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ABSTRACT: Composites of hydrogels and metals are gaining interest
because of each material’s unique properties. However, the stable adhesion of
metals on hydrogels is challenging due to the mechanical mismatch at the
soft−hard interface and the liquidity of the water components in hydrogels.
We propose a facile physical-adhesion method that involves the dehydration
process of hydrogels to transfer metals from a glass substrate. This method is
based on the hydrophobic interaction between polymer chains and metals
and is stable, even in water. Continuous metal wiring was achieved on a
swollen hydrogel, and electrical conduction was effective for a soft electronic
device. Therefore, our method could be a versatile method for integrating
hydrogels and metals.

1. INTRODUCTION
Hydrogels are a type of soft, wet material containing large
amounts of water in a three-dimensional network of polymer
chains.1 Due to their flexibility, good biocompatibility, and
mass-permeability, hydrogels are attracting interest from a wide
range of research fields, including sensing,2−4 robotics,5,6

energy harvesting,7,8 and biomedical science.9−13 Metals,
which are dry and hard materials, exhibit excellent properties
different from those of hydrogels, such as high electrical
conductivity and high catalytic activity.14−16 Therefore, if these
different materials can be integrated, unique composites can be
produced by taking advantage of their individual properties.
However, there is a mechanical mismatch at the interface
between hydrogels and metals, which have Young’s moduli of
<106 and >1010 Pa, respectively,17,18 and works against the
adhesion of both materials.19 Hydrogels also have adhesion
challenges caused by their abundance of water, which easily
changes neighboring molecules and provides little force
transfer.20 The weak interaction of hydrogels with metals is
easily canceled by the large deformation due to hydrogel
swelling.21

To achieve strong adhesion on a hydrogel surface with dry
and hard materials such as metals, methods have been
proposed of introducing an adhesive layer at the soft−hard
interface with a chemical binding site22 or physical
entanglement of polymer networks.23,24 However, there are
still limitations in terms of time constraints on adhesion
opportunities, either during gelation or to the ready-made
hydrogels, in addition to the complicated fabrication process.
Direct adhesion can reduce a step in the fabrication processes
for introducing the adhesive layer, but it is limited to specific

hydrogels with adhesive properties.25−27 While a facile and
versatile method for directly adhering wet hydrogel materials
has not been established, polymer films without water
components have recently been used for direct metal transfer
due to their tackiness in soft elastomer-based electronics,28

organic transistors,29 and two-dimensional transistors.30,31

Metals retain their highly ordered structure on a rigid substrate
even after transfer through flexible polymer films, meeting the
delicate requirements of precise electronics.32

We propose a method of transferring metals to hydrogels by
dehydrating the hydrogel surface to make it behave as a dried
polymer film. Gold, a model metal, was successfully transferred
to a hydrogel surface in a patterned shape on a supporting
substrate. The transferred Au on the swollen hydrogel
exhibited high electrical conductivity, 3.24 × 106 S/m, which
is effective for soft electronic devices. Because of the promising
versatility of this transfer mechanism, our method is expected
to be further improved for directly adhering hydrogels to metal
layers.

2. RESULTS AND DISCUSSION
2.1. Fabrication of Gold-Transferred Hydrogels. To

demonstrate that robust hydrogel-metal adhesion can be
obtained, we attempted two types of dehydration-induced
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transfer, one using a hydrogel immediately after polymerization
(preswelling) and the other using a hydrogel swollen after
polymerization (postswelling). We used polyacrylamide gels
(swelling ratio α = 1.47) as model swellable hydrogels and
transferred a thin Au layer (thickness = 20 nm) onto the
hydrogels from a glass-supporting substrate. In the preswelling
transfer, the hydrogel film was directly fabricated on the Au
layer (Figure 1a). The as-prepared hydrogel was then

dehydrated, followed by exfoliation of the hydrogel from the
supporting substrate. During postswelling transfer, the hydro-
gel film was fully swollen with water, then excess surface water
was removed and placed on the Au layer (Figure 1b). After
dehydration under this condition, the hydrogel was reswollen
with water and then exfoliated from the supporting substrate.
As a result of preswelling transfer, the Au layer was

successfully transferred onto the hydrogel surface (Figure
2a). Metal adhesion was also maintained after a large
deformation of the hydrogel due to swelling (Figure 2b).
This indicates that the adhesion is sufficiently strong to tolerate
the increase in the volume and moisture content. Since the
interfacial strength between the hydrogel and Au was larger
than the strength within the bulk Au, the Au was finely divided
into smaller pieces after the hydrogel swelled, as shown in
Figure 2c. Similarly, the Au adhesion on the swollen hydrogel
was successfully achieved by postswelling transfer (Figure 2d).
25% portion of water was evaporated from the hydrogel during
the dehydration process, and hydrogel cracking was not
observed because the horizontal deformation of the hydrogel
during dehydration was suppressed by sandwiching it with
coverslips. Some wrinkles were produced after the transfer due

to the roughness of the hydrogel surface but did not result in
breakage (Figure S1). The transferred Au was stably adhered
without any subdivision after at least 1 h of immersion in water
(Figure 2e) because the hydrogel was fully swollen before
exfoliation from the supporting substrate. Since the continuity
of Au seemed to be maintained in the enlarged image shown in
Figure 2f, we discuss its applicability as electrical wiring later.
The minimum transferable size of the Au square was 0.2 × 0.2
mm, and less than 0.1 × 0.1 mm was not successfully
transferred (Figure S2).

The proposed method was examined for transferring metals
to both sides of the hydrogel surface (front and back) by
repeating the fabrication process twice. In this experiment,
different types of metals (Au and Pt) were transferred to each
side of the hydrogel surface. The results of this dual-sided
transfer (Figure S3) indicate that transfer to both sides is
possible, and the transferable metal is not limited to Au but can
be extended to Pt. The versatility of the dehydration-induced
transfer was also examined with other materials. Figure S4
shows the Au-transferred hydrogels with different hydro-
philicity, which are made from N-(2-hydroxyethyl)acrylamide
(HEAAm), acrylamide (AAm), and N,N-dimethylacrylamide
hydrogel (DMAAm). All hydrogels were transferred by Au
using the same dehydration process in the preswelling transfer.
Since the poly-AAm (PAAm) hydrogel indicated higher yield
compared with the other two hydrogels, the dehydration
condition should be optimized for each material. As shown in
Figure S5, Ag and Cu layers can be transferred on PAAm
hydrogels with the postswelling transfer. These results indicate
that dehydration-induced transfer can be applied to diverse
hydrogels and metals. In the following discussion, we used Au
and PAAm hydrogels as model materials.

2.2. Adhesion Mechanism of Dehydration-Induced
Transfer. To explore the effectiveness of the dehydration
process, the successfully transferred area of Au was observed at
each dehydration ratio (Figure S6). The Au was transferred
onto fully swollen hydrogels by postswelling transfer. The yield
of the transfer increased as dehydration increased. This
indicates that the dehydration process improves the adhesion
between the hydrogels and Au. The increase in yield is
obvious, while the dehydration ratio is not so obvious (less
than 10%). The transferable Au is in contact with the surface of
the hydrogel, and water at the hydrogel surface is easily
removed compared to that inside bulk hydrogel. The surface
evaporation should be further investigated to understand more
detailed phenomena of the dehydration-induced transfer.
When the hydrogel was exfoliated immediately without the

Figure 1. Schematic illustration of the dehydration-induced transfer
method. (a,b) Fabrication procedure of pre- (a) and post- (b)
swelling transfer.

Figure 2. Optical images of Au-transferred hydrogels. (a,b) Hydrogel fabricated by preswelling transfer taken immediately after transfer (a) and
after swelling in water for 1 h (b). (c) Expansion of red-dashed square in (b). (d,e) Hydrogel fabricated by postswelling transfer taken immediately
after transfer (d) and after immersion in water for another 1 h (e). (f) Expansion of red-dashed square in (e).
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dehydration process, however, Au was not transferred to the
hydrogel. In addition, Au was not transferred when the
hydrogel was placed on Au that had already been immersed in
water, incubated for another 1 h, and then peeled off. These
results indicate that the hydrogel should be placed on Au in the
air for transfer, and physical adhesion enhances in air and even
in water.
The adhered interface was observed by SEM (Figure S7).

The image contains a cross-section of the hydrogel and the
surface of the transferred Au, and the cross-section of the Au is
not obvious due to its thinness (several tens of nm). The
porous hydrogel and solid Au show different structures, but the
adhered interface appears smooth. Fine wrinkles on the Au
surface were induced by the flexibility of the hydrogel, but the
minor deformation was not enough to cause a fracture.
Adhesion strength was evaluated by conducting a 90° peeling
test (Figure S8). Gold substrates were fabricated with a Cr
adhesive interlayer to suppress Au exfoliation from the glass
substrate, and hydrogels adhered to the Au substrate by
dehydration process in the pre- and postswelling transfer.
Adhesive strength was evaluated from the peeling force at
constant, which means that the sample peeled from the
substrate.23 However, the hydrogels ruptured before the
peeling force reached constant, indicating that the adhesion
strength induced by hydrogel dehydration is greater than the
strength of the hydrogel itself. We assumed that the adhesion
strength induced by pre- and postswelling transfer is greater
than 35.2 and 4.5 N/m, respectively. The value difference is
the difference in the physical properties of the hydrogels due to
the swelling state.
On the basis of the experimental results, we introduce a

dehydration-induced transfer mechanism, as shown in Figure
S9. Since hydrogels contain a large amount of water, there is
little exposure of polymer chains to the surface. Therefore, it is
difficult for hydrogels to contact with the substrate. The
dehydration process decreases the moisture content in
hydrogels and increases the amount of the exposed polymer
chain. Hydrophobic interactions are made at the contact points
between polymer chains and Au and enhanced even in water.33

Gold is transferred to the hydrogel by exfoliation when the
interaction between them is greater than that between Au and
the glass substrate. The proposed method addresses the two
adhesion challenges between hydrogels and metals, as
mentioned in the introduction. One is the liquidity of
hydrogels, and the other is mechanical mismatch, which is
mitigated by stiffening the hydrogel due to dehydration.34

Since our method is based on a hydrophobic interaction,
various metals can be transferred onto various types of
hydrogels. This versatility should be explored in a future study.

2.3. Electrical Properties of the Transferred Gold
Layer on Hydrogels. The adhered Au by postswelling
transfer was a continuous on the swollen hydrogels; thus,
application to electrical wiring was examined. When the
transferred Au was used as a component of a light-emitting
diode (LED) circuit, the LED was successfully lit (Figure 3a,
b) and turned off when the composite was removed. The
transferred Au showed conductivity as an electrical path, and
the composite can be used as electrical wiring in soft
electronics. Since the Au transferred with our method is
exposed to the external environment without being covered by
adhesive layers, Au can be further studied as a sensing
electrode.

To understand the electrical conductivity of transferred Au
on swollen hydrogels, we conducted a four-point probe
measurement (Figure 3c). The obtained current was linear
over the scanned potential range (−50−50 mV), and
conductivity was calculated as 3.24 ± 0.22 × 106 S/m (n =
3), as shown in Figure 3d. This value is greater than those of
previous hydrogel-based conductive materials and comparable
to those of highly conductive elastomer-based materials.35,36

The proposed method transfers Au directly from the substrate,
thus preserving the connectivity within Au almost as if it was
sputtered onto the rigid and flat surface. While Au transferred
on hydrogels is not suitable as a conductor with large
deformation, we expect to apply this material as a conductor
with little deformation due to its facile fabrication process and
effective electrical transmission.

2.4. Water-Responsive Electrical Wiring. While Au
adhered on hydrogels by preswelling transfer is divided into
small pieces during hydrogel swelling, the geometry of Au
returns to a continuous piece by dehydration due to a
deformation principle of hydrogels. Therefore, we examined
the recovery of conductivity by rearranging the Au pieces
induced by the deformation of the hydrogel (Figure 4). A piece
of Au was transferred onto a hydrogel film with by preswelling
transfer, and the current through both edges of the Au piece
was obtained. The current flowed at the beginning of the
electrical recording since the hydrogel was dehydrated as it was
transferred. However, the Au-hydrogel exhibited an insulative
property immediately after the addition of water due to the Au
segmentation by hydrogel swelling. After removing the excess
water from the hydrogel surface, the current recovered after
100 s and reached saturation after 200 s. The current ON/
OFF cycle was repeated three times, and the recovered current
was similar for all cycles. This indicates that Au-hydrogel
composite integrates the conductivity of Au and swellability of
hydrogel and recovers the conductivity by rearranging the

Figure 3. Fundamental electrical properties of Au fabricated by
postswelling transfer. (a) Circuit diagram for demonstration of LED
lamp. (b) Circuitry partially made of Au-transferred hydrogel to
power LED lamp. (c) Photograph of Au-transferred hydrogel on
electrodes for four-point probe measurement. (d) Current−voltage
curve obtained from (c).
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divided Au depending on the water content. To understand
the geometric reproducibility of Au, microscopic images were
obtained after each dry/wet cycle (Figure S10). The images
show that the Au geometry was almost similar but some cracks
were produced after each cycle. The slight degradation in the
recovered current could be based on crack subdivision, and we
should study the device design to stabilize the crack geometry
and current recovery.

3. CONCLUSIONS
We proposed a facile physical-adhesion method for transferring
metal to a swellable hydrogel surface that involves a
dehydration process without any adhesive layers. The trans-
ferred Au exhibited high electrical conductivity and functioned
as an electric wire for an LED circuit. The hydrogel-based Au
wire was divided by deformation due to swelling and recovered
to a conductive mode by returning to the geometry at the
transfer. To improve the transfer yield, we should investigate
increasing the interfacial adhesion between metals and
hydrogels by moderate dehydration as well as reducing the
adhesion between metals and the supporting substrate prior to
the transfer. Since the adhesion between polymer chains and
metals is based on the hydrophobic interaction, the proposed
method will be further improved for versatile patterning of any
metal on any hydrogel surface.

4. MATERIALS AND METHODS
4.1. Materials. The acrylamide (AAm), N-(2-

hydroxyethyl)acrylamide (HEAAm), N,N′-methylenebis-
[acrylamide] (MBAA), and lithium phenyl(2,4,6-
trimethylbenzoyl)phosphinate (LAP) were purchased from
Tokyo Chemical Industry Co., Ltd. The 3-(trimethoxysilyl)-
propyl methacrylate (TMSPMA) and N,N-dimethylacrylamide
hydrogel (DMAAm) were purchased from Sigma-Aldrich.
Acetic acid, ethanol (EtOH), and sodium hydroxide (NaOH)
were purchased from Kanto Chemical Co., Inc. The thin glass
substrates (no.1, 18 × 18 and 24 × 32 mm coverslip) were
purchased from Matsunami Glass Ind., Ltd. Deionized water
(18 MΩ·cm) was used in all experiments. All of the reagents
were directly used without further purification.

4.2. Gold Patterning on Hydrogel Films. The Au layer
to be transferred was first fabricated onto coverslips under an
Ar atmosphere using an ion sputter coater (E-1030, Hitachi
High-Tech Corporation). The thickness of Au was controlled
to 20 nm using a quartz crystal unit in the coater. The
unsputtered area was masked with a dicing tape (T-80MB-
23A, Denka). After sputtering, the dicing tape was removed,
and the sputtered substrate surface was cleaned with an oxygen
plasma etcher (CV-e300, Plasmec). The same procedure was

used for the Pt transfer. A pregel solution was prepared
containing 4 M AAm as a monomer, 12 mM MBAA as a cross-
linker, and 0.4 mM LAP as an initiator in deionized water.

During preswelling transfer, Au was transferred soon after
the dehydration process (Figure 1a). The pregel solution was
sandwiched with bottom Au-sputtered and top cleaned
coverslips (24 × 32 mm) with a 500 μm-thick silicone sheet
as a spacer. After 3 min UV irradiation (10 mW cm−2) under a
nitrogen atmosphere (O2 < 0.1%) at room temperature, a
hydrogel film was obtained. The spacer was then removed, and
a glass substrate (S9213, Matsunami) was put on the
sandwiched hydrogel film with coverslips to suppress
deformation during dehydration. The dehydration was
executed in an oven heated to 70 °C for 30 min. The Au
transfer was completed by removing the coverslips from the
hydrogel film. We observed the morphology of the Au surface
immediately after transfer and 1 h after swelling in water with a
digital microscope (VHX-7000, KEYENCE).

During postswelling transfer, Au was finally transferred after
reswelling of the hydrogel following the dehydration process
(Figure 1b). The 500 μm thick hydrogel film was premade
using a similar process as per the gelation method during
preswelling transfer using two cleaned glass substrates followed
by immersion in deionized water to be completely swollen.
The swollen hydrogel film was cut to the same size of the
coverslips and dehydrated with the same process as the
preswelling transfer (70 °C for 30 min). The dehydrated
hydrogel and coverslips were immersed in deionized water for
1 h for reswelling. The coverslips were then removed, and Au-
transferred hydrogel film was obtained. We repeated the
postswelling transfer on each surface side (front and back) for
the dual-sided transfer.

The versatility of the dehydration-induced transfer was
investigated with several hydrogels and metals. Hydrogels were
prepared from pregel solution containing 3 M HEAAm, AAm,
or DMAAm as a monomer, 90 mM MBAA as a cross-linker,
and 3 mM LAP as an initiator in deionized water. Gold was
evaporated using a vacuum vapor deposition system (SVC-
700TMSG/7PS80, Sanyu Electron) and transferred using the
preswelling transfer as described above. Silver and Cu were
deposited on coverslips and transferred onto PAAm hydrogels
using postswelling transfer.

To examine the transfer yield in relation to dehydration
time, the dehydration process was carried out at room
temperature without the use of the oven. The yield is the
ratio of the Au area on a hydrogel after transfer to the Au area
on a glass before transfer. The Au for the yield measurement
was sputtered in a 5 × 5 grid, with one square having an area of
2 × 2 mm with a 1 mm gap between each. The dehydration

Figure 4. Electrical-switching device using preswelling transfer. (a) Schematic of device in air (dry) and water (wet). (b) Time-series plot of current
through device with desiccation (dry) and moistening (wet).
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ratio is calculated as 1-Wd/W0, where Wd and W0 refer to the
weight of the contained water of the hydrogel after and before
dehydration, respectively, and the weight of the contained
water is calculated from the difference in the weight of the
hydrogel and that of the fully dehydrated hydrogel (weight of
the polymer part).

4.3. Characterization of Au-Transferred Hydrogels.
The swelling ratio of the hydrogels α was calculated as α = Ds/
D0, where Ds and D0 refer to the diameter of the disc gel in the
equilibrated swollen state in water at room temperature and
the as-prepared state (3 mm), respectively.
SEM observations were carried out to understand the

microstructure of the Au/hydrogel interface. The Au-hydrogel
composite was fabricated with postswelling transfer. The
completely swollen sample was immersed in liquid nitrogen to
instantly freeze and dry in a freeze-dryer (FDU-1200, Tokyo
Rikakikai Co., Ltd.) overnight to remove ice. The freeze-dried
sample was physically cracked to expose the cross-section and
coated with a 10 nm gold layer using ion sputter (E-1030,
Hitachi High-Tech Science Corporation). The coated cross-
section was imaged with a focused ion beam scanning electron
microscope (Auriga 60 Cross Beam Workstation, Carl zeiss).
The adhesion strength was evaluated by conducting a 90°

peeling test with a tensile testing machine (STB-1225S, A&D
Corporation). Hydrogels were adhered onto the Cr/Au
substrate with the process described in the pre/post-swelling
transfer. Half the substrate was masked with dicing tape to
create a nonadhesive surface, and the nonadhesive part of the
hydrogels was pinched using the testing machine. The samples
were vertically pulled with a constant peeling velocity of 1
mm/min. The peeling strength was determined by dividing the
peeling force with the width of the sample.

4.4. Electrical Analysis. To investigate the function of
transferred Au as an electric wire, we prepared a set of
electronic components (SBS-202, Sunhayato). Two 1.5 V
batteries were connected in series to obtain 3 V. One end of
the battery was connected to a 100 Ω resistor, which in turn
was connected to an LED lamp (Figure 3a). The other end of
the lamp and battery were connected via the transferred Au on
a hydrogel.
Electrical measurements were conducted by using an

electrochemical analyzer (ALS660E, CH Instruments). The
conductivity of the transferred Au on the hydrogel film was
determined from four-point probe measurements in the
ambient atmosphere (Figure 3c). The Au was 2 mm wide,
20 mm long, and 20 nm thick. The Au probes for the
measurement were each 5 mm apart. The potential between
the two inner probes shifted between −50 and 50 mV (scan
speed = 100 mV s-1), and the applied current between two
outer probes was monitored.

4.5. Electrical Switching by Hydrogel Moistening. The
reversible change in conductivity due to hydrogel moistening
was demonstrated with the Au-transferred hydrogel partially
immobilized on a coverslip. For hydrogel immobilization, the
coverslip was chemically modified with TMSPMA, as
described previously.21 The substrate was covered with a
dicing tape except for a straight line that was 0.5 mm wide and
treated with oxygen plasma for 1 min to remove the TMSPMA
in the line area (Figure S11). The immobilized hydrogel film
was obtained with a similar process as per the gelation method
in the preswelling transfer with partially silanized and cleaned
coverslips and 60 μm thick dicing tape as a spacer. After
removing the cleaned coverslip and spacer, the hydrogel was

mounted under a coverslip sputtered with 3 mm wide linear
Au, which was orthogonal to the removed TMSPMA line. Two
pieces of the dicing tape were placed on the hydrogel film
across the removed TMSPMA line as a mask to limit the
moistening area. After complete dehydration in the ambient
atmosphere, both ends of the Au line were connected to the
electrochemical analyzer, and 0.1 V was applied to record the
current. The hydrogel between dicing tapes was moistened
with 10 μL of deionized water at 60, 500, and 1000 s, and the
water was wiped off at 120, 600, and 1100 s.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c04774.

Optical image of Au surface before and after transfer;
optical image of the fine Au square transferred to
hydrogel; optical images of dual-sided transferred
hydrogel; Au-transferred hydrogels made from different
monomers; metal-transferred hydrogels; yield in relation
to the dehydration ratio during postswelling transfer
including 1 h of reswelling; cross-sectional SEM image
of Au-transferred hydrogel; 90° peeling test; schematic
of dehydration-induced transfer mechanism; optical
images of transferred Au on swollen hydrogel; and
schematic of fabrication process for the electrical-
switching device (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Shogo Himori − NTT Basic Research Laboratories and Bio-
Medical Informatics Research Center, NTT Corporation,
Atsugi, Kanagawa 243-0198, Japan; orcid.org/0009-
0000-0416-7965; Email: shogo.himori@ntt.com

Authors
Riku Takahashi − NTT Basic Research Laboratories and Bio-
Medical Informatics Research Center, NTT Corporation,
Atsugi, Kanagawa 243-0198, Japan; orcid.org/0000-
0002-8220-5581

Aya Tanaka − NTT Basic Research Laboratories and Bio-
Medical Informatics Research Center, NTT Corporation,
Atsugi, Kanagawa 243-0198, Japan

Masumi Yamaguchi − NTT Basic Research Laboratories and
Bio-Medical Informatics Research Center, NTT Corporation,
Atsugi, Kanagawa 243-0198, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c04774

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We gratefully acknowledge Dr. T. Goto for the experimental
support for the SEM observation.

■ REFERENCES
(1) Zhang, Y. S.; Khademhosseini, A. Advances in Engineering
Hydrogels. Science 2017, 356 (6337), No. eaaf3627.
(2) Elsherif, M.; Hassan, M. U.; Yetisen, A. K.; Butt, H. Glucose
Sensing with Phenylboronic Acid Functionalized Hydrogel-Based
Optical Diffusers. ACS Nano 2018, 12 (3), 2283−2291.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04774
ACS Omega 2024, 9, 42261−42266

42265

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04774/suppl_file/ao4c04774_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04774?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04774/suppl_file/ao4c04774_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shogo+Himori"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0000-0416-7965
https://orcid.org/0009-0000-0416-7965
mailto:shogo.himori@ntt.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riku+Takahashi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8220-5581
https://orcid.org/0000-0002-8220-5581
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aya+Tanaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masumi+Yamaguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04774?ref=pdf
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.1126/science.aaf3627
https://doi.org/10.1021/acsnano.7b07082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(3) Lim, C.; Hong, Y. J.; Jung, J.; Shin, Y.; Sunwoo, S.-H.; Baik, S.;
Park, O. K.; Choi, S. H.; Hyeon, T.; Kim, J. H.; Lee, S.; Kim, D.-H.
Tissue-like Skin-Device Interface for Wearable Bioelectronics by
Using Ultrasoft, Mass-Permeable, and Low-Impedance Hydrogels. Sci.
Adv. 2021, 7 (19), No. eabd3716.
(4) Yoshida, K.; Hayashi, T.; Takinoue, M.; Onoe, H. Repeatable
Detection of Ag+ Ions Using a DNA Aptamer-Linked Hydrogel
Biochemical Sensor Integrated with Microfluidic Heating System. Sci.
Rep. 2022, 12 (1), 9692.
(5) Fusi, G.; Del Giudice, D.; Skarsetz, O.; Di Stefano, S.; Walther,
A. Autonomous Soft Robots Empowered by Chemical Reaction
Networks. Adv. Mater. 2023, 35 (7), No. e2209870.
(6) Nasseri, R.; Bouzari, N.; Huang, J.; Golzar, H.; Jankhani, S.;
Tang, X.; Mekonnen, T. H.; Aghakhani, A.; Shahsavan, H.
Programmable Nanocomposites of Cellulose Nanocrystals and
Zwitterionic Hydrogels for Soft Robotics. Nat. Commun. 2023, 14
(1), 6108.
(7) Pu, S.; Liao, Y.; Chen, K.; Fu, J.; Zhang, S.; Ge, L.; Conta, G.;
Bouzarif, S.; Cheng, T.; Hu, X.; Liu, K.; Chen, J. Thermogalvanic
Hydrogel for Synchronous Evaporative Cooling and Low-Grade Heat
Energy Harvesting. Nano Lett. 2020, 20 (5), 3791−3797.
(8) Zhang, Z.; He, L.; Zhu, C.; Qian, Y.; Wen, L.; Jiang, L. Improved
Osmotic Energy Conversion in Heterogeneous Membrane Boosted
by Three-Dimensional Hydrogel Interface. Nat. Commun. 2020, 11
(1), 875.
(9) Freedman, B. R.; Kuttler, A.; Beckmann, N.; Nam, S.; Kent, D.;
Schuleit, M.; Ramazani, F.; Accart, N.; Rock, A.; Li, J.; Kurz, M.;
Fisch, A.; Ullrich, T.; Hast, M. W.; Tinguely, Y.; Weber, E.; Mooney,
D. J. Enhanced Tendon Healing by a Tough Hydrogel with an
Adhesive Side and High Drug-Loading Capacity. Nat. Biomed. Eng.
2022, 6 (10), 1167−1179.
(10) Takahashi, R.; Tanaka, A.; Yamaguchi, M. Biomorphic
Actuation Driven Via On-Chip Buckling of Photoresponsive Hydrogel
Films. Adv. Funct. Mater. 2023, 33 (24), 2300184.
(11) Takahashi, R.; Miyazako, H.; Tanaka, A.; Ueno, Y.; Yamaguchi,
M. Tough, Permeable and Biocompatible Microfluidic Devices
Formed through the Buckling Delamination of Soft Hydrogel Films.
Lab Chip 2021, 21 (7), 1307−1317.
(12) Werzer, O.; Tumphart, S.; Keimel, R.; Christian, P.; Coclite, A.
M. Drug Release from Thin Films Encapsulated by a Temperature-
Responsive Hydrogel. Soft Matter 2019, 15 (8), 1853−1859.
(13) Chen, X.; Liu, Z.; Parker, S. G.; Zhang, X.; Gooding, J. J.; Ru,
Y.; Liu, Y.; Zhou, Y. Light-Induced Hydrogel Based on Tumor-
Targeting Mesoporous Silica Nanoparticles as a Theranostic Platform
for Sustained Cancer Treatment. ACS Appl. Mater. Interfaces 2016, 8
(25), 15857−15863.
(14) Hui, Y.; Yao, Y.; Qian, Q.; Luo, J.; Chen, H.; Qiao, Z.; Yu, Y.;
Tao, L.; Zhou, N. Three-Dimensional Printing of Soft Hydrogel
Electronics. Nat. Electron 2022, 5 (12), 893−903.
(15) Sahiner, N.; Butun, S.; Ozay, O.; Dibek, B. Utilization of Smart
Hydrogel−Metal Composites as Catalysis Media. J. Colloid Interface
Sci. 2012, 373 (1), 122−128.
(16) Machida, M.; Niidome, T.; Onoe, H.; Heisterkamp, A.;
Terakawa, M. Spatially-Targeted Laser Fabrication of Multi-Metal
Microstructures inside a Hydrogel. Opt. Express 2019, 27 (10), 14657.
(17) Gong, S.; Yap, L. W.; Zhu, B.; Cheng, W. Multiscale Soft−Hard
Interface Design for Flexible Hybrid Electronics. Adv. Mater. 2020, 32
(15), 1902278.
(18) Fang, Y.; Yang, X.; Lin, Y.; Shi, J.; Prominski, A.; Clayton, C.;
Ostroff, E.; Tian, B. Dissecting Biological and Synthetic Soft−Hard
Interfaces for Tissue-Like Systems. Chem. Rev. 2022, 122 (5), 5233−
5276.
(19) Carlson, A.; Bowen, A. M.; Huang, Y.; Nuzzo, R. G.; Rogers, J.
A. Transfer Printing Techniques for Materials Assembly and Micro/
Nanodevice Fabrication. Adv. Mater. 2012, 24 (39), 5284−5318.
(20) Yang, J.; Bai, R.; Chen, B.; Suo, Z. Hydrogel Adhesion: A
Supramolecular Synergy of Chemistry, Topology, and Mechanics.
Adv. Funct. Mater. 2020, 30 (2), 1901693.

(21) Takahashi, R.; Miyazako, H.; Tanaka, A.; Ueno, Y. Dynamic
Creation of 3D Hydrogel Architectures via Selective Swelling
Programmed by Interfacial Bonding. ACS Appl. Mater. Interfaces
2019, 11 (31), 28267−28277.
(22) Yuk, H.; Zhang, T.; Lin, S.; Parada, G. A.; Zhao, X. Tough
Bonding of Hydrogels to Diverse Non-Porous Surfaces. Nat. Mater.
2016, 15 (2), 190−196.
(23) Takahashi, R.; Shimano, K.; Okazaki, H.; Kurokawa, T.;
Nakajima, T.; Nonoyama, T.; King, D. R.; Gong, J. P. Tough Particle-
Based Double Network Hydrogels for Functional Solid Surface
Coatings. Adv. Mater. Interfaces 2018, 5 (23), 1801018.
(24) Takamatsu, T.; Chen, Y.; Yoshimasu, T.; Nishizawa, M.;
Miyake, T. Highly Efficient, Flexible Wireless-Powered Circuit
Printed on a Moist, Soft Contact Lens. Adv. Mater. Technol. 2019,
4 (5), 1800671.
(25) Shimamoto, N.; Tanaka, Y.; Mitomo, H.; Kawamura, R.; Ijiro,
K.; Sasaki, K.; Osada, Y. Nanopattern Fabrication of Gold on
Hydrogels and Application to Tunable Photonic Crystal. Adv. Mater.
2012, 24 (38), 5243−5248.
(26) Liu, X.; Zhang, Q.; Gao, Z.; Hou, R.; Gao, G. Bioinspired
Adhesive Hydrogel Driven by Adenine and Thymine. ACS Appl.
Mater. Interfaces 2017, 9 (20), 17645−17652.
(27) Hannah, S.; Brige, P.; Ravichandran, A.; Ramuz, M.
Conformable Stretchable Sensor To Record Bladder Wall Stretch.
ACS Omega 2019, 4 (1), 1907−1915.
(28) Meitl, M. A.; Zhu, Z.-T.; Kumar, V.; Lee, K. J.; Feng, X.;
Huang, Y. Y.; Adesida, I.; Nuzzo, R. G.; Rogers, J. A. Transfer Printing
by Kinetic Control of Adhesion to an Elastomeric Stamp. Nat. Mater.
2006, 5 (1), 33−38.
(29) Makita, T.; Yamamura, A.; Tsurumi, J.; Kumagai, S.; Kurosawa,
T.; Okamoto, T.; Sasaki, M.; Watanabe, S.; Takeya, J. Damage-Free
Metal Electrode Transfer to Monolayer Organic Single Crystalline
Thin Films. Sci. Rep. 2020, 10 (1), 4702.
(30) Liu, Y.; Guo, J.; Zhu, E.; Liao, L.; Lee, S.-J.; Ding, M.; Shakir, I.;
Gambin, V.; Huang, Y.; Duan, X. Approaching the Schottky−Mott
Limit in van Der Waals Metal−Semiconductor Junctions. Nature
2018, 557 (7707), 696−700.
(31) Liu, G.; Tian, Z.; Yang, Z.; Xue, Z.; Zhang, M.; Hu, X.; Wang,
Y.; Yang, Y.; Chu, P. K.; Mei, Y.; Liao, L.; Hu, W.; Di, Z. Graphene-
Assisted Metal Transfer Printing for Wafer-Scale Integration of Metal
Electrodes and Two-Dimensional Materials. Nat. Electron 2022, 5 (5),
275−280.
(32) Zeng, J.; He, D.; Qiao, J.; Li, Y.; Sun, L.; Li, W.; Xie, J.; Gao, S.;
Pan, L.; Wang, P.; Xu, Y.; Li, Y.; Qiu, H.; Shi, Y.; Xu, J.-B.; Ji, W.;
Wang, X. Ultralow Contact Resistance in Organic Transistors via
Orbital Hybridization. Nat. Commun. 2023, 14 (1), 324.
(33) Zhou, Z.; Lei, J.; Liu, Z. Effect of Water Content on Physical
Adhesion of Polyacrylamide Hydrogels. Polymer (Guildf) 2022, 246,
124730.
(34) Xu, S.; Zhou, Z.; Liu, Z.; Sharma, P. Concurrent Stiffening and
Softening in Hydrogels under Dehydration. Sci. Adv. 2023, 9 (1),
No. eade3240.
(35) Cho, K. W.; Sunwoo, S.-H.; Hong, Y. J.; Koo, J. H.; Kim, J. H.;
Baik, S.; Hyeon, T.; Kim, D.-H. Soft Bioelectronics Based on
Nanomaterials. Chem. Rev. 2022, 122 (5), 5068−5143.
(36) Ohm, Y.; Pan, C.; Ford, M. J.; Huang, X.; Liao, J.; Majidi, C. An
Electrically Conductive Silver−Polyacrylamide−Alginate Hydrogel
Composite for Soft Electronics. Nat. Electron 2021, 4 (3), 185−192.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04774
ACS Omega 2024, 9, 42261−42266

42266

https://doi.org/10.1126/sciadv.abd3716
https://doi.org/10.1126/sciadv.abd3716
https://doi.org/10.1038/s41598-022-13970-z
https://doi.org/10.1038/s41598-022-13970-z
https://doi.org/10.1038/s41598-022-13970-z
https://doi.org/10.1002/adma.202209870
https://doi.org/10.1002/adma.202209870
https://doi.org/10.1038/s41467-023-41874-7
https://doi.org/10.1038/s41467-023-41874-7
https://doi.org/10.1021/acs.nanolett.0c00800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.0c00800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-14674-6
https://doi.org/10.1038/s41467-020-14674-6
https://doi.org/10.1038/s41467-020-14674-6
https://doi.org/10.1038/s41551-021-00810-0
https://doi.org/10.1038/s41551-021-00810-0
https://doi.org/10.1002/adfm.202300184
https://doi.org/10.1002/adfm.202300184
https://doi.org/10.1002/adfm.202300184
https://doi.org/10.1039/D0LC01275K
https://doi.org/10.1039/D0LC01275K
https://doi.org/10.1039/C8SM02529K
https://doi.org/10.1039/C8SM02529K
https://doi.org/10.1021/acsami.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.6b02562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41928-022-00887-8
https://doi.org/10.1038/s41928-022-00887-8
https://doi.org/10.1016/j.jcis.2011.08.080
https://doi.org/10.1016/j.jcis.2011.08.080
https://doi.org/10.1364/OE.27.014657
https://doi.org/10.1364/OE.27.014657
https://doi.org/10.1002/adma.201902278
https://doi.org/10.1002/adma.201902278
https://doi.org/10.1021/acs.chemrev.1c00365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00365?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1002/adma.201201386
https://doi.org/10.1002/adfm.201901693
https://doi.org/10.1002/adfm.201901693
https://doi.org/10.1021/acsami.9b05552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b05552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4463
https://doi.org/10.1038/nmat4463
https://doi.org/10.1002/admi.201801018
https://doi.org/10.1002/admi.201801018
https://doi.org/10.1002/admi.201801018
https://doi.org/10.1002/admt.201800671
https://doi.org/10.1002/admt.201800671
https://doi.org/10.1002/adma.201201522
https://doi.org/10.1002/adma.201201522
https://doi.org/10.1021/acsami.7b04832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.7b04832?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b02609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat1532
https://doi.org/10.1038/nmat1532
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1038/s41598-020-61536-8
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1038/s41928-022-00764-4
https://doi.org/10.1038/s41928-022-00764-4
https://doi.org/10.1038/s41928-022-00764-4
https://doi.org/10.1038/s41467-023-36006-0
https://doi.org/10.1038/s41467-023-36006-0
https://doi.org/10.1016/j.polymer.2022.124730
https://doi.org/10.1016/j.polymer.2022.124730
https://doi.org/10.1126/sciadv.ade3240
https://doi.org/10.1126/sciadv.ade3240
https://doi.org/10.1021/acs.chemrev.1c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41928-021-00545-5
https://doi.org/10.1038/s41928-021-00545-5
https://doi.org/10.1038/s41928-021-00545-5
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04774?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

