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ABSTRACT: Hydrogels are attracting increasing attention due to their potential use in various fields. However, most of the
existing hydrogels have limitations in either dissipating mechanical energy or maintaining high stretchability under deformation,
thus do not possess high mechanical properties. Herein, poly(vinyl alcohol) (PVA)−tannic acid (TA) hydrogels with both high
mechanical strength and stretchability were obtained via a step-by-step physical cross-linking and molecular alignment method.
Saline-triggered physical interactions serve as “sacrifice domains” to dissipate energy and endow PVA-based hydrogel with high
mechanical strength (≈16 MPa) and stretchability (≈1000%). Due to the reversible arranging and disassociating property of
physical interactions, PVA−TA hydrogels show excellent shape memory performance. We further demonstrated an effective
approach to fabricate strong and aligned PVA−TA thread. The resultant well-aligned PVA−TA dry thread reveals an ultrahigh
mechanical tensile strength of up to 750 MPa, nearly 45 times higher than PVA−TA thread with no alignment. Wide-angle X-
ray two-dimensional diffraction images further confirmed the alignment of PVA fibers in stretching direction. In addition, we
applied the PVA−TA hydrogel as suture and evaluated the cytotoxicity and biocompatibility of the PVA−TA suture.

■ INTRODUCTION

As one of the most important soft materials, hydrogels have
been widely applied in modern technologies, including tissue
engineering,1,2 drug delivery,3,4 sensors,5 actuators,6 etc.
Compared to hard and brittle polymeric materials, hydrogels
are soft and deformable, and thus attracted broad attention.
Because amorphous polymer chains endow hydrogels with
high flexibility or “softness”, they lead to inferior mechanical
performances, which frequently hampers their practical
applications. Over recent years, significant efforts have been
made to increase the mechanical strength of hydrogels, and
methodologies include double-network,7 tetra-arm polymer
hydrogels,8 hybrid chemical and physical hydrogels,9,10 macro-
molecular microsphere composite hydrogels,11 and slide-ring
hydrogels.12 However, most of these developed tough
hydrogels were inferior to biological tissues such as ligaments,
tendons, and cartilages in many aspects.13,14

Inspired by nature and biology, various synthetic hydrogels
with aligned structures can now be made as tough as or even
much tougher than natural tissues. For example, Gong’s
group15 reported the fabrication of anisotropic hydrogels with
both high strength (up to 54 MPa) and toughness (up to 40
MJ/m3) by drying in confined condition method. Wu et al.16

prepared a type of bioinspired fibers by drawing from a
hydrogel at ambient temperatures and pressures. The fibers
were much tougher than natural tissues with tensile strengths
up to 200 MPa and toughness up to 30 MJ/m3. Very recently,
Wang’s group17 has reported a type of strong and tough
poly(vinyl alcohol)/poly(acrylic acid) (PVA/PAA) hydrogel
by immersing the as-prepared PVA hydrogels in aqueous PAA
solution and then cold-drawing the hydrogels with different
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strains. The tensile strength and toughness of cold-drawn fibers
are up to 140 MPa and 117 MJ/m3, respectively. Nevertheless,
such approaches to generate aligned structures are either time-
consuming or have poor biocompatibility, low biodegrad-
ability, and may generate potential toxicity during use.
Therefore, it still remains a challenge to explore hydrogels
with good biocompatibility as well as high mechanical
properties comparable or even superior to those of biological
tissues. Recently, a straightforward soaking treatment method
has ben widely used and its effectiveness has been
demonstrated on various hydrogel systems, including poly-
(acrylic acid)-Fe3+ and poly(vinyl alcohol) hydrogels.18,19

Compared to other strategies that involve complicated
chemistry and/or manufacturing, the soaking method is
much simpler and reproducible.
Poly(vinyl alcohol) (PVA) is a water-soluble, nontoxic,

biocompatible, and biodegradable synthetic green material.
Because of its many advantages, PVA hydrogels have been
widely used in the field of biomedicine.20 Tannic acid (TA), a
naturally occurring water-soluble polyphenol, could be found
in red wine, tea, grapes, chocolate, and in the bark of many
plants.21 The literature shows that TA can be an effective
gelation binder to cross-link PVA into hydrogels due to the
strong hydrogen bonds (H-bonds) formed between these two
polymers.22,23 Nonetheless, tensile strengths of these devel-
oped PVA−TA hydrogels were less than 10 MPa, inferior to
those of biological hydrogels and plastics, due to the lack of
effective energy dissipations and ordered structures.
In this work, we use a classic freezing/thawing method,

freezing below 0 °C and then thawing at ambient temperature,
to obtain PVA−TA hydrogels with crystalline domains.
Through simply soaking in NaCl solution, these gels exhibit
good mechanical performances because of the formation of
chain entanglements due to the salting-out effect.33,34 When
immersed in water, these newly formed physical interactions
could disassociate automatically (Scheme 1a). In addition, a
surgical wound suture was prepared by injecting PVA−TA
solution into NaCl solution and stretching (Scheme 1b). By
applying a stretching force, the stretched thread shows a
record-high toughness and fracture strength among those
reported tough materials (Scheme 1c). We further evaluated
the cytotoxicity and biocompatibility of the PVA−TA suture.
We anticipate that this work could inspire other researchers
producing multifunctional PVA−TA products for various
applications in bioengineering.

■ EXPERIMENTAL SECTION
Materials. PVA (Mw: 146 000−186 000 g/mol, >99% hydrolysis)

was purchased from Sigma-Aldrich, Inc. Tannic acid, 95% (TA) and
NaCl were purchased from Fisher Inc.
Preparation of PVA−TA-Based Hydrogels. A desired amount

of TA powder (0−60 wt % to PVA) was dissolved in deionized water
(17.1 mL). After complete dissolution, 6 g of PVA powder was slowly
added and mixed with TA solution. The mixed solution was then
heated to ∼95 °C to dissolve PVA under vigorous stirring. In the
whole heating process, the system was sealed to prevent water
evaporation. Then, the mixture was cast into a lab-made glass mold to
form gels via a classic freezing/thawing method (i.e., cooling to −15
°C for 2 h and then thawed at room temperature). Finally, the as-
prepared PVA−TA hydrogels were soaked in NaCl solution for 12 h
to prepare condensed PVA−TA hydrogels. The composition of
saline-treated gels was referred to as PVA−TA x−y NaCl, where x is
the concentration of TA to PVA (% w/w) and y is the concentration
of NaCl (% w/w). “S” stands for the saturated concentration of NaCl

solution. For example, PVA−TA 30−20% NaCl meant TA was 30 wt
% PVA and the concentration of NaCl was 20%; PVA−TA-30%-S-
NaCl (where S stands for immersed in saturated NaCl) meant TA
was 30 wt % PVA and the concentration of NaCl solution was
saturated.

Preparation of PVA−TA Threads. A manual syringe was used to
inject PVA−TA mixtures into saturated NaCl solution. Thereafter, by
immediately applying a stretching force, stretched PVA−TA threads
were obtained without freezing/thawing treatment.

Water Content and Swelling Ratio Test.Water contents (WC)
were determined from the equation

=
−

×
W W

W
WC

( )
100%w d

d (1)

where Ww and Wd are the weight of the as-prepared and dry samples,
respectively.

The swelling properties of the hydrogels were measured as follows:
about 1.0 g of dried sample was immersed in distilled water at room
temperature. After predetermined times, the hydrogel was taken out
using an absorbent paper wiping water on its surface and weighed.
The swelling ratios (SRs) were calculated according to the following
equation

=
−W W
W

SR s d

d (2)

where Wd and Ws are the weight of dried and swollen samples,
respectively.

Mechanical Measurements. The mechanical properties of
hydrogels (3 mm width × 12 mm length × 2 mm thickness) were
tested using an Instron Model 5567 Machine with a crosshead speed
of 100 mm/min at room temperature. The tensile hysteresis was
measured on the hydrogels under elongation below 800%. The elastic

Scheme 1. (a) Conceptual Illustration of the Synthesis
Procedure of Saline-Treated PVA−TA Hydrogels. Physical
Interactions Triggered by Saline is Reversible. (b) Wet-
Drawing PVA−TA Thread in Aqueous Sodium Chloride
(NaCl) Solution. The Resultant Thread Could Generate
Alignments by Immediately Stretching. (c) Our Work is
Compared to Other Reported Tough Materials, Including
Cellulose Hydrogel,24 Chitin Hydrogel,25 Gelatin
Hydrogel,26 Hybrid Double Network (DN) Hydrogels,9,27

Alginate Hydrogel,15 PVA-Based Hydrogels,28,29 Wood
Hydrogel,30 and Polyelectrolyte (PIC) Hydrogels.31,32
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modulus (E) was calculated from the linear regions (εt = 5−10%) of
the tensile stress−strain curves. The toughness of hydrogels was
calculated as the area under tensile stress−strain curves. The
dissipated energy (hysteresis, Uhys) was calculated as the area between
the loading−unloading curves. Before each tensile test experiment,
silicon oil was coated on the hydrogel to prevent water evaporation.
Shape-Memory Observation. For the shape-fixing process,

PVA−TA hydrogel with a straight strip (permanent shape) was
curled into a tight helix shape (temporary shape) and then immersed
in NaCl solution for a certain time. For the shape recovery process,
the deformed helix strip was transferred to deionized water. The shape
fixity ratios (Rf) and shape recovery ratios (Rr) of PVA−TA hydrogels
were calculated using the following equations

θ
θ

= ×R 100%f
t

i (3)

θ θ
θ

= ×−R 100%r
i f

t (4)

where θi is the actually curled angle, θt is the temporarily fixed angle,
and θf is the final angle.
Characterization. For the measurement of attenuated total

infrared spectroscopy (ATR-FTIR), hydrogels were dried to eliminate

water. The ATR-FTIR spectra were recorded in the wavenumber
range of 4000−500 cm−1 using a Bruker FT-IR Vertex 70
spectrometer. Raman spectroscopy and spatial Raman mapping
were performed using a Raman imaging microscope (Horiba-JY
T64000). The collected spectra were preprocessed using cosmic ray
removal, noise filtering, and normalization techniques to collect
Raman maps (maximum scan range ≈ 20 × 20 μm2). The surface
morphologies of hydrogels were investigated using an emission
scanning electron microscope (Hitachi S4800). Wide-angle X-ray
diffraction (WAXRD) data and 2D diffraction patterns were recorded
on a Rigaku RAPID II equipped with a curved detector manufactured
by Rigaku Americas Corp. (operating tube voltage: 40 kV; tube
current: 30 mA, Cu Kα, λ = 0.1541 nm).

Cell Cultivation. The PVA−TA-30% hydrogels (control group)
and dialyzed PVA/TA sutures were exposed to ultraviolet light for 30
min. The samples were then placed on a well of a 12-well plate and
washed with sterilized physiological saline for 30 min. The mouse
Leydig tumor cell line (I-10) was maintained in F12 medium with
15% horse serum and 2.5% fetal bovine serum at 37 °C and 5% CO2.
Cell culture reagents were purchased from Invitrogen Life
Technologies (Carlsbad, CA). Thereafter, I-10 cells (1.0 × 104

cells) were cultured on the surface of the PVA/TA suture at a
density of 1 × 104 cells per well. The viability of the cells was
determined using a LIVE/DEAD Viability/Cytotoxicity Kit (MesGen

Figure 1. Photographs of (a) a PVA−TA-30% hydrogel ball (d = 4 cm, left) could be hit like a “ping-pong” ball (right), (b) a PVA−TA-30%
hydrogel tube (left) blown into a balloon (right), and (c) the PVA−TA-30% hydrogels with different seawater animal shapes. (d) Visual
appearances of PVA−TA-30% and PVA−TA-30%-S-NaCl hydrogels. (e) PVA−TA-30%-S-NaCl hydrogels sheet with a width of 10 mm and
thickness of 1.9 mm could bear a bucket of water of about 20 kg in weight. (f) Outstanding stretching performance of PVA−TA-30%-S-NaCl
hydrogel sheet (stretching over 1000%).

Figure 2. SEM images o( (a) PVA−TA-0%, (b) PVA−TA-30%, and (c) PVA−TA-30%-S-NaCl hydrogels. (d) Water contents, e) tensile stress−
strain curves, and (f) elastic moduli and toughnesses of PVA−TA-0%, PVA−TA-30%, PVA−TA-0%-S-NaCl, and PVA−TA-30%-S-NaCl hydrogels.
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Biotech, MCT8010-100T) and visualized with a fluorescence
microscope (Axio Observer Z1, ZEISS, Germany).
Implantation of PVA/TA Suture for Immune Response in a

Mouse Model. All animal care and experimental procedures
followed the animal use protocols and were approved by the
Institutional Animal Care and Use Committee of Qufu Normal
University (dwll2019080101). Mice (ICR, male, 4 weeks) were
obtained from Jinan Pengyue Laboratory Animal Co., Ltd.
(Shangdong, China). These mice were anesthetized with pentobarbi-
tal sodium. Subsequently, the PVA/TA sutures were implanted in
connective tissues in dorsum. After 3 days, the mice were euthanized
and the connective tissues were dissected and embedded in optimal
cutting temperature (OCT) compound. These tissues were stained
with routine hematoxylin and eosin (H&E) stain.

■ RESULTS AND DISCUSSION

Appearances and Mechanical Performances of PVA−
TA Hydrogels. As shown in Figure 1a, a PVA−TA-30%
hydrogel ball could withstand repeated hit and bounce without
a rupture (Movie S1), and a PVA−TA-30% hydrogel tube
could be repeatedly browned into a balloon via an air pump
(Figure 1b and Movie S2), suggesting that the PVA−TA-30%
hydrogels possessed good mechanical properties. Besides,
PVA−TA hydrogels could readily form various sea animal
shapes (Figure 1c), indicating its free-shapable property. After
immersed in saturated NaCl solution, the PVA−TA-30%-S-
NaCl (where S stands for immersed in saturated NaCl)
hydrogel shrinked and a similar phenomenon could be
observed for PVA−TA-0%-S-NaCl hydrogel (Figures 1d and
S1). Remarkably, PVA−TA-30%-S-NaCl hydrogels could bear
a full bucket of water with 20 kg weight and stretched to over
1000% of its original length (Figure 1e,f), demonstrating its
ultrahigh strength and stretchability.
The microstructures of various PVA hydrogels were

observed by scanning electron microscopy (SEM). For
PVA−TA-0% hydrogel, the distribution of the pore was
uniform and the size of the pore was more than 600 nm
(Figure 2a). After adding TA, the pore size slightly decreased
(Figure 2b). Compared to PVA−TA-0% and PVA−TA-30%
hydrogels, PVA−TA-30%-S-NaCl hydrogel had the smallest
pore size (Figure 2c), suggesting the formation of a denser
structure. Water contents had a crucial impact on the
structures and mechanical properties of hydrogels: lower
water content usually means denser and smaller pore structure.
It can be seen from Figure 2d that the water contents
decreased significantly from 69.5 and 66.2% for PVA−TA-0%
and PVA−TA-30% hydrogels to 41.5 and 32.4% for PVA−TA-
0%-S-NaCl and PVA−TA-30%-S-NaCl hydrogels, respectively.
The degrees of equilibrium swelling of PVA-based hydrogels
were also measured to further reveal the structural features of
hydrogels. As shown in Figure S2, compared to PVA−TA-0%
and PVA−TA-30% hydrogels, PVA−TA-0%-S-NaCl and
PVA−TA-30%-S-NaCl hydrogels exhibited lower equilibrium
swelling ratios (SR (g/g), 0.69 and 0.64, respectively) and
smaller volume expansion, which were ascribed to the denser
network structure of the saline-treated hydrogels.
PVA−TA-30%-S-NaCl hydrogel possesses good mechanical

properties. As shown in Figures 2e and S3, the interactions
induced by the salting-out effect of NaCl solution endow the
PVA−TA-30%-S-NaCl hydrogel with superior mechanical
properties. The compressive stress at a compressive strain of
90% was 5.9 and 7.9 MPa for PVA−TA-0% and PVA−TA-30%
hydrogels, respectively. After treatment with saturated NaCl
solution, a significant enhancement in the compressive strength

occurred, with high compressive stresses at the compressive
strain of 85% of 18.2 and 24.7 MPa for PVA−TA-0%-S-NaCl
and PVA−TA-30%-S-NaCl hydrogels, respectively. The
elongation and tensile strength of PVA−TA-30%-S-NaCl
were about 1000% and 16 MPa, which were 2 and 22 times
higher than that of PVA−TA-30% hydrogel, respectively.
Moreover, different from the weak elastic moduli and small
toughnesses of PVA−TA-0% (elastic modulus ≈ 0.1 MPa,
toughness ≈ 1.6 MJ/m3) and PVA−TA-30% hydrgoels (elastic
modulus ≈ 0.3 MPa, toughness ≈ 5.9 MJ/m3), the PVA−TA-
30%-S-NaCl hydrogels exhibit stronger elastic moduli and
toughnesses (Figure 2f). Their good mechanical properties can
be attributed to the following aspects: first, the increased
density and smaller pores of PVA−TA-30%-S-NaCl hydrogel
could avoid stress concentration and crack expanding. Second,
during deformation, the saline-induced physical interactions
were de-cross-linking and serving as “sacrificial domains” to
dissipated mechanical energy and rendered hydrogel high
tensile strength.35

Key Parameters Affect the Mechanical Properties and
Energy Dissipation Capacities of PVA−TA Hydrogels.
To gain more insight into the reinforcement mechanism of
PVA−TA hydrogels, we prepared hydrogels with different TA
contents by using various cycles of freezing/thawing method
and sequentially immersing in NaCl solution for different times
and concentrations. The effect of various TA contents,
freezing/thawing cycles, immersing times, and NaCl concen-
trations on the mechanical properties of PVA−TA hydrogels
are presented in Figure S4. As expected, higher TA contents
result in higher tensile strength and elongation (Figure S4a).
After being immersed in saturated NaCl solution (12 h), all
hydrogel samples displayed significant improvements of tensile
strength, elongation (Figure S4b), as well as high elastic
moduli (Figure S4c) and toughnesses (Figure S4d). Never-
thless, there were no obvious changes observed by increasing
the number of freezing−thawing cycles (Figure S5a,b),
suggesting that with respect to a relatively strong physical
interaction, an enhanced crystallization network could be
ignored. In addition, the mechanical strength of hydrogels
could be easily tuned by changing immersing time and the
concentration of NaCl solutions, as demonstrated in Figure
S5c−f. The dissipation energies of PVA−TA hydrogels were
measured by loading−unloading tests to obtain further insight
into the energy dissipation mechanisms during deformation.
Generally, the hysteresis loop area represents energy
dissipation. A comparison between PVA−TA-0%, PVA−TA-
30%, PVA−TA-0%-S-NaCl, and PVA−TA-30%-S-NaCl hydro-
gels at the same strain (400%) are presented in Figure 3a,b. As
clearly shown, the saline-treated PVA hydrogels have more
pronounced hysteresis loops than untreated PVA hydrogels.
More specifically, by fixing the strain at 400%, the PVA−TA-
0%-S-NaCl and PVA−TA-30%-S-NaCl hydrogels consumed
energy as much as 10.1 and 14.4 MJ/m3, respectively, which
were 84.8 and 86.1% of the total works (Figure 3b). In
conclusion, compared to those untreated hydrogels, the saline-
treated hydrogels dissipated more energy. When immersed in
NaCl solution, the hydrogel is dehydrated, and the shrinkage
of the hydrogel led to a closer contact of TA and PVA chains,
as well as individual PVA and TA chains. Very possibly, during
this process, a densified structure is formed, where ions are
surrounded by entangled PVA and TA chains in the molecular
spaces.36,37 Because a large amount of energy is required to
break this structure, the mechanical properties of the PVA−
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TA-30%-S-NaCl hydrogels are significantly improved. This was
one possible toughening mechanism of PVA−TA-30%-NaCl
hydrogels.
Next, we further investigate the energy dissipation capacities

of PVA−TA-30%-S-NaCl hydrogels. As presented in Figure 3c,
with the increase of strain, the hysteresis energy of PVA−TA-
30%-S-NaCl hydrogels became more remarkable. The
quantified results are shown in Figure 3d. With an increase
in strain from 200 to 800%, one can note that the PVA−TA-
30%-S-NaCl hydrogels could dissipate more significant energy
and achieve a higher energy dissipation ratio. For example, the
hysteresis energy increased from 4.5 MJ/m3 at 200% to 52.2
MJ/m3 at 800% and the dissipation coefficient increased from
76.6 at 200% strain to 92.7% of the total work at 800% strain.
Characterizations of PVA−TA Hydrogels. To under-

stand the nature of the PVA-based hydrogels, we analyzed the
total reflection (ATR)−Fourier transform infrared (FTIR)
spectra of PVA−TA-0%, PVA−TA-30%, and PVA−TA-30%-S-
NaCl hydrogels. As shown in Figure 4a, PVA−TA-0%
hydrogel has characteristic peaks at around 3263 cm−1 for
O−H stretching, at about 2900 cm−1 for C−H stretching, and
at around 1095 cm−1 for C−O stretching.38 With the addition
of TA, the O−H stretching absorption peak at 3263 cm−1

shifted to lower wavenumber. The red shift of the O−H
stretching peak indicates that H-bonds exist between TA and
PVA.
However, compared to PVA−TA-0% and PVA−TA-30%

hydrogels, the −OH peak of PVA−TA-30%-S-NaCl hydrogel
shifted to higher wavenumber. It is widely believed that the
addition of NaCl decreases the extent of H-bonds and disrupts
the hydrogen-bonded structure.36,39 Nonetheless, the situation
is more intricate for PVA−TA-30%-S-NaCl hydrogel system
since H-bonds not only exit between PVA chains and water
molecules but also between PVA and TA chains, as well as
within individual PVA chains and TA chains. In the PVA−TA-
30%-S-NaCl hydrogel system, NaCl probably disrupted both
inter- and intramolecular H-bonds and densified the hydrogel,
leading to the entanglements of PVA and TA chains.36 Besides,
the peak at about 2900 cm−1, known as the C−H stretching

bond, was enhanced after immersed in NaCl solution, which
was due to the formation of new physical interactions.
Furthermore, there was no appearance of new vibration,
indicating that no new covalent bond formed in PVA−TA-30%
and PVA−TA-30%-S-NaCl hydrogels.
Wide-angle X-ray diffraction (WXRD) patterns of the PVA−

TA-0%, PVA−TA-30%, and PVA−TA-30%-S-NaCl hydrogels
were further examined. As can be noted from Figure 4b, the
WXRD pattern of PVA−TA-0% hydrogel shows a sharp
diffraction peak at 2θ = 19.4°, which is ascribed to a typical
semicrystalline PVA.40 For PVA−TA-30% hydrogel, the
diffraction peak at 19.4° shifted to 19° due to new H-bonds
formed between PVA and TA. Moreover, compared to PVA−
TA-0% hydrogel, PVA−TA-30% and PVA−TA-30%-S-NaCl
hydrogels displayed new diffraction peaks at 21.9°. Notably,
the diffraction intensity of the 21.9° peak of PVA−TA-30%-S-
NaCl hydrogel was stronger than that of PVA−TA-30%
hydrogel. This observation indicated that a more compact
crystalline structure formed in the PVA−TA-30%-S-NaCl
hydrogel. Besides, diffraction peaks for the (111), (200),
(221), and (222) planes of PVA−TA-30%-S-NaCl hydrogel
were attributed to NaCl crystals.
Figure 4c showed that the O−H stretching vibrational mode

shifted from 3445 cm−1 in PVA−TA-0%-S-NaCl to 3419 cm−1

in PVA−TA-0% hydrogel. Additionally, the intensity of the C−
H stretching mode (2900 cm−1) was enhanced. These shifted
and enhanced absorption peaks in Raman spectroscopy further
confirmed that physical interactions chain entanglements exist
in PVA−TA-0%-S-NaCl hydrogel. Besides, it can be observed
from the Raman mapping image that the physical interactions
were almost uniformly distributed. The reconstructed 3D
Raman images further confirmed the homogeneous distribu-
tion of the newly formed physical interactions in PVA-TA-
30%-S-NaCl hydrogels (Figure 4d).

Shape-Memory Properties. The robust and biocompat-
ibility properties of saline-treated PVA-based hydrogels enable
us to explore its various properties and applications. For

Figure 3. (a) Loading−unloading curves and (b) the corresponding
dissipated energy and dissipation coefficient of PVA−TA-30%-S-NaCl
hydrogel during loading−unloading tests. (c) Loading−unloading
curves and (d) the corresponding dissipated energy and dissipation
coefficient of PVA−TA-30%-S-NaCl hydrogels under different strains
(200, 400, 600, and 800%).

Figure 4. (a) ATR-FTIR spectra and b) X-ray diffractions of PVA−
TA-0%, PVA−TA-30%, and PVA−TA-30%-S-NaCl hydrogels. (c)
Raman spectra of PVA−TA-0% (red curve) and PVA−TA-0%-S-
NaCl hydrogels (blue curve). The inset is the reconstructed Raman
image obtained from the Raman intensity of C−H stretching mode
intensities at 2900 cm−1. Deep blue corresponds to the C−H-rich
regions, and light blue indicates C−H-poor domains. (d) Three-
dimensional (3D) Raman images of PVA−TA-0%-S-NaCl hydrogel.
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instance, with recent developments of stimuli polymers, shape-
memory polymers have aroused increasingly more attention
because of their promising applications in various field.41

Inspired by the reversible physical interactions formed via
soaking in NaCl solution, we use these newly formed physical
interactions to stabilize temporary shapes. When immersed in
water, these newly formed physical interactions could undergo
disassociating process (Scheme 1a).
Shape fixity ratios of PVA−TA hydrogel increased with

prolonging immersing time from about 27% for 5 min to
maximum shape fixity ratios of about 80% for 30 and 45 min
(Figure 5a,c). We fixed the fixity time at 30 min to investigate
the effect of NaCl concentrations on the shape fixity ratios of
PVA−TA hydrogels (Figure 5b,d). The concentrations of
NaCl had an obvious effect on their shape fixity ratios. When
the concentration was saturated, the fixed ratios of PVA−TA-
30% hydrogel reach the maximum (about 80%). All of the
fixed shapes could recover their original shapes when were
transferred into deionized water (Figure 5e). In general, PVA−
TA hydrogels have good shape-memory properties.
Properties and Applications of PVA-Based Hydrogels

as Surgical Sutures. The flexible and biocompatible nature
of the PVA−TA mixture is a suitable characteristic for surgical
suture. In this study, a simple method was used to fabricate
thread by injecting PVA−TA solution into NaCl solution
(Scheme 1b). Interestingly, when injecting PVA−TA solution
into other solvents such as water and ethanol, there was no
thread formed (Figure S6 and Movie S3). These threads
obtained from NaCl solution demonstrated good flexibility
that could be coiled and knot-tightened (Figure 6a). Besides,
they also showed a high failure strength and elongation of 13.4

MPa and 1000 ± 50%, respectively (Figure 6b). After
stretching, the obtained PVA−TA-30% thread possessed
ultrahigh tensile strength of 112 MPa accompanied with
lower ductility (200 ± 20%) (Figure 6b), and it was so tough
that could lift a weight of 1500 g (Figure 6b inset).
Furthermore, the dried threads have ultrahigh failure tensile
strength (737.4 and 16.6 MPa for stretched and unstretched
dried threads, respectively) and good flexibility (Figure 6c and
inset). By applying a stretching force, the stretched thread
shows a record-high toughness and fracture strength among
those reported tough materials (Scheme 1c).
For investigating whether the PVA/TA sutures meet the

fundamental requirement in vivo, the I-10 cells were cultured
on the dialyzed PVA/TA sutures, and the cell viability and
proliferation were evaluated in vitro. As displayed in Figure 6d,
the I-10 cells proliferated continuously on the PVA−TA-30%
hydrogel (control group) and PVA/TA suture during the
culture process. When the culture time reached 5 days, the I-10
cells showed almost entirely green fluorescence and good
viability in visualizing live/dead staining florescent photo-
graphs (Figure 6e−g), confirming that the dialyzed PVA−TA
sutures possessed good biocompatibility and cytocompatibility.
To demonstrate the applicability of the stretched PVA−TA

thread as a surgical suture, we close an incision in an animal
model using the following process: a mouse was sacrificed,
shaved, and an incision was made. Subsequently, the stretched
PVA−TA thread was used to suture the wound of the mouse
with a standard surgical needle. During the entire procedure,
the PVA−TA suture remained mechanically intact, and due to
its flexible property, and the incision site was successfully
closed with knotting (Figure 6h−j). The stability of PVA−TA

Figure 5. (a) Photographs of the temporary shapes of PVA−TA-30% hydrogels in saturated NaCl solution with time indication. (b) Photos of the
temporary shapes of PVA−TA-30% hydrogels in different concentrations of NaCl solution (the curled angle was 900° and dashed lines indicate
that the temporarily fixed shapes will be recovered in deionized water). Shape fixity ratios (Rf) of the hydrogels (c) with indicated times in saturated
NaCl solution and (d) in different concentrations of NaCl solution. (e) Time-dependent shape recovery procedures in deionized water.
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Figure 6. Photographs of (a) PVA−TA sutures with a diameter of 130 nm were coiled and knot-tightened. Tensile stress−strain curves of PVA−
TA (b) wet sutures and (c) dry sutures with and without stretching. The inset in (b) shows that the thin stretched thread (d ≈ 0.51 mm) was so
tough that it could lift a weight of 1500 g. The inset in (c) shows that dry stretched PVA−TA sutures could be knitted to a “Chinese Knot”. (d)
Cell proliferation of the mouse Leydig tumor cells (I-10) on the surface of PVA−TA-30% hydrogel and PVA−TA sutures on days 1, 3, and 5. (e−
g) Laser confocal images of cellular morphology on hydrogel after cultures for 5 days. (h−j) Photographs from the animal experiment showing that
PVA−TA suture could be used for wound closure.

Figure 7. SEM images of cross sections of (a) unstretched and (b) stretched threads; axial surfaces of (c) unstretched and (d) stretched PVA−TA
threads parallel to the stretching direction. Wide-angle X-ray 2D diffraction images of (e) unstretched saline-treated PVA−TA hydrogel, (f)
unstretched PVA−TA, and (g) stretched PVA−TA threads.
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suture in vivo was also investigated by visualization through
H&E staining. As demonstrated in Figure S7, the PVA−TA
suture possessed effective tissue ligation capability after 6 days,
indicating that the PVA−TA suture had suitable in vivo
integrity for connecting incised tissues. Furthermore, at 3 days
post implantation, the stained tissues showed infiltration of a
few inflammatory cell around the PVA/TA suture (Figure S8).
These results suggested that the PVA/TA sutures caused low
immune responses in vivo. Thus, this facile, scalable, and time-
and energy-efficient method for fabricating strong, stretchable,
and biocompatible sutures has a great potential in the field of
medicine.
Alignment Structures of PVA−TA Sutures. To identify

the structure difference of stretched and unstretched PVA−TA
sutures, the microstructures of the PVA−TA-30% threads
before and after stretching are presented in Figure 7. The
cross-sectional microstructure of the stretched thread shows a
more denser porous structure (Figure 7b) than those
unstretched thread (Figure 7a). We believe this reduced
porosity structure of the stretched thread is mainly attributed
to the thinner diameter after stretching along its axis direction.
The axial surface microstructure of the unstretched thread
shows a rough and uneven surface (Figure 7c), indicating no
alignments produced. However, more “fiberlike” alignment
structures appeared on the surface of the stretched thread
(Figure 7d). The aligned structure of the stretched thread is
expected to have strong contribution to the good mechanical
properties.
Wide-angle X-ray 2D diffraction (WAXRD) shows that

unstretched threads exhibit nearly randomly orientation
patterns (Figure 7f), suggesting no orientation occurred.
However, the stretched thread shows elliptical two-dimen-
sional (2D) patterns, indicating the formation of well-aligned
structures along the axis direction (Figure 7g). It is noteworthy
that unstretched thread shows more ordered structure than
unstretched hydrogels (Figure 7e,f), implying that the injecting
process causes a slight alignment of PVA.

■ CONCLUSIONS

In summary, we used a facile route to prepare strong and tough
PVA-based hydrogels through physical cross-linking and
molecular alignment. In our work, saline-induced physical
interactions act as “sacrificial domains” to effectively absorb
energy and withstand large deformation. More remarkably,
introducing reversible physical interactions to those hydrogels
generated a new kind of stimuli shape-memory hydrogel, which
was seldom achieved by the previously produced robust
hydrogels. Due to its good cytotoxicity and biocompatibility,
we explored the application of the PVA-based threads as
surgical sutures to close an incision of a mouse. In addition, by
a straightforward injecting and stretching method, we
fabricated PVA−TA thread with aligned structures. Compared
to its counterpart, the aligned PVA−TA thread leads to a
dramatic increase in mechanical strength and toughness. The
alignment of the threads was further confirmed by SEM and
WXRD analysis. This study not only develops a strong,
stretchable, and biocompatible hydrogel but also created new
applications as memorizing temporary shapes and closing an
incision as a surgical suture. We anticipate that this work will
open doors to producing PVA−TA-based multifunctional
products for biorelated applications.
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