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Electrophoretic hydrogel adhesion for fabrication
of three-dimensional materials

Taka-Aki Asoh!?

The adhesion of hydrogels has attracted substantial attention for use in building three-dimensional constructs such as scaffolds
for cell culture, carriers of drug release system and soft actuators. This review article summarizes our group’s research on
electrophoretic hydrogel adhesion, a novel strategy for the adhesion of hydrogels. This technique involves the electrophoretic
manipulation of a polyelectrolyte to form an adhesive layer at the interface of the two hydrogels and is a powerful method for
fabrication of free-form hydrogel constructs through the adhesion of microgels.
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INTRODUCTION

Hydrogels are fascinating materials because they are water-swollen,
similarly to living soft tissue. Therefore, researchers have reported
many applications of hydrogels, including use as scaffolds for cell
culture,! drug delivery carriers® and soft actuators.>® The fabrication
of highly organized three-dimensional (3D) soft materials, such as
living tissue, has attracted substantial attention, and 3D architectures
consisting of biocompatible polymers, proteins and cells have been
prepared.””®

3D-printing technologies have recently received substantial atten-
tion because they allow precise control of both structure and material
properties in a customizable fashion. Generally, the additive manu-
facturing (AM) of polymeric devises is based on fused deposition
modeling of thermoplastic polymers or a chemical reaction of photo-
reactive monomers and/or macromonomers.!? Although soft tissues
have been prepared by direct writing with a hydrogel precursor ink in
a support bath, such as a thermoresponsive so-gel solution or a
hydrogel reservoir,!'~1® precursors of hydrogels are often a one-
component solution, and AM technology is limited in its ability to
3D print a highly organized hydrogel architecture consisting of
multiple components.

Because the adhesion of materials is one of the most important
and simplest processes for building 3D architecture, the adhesion
of hydrogels is required to develop functional devices using
biocompatible or stimuli-responsive hydrogels. However, the usual
glues for the adhesion of hard materials cannot be used to adhere
hydrogels because the presence of solidified glues at the adhesive
interface limits the softness and/or mass transfer between two
adhered hydrogels.

Materials are designed to adhere to each other only through
interactions involving the outermost surface. Various interactions,
such as metal-ligand,'* electrostatic,!>"'® host-guest!® and organic—
inorganicz“23 interactions, have also been used for the adhesion of

soft materials, including hydrogels. However, spontaneous adhesion is
disadvantageous for the control of the physical properties of obtained
materials, such as configuration, shape, mechanical strength and
elasticity. Therefore, a novel method for the adhesion of hydrogels is
required for the rapid and simple fabrication of highly organized
hydrogel architectures.

In this review article, I provide an overview of the research on a
novel strategy for the adhesion of hydrogels, focusing on the
electrophoretic adhesion of hydrogels**° performed by my research
group. The electrophoretic manipulation of a polyelectrolyte has been
used for the adhesion of hydrogels (Figure 1). This new technique has
attracted substantial attention for its potential in the development of
on-demand fabrication of free-form hydrogel architectures that can
function in water.

DIRECT-CURRENT ELECTROPHORETIC ADHESION OF
OPPOSITELY CHARGED HYDROGELS

The rapid adhesion of cationic and anionic hydrogels was achieved by
applying a direct-current (DC) electric field between two hydrogels.?
First, we adhered the naturally occurring polymer gels. The chemical
structures of the polyelectrolytes used in this experiment are shown in
Figure 2a. The hydrogels were prepared by the chemical crosslinking
of the amines and carboxylic acids of cationic gelatin type A. The
cationic and anionic gels were prepared by the addition of chitosan
hydrochloride or sodium poly(y-glutamate) (PGA) at 10% of the total
polymer concentration to the gelatin solution to prepare chitosan10
and PGAI10 gels, respectively, and were used for the adhesion
experiment. The chitosan10 gel did not adhere to the PGAIO0 gel
through contact alone. However, the two hydrogels adhered to each
other when a DC electric field was applied with a cationic gel on the
anode and an anionic gel on the cathode (Figures 1 and 2b). The
adhesion of the two hydrogels was not observed in the case of applying
the opposite electric field. As shown in Figure 2c, the adhesion
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interface of the hydrogels withstood the torsional stress, and the
adhesive interface was stable without detachment by immersion in
deionized water. It is well known that negatively and positively charged
polymers move to the anode and cathode during electrophoresis,
respectively. Then, water-insoluble polyion complexes (PICs) as an
adhesive layer were formed at the interface of the two hydrogels
(Figure 1). To measure the adhesive strength, a tensile test of the
adhered gels was carried out under ambient atmosphere. It took only

\

Figure 1 Schematic illustration of the direct-current electrophoretic adhesion
of cationic and anionic hydrogels. Cationic and anionic polymers are shown
in orange and blue, respectively.
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10-20s to achieve the electrophoretic adhesion when the applied
~1. The adhesive strength increased with
increasing electrophoresis time, and the chitosanl0/PGA10 gels
showed stronger adhesion than the gelatin/PGA10 gels (Figure 2d).
When the concentration of PGA increased to 20%, the adhesive
strength of the chitosan10/PGA20 gels was stronger than the hydrogels
themselves, and the adhesive strength was not measured because the
chitosanl0 or PGA20 gels broke without detachment during the
tensile test. These results indicate that the driving force of adhesion of
these hydrogels is electrostatic interaction. Cationic and anionic
polymers are concentrated at the interface of the two hydrogels by
electrophoresis, and then form a PIC layer, causing the hydrogels to
adhere. The detachment of the adhered gels was observed by applying
an inverse electric field. During the inverse electrophoresis, the

voltage was 2.5V mm

adhesive strength decreased with increasing electrophoresis time, as
shown in Figure 2e. Eventually, the hydrogels detached within 10s
because the polymers moved in opposite directions, and then the PIC
as an adhesive layer was deconstructed by the inverse electrophoresis.
The electrophoretic adhesion and detachment of the hydrogels were
repeated for multiple cycles. The adhesive strength of the adhesion and
detachment cycles is shown in Figure 2f. The gels detached by an
inverse electric field were re-adhered by applying an ordered inverse
electric field. Even after 10 cycles of adhesion/detachment, the
adhesive strength was still 75% of the initial value.?®
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Figure 2 (a) Chemical structures of chitosan, poly(y-glutamate) (PGA) and gelatin. Macroscopic images of (b) adhered and (c) twisted gels. The chitosan and
PGA gels were stained with an orange and a blue dye. (d) The adhesive strengths of hydrogels as a function of the electrophoresis time (n=3). Circle,
triangle and square symbols indicate the adhered gelatin/PGA10, chitosan10/PGA10 and chitosan10/PGA20 gels, respectively. The arrow inside the figure
indicates where the adhered gels broke before detachment. (e) The adhesive strengths of gelatin/PGA10 gels during detachment process (n=3). (f) The
adhesive strengths during repeated adhesion and detachment cycles (n=3). The hydrogels were adhered by an ordered electrophoresis, and the adhered gels
were then detached by an inverse electrophoresis. All scale bars are 5 mm. Reproduced from Asoh et al.25 from the Royal Society of Chemistry. A full color

version of this figure is available at Polymer Journal online.
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Figure 3 (a) Chemical structures of TMC and dextran sulfate (DS). (b) An illustration of the experimental procedure for the alternating-current electrophoretic
adhesion of similarly charged DS gels. The cationic TMC polymers and anionic DS networks are shown in orange and blue, respectively. (c) Macroscopic
images of the adhered DS gels. The DS gels were stained with a blue dye. (d) The adhesive strengths of the DS gels as a function of the frequency when a
square wave was applied (n=5). Circle, triangle and square symbols indicate 5, 10 and 20 periods, respectively. (e) The oscillation mobility of TMC at the
gel interface when the frequency was changed. Reproduced from Asoh et al.26 from Elsevier. A full color version of this figure is available at Polymer Journal

online.

ALTERNATING-CURRENT ELECTROPHORETIC ADHESION OF
LIKE-CHARGED OR NON-IONIC HYDROGELS

In a study of the electrophoretic adhesion of hydrogels using a
weak polyelectrolyte (for example, a primary amine salt and a
carboxylate) and a DC electric field, the detachment of the adhered
gels was obtained by an inverse electric field.?> Although reversible
adhesion and detachment are promising, it is difficult to adhere
similarly charged gels by DC electrophoretic adhesion. To adhere
similarly charged gels, we used a combination of an alternating-
current (AC) electric field and a strong polyelectrolyte gel
(Figure 3a).?® Anionic sodium dextran sulfate (DS) gels, which
were prepared by the chemical crosslinking of gelatin type A with
DS, and cationic quaternized chitosan N,N,N-trimetyl chitosan
chloride (TMC) were used for the adhesion experiment. When a
droplet of the TMC aqueous solution was sandwiched between two
DS gels, adhesion was not observed after pressure bonding and
applying the DC electric field. However, two DS gels adhered after
application of an AC electric field with a square wave (Figure 3b
and ¢). The adhesive strength of the DS gels decreased with
increasing frequency and increased with increasing periodicity
(Figure 3d). The oscillations of the TMC at two DS gel interfaces
by AC electrophoresis had a key role in the PIC formation and

hydrogel adhesion. For constant electrophoresis periods, the
mobilities of TMC were lower when the frequency was higher.
In contrast, TMC was able to move a long distance at a lower
frequency (Figure 3e). When the frequency was low (0.1-0.4 Hz),
hydrogel adhesion was observed at early periods (Figure 3d; circle)
because of the long-distance movement of TMC. However, when
the frequency was high (0.5-0.7 Hz), the hydrogels adhered by
increasing the periods to 10 and 20 (Figure 3d; triangle and
square). These results indicate that the TMC oscillation at the gel
interfaces has a key role in the AC electrophoretic adhesion of
hydrogels. Through AC electrophoretic adhesion, the joining of
non-ionic poly(vinyl alcohol) (PVA) gels was also possible.?” In
this case, we used poly(3-methacrylamidophenylboronic acid-co-
N,N-dimethylacrylamide) (poly(MAPBA-co-DMAAm)) as a binder
(Figure 4a). Phenylboronic acid (PBA) shows a reversible bonding
with diols around their pK, and is used in the field of biomaterials,
including glucose sensers,>*3% polymeric micelles** and hydrogel
preparation.®® During AC electrophoresis, the negatively charged
poly(MAPBA-co-DMAAm) oscillated and reacted with diols at the
PVA gel interface, and then the PVA gels adhered to each other
(Figure 4b). Therefore, when AC electrophoresis was used, we were
able to adhere the like-charged and the non-ionic gels by
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Figure 4 (a) The chemical structures of the poly(vinyl alcohol) (PVA) gel and the phenylboronic acid (PBA) copolymer. (b) A macroscopic image of adhered
PVA/PVA hydrogels utilizing the PBA copolymer as a binder. The PVA hydrogels were stained with a green dye. The scale bar represents 5 mm. Reproduced
from Asoh et al.2” from the Royal Society of Chemistry. A full color version of this figure is available at Polymer Journal online.

Figure 5 Images of (a) PNIPAAm/poly(acrylamide) (PAAm) bi-layered hydrogels,
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(b) PNIPAAmM gel-array and (c) (PAAmM/PNIPAAmM);3PAAmM multilayer

hydrogels. The left and right images indicate the 20 and 40 °C in water, respectively. All scale bars are 5 mm. Reproduced from Asoh et al.2%28 from the

Royal Society of Chemistry.

exploiting the oscillation and stepwise interaction of water-soluble
binders at the hydrogel interface.

FREE-FORM FABRICATION BY ADHESION OF HYDROGELS

The adhesion of hydrogels is a useful tool for the preparation of
hydrogel constructs. Therefore, stimuli-responsive bending gels, a
hydrogel array and a uniaxially moved soft actuator were prepared by
the adhesion of thermoresponsive poly(N-isopropylacrylmide) gels
(Figure 5).2428 However, there is a limit to preparing highly organized
3D architectures through the adhesion of bulk hydrogels with milli-
and/or centimeter scales. Therefore, we attempted to apply electro-
phoretic adhesion of hydrogels to the rapid fabrication of hydrogel
constructs.”® We used PVA microgels with cationic poly(diallyldi-
chloride) or sodium  poly(styrene

methylammonium anionic

Polymer Journal

sulfonate) (PSS) as the building blocks. Because the average diameter
of the microgels was ca. 160 pm, the hydrogel constructs with milli-
and/or centimeter scales were fabricated by the adhesion of microgels
with three-dimensionally. When a small amount of water was added
to the same amount of cationic and anionic microgels, a pasty material
was formed. Interestingly, the microgel paste gelled and then formed
hydrogel constructs after the application of an electric field. The
hydrogel constructs had elasticity and were sufficiently durable to be
handled with forceps (Figure 6a). The leakage of microgels from these
constructs was not observed in water after the removal of the electric
field. As shown in Figures 3d and 6b microgel networks were formed
through the adhesion of cationic and anionic microgels. The
reconstruction of hydrogel constructs was possible by grinding and
re-adhesion (Figure 6¢). By grinding to break the adhesive interfaces,
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Figure 6 (a) Macroscopic and (b) microscopic images of hydrogel constructs prepared by the adhesion of cationic and anionic microgels. The cationic and
anionic microgels were stained with orange and blue dyes. The size of the square-shaped hydrogel constructs was 10x 10 mm, and the thickness is 1 mm.
(c) The images of reconstruction of hydrogel constructs. The anionic microgels were stained by a blue dye. All of the scale bars are 5 mm. Reproduced from

Asoh et al.?° from the Royal Society of Chemistry.

Figure 7 (a) Macroscopic and (b) microscopic images of hydrogel constructs prepared by adhesion of dextran sulfate (DS) microgels. The DS microgels were
stained with a blue dye. Reproduced from Asoh et al.2® from Elsevier. A full color version of this figure is available at Polymer Journal online.
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we were able to change strip-shaped hydrogel constructs back into
microgel paste (Figure 6¢, 1). The broken constructs were changed into
triangle-shaped  hydrogel constructs by the molding and
electrophoretic re-adhesion of the microgel paste (Figure 6¢, ii).
Thereafter, square-shaped hydrogel constructs were prepared in a
similar way (Figure 6¢, iii and iv). Biodegradable 3D microgel
networks?® were also prepared by the adhesion of anionic DS
microgels using cationic TMC as binders. A microgel paste composed
of DS microgels and TMC was gelled by applying AC electric fields
along the x, y and z axes (Figure 7a). As shown in Figure 7b, the
microgel networks were formed through the adhesion of the DS
microgels (Figure 7b). These results indicate that electrophoretic
microgel adhesion is a powerful method for the free-form fabrication
of hydrogel constructs.

CONCLUSIONS AND OUTLOOK

This paper summarizes the electrophoretic adhesion of hydrogels
for use in the fabrication of functional 3D architectures that have
recently been developed by our research group.?*2° Oppositely
charged and like-charged gels were adhered to each other by DC
and AC electrophoretic adhesion. The non-ionic PVA gel was also
adhered by a combination of AC electrophoretic adhesion and PBA
copolymer as a binder. To apply this adhesive method to build 3D
materials, rapid and free-form fabrication of hydrogel constructs
was achieved through the electrophoretic adhesion of microgels.
However, the interface structure of the adhered gels is mostly
unknown. Most recently, we have found wrinkled structures
around the adhered gel interface, and the presence of the wrinkled
structure may strengthen the hydrogel adhesion.’® The develop-
ment of a novel adhesion strategy and an understanding of the
interface of soft materials will be useful in the fabrication of novel
3D hydrogel architectures.
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