
at 67% at 400 nm. The second highest reflectance (56-65%) can
be reached using 10% acrylation, while samples prepared using
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either 30 or 50% acrylation have a lower reflectance (between 50—
65% and 47-62%, respectively). The effect of different acrylation
degrees on the reflectance switching is similar but the difference
between samples is more pronounced.

The effect of agarose type on reflectance is studied in Figure S3
(Supporting Information). It can be seen that the type of agarose
also affects the reflectance in the gel, which differ in their
chemical composition, melting point, network structure, and gel
strength. Overall, the agarose A3 shows one of the highest re-
flectance compared to other types of agarose, while being easily
processable due to its moderate melting point at 63 °C. Therefore,
A3 is used throughout this manuscript.

As is common with scattering materials, the thickness of the
reflecting layer plays a very large role in the resulting reflectance
as can be seen in Figure 3a—c. The highest reflectance of 76% is
reached with the 500 um thick sample. Figure S1b (Supporting
Information) presents the difference between the high and low
reflectance states as a function of material thickness for differ-
ent material systems. Full references can be found in Figure S1
and Table S1 (Supporting Information). The MCL hydrogels also
demonstrate highest switching in reflectance at the presented
thicknesses compared to reported systems.

2.3. Characterization of Hydrogel Microstructure

The hydrogel porosity is studied in more detail to determine
the correlation between the microscopic structure and the high
whiteness. The microstructure is analyzed by scanning electron
microscopy of freeze-fractured and lyophilized hydrogels in lig-
uid nitrogen after equilibration at RT or at 60 °C. At 60 °C,
the MCL hydrogel has the same reflectance as at 40 or 50 °C
(Figure S4, Supporting Information), indicating unchanged mi-
croscopic structures. 60 °C was therefore used to prevent the
MCL hydrogel from transitioning back to transparent state dur-
ing the preparation process for lyophilization. SEM images of
the freeze-dried st. PNIPAm and MCL hydrogel are presented
in Figure 4a,b,d,e, respectively. The pore densities, i.e., the num-
ber of pores of a certain diameter per unit area in the SEM im-
ages, are presented in Figure 4c,f. For st. PNIPAm the pore den-
sity maximum is reached at RT, while in the case of the MCL
hydrogel, the largest pore density is detected at 60 °C. The de-
creased pore density of st. PNIPAm at high temperature is due
to the phase separation leading to the collapse of dissolved poly-
mer chains into hydrophobic domains.>2637]

In the case of MCL, the phase transition leads to the forma-
tion of a large number of pores with a diameter between 200 and
400 nm. This may be attributed to the use of agarose as macro-
crosslinker that brings about larger and more polydisperse pores,
as has been shown previously where the molecular weight of
the crosslinker has a large effect on the microporosity in the hy-
drogel network.l*®! Such porous structure allows more efficient
water transportation and the formation of smaller pores during
phase transitions and thus higher whiteness, similar to previ-
ously reported ch-PNIPAm, though based on a different network
design.l®!

In highly scattering materials, the optimal size of scattering
centers is ~#200-300 nm for visible light.®7 On the other hand,
this size has also been shown to produce a more blue hue in the

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 2. Influence of composition on the switchable reflectance. a) Reflectance spectra at different monomer (NIPAm) concentrations at 40 °C and
room temperature (RT). b) Reflectance at 40 °C as a function of monomer content at different wavelengths. c) Reflectance switching (AReflectance)
between 40 °C and RT as a function of monomer content at different wavelengths. d) Reflectance spectra at different agarose concentrations at 40 °C
and RT. Degree of acrylation of agarose was 30%. e) Reflectance at 40 °C as a function of agarose content at different wavelengths. Degree of acrylation
of agarose was 30%. f) Reflectance switching (AReflectance) between 40 °C and RT as a function of agarose content at different wavelengths. Degree of
acrylation of agarose was 30%. g) Reflectance spectra at different acrylation degrees at 40 °C and RT. h) Reflectance at 40 °C as a function of acrylation
degree at different wavelengths. i) Reflectance switching between 40 °C and RT as a function of acrylation degree at different wavelengths. Unless
otherwise stated, all the hydrogels were measured as 200 pum thick films chemically attached between two glass slides with the monomer solutions
containing 15 wt.% NIPAm and 1 wt.% of agarose with the degree of acrylation of 15%.

material, and pores with a diameter between 400 and 600 nm re-
sult in a whiter appearance.['”3% The drawback of the increased
pore size is that it leads to a decreased number of scattering cen-
ters and thus less efficient scattering.*®! It can be expected that
the high scattering properties of the MCL hydrogel above the
LSCT are a result of a much larger pore density than that in st.
PNIPAm, which allows for more scattering interfaces, combined
with the average pore diameters between 200 and 400 nm, closer
to the optimal range for visible light.[':¢7]

Adv. Optical Mater. 2024, 12, 2302487 2302487 (4 of 9)

2.4. Phase Transition Kinetics

The phase transition kinetics of the MCL hydrogel is studied us-
ing photothermal heating to induce fast local temperature jumps
and thus phase changes in the hydrogels. The 200 um thick hy-
drogel films were prepared with a solution of gold nanoparticles
(AuNPs) (diameter 11.0 + 1.5 nm, Figure S5, Supporting Infor-
mation) to enable photothermal heating.[>4?] Laser irradiation at
532 nm, close to the absorbance peak of the AuNPs, is used to
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Figure 3. Effect of thickness on the hydrogel reflectance. a) Reflectance spectra at different film thicknesses at 40 °C and RT. b) Reflectance at 40 °C as
a function of hydrogel film thickness at different wavelengths. c) Reflectance switching between 40 °C and RT as a function of hydrogel film thickness at
different wavelengths. All of the hydrogels were chemically attached between two glass slides with the monomer solutions containing 15 wt.% NIPAm

and 1 wt.% of agarose with the acrylation degree of 15%.

induce photothermal heating, and a laser at 635 nm is used to
probe the changes in transmittance as illustrated in Figure 5a,b.
The heating beam is switched on and off and the ratio of the two
states is changed to study the effect of the illumination duration
and the average laser power on the hydrogel transmittance. The
average laser power P, , is defined as:

t
P..=P - = 1
avg 0 ton +t0ff ( )

where P, is the laser power (400 mW), t  is the duration of the
irradiation pulse, and .4 is the length of time between the laser

pulses.’] Transmittance of 100% was defined as the transmit-
tance at RT before the start of the experiment.

Figure 5c presents the effect of ¢, on the transmittance, which
ranged from 500 to 30 ms. The average power during the mea-
surement was kept constant at 55 mW. As the pulse duration de-
creases, the amplitude of the oscillation decreases in the case of
the MCL hydrogel. This is due to insufficient heating/cooling du-
ration to reach equilibration of the phase transition for shorter
pulses, which leads to less transparency changes. Figure S6a,b
(Supporting Information) shows the effect of the ¢, on the ampli-
tude of transmittance change at different P,,,, showing a similar

trend of the amplitude increasing at increasing ¢ .
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Figure 4. SEM images of freeze-fractured hydrogels. st. PNIPAm at a) RT and b) 60 °C. MCL hydrogel at d) RT and e) 60 °C. All scale bars are 2 um.
Pore densities as a function of the Feret diameter measured from the images of c) st. PNIPAm and f) MCL at 60 °C (HT) and RT.
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Figure 5. Characterization of phase transition by local photothermal heating. a,b) lllustration of the measurement setup. 200 um thick hydrogels were
prepared with AuNPs, chemically attached to glass on one side, and placed into a water-filled cuvette for the measurement. The heating beam was
switched (a) on and (b) off, and the probe beam intensity was measured to determine the transmittance. c) Effect of the heating pulse duration (t,,)

on the transmittance of MCL hydrogel, ch-PNIPAm, and st. PNIPAm. d) Effect of the average power (P,
ch-PNIPAm, and st. PNIPAm. Unless otherwise stated, t,, = 100 ms and P

In the case of st. PNIPAm and ch-PNIPAm hydrogels, no
transmittance changes were observed when t_ is below 200 ms.
This can be mainly attributed to the lower scattering efficiency in
ch-PNIPAm and st. PNIPAm at the small thickness of 200 um,
which leads to little responses. On the other hand, the higher
LCST of these two gels (~35°C)3] compared to MCL hydrogel
(~31°C, Figure S6a,b, Supporting Information) may also con-
tribute to the lower responsivity as higher temperatures are
needed to trigger their phase transition.
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avg

avg) ©N the transmittance switching of MCL,
=55 mW. Laser power Py = 400 mW for all measurements.

Figure 5d shows the effect of P, at constant ¢, of 100 ms.
While the amplitude remains relatively similar for all MCL hydro-
gel measurements, the average transmittance increases as P,
decreases. This can be attributed to the increase of average power
leading to a higher average temperature and thus a shift of the
average transmittance along the LCST curve (Figure S7, Support-
ing Information). In contrast, ch-PNIPAm and st. PNIPAm did
not respond to the 100 ms irradiation at various average pow-
ers. Figure S6c,d (Supporting Information) shows the change in
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Figure 6. Deformable and thermally switchable MCL hydrogel films. A flat MCL hydrogel film was placed on a 3D-printed black dodecahedron, which
underwent heating and cooling cycles showing the deformability of the hydrogel and the switching in the optical appearance of the object. The 0.5 mm-
thick MCL hydrogel film consists of 15 wt.% NIPAm and 1 wt.% of acrylated agarose with an acrylation degree of 30%.

transmittance as a function of P, at different ¢,,. It can be ob-
served that shorter t,, results in a smaller amplitude of oscilla-
tion, while the P,,, does not have a significant effect on the am-
plitude, especially at ¢, < 500 ms.

To characterize the kinetics of the phase transition, a single-
exponential fitting was used to determine the time constant
(7)B40-421 of both the heating and cooling processes of MCL and
ch-PNIPAm hydrogels as shown in Figure S8 (Supporting Infor-
mation). For the heating process, the = for the MCL hydrogel is
410 ms and for the ch-PNIPAm 490 ms, indicating similar tran-
sition kinetics. On the other hand, for the cooling process the
corresponding times are 440 and 85 ms, respectively, where the
ch-PNIPAm had faster kinetics. This excludes the effect of ki-
netics in the enhanced responsivity of MCL hydrogels shown in
Figure 5.

To summarize, t,, strongly affects the oscillation amplitude,
while P,,, mainly changes the average transmittance with little
effect on the amplitude. There is a significantly larger change in
the transmittance in the case of the MCL hydrogel compared to
the others, which can be attributed to the enhanced light scatter-
ing capability as well as lower phase transition temperature in the

MCL hydrogels.

2.5. Deformable and Optically Switchable MCL Films

We demonstrate the application potential of the MCL hydrogels
as a deformable and optically switchable film in Figure 6, where
the MCL hydrogel film was placed on top of a black plastic dodec-
ahedron. The hydrogel film deforms easily to accommodate the
shape of the dodecahedron. Upon heating above 40 °C, the hy-
drogel film became highly scattering and conceals the shape of
the dodecahedron behind the hydrogel. Upon cooling to rRT, the
top surface of the hydrogel first transitions back to transparent
state, which partially reveals the dodecahedron. Upon complete
cooling of the hydrogel, the dodecahedron became fully visible
with the hydrogel film closely attached due to shrinking of the
hydrogel during the heating process. The hydrogel film’s high
deformability and switchability of whiteness makes it a suitable
candidate for applications involving visual camouflage of irregu-
lar objects or displays with controllable transparency.

3. Conclusion

This work introduces a method of using chemically modified
agarose to crosslink temperature-responsive PNIPAm, resulting
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in a macro-crosslinked hydrogel network capable of switching be-
tween highly transparent and scattering states depending on the
temperature. The system exhibits superior visible light scatter-
ing capability above the LCST (=31 °C) compared to previously
reported hydrogel systems. At 40 °C, the reflectance of the MCL
hydrogel (47%) is four times higher than for standard PNIPAm
at 800 nm at a thickness of 200 pm. The reflectance at 600 nm is
above 40% at a thickness of 100 um, i.e., only half of the thickness
of channeled PNIPAm to reach the same reflectance. Upon local
photothermal heating, the MCL hydrogel can respond to laser
pulses as short as 30 ms, while st. or ch-PNIPAm does not re-
spond to pulses below 200 ms under the same conditions. The hy-
drogel composition is optimized to provide high scattering, and
the resulting pore structure is optimal for reflecting the visible
light wavelengths with an average pore diameter of 350 nm and
a high density of scattering interfaces. This allows the system to
be used in applications such as controllable reflective displays,
flexible optical switches, and smart windows.

4. Experimental Section

Materials:  N-isopropylacrylamide (99%) was purchased from Merck
and recrystallized from n-hexane (> 97%, Sigma-Aldrich). N,N’-
Methylenebisacrylamide (>99.5%, BIS), acrylamide (>99%), agaroses
(A1 = Ultra-low Gelling Temperature, A5030, A3 = low gelling tem-
perature, A4018, and A5 = low EEO, A0576), gold(lll) chloride tri-
hydrate (HAuCl,-3H,0, >99.9% trace metals basis), sodium citrate
tribasic dihydrate (BioUltra, 99.5%), poly(ethylene glycol) methyl ether
thiol (PEG-SH, M, = 2000), 3-(trimethoxysilyl)propyl acrylate (>92%),
N, N-dimethylacetamide (DMAc, 99%), acryloyl chloride (97%), dimethyl
sulfoxide-d6 (99.9 atom.% D), acetone (99.5%) and 2-hydroxy- 4’-
(2-hydroxyethoxy)-2-methylpropiophenone (photoinitiator, Irgacure 2959,
98%) were purchased from Sigma—Aldrich. Ethanol (99.5%) was pur-
chased from Altia Oyj, Finland. Deionized water (18.2 MQ; DirectQ 3 UV;
Millipore) was used in all experiments.

Preparation and Modification of Gold Nanoparticles: Gold nanoparti-
cles (AuNPs) were prepared using citrate reduction method.[*3] Aqueous
solution of HAuCl, - 3 H,0 (100 mL, 0.01 wt.%) was brought to boil under
vigorous stirring and trisodium citrate (2 mL, 1.00 wt.%) was quickly in-
jected in. The solution was refluxed for 10 min under constant stirring. The
AuNPs were stabilized with poly(ethylene glycol) (PEG) by mixing PEG-
SH-ethanol solution (8 mL, 5 mg mL™") with the AuNPs solution (85 mL).
The solution was stirred overnight on an orbital shaker, and the modified
AuNPs were washed by centrifugation (16 000 g for 25 min) and re-dilution
in water for three times. This resulted in a concentrated stock solution
(0.88 mL) of PEG-AuNPs that was used in sample preparation for study-
ing the hydrogel kinetics. The AuNPs were analyzed using transmission
electron microscopy (Tecnai 12, FEI, USA).
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Silanization of Glass: ~ Glass slides (Corning, Merck) were cut to 9 mm
wide pieces and cleaned by sonication in deionized water for 10 min
and plasma treatment (Pico, Diener Electronic GmbH, Germany) for
5 min. The glass slides were placed to a desiccator along with 3-
(trimethoxysilyl)propyl acrylate (100 pL), and evacuated to a vacuum of
8 x 1072 Pa overnight. The remaining silane was taken out after overnight
storage and the desiccator was evacuated for 2 h at 1 x 1073 Pa. The func-
tionalized glass was stored in a fridge.

Acrylation of Agarose:  The agarose was modified following a previous
protocol.[*4] Agarose (1.0 g) was dissolved in DMAc (25 mL) at 100 °C.
The solution was cooled to 0 °C using an ice—water bath. Acryloyl chlo-
ride (38 uL for 15% theoretical acrylation degree) was dissolved in DMAc
(1 mL) and added to the agarose solution slowly while stirring. The stirring
was continued at 0 °C for T h and at RT for 4 h. The acrylated agarose was
precipitated, washed with acetone, and dried under vacuum.

Hydrogel Preparation: The MCL hydrogel films were prepared by first
preparing a 2.5 wt.% solution of the acrylated agarose A3 by heating and
vortexing. The solution was bubbled with nitrogen before transferring to
a glove box. NIPAm (35 mg) and initiator (0.69 mg) were weighed into a
vial, and after transferring to the glove box, deionized water (105 L) and
agarose solution (93 ulL) were used to dissolve them to produce a solu-
tion with 15 wt.% of NIPAm, 1 mol.% of initiator, and 1 wt.% of agarose.
The solution was injected to a holder with two glass slides separated by
a parafilm spacer and polymerized at 45 °C for 40 min using a UV-lamp
(Spectroline ENF-260, Spectronics Corporation, USA).

ch-PNIPAm films were prepared by dissolving agarose A1 (3.51 mg)
into water (1.04 mL) by heating and vortexing. NIPAm (20.7 mg) and ini-
tiator (41 mg) were weighed into a vial, and agarose solution (183 pL) was
used to dissolve them to produce a monomer solution with 10 wt.% NI-
PAm, 1 mol.% initiator and 0.3 wt.% agarose. Crosslinker BIS was added
(1.83 pL, 100 mM) to achieve a crosslinking density of 0.1 mol.%. The so-
lution was bubbled with nitrogen for 10 min, after which it was injected to
holders consisting of two glass slides held together with a parafilm spacer
under nitrogen. The vials were placed into a fridge at 4 °C for 30 min for
the agarose to form a gel, and then polymerized in a UV-reactor (8 x 14 W
lamps, 350 nm, Rayonet, USA) for 30 min. st. PNIPAm was prepared us-
ing the same procedure but using water instead of agarose solution to
dissolve the monomer. The hydrogels were washed in water by placing the
vial into a water bath at 50 °C for 10 min, replacing the water in the vial
with RT water to swell the samples for 30 min, and repeating twice.

UV-vis—NIR Spectroscopy: The spectra between 300 and 2000 nm were
measured with a Cary 5000 (Agilent, USA) spectrophotometer. Total re-
flectance was measured using an integrating sphere (DRA 2500, Agilent)
and sample temperature was controlled with a TMS94 temperature con-
troller (Linkam, UK). The transmittance was measured at 500 nm using a
dual cell Peltier sample holder. The LCST was defined as the point at which
the transmittance was 50%. The CIELAB coordinates were determined us-
ing the Scan program (version 6.2.0.1588) of the instrument.

SEM Characterization: Hydrogel pieces were cut and frozen in lig-
uid nitrogen from RT or 60 °C. After freeze-fracturing, the samples were
placed into a round bottom flask, which was evacuated to a pressure of
1% 1073 mbar, and the temperature was increased slowly to RT. The freeze-
dried samples were attached to SEM stubs using carbon tape and sputter
coated with 8 nm of Pt/Pd using EM ACE600 sputter coater (Leica, Ger-
many). SEM Sigma VP (Zeiss, Germany) was used for imaging.

Porosity Analysis: The SEM images were converted into binary ones
using the Threshold function of Image| (V 1.53t). The resulting images
were analyzed using the Analyze particles function to calculate the Feret
diameter of the pores, which refers to the caliper diameter, or the maxi-
mum distance between two points on the pore edge. Pores smaller than
100 nm were excluded from the analysis and over 300 pores were analyzed
for each sample. The pore density was calculated by dividing the number
of pores by the image area.

Photothermal Kinetics Measurement: Hydrogels were prepared using
PEG-AuNPs solution instead of water, to an optical density of 0.4 at a
thickness of 200 um. The hydrogel was chemically attached to a glass
slide on one side. The sample was placed into a glass cuvette (100-OS,
Hellma Analytics, Germany) with deionized water to prevent hydrogel dry-
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ing. The cuvette was placed in between a mechanical shutter (SH1, Thor-
labs, USA) and a photometer (PDAT00A-EC, Thorlabs, USA) connected
to an oscilloscope (WaveSurfer 3074, Teledyne LeCroy, USA), which was
used to record the transmittance. The heating laser beam (MGL-F-532-
2 W, Roithner Lasertechnic, Austria) had a wavelength of 532 nm, and the
probe laser (MDL-D-635-1W, Roithner Lasertechnic, Austria) 635 nm. The
probe beam was positioned to the middle of the heating beam, only the
probe beam reached the filter and only the heating beam was controlled
by the shutter and the probe beam was constantly on. Due to the low ab-
sorbance of the AuNPs at 635 nm, the heating effect was negligible. The
sample was repositioned between every measurement so that the beam
would hit a new spot to ensure consistency of the results. The laser beam
power was measured using a LabMax-TO power meter (Coherent, USA).
The 100% transmittance was defined as the transmittance through the
sample at RT, and thus does not take into account the light scattered by the
cuvette or the sample. Both 0% and 100% transmittance were measured
for calibration before each measurement by blocking the probe beam. The
exponential fitting was done using function ExpDecay1 in OriginPro (Ver-
sion 2023, OriginLab Corporation, USA).I%]

Video and Photo Capture: Canon 5D Mark IV with a Sigma 105 mm
1:2.8 DG macro HSM objective was used to capture the photos.

3D Printing of Dodecahedron: The regular dodecahedron model was
constructed in SOLIDWORKS (2021, Dassault Systémes SOLIDWORKS
Corp.) and sliced by Ultimaker Cura software (5.2.1). After scaling to the
desired size, the model was printed by Ultimaker S3 (Ultimaker B.V.) with a
layer height of 0.1 mm. The filament material and extruder size were black
tough polylactic acid and 0.25 mm, respectively.

Preparation of MCL Hydrogel Film: Two pieces of glass (5 cm X 5 cm)
were assembled with a parafilm spacer of 500 pm thickness (Parafilm
M, Bemis) to form a glass mold. Subsequently, 1.98 mg photo-initiator,
100 mg of PNIPAm, 300 pL of deionized water, and 267 uL of 2.5 wt.%
ac-agarose (DS, 30) were mixed to create a homogenous solution, which
was bubbled by nitrogen to eliminate oxygen for 1 min and then trans-
ferred into the glass mold. Following this, the mixture was cooled down in
the 7 °C refrigerator for 30 min until the gelation of ac-agarose occurred.
Lastly, the precursor was polymerized in a UV chamber (8 x 14 W lamps,
350 nm, Rayonet, USA) at RT for 2 h.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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