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General Introduction

The surfaces of materials is one of the most important parts because it always
comes in contact with other materials or environments. The geometrical configuration of
surface plays a key role in energy or material exchange. In nature, many micro- and/or
nano-sized 3-D structures such as holes,'* scales® and cilia*’ are often observed. These
3-D structures act to increase the surface area of material. Finger prints,>° gecko-feet,!
moth antennas!! and butterfly wings® have acquired specific functions due to the
increased surface area and their micro- and/or nano-sized structures. Due to their unique
functions, the geometrical configuration of materials are focused. Inspired by these
attractive features, many researchers have attempted to mimic their topologies. In fact,

fabrication methods of unique surfaces with specific functions such as dry adhesives,’ '2

I3 anti-reflection'* and structure colors'> '® have been reported.

super hydrophobicity,
Therefore, bioinspiration is one of the ways to fabricate highly functionalized materials
using their surface morphology.

Among the above-described microstructures, wrinkles are ones of the most
easily generated structures at the elastic material surface. Wrinkle structures are formed
by buckling of elastic material surface due to the surface instability. They are usually
described as two-layered structures in which hard-thin films are laminated on the surface
of elastic substrate. Wrinkles were fabricated on the surface of many kinds of materials
such as substrate (gels!’, elastomers'® and thermoplastics'®) using external stimulus to
cause surface instability (mechanical stretching®®, heating?!, swelling??, efc.) with hard

thin layer structures (bilayer?® and gradient**). Therefore, wrinkle structures would be

easily fabricated at surface and/or interface of materials. The wavelength (A1) of wrinkle
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structures are described by the following equation (eq. 1).2°2

A= 2mt (ﬂ)”3 (eq. 1)

3E;

where, 7 is the thickness of thin film, and Erand E;are the Young’s moduli of the thin film
and elastic substrate. Thus, the wavelength of wrinkles is easily controlled by the modulus
of elastic substrate and/or hard thin layer thickness. Wrinkle structures were also found
in nature, and they were formed at the surface and interface of biological tissues such as
brains, fingers,® and flowers.?” It is considered that these wrinkle structures at the surface
of biological tissues play a role of increasing the material surface, but the functions of
some wrinkle structures at the surface of biological tissue are still unclear. Because of the
interesting shape and the function of increasing the surface area, the creation method of
wrinkles and surface functionalization using wrinkles have been vigorously investigated.
In fact, functional materials such as ultra-sensitive pressure sensor®® and smart window?’
were developed using the increased surface area and the wrinkled geometries. In these
materials, wrinkle structures occupy an important place for increasing the interaction
between wrinkled surface and external environments. Usually, these wrinkle structures
are formed by hard thin layer fabrication using surface oxidation'? and micro-sized metal
particle spattering'> on the surface of elastic materials (Fig. 1). These methods are usually

performed for pre-stretched or pre-swelled elastomers such as poly(dimethylsiloxane).

Hard thin layer

—> Wavelength (A)

Pre-stretch Soft elastic substrate

Fig. 1. [llustration of wrinkle fabrication by formation of hard thin layer on the elastic substrate.
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However, as described above, wrinkle structures in nature are formed at the surface of
biological tissues which contains many amount of water. The present hard layer
fabrication methods for elastomer are not suitable for water containing materials.
Therefore, novel wrinkle fabrication method in water environment is required for
elucidation of their functions in living tissues and/or fabrication of the mimicking
materials using surface wrinkles.

Hydrogel is one of elastic materials and consists of hydrophilic polymer, cross-
linking points and water (Fig. 2). Hydrogels are prepared from many kinds of basis
materials (hydrophilic polymers/monomers, polysaccharides, gelatin, efc.) and cross-
linking ways (chemical and physical crosslinking, gamma-ray irradiation etc.). Presently,
hydrogels are applied to disposable diapers, contact lenses, and anti-vibration hydrogels.
The mechanical and chemical properties of hydrogels can be widely changed by control
their polymer network structures. For examples, double-network hydrogels,*® topological
gels,’! and tetra-armed polyethyleneglycol hydrogels®? show a great property in tensile
strength, elongation, and modulus due to their spatial networks. Because of their
hydrophilicity and biocompatibility, hydrogels are expected as a next-generation
materials such as artificial tissues** and drug-delivery system.>* Functionalization of
hydrogels is easily carried out by using copolymerization, side-chain reaction and

introduction of other materials into their polymer networks. Their many functions are

Cross-linking point

Hydrophilic polymer

Fig. 2. Image and schematic illustration of hydrogels.



performed at or through their surface (Table 1).3>*° Thus, novel functions are expected
by formation of wrinkle structures at the surface of hydrogels. Actually, fabrication of
micro-sized multi cellular spheroids are achieved using the wrinkle structure at the
surface of hydrogels.*! Nowadays, wrinkle fabrication methods for hydrogels were
studied by swelling around their surface*?, grafting stimuli-responsive polymers* and
formation of hybrid-silica layer.** In these methods, origins of wrinkle formation are
swelling around surface of hydrogels and/or fabrication of crust layer at the surface of
hydrogels. However, these methods require special pre-arrangements for hydrogels or
techniques to create the instability around hydrogel surface. Thus, a novel easy post
fabrication method of surface wrinkle structures for hydrogel is required.

Table 1. Functions and applications using gels.

Functions Applications Ref.
Separation Chromatography 35
Molecular sensing Sensors 36
Light sensing Smart windows, Light sensors, Displays 37
Reaction control Micro reactors, Enzyme recovery 38
Molecular inclusion Drug delivery, Drug carrier 34
Cell control Cell culture sheet 39
Shape memory Medical supplies 40

In this thesis, the author focused on a polyion complex (PIC), which was formed
by mixing cationic and anionic polymers in aqueous solutions, and was easily prepared
on the surface of hydrogels.*>* It is well-known that thin-layered PICs were prepared
using layer-by-layer (LbL) method.*’ Generally, LbL method is a cyclic process in which

a charged polymer is adsorbed onto a substrate, and after washing, an oppositely charged
4



polymer is adsorbed on top of the first layer. This constitutes a single bi-layer with a
thickness generally on the order of nanometers, and the deposition process can be
repeated until a multilayer film of desired thickness has been assembled.*® Their moduli
were reported to be several hundred MPa in water.*’ This means the Young’s moduli of
PIC layer is much higher than that of hydrogels (~100 kPa). Therefore, the author
hypothesized that the formation of wrinkle structures would be achieved by the
fabrication of PIC at the surface of hydrogels using electrophoresis.

Moreover, stimuli-responsive polymers are also focused due to their character of
being controllability by external stimulus. Represented stimuli-responsive polymers in
water are shown in Fig. 3.°**? By using such stimuli-responsive polymers, stimuli-
responsive hydrogels which can change their property by external stimulus, are prepared.

In particular, some kinds of hydrogels change their Young’s modulus triggered by coil-

n n
)(j %:L)r
O)NH\ 0~ “SoH

Poly(acrylic acid)
Poly(N-isopropylacrylamide)*

pH
Temperature
n
(e} NH
/(’\r)m/m/}n/ ©
B
HO” “OH

OH o\ro
Poly(vinyl alcohol-co-vinyl acetal)’! Poly(acrylamidophenylboronic acid)3?
Temperature Diol units

Fig. 3. Stimuli-responsive polymers and their external stimuli in water.
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globule phase transition, in response to external stimuli. It means that the instability
between hard skin layer and soft hydrogels as substrate would be changed by using
stimuli-responsive hydrogels. Thus, the wrinkle formed by the stress-instability between
hard thin film and soft substrate should be switched by using stimuli-responsive materials.
If the geometrical configurations of wrinkle structures were switched by the changing of
surface instability, the wavelength and amplitude of wrinkle structures should be also
changed. In fact, stimuli-responsive wrinkles were fabricated at the surface of
polycaprolactones elastomers.>® The substrate can control its function for alignment of
cells using stimuli-responsive wrinkle structures. Therefore, stimuli-responsive wrinkle
structure at the hydrogel surface would control the functions of wrinkled surface by
external stimuli. Stimuli-responsive wrinkled hydrogel surfaces would be a new platform
to use water containing materials.

In this doctoral thesis, fabrication methods of functional wrinkles for hydrogel
and their ability at the interfaces of hydrogels were focused. This thesis is composed of 3
chapters.

In Chapter 1, a novel wrinkle formation method for hydrogel surface in aqueous
condition was developed using electrophoresis (Fig. 4). In this method, wrinkle structures

were induced by the Young’s modulus mismatch between polyion complex (PIC) layer

Polyanion solution Side view
4 = ’_E_Q_—' - Wrinkle formation
— = ¥ - N M Moy
< £
Cationic hydrogels 4+ 4+

Fig. 4. Schematic illustration of electrophoretic wrinkle fabrication method.



formed at the hydrogel surface by electrophoresis, and hydrogel as a soft substrate. The
wavelength of wrinkle structures was easily controlled by electrophoresis condition and
Young’s modulus of hydrogel. Preparation of patterned and gradient wrinkles was
possible by modulating the electrode insulation. Aligned wrinkles was fabricated at the
surface of uniaxially stretched hydrogels. The geometry pattern of aligned wrinkles were
changed by Young’s modulus of hydrogels and stretching ratio during electrophoresis.
After unloading, hierarchical wrinkle structures were fabricated at the surface of highly
stretched hydrogels. Creation of active wrinkle structures which can switch their
geometrical configuration were achieved using thermoresponsive hydrogels as substrate.

In Chapter 2, wrinkle structures at gel-gel interface were fabricated by PIC layer
formation at their adhered interface using electrophoresis (Fig. 5). The key factor of
wrinkle formation was investigated by spatial control of polymer network of hydrogels,
including the density, distribution, and interactive units. Wrinkle structures were
fabricated at the adhered interface of hydrogels which have semi-interpenetrated polymer
networks (semi-IPNs) structure. The role of wrinkle structures at the interface of

hydrogels in adhesion was investigated by the measurement of adhesive strength and

i3> el s
sEo;Na" Iﬁx‘%‘ 6 LR
’@ W

Fig. 5. Schematic illustration of wrinkle structure formation at the interface of adhered hydrogels.



observation of interface structures of hydrogels which adhered under compression stress.
As a result, wrinkle formation was inhibited and the adhered strength of hydrogels was
decreased by compression of hydrogels during electrophoresis. Thus, it was founded that
wrinkles at the interface of hydrogels have a function to increase the adhesive strength of
hydrogels.

In Chapter 3, a novel adhesion method for hydrogels was developed using
swelling-induced wrinkling films (Fig. 6). Two pieces of hydrogels was adhered by
sandwiching a dried gel film. The interface structures such as flat, creased and wrinkled
were controlled by the swelling ratio of wrinkling films. The role of wrinkle formation
was investigated by adhesive strength of hydrogels. Aligned wrinkles were formed with
anisotropic swelling gel-films. The adhesive strength of hydrogels with wrinkles parallel
to tensile direction was larger than that of perpendicular wrinkles. Adhered gels were

easily detached by peeling of wrinkled hydrogel film. Moreover, thermoresponsive

Hydrogel < \ ,

i
>
s
.

e Wrinkle  Gel film

formation
Qi% Wrinkle
&J% deformation
e ——

Adhesion

Detachment

Fig. 6. Illustration of adhesion control of hydrogels using wrinkled hydrogel film.



hydrogel film was used to control the wrinkle structure at the interface of adhered
hydrogels by temperature. The adhered interface was stable in cold water because of the
existence of wrinkles at the interface of wrinkles; however, they detached in hot water
due to wrinkle deformation triggered by temperature change. By using wrinkles at the
adhered interface of hydrogels, both strong adhesion and easy detachment were achieved.

In this thesis, the author proposed the wrinkle formation method utilizing the
interface instabilities of hydrogels. Wrinkle structures were fabricated by simple and easy
methods utilizing interface instabilities. Using stimuli-responsive hydrogels, the interface
instability was changed, and wrinkle shapes were switched by modulus changing of gels
triggered by external stimuli. The function of wrinkles were also switched using stimuli-
responsive wrinkles. Such highly functionalized wrinkles can control their functions, and

they will be able to use for new applications as functional hydrogel surfaces.
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Chapter 1.

Development of Novel Wrinkle Fabrication Method at Hydrogel Surfaces

Using Electrophoresis

1.1 Introduction

Wrinkle structures are often observed around soft elastic interfaces such as
fingers and brain in human body, and play an important role of gaining surface area. As a
function of wrinkle structures, adsorption of micro-sized materials was studied.! Thus, it
is expected that wrinkle structures at the surface of hydrogels show functions such as
adsorption, adhesion and decreasing of light-reflection. As described above, wrinkle
structures at the surface of hydrogel has a function such as spheroid formation.?> In
addition, stimuli-responsive wrinkles can switch the surface morphology and their
functions. For example, the alignment of cells can be changed by the formation and
deformation of wrinkle structures at the surface of elastic material.® Thus, if a stimuli-
responsive wrinkle is fabricated at the hydrogel surface, the wrinkled hydrogels surface
would be applied to control water-containing materials. Usually, wrinkle structures were
fabricated by surface oxidation or metal sputtering for elastic material surfaces. However,
conventional wrinkle formation methods are not suitable for hydrogels, due to mostly
composed water. Hence, development of wrinkle fabrication method for hydrogels is
required. Nowadays, wrinkle structures were fabricated by surface-localized polymer
grafting* and hybrid silica layer modification.’ In these studies, crust layers were
fabricated at on the surface of hydrogels and the surface instability was caused by stress-

mismatch. In this study, the author focused on polyion complex (PIC), which was formed
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by mixing cationic and anionic polymers in water®’ as surface hard thin layer. PIC has
high Young’s modulus (~200 MPa in water) comparing with hydrogels (~100 kPa). Thus,
the author hypothesized that the wrinkle formation would be triggered by PIC fabrication
at the surface of hydrogels.

In chapter 1, development of a novel wrinkle fabrication method using
electrophoresis was achieved. The thin layer, composed of PIC on hydrogels was prepared
by electrophoresis of polyanions in the direction of cationic hydrogels. To investigate the
origin of wrinkle structure formation, the electrophoresis condition and the Young’s
modulus of hydrogels were changed. The patterned wrinkle and the gradient wrinkle were
fabricated by modulating the electrodes. Moreover, aligned wrinkles was also fabricated
at the surface of uniaxially stretched hydrogels. An active wrinkles which can switch their

geometrical configuration, were prepared by using a thermoresponsive hydrogel.
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1.2 Experimental Section
Materials.

N,N-Dimethylacrylamide (DMAAm) and N-isopropylacrylamide (NIPAAm)
were purchased from FUJIFILM Wako Pure Chemical Corporation and used after
distillation and recrystallization, respectively. N,N’-Methylenebisacrylamide (MBAAm)
were purchased from FUJIFILM Wako Pure Chemical Corporation and used as purchased
without further purification. Sodium poly(4-styrenesulfonate) (PSS), 4-stylenesulfonic
acid sodium salt (SSNa), and fluorescein-o-acrylate were purchased from Aldrich and
used as purchased without further purification. Poly(diallyldimethylammonium
chloride) (PDDA) was purchased from Aldrich as aqueous solution and used after freeze
dried. 2-Hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959) was

purchased from Tokyo Chemical Industry Co., Ltd. and used without further purification.

Preparation and characterization of cationic hydrogels.

Cationic  DMAAm semi-interpenetrating network structure (semi-IPNs)
hydrogels were prepared by free-radical polymerization of DMAAm (2.0 mol L) with
MBAAm (10 mmol L!) in the presence of PDDA using Irgacure 2959 (20 mmol L) as
photo-polymerization initiator (Scheme 1-1). All chemicals were dissolved into pure
water and then the solution was degassed with sonication and aspiration. The
concentration of charged group was fixed at 50 mmol L. The degassed solution was
poured into glass and silicon elastomer spacer mold. The specimen size was 90 x 90 x 1
mm?®. The intensity and irradiation time of UV light was 40 mW c¢m™ at 365 nm and 40

min, respectively. The mold was flipped each 10 min. During polymerization, the
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Scheme 1-1 (a) Preparation of PDMAAm hydrogel. (b, ¢) Chemical structures of (b) PDDA and (c) PSS.

SO;Na

temperature of pre-gel solution was kept at 4 °C. PNIPAAm hydrogels were prepared by
free-radical polymerization of NIPAAm as monomer and other conditions were the same
with the preparation of DMAAm gels. Prepared hydrogels were washed with water for
the removal of unreacted monomer and initiator. Young’s modulus of gels was measured
by tensile test using tensile tester (Shimadzu EZ-Graph) in an ambient atmosphere. The

tensile test was performed at 120 mm min™' in tensile mode.

Formation of wrinkle structure on the hydrogel surface.
Wrinkle structures on the hydrogel surface were prepared by electrophoretic
deposition of polymers (Fig. 1-1). 50 pL of aqueous PSS solution (50 mmol L as ionic

monomer units) was put on the top of
Wrinkle

cationic hydrogel and then they were %hf\f:’ Polyion Complex

TR g SN €4

I

sandwiched with two Pt electrodes. An

2%
Y
4

. , )

electric field was applied to these

sandwiched solution and hydrogel. After

Fig. 1-1 Experimental procedure of wrinkle

electrophoresis, hydrogels were washed = .. at hydrogel surface.

with pure water.
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Formation of wrinkle structures at the surface of hydrogels under stretching.
Electrophoretic wrinkle fabrication method was performed under stretching.
Aqueous PSS solution (50 uL) was put on the top of a stretched cationic hydrogel, then
they were sandwiched with two pieces of Pt electrodes. An electric field (10 V mm™) was
applied to these sandwiched solution and hydrogel. After electrophoresis, the surface was
washed with pure water to remove excess PSS from hydrogel surface. The surface
structure was observed by phase-contrast microscope (IX-73, Olympus) and white light
coherence interferometer (VS-1330, HITACHI). Theremoresponsive-active wrinkles

were prepared by same method using stretched PNIPAAm hydrogels.

Characterization of the wrinkle surface.

Fluoresce-labelled PSS (Flu-PSS) was prepared by copolymerization of SSNa
and fluorescein-o-acrylate as fluorescence dye. Prepared Flu-PSS was purified by dialysis
with regenerated cellulose dialysis membrane (Spectra/Por®, MWCO = 1 kD) to remove
unreacted monomers. The Flu-PSS was used as anionic polymer for wrinkle formation
process. The fluorescence microscopic observation was performed using an fluorescent
microscope (IX-73, Olympus) with a 20x LUCPLFLN 0.45 NA objective, and the expose

time was 50 ms. The U-HGLGPS high pressure mercury lamp was used for excitation.
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1.3 Results and Discussion

After electrophoresis, hydrogels were optically transparent but wrinkle
structures were observed by phase-contrast microscopic observation (Fig. 1-2). These
wrinkle structures were not observed when an electric field was not applied in the absence

of PSS. By impression of voltage,

b) BRI

Y LT LA L
cationic PDDA and anionic PSS were SR G e
'Mﬂ( L
S e | nievl
o L] b VL4
moved to the cathode and the anode, W TAAY 7ot

.

B8 SN0y ¢ ey Y
. . S 20um
respectively. Then, the PSS in the

Fig. 1-2 (a) Macroscopic and (b) microscopic

solution moved to the hy drogels surface observations of wrinkled hydrogel surface.

that contains PDDA on anode side by electrophoresis. The PIC layer was formed on the
hydrogel surface due to the electrostatic interaction between cationic PDDA and anionic
PSS. After electrophoresis, the surface zeta potential value of hydrogel was changed from
+10.8 mV to +0.48 mV, indicating that cationic hydrogel was covered with anionic PSS.
Moreover, the fluorescence from the
wrinkling surface with electrophoresis of

Flu-PSS was stronger than that of no-

wrinkling surface without
Fig. 1-3 Fluorescence microscopic observation of the

electrophoresis of Flu-PSS. (Fig. 1_3)‘ hydrogel surface (a) with and (b) without electric field
impression when Flu-PSS was used as anionic polymers.

This result suggests that PSS were

deposited on cationic gel surface and formed polyion complex by electrophoresis. It is

well known that wrinkle structures are formed by the generation of surface instability

between two adhered layers®!?. These results suggest that the PIC layer was formed at

the surface of hydrogels, and then wrinkle structures appeared because of the elasticity

mismatch between hydrogel and PIC.
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Fig. 1-4 (a) Wrinkle wavelength as a function of applied electric field during electrophoresis. Electrophoresis time
was fixed at 5 sec. (b) Relationship between wrinkle wavelength and Young’s modulus of gels. The black line
trace the fitting curve. (c-e) Microscopic observation of wrinkled hydrogels. Their Young’s moduli are (c) 5.8 kPa,
(d) 30.6 kPa, and (e) 41.3 kPa, respectively.

The effect of electrophoresis condition was also evaluated because the PIC layer
was formed by electrophoresis for ionic polymers. When the applied electric field during
electrophoresis was changed, the wavelength of wrinkles was also changed (Fig. 1-4a).
The wrinkle wavelength was increased with increasing the applied electric field. When
the electrophoresis time was fixed at 5 s, wrinkles were not formed in the cases of the
applied electric field was lower than 6 V mm™. The result indicates that wrinkle
wavelength can be controlled by tuning the PSS concertation on the gel surface. As the
concentration of PSS on cationic hydrogel increased, the thickness and/or the modulus of
the PIC layer were considered to increase. The tendency of wrinkle wavelength to
increase due to an increase in the thickness and/or modulus of PIC layer is also consistent
with an equation that described the relationship between the wavelength of wrinkles and
moduli of adhered layers (eq. 1)."!

Moreover, wrinkle wavelength (1) could be controlled by the Young’s modulus
of gels (Es). Therefore, hydrogels with different cross-linking ratio were prepared to
change their Young’s moduli. The Young’s moduli of gel were changed from 5.8+1.1 kPa

to 107.9+8.5 kPa when the cross-linking ratio was changed from 0.3% to 2.0%. In fact,
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the wrinkle wavelength was strongly affected by Es (Fig. 1-4b-e), resulting in the decrease
in the wrinkle wavelength from 3.3 um to 1.0 um. This result agrees the tendency between
wrinkle wavelength and Young’s modulus of elastic substrate. As shown in Fig. 1-4b, the
wrinkle wavelength is well fitted to an inverse function of £ (eq. 2).
A =A/E;+B (eq. 2)

where 4 is (2nf)*Er/ 3 = 195 and B is a fitting parameter equal to 2.2. From 4 and E,
which is modulus of PIC layer, the PIC thickness ¢ can be calculated. In this study, direct
measurement of Er and ¢ is difficult. In another study, a PIC made with PDDA and PSS
by layer-by-layer method, was reported and the Young’s modulus is 590+90 MPa.!?
Therefore, t was calculated and with this modulus and the thickness was determined to be
a few nanometers. Therefore, the origin of wrinkle structure formation was determined to
be stress mismatch between the PIC constructed by electrophoresis and hydrogels.

This suggested that the wrinkle structure was fabricated by the formation of PIC
layer at hydrogel surface. Since the PIC layer was formed by the application of electric
field, it was possible to identify the pattern of the wrinkle structures by applying a
selective electric field. As shown in Fig. 1-5, in the case of using electrodes patented on
a curvature (Fig. 1-5a), a wrinkle structure transferred pattern was formed only the area
that electric field was applied (Fig. 1-5b). There was no wrinkles formed at insulated part;

thus, it was obvious that the wrinkle structure clearly patterned on the hydrogel surface

Fig. 1-5 (a) Illustration of insulating mask pattern of Pt electrodes. (b and c¢) Microscop phase-coﬁ ast
observations of (b) whole and (c) magnified of the boundary between wrinkle and flat surface.
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(Fig. 1-5¢). Moreover, this is a novel method for the wrinkle patterning at the surface of
hydrogels compared to the photoresist method, which involves film formation with drying
and light irradiation with photomasks, because the entire process can be performed in an
aqueous environment without drying.

The wrinkle wavelength depended on the electrophoresis conditions because of
the thickness and/or Young’s modulus of PIC layer could be controlled by tuning the PSS
concentration at hydrogel surface. Thus, electrodes was placed as sloped as shown in Fig.
1-6a and electrophoresis was carried out for fabrication of gradient wrinkle structures. In
this case, both wavelength and amplitude of wrinkles gradually decreased from the left
side to the right side, as shown in Fig. 1-6b-d. When electrodes were inclined, applied
electric field intensity gradually decreased from left side to the right because the electric

field depended on the distance between the cathode and the anode. Therefore, the author

a) PSS solution
Pt electrodes \

e'=.7°T\ }

Cationic hydrogel

Fig. 1-6 (a) Experimental procedure of wrinkle structure formation with sloped electrodes. (b) Phase-contrast
images of gradient wrinkle prepared by electrophoresis with sloped electrodes. (¢ and d) Cross-sectional images
of gradient wrinkling surface. Observed areas were (c) (i) and (d) (iii), respectively.
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considered that the wavelength of wrinkle structures continuously changed because the
thickness and/or Young’s modulus of PIC layer gradually changed. As a result, a gradient
wrinkled hydrogel surface, which showed a continuous wavelength change, was
fabricated utilizing sloped electrodes.

Usually, aligned wrinkles were formed by hard thin layer fabrication on the top
of uniaxially or planarly stretched elastomers. Thus, electrophoretic wrinkle fabrication
was performed to uniaxially stretched hydrogels (Fig. 1-7a). After electrophoresis, three
types (random, herringbone and straight) wrinkle structures based on stretching ratio
and/or Young’s modulus of hydrogels, were observed at the surface of stretched hydrogels
(Fig. 1-7b-d). A phase-diagram of wrinkle geometrical configurations is summarized in
Fig. 1-7e. Regardless the Young’s modulus, the wrinkle structures, which were random
in cases of low or no stretching, tented to change into a herringbone and then to straight
structure as the stretching ratio of hydrogels was increased. As shown in Fig. 1-7¢ and d,
herringbone and straight wrinkles were aligned along the stretching direction of hydrogels.
This result indicate that hydrogel surface was mainly buckled perpendicular to the
stretching direction after PIC formation. These phenomena can be explained by the
difference in the internal stress of the uniaxially stretched hydrogels between the
stretching direction and perpendicular direction. Hydrogels tend to shrink perpendicular
to the stretching direction in accordance with Poisson’s ratio. It was reported that the
internal stress of a gel under uniaxial or planar stretched was higher in the tensile direction
than that of perpendicular direction.!> !* Since these aligned wrinkles were formed by
stress mismatch between hydrogels and PIC layer, the wrinkles tend to become

increasingly difficult to form as the gels were stretched. Therefore, herringbone
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Fig. 1-7 (a) Schematic illustration of the top view of uniaxially stretched hydrogel. (b-d) Microscopic observations
of wrinkle structures with (b) random, (c) straight, and (d) herringbone structures. (¢) Phase-diagram of wrinkle
structure formed after electrophoresis with stretching. Purple bar, green triangle, and red circle indicate random,
straight, and herringbone wrinkle structures were formed after electrophoresis, respectively. Black cross indicates

hydrogel was broken by stretching. (f) Schematic illustration of the top view of unloaded hydrogel. (g-i) Phase-

contrast microscopic observations of hydrogels with (g) straight, (h) herringbone, and (i) hierarchical structures.

(j) Phase-diagram of wrinkle structures after unloading. Purple bar, green triangle, red circle, and blue diamond

indicate straight, aligned, herringbone, and hierarchical wrinkle structures were formed after unloading,

respectively.
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structure was formed when the stretching ratio is low, whereas straight form was observed
for highly stretching. Chen and Hatchinson calculated the elastic energy of straight,
herringbone and checkerboard shapes of wrinkle structures.!>!® In these reports, the
surface energy of her-ringbone wrinkle structure is the lowest because the her-ringbone
shape is the only one among the three shapes that relaxes the in-plane stress in all
directions without incurring significant stretch energy. Therefore, herringbone structures
were formed with medium stretching. However, in cases of higher stretching, straight
wrinkle structures were formed because the 3-D network of hydrogels were largely de-
formed, which meant that the relaxation of stress in the stretching direction was difficult.
Moreover, the fact that a gel having a higher Young's modulus forms a straight structure
with a lower stretching ratio also supports the present discussion. Some of these wrinkle
structures changed their structure when unloaded (Fig. 1-7f). At the unloaded surfaces,
four types (random, straight, herringbone and hierarchical) of wrinkle structures were
observed (Fig. 1-7g-i). A phase-diagram of wrinkle geometrical configuration after
unloading is shown in Fig. 1-7j. It is of especial interest that the aligned wrinkle which
had a straight structure when stretched formed a new aligned wrinkle structure
perpendicular to the stretching direction after unloading, resulting in a hierarchical
wrinkle structure. The formation mechanism of the newly formed wrinkle perpendicular
to the stretching direction is the same as the conventional method to form aligned wrinkles
by unloading after formation thin hard film on stretched elastomer. In this study, it is
possible to form aligned wrinkles under uniaxial stretching, and it is considered that a

hierarchical wrinkle structure was formed by unloading.

24



Next, it was investigated that details of the herringbone structures, whose type
of geometrical configuration do not change during stretching and after unloading. Typical
microscopic observations of herringbone wrinkle structures during stretching and after
unloading are shown in Fig. 1-8a and b. To investigate the effect of strain to the
herringbone shape, the 1% and 2" generation wrinkle wavelength (ine and Ane), the 2™
generation wrinkle angle (6), and the 2" generation wrinkle amplitude (4mne) were
measured by phase-contrast microscopy. Figure 1-8¢ and d show Axe and Aue as a

function of stretching ratio of hydrogels, respectively. During stretching and unloading,
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Fig. 1-8 (a, b) Microscopic observations of herringbone wrinkle structures on the surface of (a) stretched and (b)
unloaded hydrogel. The modulus of hydrogel was 16.7+1.2 kPa. (c) 2™ generation wrinkle wavelength (Axe), (d)
1t generation wrinkle wavelength (Aue), (€) 2™ generation wrinkle angle (6) and (f) amplitude (A4re) as a function
of stretching during electrophoresis.
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neither Age nor Ape changed. The deformed 3-D network of hydrogels recovered its
original shape after unloading. As expected, the herringbone angle 8 decreased and Aue
increased by unloading the stretched gels (Figure 1-8e and f).

The effect of stretching for hierarchical wrinkles was also investigated (Fig. 1-
9). The 1% generation wrinkle wavelength (A;) and 2™ generation wrinkle wavelength
(A4ni) were measured as shown in Fig. 1-9a and b. As a result, neither An; nor An; changed
after the stretching ratio was changed (Fig. 1-9¢ and d). Here, the general relationship
between wrinkle wavelength and Young’s modulus of substrate was written above as eq.
1. From Eq. 1, wrinkle wavelength 4 is predicted from ¢, Erand Es. The wavelength of the

wrinkle structure decreases and converges as the Young's modulus increases. Therefore,
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Fig. 1-9 (a, b) Microscopic observations of wrinkle structures at the surface of (a) stretched and (b) unloaded
hydrogels. The modulus of hydrogel was 5.1£1.2 kPa. (c) 1% generation wrinkle wavelength (1ui) and (d) 2"
generation wrinkle wavelength (Ami) of hierarchical wrinkles as a function of stretch. (€) 2" generation wrinkle
wavelength (/ni) hierarchical wrinkles as a function of Young’s modulus of gels. Stretching ratio for each gels was
70%.
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it seems that the Ani did not change because hydrogel was sufficiently stretched. Also, An;
was not changed by changing the stretching ratio. However, by changing the Young’s
modulus of hydrogels, Ani decreased with increasing Young’s modulus (Fig. 1-9e). This
result agrees with the relationship written in Eq. 1. Therefore, 2" generation wrinkle
structure was formed by stress mismatch between the hard PIC layer and the soft hydrogel
caused by stretch release.

Finally, geometry control of wrinkle structures on the stimuli-responsive
hydrogels was tried. PNIPAAm hydrogel, is known as a thermo-responsive hydrogel.!”
PNIPAAm gel swelled in water at temperatures below 32 °C, so-called the lower critical
solution temperature (LCST), however it shrunk with water release at temperatures above
the LCST. The Young’s modulus of the PNIPAAm gel increased above LCST due to the
aggregation of polymer chains (Fig. 1-10). It was found that the shapes of wrinkle
structure on the gel surface varied depending on the elastic modulus of the gel as shown
in Fig.1-11. Therefore, it was possible to create a stimuli-responsive, shape transformable
wrinkled surface by controlling the elastic modulus of the PNIPAAm gel in response to
an external stimulus (Fig. 1-11a, left). Interestingly, the observed wrinkle structure

disappeared by increasing the temperature to 50 °C (Fig. 1-11a, right). This process is
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Fig. 1-10 (a, b) Temporal evaluation of storage modulus (G’, blue lines) and loss modulus (G”, red lines) of
PNIPAAm gel followed using rheology. The measuring temperature was (a) 20 °C and (b) 40 °C, respectively. The
frequency and the thickness of hydrogel were 1 Hz and 0.6 mm, respectively.
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found to be reversible, because wrinkle structure reappeared by decreasing the
temperature below LCST. As described above, the wrinkle structure was generated by the
stress mismatch between gels and PIC layer at lower temperature. However, Young’s
modulus of PNIPAAm gel increases above to LCST due to aggregation of polymer chains.
It is confirmed that Young's modulus of PNIPAAm gel increased above LCST (Fig. 1-
10). During this process, the size of PNIPAAm gel is hardly changed (inset image of Fig.
1-11a). Thus, the wrinkle deformation did not caused by dehydration of PNIPAAm
hydrogels triggered by temperature increasing. In addition, as shown in Fig, 1-11b, the
author confirmed that the herringbone wrinkle structures formed on the PNIPAAm gel
below LCST (Fig. 1-11b, left) transformed to straight shape when the temperature was
increased to 50 °C (Fig. 1-11b, right). This process was found to be reversible, the
herringbone structure reappeared when the temperature was decreased below LCST. As
described above, the kind of wrinkle geometrical configuration was changed by the
Young’s modulus of hydrogels. After increasing the temperature of hydrogels above
LCST, the modulus of hydrogels increased due to polymer aggregation. Therefore,
geometrical configuration of the wrinkles was changed by temperature increasing above
LCST. Similarly, the hierarchical wrinkle also reversibly changed their geometry in
response to temperature (Fig. 1-11¢). It was succeeded in developing a stimuli-responsive

hydrogel wrinkle that changes geometry by external stimulation.
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Fig. 1-11 (a) Phase-contrast microscopic observations of stimuli-responsive wrinkle structures at the surface of
PNIPAAm hydrogel. The temperature of hydrogel was (left) 20 and (right) 50 °C, respectively. Inset images are
PNIPAAm gels. (¢) Thermoresponsive transformation of (a) herringbone and (b) hierarchical wrinkle structures.
The temperature was jumped between (left) 20 °C and (right) 50 °C.
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1.4 Conclusion

In conclusion, a novel method for fabrication of wrinkled hydrogel surface in
aqueous condition was developed using electrophoresis. Wrinkle surface was fabricated
by formation of PIC layer on hydrogels using electrophoresis. Wrinkling wavelength was
able to control by changing an electrophoresis condition and Young’s modulus of
hydrogels. By using patterned and sloped electrode, the patterned and gradient wrinkle
surface on the hydrogels were prepared. Moreover, aligned wrinkle structures were
fabricated at the surface of stretched hydrogels by the electrophoretic wrinkle fabrication
method. After electrophoresis, three types of wrinkle geometry (random, straight and
herringbone) were observed on the surfaces of stretched hydrogels. The geometrical
configuration was changed by changing the modulus of the hydrogels and/or stretching
ratio during electrophoresis. After unloading the stretching, a hierarchical wrinkle
structure was fabricated. The effect of stretching ratio and Young’s modulus of hydrogels
for aligned wrinkle structures was investigated through their wavelength, amplitude and
herringbone angles. Active wrinkles which can switch their shape by external stimulus,
was also fabricated by the formation of PIC layer on surface of thermoresponsive
hydrogel. Stimuli-responsive wrinkle surface could be switched their wrinkle shapes by
changing the modulus of hydrogels triggered by varying temperature. Because this
wrinkle formation method is very simple and PIC layer can be formed easily at the surface
of hydrogel, the present wrinkle hydrogel surface will be useful as a novel platform for

selective manipulation of micro-scale soft objects.
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Chapter 2.

Hydrogel Adhesion with Wrinkle Formation by Spatial Control of Polymer

Networks

2.1 Introduction

Wrinkle structures are often observed around soft and elastic interfaces such as
brain, fingers in human body and play an important role in increasing the surface area. It
is well-known that wrinkles are formed by the generation of surface instability of elastic
materials,'”® indicating that a wrinkles have potential applications in the adhesion of two
soft materials. In fact, the formation of such wrinkles which can adhere two materials
were reported utilizing surface-treated elastomers! and has been used for dry-adhesive
substrates® using the enhanced surface.

On the other hand, hydrogels are similar to macromolecular-based constituents
such as proteins, cells and tissues. Therefore, hydrogel adhesion has numerous
applications for next-generation material creation such as artificial tissues,® drug delivery
systems,’ and elastic actuators.® Thus, hydrogel adhesion method are required, and
researched using interactions such as electrostatic,”!! host-guest,'? metal-ligand,'>!* and
organic-inorganic'>"'7 interactions. In these methods, interactive units around the outmost
surface of hydrogels play an important role in hydrogel adhesion. However, the
stoichiometric investigation of interactive units for the adhesion is the central part of
discussions. The spatial arrangement of interactive units based on the polymer network
design was mostly unknown. Moreover, wrinkle structures were formed at the surface of

18-19

hydrogels using surface-swelling'®!? or drying.2° There are no guideline for the chemical

design and interactive units.
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In this chapter, it was focused on the spatial control of polymer networks such
as density, distribution, and mobility of interactive units for a wrinkle structure at adhered
hydrogel interface. The role of wrinkle structures at adhesive interface of hydrogels was
investigated by the measurement of adhesive strength of hydrogels which are adhered

under compression.
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2.2 Experimental Section

Materials.

N,N-Dimethylacrylamide (DMAAm) was purchased from FUJIFILM Wako Pure
Chemical Corporation and used after distillation. 2,2’-Azobis[2-(2-imidazolin-2-yl)-
propane]dihydrochloride (VA-044), ammonium persulfate (APS), N,N’-methylenebis
(acrylamide) (MBAAm), N,N,N’,N’-tetramethylethlenediamine (TEMED), and [3-
(methacryloylamino)propyl]trimethylammonium chloride (TMA) were purchased from
FUJIFILM Wako Pure Chemical Corporation and used as purchased without further
purification. Sodium styrenesulfonate (SSNa) and sodium poly(styrenesulfonate) (PSS)
were purchased from Aldrich and used as purchased without further purification.
Poly(diallyldimethylammonium chloride) (PDDA) was purchased from Aldrich and used

after freeze drying.

Preparation of hydrogels.

The copolymerization of SSNa and DMAAm with MBAAm was carried out in
water using 1 mol % APS as an anionic radical polymerization initiator and TEMED at
4 °C for 8 h. For the preparation of cationic TMA copolymer gels, VA-044 was used as a
cationic azo-initiator and then gelation was carried out at 40 °C for 8§ h. Semi-
interpenetrating polymer networks (semi-IPNs) were prepared by the free-radical
polymerization of DMAAm with MBAAm in the presence of PSS or PDDA by using an
anionic or cationic initiator. The prepared hydrogel was washed with water for the
removal of unreacted monomer. Young’s modulus was measured using a tensile tester
(EZ-S10, Shimadzu) in an ambient atmosphere. They were loaded to failure at 3 mm min~

!'in tensile mode.
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Hydrogel adhesion.

The hydrogel adhesion was carried out using electrophoretic hydrogel adhesion
method.?!?* Briefly, electrophoresis was carried out between two Pt electrodes. The two
gels were held in contact with each other between the Pt electrodes, and an electric field
was applied. In this case, cationic gels were on the anode and anionic gels were on the
cathode. The applied voltage and electrophoresis time were 5V mm ' and 3 s, respectively.
The lap shear adhesion force was measured using a tensile tester in an ambient
atmosphere. The adhered gels were loaded to failure at 3 mm min ™! in tensile mode, and
the failure strain was measured. The adhered interfaces were observed by phase-contrast

microscopy (IX-73, Olympus).
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2.3 Results and Discussion
Two types of hydrogels (a copolymer gel and semi-interpenetrating polymer
networks (semi-IPNs)), which have structures charged groups were chemically and

physically fixed on the network, were prepared (Fig. 2-1). The charge density of
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Fig. 2-1 Schematic illustrations and chemical structures of (a) copolymer and (b) semi-IPNs hydrogels and their ionic

groups.

hydrogels was controlled by the amount
of charged monomer and polymers. The

adhesion of hydrogels was carried out by

previously reported electrophoretic

adhesion method (Fig. 2-2). During Fig. 2-2 Schematic illustration of electrophoretic adhesion
method for hydrogels.

electrophoresis, cationic and anionic

polymer chains move to the cathode and anode, respectively, and polyion complexes

(PIC) were eventually formed at the hydrogel interface, causing adhesion. As shown in

Fig. 2-3a, two hydrogels quickly adhered within 3 s, and adhesive interfaces were visually

transparent. Interestingly, wrinkle structure was founded at only adhered semi-IPNs

hydrogel interfaces by phase-contrast microscopic observation (Fig. 2-3b).
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Fig. 2-3 (a) Macroscopic and (b) microscopic observations of adhered semi-IPNs by electrophoretic method.

To investigate the relationship between the wrinkle structure and adhesive
strength, the lap shear adhesion force was measured (Fig. 2-4a). The adhesive strength of
semi-IPNs and copolymers gels is shown in Fig. 2-4b. The adhesive strength of both gels
increased with increasing ionic monomer units inside polymer networks. The adhesive
strength of semi-IPNs was stronger than that of copolymer gels in all cases. These results
indicate that the adhesion of hydrogels was controlled by the amount of charged monomer
and also depended on the network structure, especially on the local charge density of gel

networks. The charge densities of both copolymer gels and semi-IPNs were normalized
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Fig. 2-4 (a) Experimental procedure of lap-shear adhesion test on adhered cationic and anionic hydrogels. (b)
Adhesive strength of semi-IPNs hydrogels (red circle) and copolymer hydrogels (blue triangle) as a function of
introduced ionic momomer units concentration. Closed symbols indicate gels were broken during tensile test before

detachment .
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by the molarity of ionic monomer units. When the copolymer gels and semi-IPNs have
the same extent of charge density, charged units inside the copolymer gels may be
uniformly dispersed inside the PDMAAm networks. However, semi-IPNs have higher
and lower local charge densities because of the presence of linear PSS or PDDA inside
the networks. When the ionic monomer units have concentrations of 40 and 50 mmol L~
' for semi-IPNs, the adhesion interface with wrinkles was stronger than the gels
themselves, and the gels were broken before the adhesion interface detached during a
tensile strength test (Fig. 2-4b, closed circle; Fig. 2-3b). Stronger adhesion seems to be
due to the formation of PIC films as an adhesive layer during electrophoresis. Therefore,
wrinkle formation was observed for semi-IPNs with 30 mmol L™! ionic monomer units,
although a wrinkle was not formed for copolymers gel with 300 mmol L™! ionic monomer
units and semi-IPNs with 10 mmol L™ ionic monomer units. These results indicate that a
buckling instability did not occur because of an insufficient PIC layer due to lower
polymer mobility and poor charge density. Moreover, similar behavior in adhesive
strength was observed even though the concentration of ionic monomer units of
copolymer gels is 10-fold higher than for semi-IPNs, indicating that the amount of charge,
charge density, mobility of polymer networks, and wrinkle formation are important for
the strong adhesion of hydrogels. In addition, wrinkle structures were not formed without
electrophoresis in all cases. Therefore, wrinkles at adhered interface were fabricated by
electrophoresis.

Generally, interface wrinkles are formed by stress mismatch between adhered
two layers and their relationship is written as eq. 1 as below. Thus, in this case, the cross-
linking ratio of hydrogels was changed to modulate £s. When the cross-linking ratio was

changed from 1.0% to 0.3%, the Young’s moduli of gels were changed from 520+£90 kPa
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to 115+£30 kPa. Actually, the size of wrinkle structures were strongly affected by E (Fig.
2-5). As shown in Fig. 2-5e, the wrinkle wavelength was well fitted with an inverse
function of Es (Eq. 2) and 4 = 1.3 x 10* and B = 28. Direct measurement of PIC layer at
adhered hydrogel interface is difficult but the author calculated with the reported PIC
modulus as chapter 1. The PIC thickness was calculated a few hundred nanometers.
Cross-sections of adhered hydrogels were also confirmed because phase contrast images
may just reveal a periodic variation in the refractive index of PIC layers and hydrogels.
The no-wrinkle interface showed a flat cross-section (Fig. 2-6a). However, a waving
adhesive interface was observed at a cross-section of wrinkle interfaces and amplitude
showing an increasing tendency with decreasing cross-linking ratio of hydrogels (Fig. 2-
6b, ¢). These results strongly suggested that wrinkles at interfaces had three-dimensional

structure.
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Fig. 2-5 (a-d) Phase-contrast microscopic images of adhered 50 mmol L' semi-IPNs. The cross-linking ratio of each
gels were (a) 1.0%, (b) 0.7%, (c) 0.5%, and (d) 0.3%, respectively. (¢) Relationship between wrinkle wavelength (1)
and Young’s modulus of gels (£s). Plus symbols trace the fitting curve.

Finally, to investigate the role of wrinkle structure in adhesion, the adhesive
strength of hydrogels when electrophoretic adhesion was carried out under the

compression of hydrogels, was measured because a wrinkle was formed by vertical
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Fig. 2-6 Cross-section images of adhered (a) 10 mmol L' and (b, ¢) 50 mmol L! semi-IPNs. Cross-linking ratio

values of (a, b) and (c) are 1.0% and 0.3%, respectively.

growth with horizontal shrinking. It was hypothesized that wrinkle formation was
inhibited by the deformation of hydrogels as a result of vertical compression and
horizontal stretching. Therefore, electrophoretic adhesion was carried out under
compression, and adhesive strength was measured after stress release. The compression
ratio was calculated from the height of two gels without (%) and with (%) compression
(Fig. 2-7a). 20, 30, 40, and 50 mmol L' semi-IPNs were used for the measurement. In
the cases of 20 and 30 mmol L™, a significant difference was not observed for adhesive
strength with and without compression (Fig. 2-7b, squares and inverse triangles). In the
case of 50 mmol L™! semi-IPNs, wrinkle structures were clearly observed from 0 to 23%
compression, and then the gels were broken before the adhesion interface detached. When
the hydrogels were compressed to 42%, the detachment of adhered gels and the
disappearance of wrinkle structure was observed (Fig. 2-7b, circles). The fracture of both
the adhesive interface and gel itself occurred between 23 and 42% compression. These

results indicate that wrinkle formation is inhibited by hydrogel compression. Generally,
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two materials adhered by compression as a result of close contact with each other. On the
contrary, in the present system, it was found that the deformation of hydrogel networks
inhibited wrinkle formation, and then the adhesive strength decreased. Therefore,
increasing the compression ratio resulted in a decrease in the adhesive strength of 40
mmol L' semi-IPNs in a continuous manner (Fig. 2-7b, triangles) with the disappearance
of wrinkle structure (Fig. 2-7c and d). These results indicate that strong hydrogel
adhesion was achieved by both the chemical design of interactive units and interface
relaxation such as wrinkle formation.
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Fig. 2-7 (a) Electrophoretic adhesion under the compression of gels and (b) adhesive strength of hydrogels as a
function of the compression ratio. Circles, triangles, inverse triangles, and squares indicate 50, 40, 30, and 20 mmol
L—1 semi-IPNs. The closed symbols show where the adhered gels have broken. (c, d) Phase-contrast microscopic

observation of adhered 40 mmol L—1 semi-IPNs gels with (c) 0 and (d) 50% compression. All scale bars are 20 um.
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2.4 Conclusion

A novel adhesive interface for hydrogels with a wrinkle structure was fabricated
via spatial control of polymer networks. The author confirmed that the wrinkle structure
at adhesive hydrogel interfaces was formed by the elasticity mismatch of hydrogels and
PIC layers. Wrinkling wavelengths were strongly affected by Young’s modulus of
hydrogels, resulting in the wrinkling wavelength increasing with a decreasing Young’s
modulus of hydrogels. Increasing the compression ratio of hydrogels resulted in a
decrease in the adhesive strength with wrinkle disappearance. It was suggested that the
presence of wrinkle structure strengthens the adhesive strength of hydrogels. The
discovery of wrinkle structure at the adhesive interface will contribute considerably to the
development of a novel adhesion strategy and an understanding of interfaces of soft

materials.
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Chapter 3.

Hydrogel Adhesion with Wrinkling Films

3.1 Introduction

Adhesion is an essential process to build 3-D architectures for all materials
regardless of soft or hard materials, which have been achieved by chemical!” and
physical*® approrches. Among of them, adhesion control for hydrogels is still challenging
task because hydrogel is one of the most difficult materials to adhere each other due to
their high water contnet. For hydrogel adhesion, focus was made on chamical approrches,
that is, intermolecular interactions such as ionic bonding,”® host-guest interaction® and
metal-ligand interaction.!®!!

In the chapter 2, wrinkle structure was formed at adhered gel-gel interface by
PIC formation as adhesive layer, and it was founded that wrinkle structure at the interface
of adhered hydrogel has a ability strengthening the adhesion.!” Generally, wrinkle
structures are generated by stress-mismatch around the surface and interior of elastic
materials.!*15 Therefore, the wrinkle structue at the adhered interface was formed by
stress-mismatch between PIC as adhesive layer and hydrogels as substrates. The
discovery of wrinkles at adhesive interface will contribute consicerbly to the development
of a novel adhesion strategy and an understanding of the interfaces of soft materials.

Focusing on the fine structure of the interface, microstructured hydrogel surfaces
were used for reversible adhesion to hard materials.'® In this report, octopus-like adhesive
pads which were prepared by using thermoresponsive hydrogels showed pressure-

induced adhesion in response to temperature. Gong et al. reported hydrogels which show
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fast, strong, and reversible underwater adhesion by combination of macroscopic surface
engineering and tough hydrogels with dynamic bonds.!” Microstructures on gel surfaces
would open new science and technology for soft interfaces; however, such physical
approaches to hydrogel adhesion to each other had been rarely reported to the best of our
knowledge.

In chapter 3, a novel adhesion control system for hydrogels is proposed utilizing
stimuli-responsive wrinkle structures at the interface of adhered hydrogels. Wrinkle
structures were simply formed by water uptake of dried-gel film at the adhered interface
of hydrogels (Fig 3-1). The role of interface structures was investigated using three types
of interface structures. An aligned wrinkle structure was formed using an anisotropic
swellable film. In the stress—strain test for adhered hydrogels, the deformation of wrinkle
structure caused by external force decreased the adhesion strength of hydrogels. Wrinkle
structures at the strongly adhered interface were deformed by peeling off of the wrinkled
film, and adhered gels were detached with no damage to their surfaces. A demonstration
of the adhesion control for hydrogels was carried out using a thermoresponsive hydrogel

film.

Hydrogel
\

swelling

\ ™~
Dry-gel Film
t ot t 1 T swelling
- — — ANV
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Fig. 3-1 Schematic illustration of hydrogel adhesion with wrinkled gel film.
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3.2 Experimental Section
Materials.

Poly(vinyl alcohol) (PVA, polymerization degree = about 2000, saponification
degree = 98.5%) was purchased from NACALAI TESQUE, Inc. and used as purchased.
1 mol L' hydrochrolic acid, 25% glutarldehyde solution and 90% acetaldehyde solution
were purchased from FUJIFILM Wako Pure Chemical Corporation and used as purchased.
Sodium poly(4-styrenesulfonate) (PSS) was purchased from Aldrich and used as
purchased without further purification. Poly(diallyldimethylammonium chloride)

(PDDA) was purchased from Aldrich as aqueous solution and used after freeze dried.

Preparation of PVA gels and films.

PVA (2.0 g) was dissolved into water (20 mL). Then, 25% glutaraldehyde
solution (86 puL) and 1 mol L™! hydrochloric acid (400 pL) were added for the preparation
of PVA hydrogels (Scheme 3-1). To prepare cationic or anionic gel films, cross-linking
reaction was performed under the presence of PDDA as cationic polymer or PSS as
anionic polymer. Ionic monomer unit concentration was fixed to 30 mmol L™!. Pre-gel
solution was poured into a mold made with 10 x 10 cm? glass plates and 2 mm thickness
silicon elastomer as a spacer; then they were placed in atmosphere for 24 h at room

n m-2n ’
OH /Ni\

(o] (0]
Glutaraldehyde Y
M —_— (CHy)s 0
S HCl cat. )\
(o] (o] OH

Scheme 3-1 (a) Preparation of PVA hydrogel by cross-linking reaction. (b and ¢) Chemical structure of (b) cationic

SO3Na

PDDA and (c) anionic PSS.
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temperature for cross-linking reaction. Anionic PVA gels were prepared as thin films
using 50 pum thickness Teflon spacer. All prepared gels and films were immersed in pure
water to remove unreacted chemicals and used after reaching equilibrium swelled state.
Washed anionic hydrogel films were shrunken in ethanol-water mixture as poor solvent.
To change the shrinking ratio, the mixture ratio of ethanol and water was changed. After
shrinking process, they were vacuum dried on glass plate. Before use in adhesion
experiments, cationic hydrogels and dried anionic hydrogel films were cut into 25 x 10

mm? and 2.5 x 10 mm?, respectively.

Adhesion of cationic PVA gels with anionic PVA hydrogel films.

Adhesion of cationic PVA hydrogels was carried out by sandwiching of dried
anionic film with two pieces of cationic hydrogels, and then they were immersed in water
for 24 h. Adhered interfaces were observed by phase-contrast microscope (IX-73,
Olympus). Lap-shear adhesion test for adhered hydrogels was performed using tensile
tester (EZ Graph, Shimadzu) and adhesion strength was measured as shear stress. The

tensile speed was 120 mm min ™! in atmosphere.

Preparation of LCST-type thermoresponsive gel film.

Four swelled sheets of gel films (100 x 90 mm?) were immersed in water and
their total volume was adjusted to 30 cm® with pure water. Acetaldehyde (90% solution,
150 puL) and 1 mol L™! hydrochloric acid (600 uL) were added and reacted for 24 h at
room temperature to obtain thermoresponsive gel films. Prepared films were washed in
pure water to remove unreacted chemicals. The size of films in response to temperature

was measured in water at 5-50 °C.
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3.3 Results and Discussion

Cationic hydrogels and anionic gel films were prepared by a cross-linking
reaction of PVA in the presence of PDDA and PSS, respectively. Anionic gel films were
dried before use. For adhesion of cationic hydrogels, an anionic dry-gel film was
sandwiched between two pieces of cationic hydrogels. Anionic dry-gel films swelled with
water uptake from two cationic hydrogels and adhered two hydrogels. The adhered gels
remained adhered to each other over 1 week in water, but the two gels adhered to the
swelled anionic hydrogel film were easily detached by immersing into water. These
results indicate that the swelling of the anionic dry-gel film induced the adhesion between
the cationic hydrogels. Interestingly, although adhered interfaces were optically
transparent (Fig. 3-2a), wrinkle structures were observed at the adhered interface (Fig. 3-
2b). When the anionic dry-gel film swelled in water, surface area of the film increased.
Therefore, two cationic hydrogels adhered to each other with wrinkle formation by
utilizing a swellable anionic dry-gel film. Since nonionic or anionic gels could not be
adhered to, electrostatic interaction seems to be important as a foothold for wrinkle

formation. To investigate the relationship between anionic film thickness and

Fig. 3-2 (a) Preparation of PVA hydrogel by cross-linking reaction. (b and c¢) Chemical structure of (b) cationic
PDDA and (c) anionic PSS.
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Fig. 3-3 (a-d) Phase-contrast microscopic observations of wrinkle structures at the interface of adhered hydrogels.

The thickness of anionic dry-gel film was (a) 2343, (b) 30+£3, (c) 54+£3, and (d) 64+4 um, respectively. (¢) Wrinkle

wavelength as a function of anionic dry-gel film thickness.
wrinkle wavelength, anionic hydrogel films were prepared using different spacer
thickness (50, 100, 150, and 200 pm). After immersing into ethanol and drying, the
thickness of the anionic dried gel-films were measured using micrometer. Adhesion and
wrinkle observation was performed with the same method. The relationship between the
dried gel-film thickness and wrinkle wavelength is shown in Fig. 3-3. From this result,
wrinkle wavelength was increased with increasing the anionic dry-gel film thickness. In
order to clarify the origin of wrinkle formation during hydrogel adhesion, anionic dry-gel
films were prepared with different shrinking ratios. During re-swelling at the interface of
gels, the swelling ratio of these films would be different. To produce dry films with
different swelling ratios when immersed in water, ethanol-water mixture was used as
pretreatment because water is a good solvent but ethanol is a poor solvent for PVA. The
mixture ratio of ethanol to water was changed from 100:0 to 0:100 v/v, and gel films
which reached equilibrium swelled state in those solvents were dried on glass substrates.

Each dry film was immersed in water and the swelling ratio was evaluated (Fig. 3-4a).
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The increasing ratio in surface area in water was defined as A/Ao ratio, where 4 and Ao
indicate areas of gel film after and before re-swelling in water, respectively. As shown in
Fig. 3-4b and c, after immersing them into water, areas of all anionic gel films increased.
A/Ao ratio of anionic films upon re-swelling increases as films shrink significantly with
increasing ethanol concentration during immersing because dry-gel films absorbed water
by immersing into water and then they recovered their original size. Therefore, the A/4o
ratio of the gel film varied depending on the ethanol-water ratio when the film was shrunk

as a pretreatment.

_ i t
+o
"0*9. . !

0O 20 40 60 80 100
EtOH Concentration (%)

Fig. 3-4 (a,b) Macroscopic observations of swelled anionic gel films. EtOH concentrations during shrinkage as
pretreatment were (a) 0 and (b) 80%, respectively. Initial size of each dried film was 1.0 x 1.0 cm?. (c) 4/Ao ratio

of anionic gel films as a function of EtOH concentration during shrinkage.

The cationic hydrogels were adhered to all anionic dry-films with different 4/4o
ratios. In microscopic observations of adhered gel—gel interfaces, three kinds of interface
structures were observed as shown in Fig. 3-5a. In cases of lower A/4¢ (4/Ao <1.7), no
structures were observed at the adhered interfaces of gels. However, crease and wrinkle
structures were observed in cases of middle (=2.2) and higher (>3.0) 4/4o values,

respectively. Wang and Zhao reported that crease and wrinkle structures were formed
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Fig. 3-5 (a) Phase-contrast observations of adhered interfaces of hydrogels with anionic films. (b) Adhesive
strength of gels as a function of 4/4 ratio of anionic dry gel films. Square, triangle, and circle symbols indicate
that flat, crease, and wrinkle structures were formed at the adhered interfaces of gels. Closed symbols indicate gels

were broken before detachment during tensile test.
under short and large strains of surface layer.'® Wrinkle and crease structures formed at
the adhered interfaces show similar tendencies. Thus, the formation of crease and wrinkle
structures was induced by increasing area of the adhered gel films. Adhesive strength was
measured to investigate the role of interface structures at adhesive interfaces. As shown
in Fig. 3-5b, adhesive strength of no structure region (4/40<1.7) was weak and could be
peeled off easily. Furthermore, there is no relationship between A/A¢ and adhesive
strength. In the case of crease structure, adhesive strength was enhanced compared with
flat interfaces. On the other hand, hydrogels with wrinkle structures (4/40>3.0) broke
during the tensile test, indicating that the adhesion strength was sufficiently stronger than
mechanical strength of the gels themselves. Usually, it is difficult to increase the area of
the bonding interface, but hydrogel is a deformable elastic material. Therefore, the

adhesive interface of the hydrogel was deformed by the swelling force caused by water
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uptake of the anionic dry gel film and formed a wrinkle structure. These results indicate
that the surface area of the adhesion interface was obtained by wrinkle formation.
Although it is conceivable that the adhesion strength is increased with increasing the
surface area of adhesive interface, the formation of the wrinkle structure seems to play a
role in further improving the adhesion strength of the hydrogel.

Next, hydrogels which adhered with aligned wrinkles were prepared and tensile
tests in perpendicular and parallel directions were performed to investigate the role of
wrinkle structures. The adhesive layer with oriented wrinkle structure was prepared by
using anionic dry-gel film which swells to one direction (Fig. 3-6a). The anisotropic
swelling films were prepared by shrinking the swollen film with both ends fixed in place
during immersing into ethanol, then dried. The swelling of gel film caused the buckling

of the adhered interface of hydrogels. It

N ¢ | | e
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b) —C) !],’.‘ |
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comparing the adhesion strength between
. . . Fig. 3-6 (a) Swelling behavior of anisotropic swellable

these two types of aligned direction of
film. (b,c) Microscopic observation of adhered gel -
wrinkles, it was noticed that the adhesion  gel interface with (b) perpendicular and (c) parallel
orientation. (d) Adhesive strength of adhered gels with

strength of parallel wrinkle structures was
oriented wrinkle structures.
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stronger than that with perpendicular

a)
structures (Fig. 3-6d). The difference in A
adhesive strength is explained by the
. . . AR
deformation of wrinkle structures during Z =
=

tensile tests. The wavelength of parallel R

, ) ik i
wrinkles was not changed when force was | =) o

applied in the same direction for the
orientation. =~ However,  perpendicular
wrinkles were deformed due to straining

during tensile test because the wrinkles

were stretched in the wavelength direction.  Fig. 3-7 (a) Experimental procedure of detachment of

adhered gels by peeling of wrinkled film. (b)

Therefore, it is suggested that deformation _ _ . . _
Microscopic observations of the wrinkled film in the

of wrinkles decrease the adhesion strength. ~ hydrogel detachment test before (left) and during

peeling (right). (c) Macroscopic observations of

As shown in Fig. 3-7a, the strongly adhered , o
detachment of adhered gels by peeling wrinkling film.

gels detached from each other cleanly by Before (left) and after (right) detachment test. Tonic

monomer unit concentration and the cross-linking

pulling the end of the film and stretching , ,
ratio of gels were 30 mmol L™! and 0.5%, respectively.
the wrinkles slowly. During film peeling, Al scale bars indicate 200 pm.

wrinkle structures were deformed from picked side to another side (Fig. 3-7b). After
detachment, no damage was optically observed at the surfaces of detached cationic
hydrogels (Fig. 3-7¢). This result means that the adhesive strength was drastically
decreased by deformation of wrinkle structures, indicating that wrinkle structures at the
adhesive interface have the function to strengthen weak interactions between two pieces

of materials. Conversely, when the polyelectrolyte concentration was increased to 50

mmol L7!, the electrostatic interaction was too strong to deform the wrinkle, and the

54



adhered gel could not be detached. Therefore, the control of formation and deformation
of wrinkle structures at the adhered interface of gels induced a strong adhesion and easy
detachment of hydrogels.

Finally, it was demonstrate that adhesion control utilizing thermoresponsive gel-
film (Fig. 3-8a), which prepared by reaction of PVA gels with acetaldehyde in acidic
condition.!” Present thermoresponsive gel-film shows lower critical solution temperature
(LCST) type volume change, then they swelled in cool water but showed deswelling at
hot water (Fig. 3-8b and c). The LCST could be modulated by changing the acetaldehyde
concentration. When the thermoresponsive gel film which shrunk in hot water was
sandwiched between two pieces of cationic hydrogels, hydrogels were adhered with
wrinkle formation after cooling. The adhered interface was stable without detachment
after immersing into water at 20 °C. Although the hydrophilicity and hydrophobicity of
the surface of the thermoresponsive gel-film will change, the gel did not adhere without
wrinkle formation. When temperature was increased to 50 °C, wrinkle deformation was
observed by phase-contrast microscopy (Fig. 3-8d). Then, the adhered gels detached
immediately after immersing into water at 50 °C (Fig. 3-8e) by deformation of wrinkle
structure because the size of gel film decreased with water release. Thus, adhesion control
was performed with wrinkle structure for hydrogels by using stimuli-responsive adhesive

layer.
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Fig. 3-8 (a) Chemical structure of thermoresponsive PVA film. (b) Macroscopic observations of thermoresponsive
gel film at 20 and 50 °C in water. (c) 4/Ao ratio of thermoresponsive gel film as a function of temperature. d) Phase-
contrast microscopic observations of adhered gel—gel interface. Observations were performed at 50 °C. Heating
times were (I) 0, (IT) 1, (IIT) 2, and (IV) 3 min, respectively. Initial temperature of adhered hydrogels was 20 °C.
Tonic monomer unit concentration and the cross-linking ratio of gels were 50 mmol L™ and 0.5%, respectively.

Scale bar indicates 500 pm. e) Observations of adhered hydrogels immersed in water at 20 and 50 °C.
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3.4 Conclusion

In conclusion, adhesion control for hydrogels was demonstrated utilizing
wrinkling films. Wrinkle structures at the interface of adhered cationic hydrogels were
formed by swelling of anionic dry-gel film used as the adhesive layer. Interface structures
could be modulated by regulation of the swelling ratio of gel films, and adhesive strength
of hydrogels was increased by formation of interface structures such as crease and wrinkle.
Aligned wrinkle structures were formed by using an anisotropic swellable gel film. From
the adhesion test for aligned wrinkled interfaces, it was found that the deformation of
wrinkle structure decreased the adhesive strength of hydrogels. Therefore, adhered gels
were detached without damage at their surface after peeling of wrinkled gel film. By using
thermoresponsive gel films, the adhesion of hydrogels was controlled by wrinkle
formation and deformation in response to temperature. Because both strong adhesion and
easy detachment of hydrogels was perfomed utilizing stimuli-responsive wrinkle
structures at adhesive interfaces, the presently wrinkled adhesive interface will be useful

as a novel platform for the selective manipulation of microscale soft objects.
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Concluding Remarks

In this doctoral thesis, stimuli-responsive wrinkles were fabricated at the

interfaces of hydrogels, and their function in adhesion was investigated.

In Chapter 1, a novel wrinkle structure formation method for hydrogel surface
was developed using electrophoresis. Wrinkle structures were fabricated by PIC
formation at the surface of hydrogels. It was found that the origin of wrinkle formation
was stress-mismatch between PIC as a hard thin layer and hydrogel as a substrate, and
the wavelength of wrinkle structures was controllable by changing the electrophoresis
conditions such as applied electric field intensity and Young’s modulus of hydrogels. The
patterned and gradient wrinkle structures were fabricated by electrode modulating.
Aligned wrinkles (herringbone and straight structures) to the direction of stretching, were
fabricated on the surface of uniaxially stretched hydrogels after electric field impression.
After unloading, hierarchical wrinkle structures were fabricated because new aligned
wrinkles appeared in the perpendicular direction to the stretching, owing to the stress-
mismatch between PIC and hydrogel. Wrinkles fabricated at the surface of
thermoresponsive hydrogels can switch their geometrical configurations upon heating,
which is triggered by the jumping of Young's modulus at specific temperature.

In Chapter 2, wrinkle structures were fabricated at adhered hydrogel interfaces
using electrophoresis, and their function in adhesion was investigated. For the strong
adhesion with wrinkle formation at adhered interfaces, spatial control of hydrogel
networks such as density, distribution, and mobility of interactive units was important.

The wavelength of wrinkles at the adhered hydrogel interfaces was controllable by
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Young’s modulus of gels. Thus, the wrinkle structure at adhesive hydrogel interfaces was
formed by the elasticity mismatch of hydrogels and PIC layers. Increasing the
compression ratio of hydrogels resulted in a decrease in the adhesive strength along with
wrinkle disappearance. Therefore, it was considered that wrinkle structure at the adhered
interface of hydrogels has a great impact on the adhesive strength of hydogels.

In Chapter 3, adhesion control for hydrogels utilizing wrinkle structures was
demonstrated. Wrinkle structures at the interface of adhered cationic hydrogels were
formed by swelling of anionic gel film used as the adhesive layer. Interface structures
could be modulated by regulation of the swelling ratio of gel films. With increasing the
swelling ratio of gel film as adhesive layer, adhesive strength of hydrogels was increased,
and interface structures such as creases and wrinkles were formed. Aligned wrinkle
structures were formed by using an anisotropic swellable gel film. The lap-shear adhesive
strength with wrinkles aligned to the direction of tensile direction was higher than that
aligned to the perpendicular direction. Thus, adhesive strength was decreased by wrinkle
deformation during tensile test. Adhered gels were detached without damage at their
surface after peeling of wrinkled gel film. By using thermoresponsive gel films, efficient
adhesion control of hydrogel was achieved by utilizing the formation and deformation of

wrinkle structure in response to the temperature.

The technique developed in this thesis extends the scope of the usage of wrinkle
structures at hydrogel interfaces and gives impact on the development in a number of
fields such as platform which attach materials containing water. The author believes the
technology marked here will open a new avenue of hydrogel wrinkles and contribute to

the next-generation functional surfaces.
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