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a b s t r a c t

Hydrogels with good mechanical properties have received intense interests recently. Simplifying the
method to prepare tough hydrogels and meantime incorporating additional properties such as anti-
swelling, self-recovery, healing ability, facile processability, and recyclability will likely expand their
applications significantly. Here we report a simple method to prepare tough hydrogels: dripping a
carboxylated polyvinyl alcohol solution into an Al3þ crosslinking medium. The hydrogels became even
tougher after equilibrium in DI water. These drip-crosslinked tough hydrogels exhibited anti-swelling,
self-recovery, acid assisted healing and great processability, and could be recycled. Interestingly, by
tuning the kinetics of dripping and crosslinking, we could make tough hydrogel particles with both
conventional spherical shape and various other controllable, unusual shapes such as half-sphere, tear-
drop, mushroom-like and rings. We also demonstrated the possibility of using electrospraying to mass-
produce uniform, micron-sized tough hydrogels.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels are polymer networks containing a large amount of
water similar to living tissues and hold great promise in food, soft
robotics and biomedical fields [1e4]. However, the applications of
conventional hydrogels are limited by problems such as poor me-
chanical properties and permanent damage upon stress [5].

To overcome these problems, growing efforts have been
directed to the preparation of so-called tough hydrogels [5e11].
While a large variety of tough hydrogels have been created, very
few of them simultaneously display high toughness, anti-swelling,
self-recovery, healing ability, ease for processing, and recyclability.
Moreover, the fabrication of these tough gels often involves mul-
tiple components, multiple steps, complex polymers, or chemical
reactions, sometimes under harsh conditions [6,7,12]. Thus, a sim-
ple fabrication process yielding tough hydrogels that possess multi-
functionalities is highly desirable and may enable unprecedented
applications.

Alginate is a natural polymer that can be crosslinked into
hydrogels by simply dripping into solutions consisting of multi-
valent metal ions [13]. The ease of fabrication makes alginate one
of the most popular hydrogels for food or biomedical applications
such as wound dressing, cell encapsulation and tissue engineering
[13,14]. However, alginate hydrogels are brittle [15,16]. To make
alginate hydrogels tougher, great efforts have been made. For
example, Suo et al. incorporated a polymerized acrylamide network
into the alginate/Ca2þ network and the stress and stretch at rupture
increased from 3.7 kPa and 1.2 for the pure alginate hydrogel to
156 kPa and 23 for the hybrid hydrogel [5]. Incorporating ionic
crosslinks into an existing network has also been extensively
attempted in fabricating tough hydrogels [17,18]. However, in
almost all previous work, the ionic bonds work in conjunctionwith
other interactions, requiring more complex fabrication procedures
[5,7,17e20].

We set out to create a hydrogel that could be formed through a
simple dripping process, similar to alginate, yet display great
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mechanical properties. To achieve this goal, we constructed poly-
mer molecules that mimicked the ionic feature of alginate, which
has both carboxyl and hydroxyl groups, and synthesized a series of
anionic polymers by modifying polyvinyl alcohol (PVA) with car-
boxylic groups. Through a simple dripping process, these polymer
solutions form hydrogels, which are not only tough but also exhibit
anti-swelling, self-recovery, acid assisted healing ability and ease of
processing or recycling. Moreover, by tuning the kinetics of drip-
ping and crosslinking, we made tough hydrogel particles with
various controllable, unusual shapes such as half-sphere, tear-drop,
“mushroom”-like and rings. Finally, we demonstrated the feasi-
bility of electrospraying in preparation of this type of tough
hydrogel, allowing mass production of uniform micro-sized tough
hydrogels that have previously not been possible. These materials
might find interesting applications in drug or cell delivery [21e24].

2. Results and discussion

To mimic the ionic structure of alginate which possesses mul-
tiple hydroxyl groups and carboxylic groups, we synthesized PVA
with carboxylic groups (PVA-COOH) by reacting PVA of molecular
weight 98 kDa or PVA98K with succinic anhydride. The modifica-
tion ratio of carboxylic groups was about 21.7%, similar to the
theoretical value 22.0% (Fig. S1). We then dripped the polymer
solution (10%, pH 4.5) into various divalent and trivalent ion media.
The droplets were not crosslinkable by Ca2þ, Ba2þ, or Mg2þ, but
formed hydrogels in Ce3þ, Al3þ or Fe3þ medium (Fig. 1).

The Ce3þ-crosslinked droplets were too weak to even maintain
their shapes, while the Fe3þ-crosslinked ones were brittle. How-
ever, the hydrogel formed in Al3þ medium (100mM) were much
more elastic. They were stable in DI water, 0.9% NaCl solution and
even saturated NaCl solution (Fig. S2). Interestingly, rather than
swelling in DI water like most hydrogels, they shrank (Fig. S3). We
believe that this was because the superfluous Al3þ that formed
mono-, bi-, and tridentates with PVA98K-COOH diffused out,
leading to a reorganization of coordinates with more tridentates
[18]. Thus, the droplets became more tightly crosslinked and
formed a more compact structure (Scheme S1). The fact that the
hydrogel particles were opaque suggests that there might be phase
separation at the time of preparation, with the characteristic size of
the separated phases within the visible spectrum. When the
carboxylate anions on PVA associated with the Al3þ ions, the
complex locally became less hydrophilic and would naturally expel
water. However, as the diffusion of Al3þ ions and their association
with the carboxylate groups occurred at a rate much faster than the
long-range diffusion of water, rather than being expelled out of the
gel, the water aggregated into the solvent-rich domains of sub-
Fig. 1. Schematic illustration of the preparation method and images of crosslinked
hydrogels with different ions. The side length of the square in the images is 5mm.
micrometer size within the hydrogel, resulting in the opaque
appearance (diffraction of visible light at similar wavelengths). The
crosslinked droplets were hydrogels in both the as-prepared and
water-equilibrium state, as the shear-loss modulus (G00) was
consistently lower than the shear-storage modulus (G0) (Fig. S4).
Furthermore, the modulus of hydrogels equilibrated in water was
even higher than that of the as-prepared ones.

We next compared themechanical properties of these hydrogels
to those of alginate. Alginate hydrogels were easily broken after
stretching with tweezers regardless of whether they had been
crosslinked by Ca2þ or Al3þ. In contrast, the PVA98K-COOH
hydrogel could be easily stretched more than 10 times their orig-
inal length with Al3þ crosslinking (Fig. S5). To investigate the
resistance of the hydrogels to compressive stress, we performed
clamping tests. After being clamped, Alginate/Ca2þ and alginate/
Al3þ hydrogels were broken into pieces and no recovery was
observed. The PVA98K-COOH/Al3þ hydrogels, on the other hand,
remained intact after clamping, and gradually recovered to almost
their original shape after the removal of the load (Fig. S6).

To examine the mechanical properties of the hydrogels quan-
titatively, we prepared bulk hydrogels using a similar ionic cross-
linking. We dripped the polymer solutions onto dialysis
membranes which were placed on the top of Al3þ medium.
Aluminum ions permeated the membrane and crosslinked the
polymer solutions. PVA98K-COOH materials with various modifi-
cation ratios were prepared (Fig. S7). The water content of as-
prepared hydrogels decreased with increasing modification ratio
due to the higher crosslinking density and the binding of more Al3þ

ions (Table S1). After equilibrium in water, the water content
further decreased due to the arrangement of the coordinates to
more tridentates as discussed above. The results of tensile tests
were shown in Fig. 2. In the as-prepared state, all the hydrogels
were highly stretchable. With an increase in modification ratio, the
final strain decreased but the hydrogels failed at a highermaximum
stress. This is because at higher modification ratio the crosslinking
density is higher, leading to higher strength but lower ductility of
the polymer chains. After equilibrium in DI water, the hydrogels
remained opaque and reduced in size, indicating that the hetero-
geneous structures from phase separation were kept but the frac-
tion of the more swollen solvent-rich phase was reduced due to the
diffusion of solvent out of the gel. The hydrogels became less
stretchable, but the maximum stresses of the hydrogels increased
dramatically. In the compression tests (Fig. S8), the moduli of the
hydrogels increased with increasing modification ratio. After
Fig. 2. Tensile curves of PVA98K-COOH/Al3þ hydrogels in the (A) as-prepared state and
(B) water equilibrium state. (Modification ratios are labelled.)
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equilibrating in water, the moduli of the hydrogels were even
higher than those in the as-prepared state, consistent with the
rheology results. The fracture energy of the hydrogels were tested
with a method similar to that reported previously [25]. When the
modification ratio was 35.7%, the fracture energy was as high as
2249.5 J m�2 (Table S2), comparable withmany previously reported
tough hydrogels [5,9].

What made the hydrogels produced from a single material and
via such a simple process so tough? It is generally attributed to two
mechanisms: a means of energy dissipation and a stretchable
network to maintain the integrity of the hydrogels [7]. Even though
heterogeneity is universal in polymeric gels, the crosslinking with
Al3þ significantly enhanced the heterogeneity through phase sep-
aration, as evidenced by the opaque appearance of the hydrogels.
The phase separated gel had distinct regions of two types, the less
swollen polymer-rich domain and the more swollen solvent-rich
domain, making the heterogeneity close to bi-modal. Therefore,
the two phases act in a similar way as the two networks of the
double-network gel, with the weaker solvent-rich phase as the
sacrificial network for energy dissipation, and the stronger and
more stretchable polymer-rich phase for integrity upon large
deformation [6,26,27].

Moreover, we found that the hydrogels (modification ratio
21.7%; equilibrated in water) exhibited interesting recoverability.
In the loading and unloading tests (Fig. 3A), a pronounced hys-
teresis loop and a large deformation were observed, confirming
the existence of the energy dissipation mechanism. When the
hydrogels were loaded a second time immediately, the hydrogel
did not recover its original shape and the tensile stress required to
reach the same strain was much lower. However, after 4 h, the
hydrogel recovered 92.5% of its original toughness. This nearly
complete self-recovery resulted from the non-covalent crosslinks
that could break and reform easily. The ionic crosslinks could also
be broken and reformed via chemical treatment, suggesting that
the hydrogel might have acid assisted healing properties (Scheme
S2). After treatment with 0.5M HCl, the carboxylate groups
became protonated, causing the hydrogels to soften (Fig. S9). We
took advantage of this phenomenon to heal damaged hydrogels.
As shown in Fig. 3B, we cut the water equilibrium hydrogel in half.
We next treated the cut region with 0.5M HCl and physically
pressed the two pieces together. After immersing the pieces of
hydrogel in 100mM AlCl3 and equilibrating in DI water, the
Fig. 3. Characterization of the PVA98K-COOH/Al3þ (modification ratio 21.7%) hydrogel
after being equilibrated in water (A) loading-unloading tests of the hydrogel; (B) acid
assisted healing; and (C) remolding of the hydrogels.
hydrogel completely reformed with no visible crack remaining.
Furthermore, the healed hydrogel retained its original stretch-
ability. The hydrogels can also be molded into different shapes.
With the appropriate amount of 0.5M HCl, the hydrogel became
semi-liquid and behaved like a paste that was highly stretchable
and could be molded into virtually any shape (Fig. S10, Fig. S11).
Adding more HCl allowed us to (1) completely dissolve the
hydrogels into polymer solution, and (2) remold them into various
shapes (Fig. 3C). Finally, the original polymer material could be
completely recycled by dissolving the hydrogels in an alkaline
solution (i.e. saturated Na2CO3) (Fig. S12). Under those conditions,
Al3þ ions would be turned into Al(OH)4- ions and easily removed
by dialysis (Scheme S2).

Since the hydrogels are drip-crosslinkable, we could tune the
kinetics of the dripping and crosslinking processes (e.g. by change
of carboxylation ratio and initial pH of polymer solutions) to
produce tough hydrogel particles of different shapes (Fig. 4A,
Fig. S13) [28]. For example, to prepare the conventional spherical
hydrogel particles, we dripped PVA200K-COOH (modification ra-
tio 22.7%, concentration 10%, pH 4.5) into the crosslinking me-
dium (100mM Al3þ and 1% Tween 80). When we dripped the
PVA98K-COOH (modification ratio 21.7%, concentration 10%, pH
5.2) solution, the crosslinking occurred before droplets
completely entered into the solution, leading to half spheres.
When we dripped the PVA98K-COOH solution with a lower pH,
either pH 4.5 or pH 4.2, the crosslinking with Al3þ became less
efficient because of the protonation of carboxyl groups and the
droplets would curl back to dissipate energy after entering the
liquid, resulting in tear-drop or mushroom-like hydrogel particles.
Finally, we could further reduce the crosslinking by dripping a
PVA98K-COOH solution with a lower modification ratio (i.e. 17.6%,
pH 4.2) and obtain ring-shaped particles (Fig. 4B). The ring
structures formed because the crosslinking was so slow that it
allowed the droplets to develop full vortex rings before they were
crosslinked or frozen. These various shaped hydrogel particles,
similar to the bulk hydrogels, were tough and healable. We cut
and healed the ring-shaped hydrogels to obtain connected rings
or interlocked rings, which were all highly stretchable and tough
(Fig. S14). Lastly and most interestingly, we applied the same
principles to fabricate micro-sized hydrogels via an electro-
spraying technique, which is a well-established method to mass-
produce micro/nano sized droplets using high electric field
[29,30]. Here, by changing the modification ratio of the PVA98K-
COOH solution, we obtained micro-sized, tough hydrogel
Fig. 4. Shape control of the drip-crosslinked tough hydrogel particles. (A, B) Schematic
and photos of different particle shapes that formed during the dripping process; (C)
Micro-sized hydrogel particles by electrospraying. Scale bars: 2mm.
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particles with various shapes such as spheres, mushroom-like and
rings (Fig. 4C), all with a high production rate (~10,000 min�1).

3. Conclusions

In summary, we report a new class of hydrogels that could be
prepared through a simple, one-step dripping process, similar to
other popular drip-crosslinkable hydrogels such as alginate but
with much tougher mechanical properties. The highly stretchable
hydrogels were simply prepared by dripping a carboxylated PVA
polymer solution in a 100mM Al3þ solution. After reaching equi-
librium in DI water, the hydrogels became even tougher. These
hydrogels exhibited multiple unique properties including self-
recovery, acid-assisted healing, remolding, good processability,
and recyclability. Moreover, by tuning the modification ratio of the
polymers or the initial pH value of the solutions, we obtained
hydrogel particles with various unusual shapes ranging from rings
to half spheres. With electrospraying technique, we could mass-
produce micron-sized tough hydrogel particles with different
controllable shapes. Similar to alginate, this new type of hydrogels
and particles may find interesting applications in drug or cell de-
livery. Their tough mechanical properties and multi-functionality
will likely make them even more attractive for these applications.
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