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Mechanical properties of an interpenetrating
network poly(vinyl alcohol)/alginate hydrogel with

hierarchical fibrous structures
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Bioinspired hierarchical fibrous structures were constructed in an interpenetrating poly(vinyl alcohol, PVA)/

alginate hydrogel network to improve its mechanical properties. The interpenetrating hydrogel network
with hierarchical fibrous structures was prepared by combining the confined drying method and freeze—
thaw method. First, Ca®* cross-linked alginate formed a nano—micro hierarchical fibrous structure via

the confined drying method. Then, PVA that was uniformly distributed among the Ca*-alginate chains

was cross-linked by hydrogen bonding via the freeze—thaw method, further dividing the hierarchical
fibers into finer fibers. The results of a tensile test demonstrated that both the tensile stress and fracture
energy improved by more than double after the introduction of 2 wt% PVA, achieving a combination of
high strength (~12.9 MPa), high toughness (~13.2 MJ m~3) and large strain (~161.4%). Cyclic tensile tests
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showed that a hysteresis loop existed on the loading—unloading curves of the hydrogel along the fibrous

directions, and a good self-recovery property emerged after resting for a period of time. The hydrogel

DOI: 10.1039/d1ra07368k

rsc.li/rsc-advances applications in the future.

1. Introduction

Alginate hydrogels have drawn considerable attention in tissue
engineering,' drug delivery,” cell culture,® and soft robot* for
their special biophysical and chemical properties similar to
those of the native extracellular matrix. However, weak and
brittle mechanical properties of the hydrogels limit their usage
in a strength-requiring application. Numerous efforts have been
devoted to improving the strength and toughness of alginate
hydrogels using various energy dissipation strategies, such as
interpenetrating network hydrogels®® and nano-composite
hydrogels.”® Interpenetrating network alginate-based hydro-
gels consist of an ionically cross-linked rigid alginate network
and a poorly cross-linked ductile network.>™* The strength and
modulus are guaranteed by the first rigid ionically cross-linked
alginate network, and the toughness and flexibility are ensured
by the second ductile network. When the hydrogel is subjected
to stress, energy is dissipated by fracture of the rigid ionically
cross-linked alginate network at the crack tip and efficient
energy transmission of the flexible network, thus preventing the
expansion of the crack tip. Moreover, the mechanical behavior
and energy dissipation mechanism of hydrogels can be
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with hierarchical fibrous structures constructed by alginate and PVA can be employed in biomedical

adjusted by selecting the types of chemical bonds in the
networks, such as covalent bonds, hydrogen bonds and other
noncovalent bonds.”** In addition, a dual physical inter-
penetrating network cross-linked polyvinyl alcohol (PVA)/
alginate hydrogel possesses high mechanical properties while
achieving drug delivery and other functional properties.**
Compared with either alginate or PVA hydrogel, the dual
interpenetrating network of the PVA/alginate hydrogel
improved the mechanical properties considerably.

Apart from these strategies, skeletal muscle or cartilage
tissues possess high strength and toughness through designing
hierarchical fibrous structures from nanoscale to macroscale
using simple water, collagen, proteoglycan, or protein."”*®
Inspired by these soft tissues with highly ordered structures,
researchers have increasingly investigated anisotropic hydro-
gels with highly ordered structures to achieve unique mechan-
ical properties.” Numerous methods have been developed to
construct highly ordered structures, such as employing shear
force to alginate hydrogels to construct aligned rod-like tobacco
mosaic virus*® or casein networks,* utilizing tensile force to
fabricate an ordered alginate fibrous network? in the materials,
and magnetically controlling alginate-stabilized magnetic
nanoparticles to achieve aligned pores in hydrogels.”® In
general, the mechanical properties of an anisotropic hydrogel
can be tuned by the structural parameters of the anisotropic
architecture, for example, oriented nanofillers, polymer chain
networks or void channels.**?¢ It is expected that the mechan-
ical properties of alginate hydrogels can be improved by

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra07368k&domain=pdf&date_stamp=2022-04-14
http://orcid.org/0000-0002-3125-9985
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07368k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012019

Open Access Article. Published on 14 April 2022. Downloaded on 3/17/2026 10:59:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

rationally selecting an interpenetrating network when con-
structing oriented architectures.

Here, a method combining the confined drying method and
freeze-thaw method is proposed to construct hierarchically
arranged fibrous structures in the interpenetrating network
PVA/alginate hydrogel. The microstructures of the inter-
penetrating network PVA/alginate hydrogel were analyzed in
detail. The anisotropic tensile mechanical properties of the
interpenetrating network PVA/alginate hydrogel were studied.
Cyclic tensile properties of the interpenetrating network PVA/
alginate hydrogel along the fibrous structures were also
studied. Besides, the self-recovery properties of the inter-
penetrating network PVA/alginate hydrogel with hierarchically
arranged fibrous structures were also analyzed and discussed.

2. Experimental
2.1 Fabrication of the PVA/alginate hydrogel

The typical hydrogel was fabricated as follows: the PVA/alginate
solution was prepared by dissolving 2 wt% sodium alginate (AR,
molar mass: 198.11 ¢ mol ', Aladdin, China) and 2 wt% PVA
(alcoholysis degree: 72.5-74.5 mol%, molar mass: 44.05 g
mol !, Aladdin, China) in deionized water and stirring over-
night. Then, the PVA/alginate solution was poured into one
reaction cell, which was fabricated by two Teflon plates (15 cm
x 3 c¢cm) with a 4 mm spacer. Then, 0.5 M calcium chloride
solution (99.9%, Aladdin, China) was introduced to crosslink
the alginate in the solution at the upper empty part of the
reaction cell for 10 h. After that, the gel was taken out and
placed into a 1.0 M calcium chloride solution for one day.
Finally, both ends of the gel with a thickness of ~3.5 mm and
a width of 15 cm were clamped. The distance between the two
clamps was 12 cm. The gel was left in a drying box with
a temperature of 25 °C and humidity of 40-60% to dry. After
complete drying, the clamped portion of the gel was cut from
both ends, and the dried hydrogel was allowed to swell by
soaking in deionized water again. Thereafter, the freeze-thaw
method was utilized to crosslink PVA. The typical process first
involves the hydrogel being placed at —18 °C for 10 h, and then
thawed at 25 °C for 2 h. The cooling rate was approximately
0.3 °C min~' from room temperature to —18 °C. The process
was repeated four times and the novel hydrogel was achieved.
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2.2 Characterization

FTIR spectra of the PVA/alginate hydrogel were recorded on
a Fourier transform infrared spectrometer (FTIR; Vertex 80v,
Germany) in the range of 400-4000 cm ™" using KBr pellets. The
microstructures of the PVA/alginate hydrogel with hierarchical
fibrous structures were characterized by scanning electron
microscopy (SEM; JSM-6510A, Japan). The tensile mechanical
properties of the hydrogel were recorded with a mechanical
testing system (MTS; CMT6104, China). The size of the test
strips was within a length of 1-2 cm and a width of 3-4 mm. The
thickness of the strips varied between 1.5 and 2 mm and the
number of test samples was not less than 5. The force sensor
was 100 N and loading rate was 20 mm min ™~ ". The cyclic tensile
tests were presented at a maximum strain of 30% at the same
loading and unloading rate of 20 mm min~", and the tensile
cycle was conducted 50 times. A single loading-unloading test
was carried out to assess the self-recovery properties of the PVA/
alginate hydrogel. The samples were initially stretched to
a predetermined strain (30%) at a stretching rate of 20
mm min~"' and then unloaded at the same rate. After that, the
test samples were relaxed at room temperature for a certain
waiting period (0, 10, 20 or 30 min) before the next loading
process.

3. Results and discussion

To improve the mechanical properties of the alginate hydrogel,
hierarchically fibrous structures were constructed in the inter-
penetrating network PVA/alginate hydrogel through a two-step
method. First, the alginate chains distributed randomly among
PVA/alginate solutions were cross-linked by Ca** in the reaction
cell (Fig. 1a). After this, the Ca®>*-crosslinked alginate chains were
still distributed in a disorderly manner in the hydrogels. In order
to orient the Ca**-crosslinked alginate chains, a confined drying
method was utilized. With the evaporation of water, the length of
the hydrogel could not be changed due to the fixation, but the
width was gradually narrowed. In the confined drying process,
a tensile force is generated gradually, which drives the Ca*'-
crosslinked alginate chains to align and self-assemble into
a hierarchical fibrous structure, as schematically depicted in
Fig. 1b. Simultaneously, PVA is distributed uniformly among the
hierarchical fibrous structures due to hydrogen bonding between
PVA and alginate. Finally, a repeated freeze-thaw process was
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Fig.1 Schematic diagrams of the preparation process for the interpenetrating network hydrogel with hierarchical fibrous structures: randomly
distributed alginate chains in the PVA/alginate solution were crosslinked by Ca®* (a), alginate hierarchical fibrous structures were formed by the
confined drying method (b), and the interpenetrating network hydrogel with hierarchical fibrous structures was formed after the freeze—thaw
method (c).
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utilized to cross-link PVA chains within the hierarchical fibrous
structures, as depicted in Fig. 1c. By combining the confined
drying method and freeze-thaw method, hierarchically fibrous
structures with an interpenetrating network were achieved in the
PVA/alginate hydrogel.

Fig. 2 shows the typical FTIR spectra of alginate, PVA and the
interpenetrating network PVA/alginate hydrogel. As shown in
the spectra of alginate, the strong absorption peaks around
3431, 2920, 1620, 1413 and 1029 cm ' are related to the
stretching vibration of -OH, -C-H, -COO- (asymmetric), -COO-
(symmetric), and C-O-C, respectively. Compared to alginate,
there was an obvious shift of -COO- stretching bands to higher

PV Al/alginate hydrogel o
: Y\
1 ! '
= | PVA | 1 :
) | [
4 W
2 15971 11420 1051
2 : 3396 2921 -
2 |
R= ! 1
9] ! 1
2 ! |
2 ! |
(3] ! 1
4 1 |
! [
! i
1
|
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 2 Typical FTIR spectra of alginate, PVA and the interpenetrating
network PVA/alginate hydrogel with hierarchical fibrous structures.
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wavenumbers for the interpenetrating network PVA/alginate
hydrogel, indicating the formation of ionic bonding between
Ca®" and -COO~ of alginate.'® The PVA mainly showed bands at
3396 cm™ ! (-OH stretching), 2918 em ™" (-CH stretching) and
1045 cm ™" (-C-O- stretching). The peak corresponding to ~OH
groups shifted to a higher wavenumber in the interpenetrating
network PVA/alginate hydrogel due to the hydrogen bonding
interactions between PVA and alginate molecular chains, as
discussed in a previous report.”” The formation of these ionic
bonds and hydrogen bonds in the PVA/alginate hydrogel was
expected to improve the mechanical properties.

Fig. 3 shows typical SEM images of the PVA/alginate hydrogel
at micro scale. It was easy to see that the Ca®"-crosslinked
alginate chains formed a fibrous microfilament after the fabri-
cation process, as depicted in Fig. 3a. A similar microstructure
was found in a previously reported fibrous alginate hydrogel.*®
After adding PVA, the fibrous structures of the hydrogel began
to split and there were obvious branches between two fibrous
microfilaments, as depicted in Fig. 3b-d. To further show the
hierarchical fibrous structures in the interpenetrating network
hydrogel clearly, high magnification images are shown in
Fig. 4b-d. It was clearly found that each branch of the fibrous
microfilament contained several submicron-sized thin fibers.
The diameters of the fibrous microfilament of the hydrogel with
1 wt%, 2 wt%, 4 wt% of PVA were about 3.0 um, 2.4 pm, and 2.9
um, respectively. With the increase in PVA, the diameters of the
branch of fibrous microfilament were about 1.4 um, 0.7 um, and
1.9 pm, respectively. Simultaneously, the diameters of the
submicron-sized fibers were about 0.6 um, 0.2 um, and 0.2 pm,
as depicted in Fig. 4b-d, respectively. Compared with alginate

20m

Fig. 3 Typical SEM images of the interpenetrating network PVA/alginate hydrogel with hierarchical fibrous structures containing O wt% (a) 1 wt%

(b), 2 wt% (c), 4 wt% (d) of PVA.

1634 | RSC Adv, 2022, 12, 1632-11639

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07368k

Open Access Article. Published on 14 April 2022. Downloaded on 3/17/2026 10:59:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3.4um

e (M ATN 1)

View Article Online

RSC Advances

=——0.6pm

:1 Apm

Fig. 4 Typical high magnification SEM images of the interpenetrating network PVA/alginate hydrogel with hierarchical fibrous structure con-

taining 0 wt% (a) 1 wt% (b), 2 wt% (c), 4 wt% (d) of PVA.

hydrogel with hierarchical fibrous structures (Fig. 4a), the
diameters of fibrous structures became finer after the intro-
duction of PVA. The reason might be the PVA chains uniformly
distributed inside the alginate chains were cross-linked during
the repeated freezing and thawing process, which resulted in
the bifurcation of the alginate chains that had been distributed
in the fibrous form.

Typical stress-strain profiles of the interpenetrating network
PVA/alginate hydrogel with a hierarchical fibrous structure are
shown in Fig. 5a. The tensile mechanical properties of the
interpenetrating network PVA/alginate hydrogel along and
vertical to the fibrous directions were studied to evaluate the
anisotropy in mechanical response caused by hierarchical
fibrous structures. It was clear that the stress along the fibrous
structures was larger than that vertical to the fibrous structures,
as depicted in Fig. 5b. Simultaneously, the tensile stress tended
to increase first and then decrease when the added amount of
PVA did not exceed 4 wt%. The stress increased more than double
after adding 2 wt% PVA to construct hierarchical fibrous struc-
tures in the interpenetrating network PVA/alginate hydrogel,
which was improved from 5.3 MPa to 12.9 MPa. The reason might
be that a small amount of PVA in hierarchical fibrous structures
of alginate will bifurcate and refine the fiber structures during the
cross-linking process. However, when the PVA increased to
a certain amount, the fiber diameter becomes coarse. As depicted
in Fig. 5¢, the strain of the interpenetrating network PVA/alginate
hydrogel along the fibrous structures was lower than that vertical
to the fibrous structures, which was contrary to the relationship
between stress and microstructure. The strain of the inter-
penetrating network hydrogel along the fibrous structures

© 2022 The Author(s). Published by the Royal Society of Chemistry

changed a little, ranging from 122.2% to 161.4% for the hydrogel
with different mass fractions of PVA. The strain of the hydrogel
vertical to the fibrous structures was reduced from 209.8% to
152.4% when the mass fractions of PVA increased from 0 wt% to
4 wt%. Moreover, the area enclosed by the stress-strain profiles
was employed to analyze the fracture energy of the inter-
penetrating network PVA/alginate hydrogel (Fig. 5d). The
maximum fracture energy (13.2 MJ m ™) also appeared along the
directions of the fibrous structures of the hydrogel with 2 wt%
PVA, which was more than double that of alginate without PVA.
The minimum fracture energy was 2.7 MJ m ™3, occurring in the
direction perpendicular to the fibrous structures of the hydrogel
with 4 wt% PVA. The relationship between the fracture energy
and PVA content was nearly the same as that of stress and PVA
content. The detailed results are shown in Table 1.

During cyclic loading-unloading tests, one large hysteresis
loop appeared in the first loading-unloading cycle (Fig. 6a, c
and e), which implied energy dissipation was involved in the
deformation of the interpenetrating network PVA/alginate
hydrogel with hierarchical fibrous structures. The reason
might be the Ca®>"-alginate ionic bonds and hydrogen bonds
between alginate and PVA were disrupted, dissipating energy
during the loading and unloading processes. The dissipation
energy was calculated as the area enclosed by the hysteresis
curves during one cyclic loading-unloading test.?** In the
following cycles, a substantial decrease emerged for the dissi-
pated energy and gradually reached a stable value, as depicted
in Fig. 6b, d and f. However, the maximum stress of the PVA/
alginate hydrogel with 1 wt% and 2 wt% PVA first decreased
and then increased gradually with cyclic loading while the stress

RSC Adv, 2022, 12, 11632-11639 | 11635
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Fig. 5 Mechanical properties of the interpenetrating network PVA/alginate hydrogels with different mass fractions of PVA along (||) and
perpendicular (L) to the fibrous directions: tensile stress—strain curves (a), tensile stress (b), tensile strain (c) and tensile fracture energy (d).

of the hydrogel with 4 wt% PVA gradually decreased to a stable
value. After fifty loading—unloading cycles, the dissipated energy
was not less than 0.04 MJ m >, and the minimum stress was
more than 2.0 MPa. Simultaneously, both the dissipated energy
and maximum stress of the interpenetrating network PVA/
alginate hydrogel with 2 wt% PVA were larger than those of
the other two types of hydrogels, which was consistent with the
results obtained from the tensile stress-strain relationship.
Single loading-unloading tests with a predetermined strain
of 30% were reiterated after different resting times to explore
the recovery behavior of the interpenetrating network PVA/
alginate hydrogel. Compared with the results of the original
sample, one significant decrease emerged for both the

Table 1 Tensile mechanical properties of the interpenetrating
network PVA/alginate hydrogel with different mass fractions of PVA
along (|]) and perpendicular (L) to the fibrous directions

Fracture energy

Material Stress (MPa) Strain (%) (MJ m %)

PVA-0 wt% || 5.3 £ 0.3 128.1 £+ 19.3 4.6 £ 0.6
PVA-0 wt% L 2.2 £ 0.5 209.8 £ 9.7 2.9+ 0.6
PVA-1 wt% || 11.2 £ 0.8 143.3 + 4.7 10.4 + 0.6
PVA-1 wt% L 6.8 £ 0.5 167.7 £ 15.4 6.9 = 0.5
PVA-2 wt% || 12.9 + 0.6 161.4 £+ 10.5 13.2 £ 1.2
PVA-2 wt% L 8.1 £0.2 161.3 £ 7.1 7.7 £0.4
PVA-4 wt% || 5.9+ 0.2 122.2 £ 13.1 4.7 £ 0.7
PVA-4 wt% L 2.5 £ 0.3 152.4 £ 32.1 2.7 £0.8

1636 | RSC Adv, 2022, 12, 11632-11639

dissipated energy and elastic modulus of the interpenetrating
network PVA/alginate hydrogel between two consecutive load-
ings without resting, as depicted in Fig. 7. After the samples
rested from 0 to 30 min, both the dissipated energy and elastic
modulus of the interpenetrating network PVA/alginate hydrogel
gradually recovered, even slightly surpassing that of their orig-
inal samples. For example, the dissipated energy and elastic
modulus of the interpenetrating network PVA/alginate hydrogel
with 4 wt% PVA increased from 1.03 MJ m > and 0.89 MPa to
1.33 MJ m " and 0.95 MPa after resting for 30 min, respectively.
The recovery of the mechanical properties of the inter-
penetrating network PVA/alginate hydrogel indicated that both
the Ca”**-alginate ionic bonds and hydrogen bonds between
PVA and alginate were almost reversible. Moreover, the
improvement of tensile dissipated energy and elastic modulus
might be attributed to a unique stiffening of the inter-
penetrating network PVA/alginate hydrogel with hierarchical
fibrous structures during the periodic deformation process.
For alginate hydrogel, the Ca** crosslinked alginate chains
were arranged directionally, and assembled into hierarchical
fibrous structures under the tensile stress whether by confined
drying or stretching, as depicted in Fig. 8a. After the construc-
tion of the hierarchical fibrous structures, the mechanical
properties of the hydrogel were improved significantly. After the
introduction of PVA, the hydroxyl groups on the surface of PVA
form hydrogen bonds with the oxygen-containing groups on the
surface of alginate to ensure that the PVA chains evenly
dispersed among nano or micro scale fibrous structures. In the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Cyclic loading—unloading curves, dissipated energy and maximum stress for fifty successive loading—unloading cycles of the inter-
penetrating network PVA/alginate hydrogels with 1 wt% (a and b), 2 wt% (c and d), and 4 wt% (e and f) of PVA.
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Fig. 7 Dissipated energy (a) and elastic modulus (b) of a single loading—unloading test at a strain of 30% after different resting times for the
interpenetrating network PVA/alginate hydrogel with hierarchical fibrous structures.
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Fig. 8 Schematic diagrams of the alginate hydrogel (a) and the interpenetrating network PVA/alginate hydrogel (b) with hierarchical fibrous

structures.

repeated freeze-thaw process, hydrogen bonds gradually
formed between adjacent PVA chains. On the one hand, the
interpenetrating network was formed in the PVA/alginate
hydrogel. On the other hand, hierarchical fibrous structures
of the alginate chains were split into finer fibrous structures at
the nano or micro scale. These changes further improved the
tensile mechanical properties of the alginate hydrogel along
and perpendicular to the fibrous directions.

4. Conclusion

An interpenetrating network PVA/alginate hydrogel with hier-
archically arranged fibrous structures was achieved by
combining the confined drying method and freeze-thaw
method. After the construction of hierarchically arranged Ca*-
alginate fibrous structures in the confined drying method,
hydrogen bond cross-linked PVA bifurcated and refined the
fiber structures in the repeated freeze-thaw process. The tensile
tests showed that the mechanical properties both along and
perpendicular to the fibrous directions were improved by more
than double after the construction of hierarchically arranged
fibrous structures in the interpenetrating network PVA/alginate
hydrogel. Simultaneously, a combination of high strength
(~12.9 MPa), high toughness (~13.2 MJ m ) and large strain
(~161.4%) was achieved. Cyclic tensile tests demonstrated that
an energy dissipation mechanism existed in the loading-
unloading curves of the interpenetrating network PVA/alginate
hydrogel along the fibrous directions, and a good self-recovery
property emerged after resting for 30 min. Our work provides
a general method or strategy for improving the mechanical
properties of alginate hydrogels and the hydrogels with hierar-
chical fibrous structures might find bioapplications in future.
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