
Citation: Virdi, C.; Lu, Z.; Zreiqat, H.;

No, Y.J. Theta-Gel-Reinforced

Hydrogel Composites for Potential

Tensile Load-Bearing Soft Tissue

Repair Applications. J. Funct.

Biomater. 2023, 14, 291. https://

doi.org/10.3390/jfb14060291

Academic Editor: Wei Wei

Received: 30 April 2023

Revised: 18 May 2023

Accepted: 19 May 2023

Published: 24 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of 

Functional

Biomaterials

Article

Theta-Gel-Reinforced Hydrogel Composites for Potential
Tensile Load-Bearing Soft Tissue Repair Applications
Charenpreet Virdi, Zufu Lu , Hala Zreiqat and Young Jung No *

School of Biomedical Engineering, University of Sydney, Darlington, NSW 2006, Australia
* Correspondence: young.no@sydney.edu.au

Abstract: Engineering synthetic hydrogels for the repair and augmentation of load-bearing soft
tissues with simultaneously high-water content and mechanical strength is a long-standing challenge.
Prior formulations to enhance the strength have involved using chemical crosslinkers where residues
remain a risk for implantation or complex processes such as freeze-casting and self-assembly, requir-
ing specialised equipment and technical expertise to manufacture reliably. In this study, we report
for the first time that the tensile strength of high-water content (>60 wt.%), biocompatible polyvinyl
alcohol hydrogels can exceed 1.0 MPa through a combination of facile manufacturing strategies via
physical crosslinking, mechanical drawing, post-fabrication freeze drying, and deliberate hierarchical
design. It is anticipated that the findings in this paper can also be used in conjunction with other
strategies to enhance the mechanical properties of hydrogel platforms in the design and construction
of synthetic grafts for load-bearing soft tissues.
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1. Introduction

The repair of high-strength, tough, and high-water content load-bearing soft tissues
such as tendons, ligaments, and cartilage remains a significant challenge in the orthopaedic
industry [1]. This is partly due to such tissues’ inherent poor regenerative capacity [2]
and partly due to the lack of a suitable scaffold or construct that can act as scaffolds that
simultaneously bear the load and allow host tissue ingrowth. Autografts and allografts
are typically used in the clinic to repair such tissues [3,4]. However, autografts pose the
risk of donor-site morbidity [5]. Allografts can cause undesired host-mediated immune
responses, as complete decellularisation of allografts is rarely achieved to preserve the
structural integrity and, thus, the mechanical properties of such allografts [6,7].

The unique combination of strength and water content in soft tissues such as ten-
dons, ligaments, and cartilage, where the latter property is critical in the protection of the
underlying tissue and distribution of forces within the collagen fibres [8–10], renders the
engineering of synthetic materials that match such combinations difficult. In tendons and
ligaments, this combination is achieved through the hierarchical structure of type I collagen
microfibrils within a highly hydrated extracellular ground substance [11,12]. It is exten-
sively documented that dry, highly aligned synthetic fibre constructs made from bioinert
high-strength polymers such as ultra-high molecular weight polyethylene, polyethylene
terephthalate, and polytetrafluoroethylene are subject to foreign body responses charac-
terised by the presence of multinucleated giant cells that eventually act to degrade the
fibrous constructs, rendering them mechanically weaker and substantially increasing the
risk of rupture around the ~5–15 years post-implantation period [13–17].

A promising approach moving forward with the engineering of synthetic constructs
for load-bearing soft tissues is enhancing the mechanical strength of existing hydrogel
materials without using such high-strength, bioinert polymeric fibres. Hydrogels provide a
promising option for soft tissue repair due to their ability to facilitate biomolecule conju-
gation, cell seeding, and tissue ingrowth due to the inherent microporous structures and
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high-equilibrium water content, which enables the transfer of nutrients and wastes within
the hydrogel construct [18–23]. Various manufacturing techniques, such as mould casting
and additive manufacturing, may also be employed to shape hydrogel constructs [24–26].
The key limitation for hydrogels, either for synthetic hydrogels such as polyvinyl alcohol
(PVA) and polyacrylamide (PAAm) or naturally-derived hydrogels such as chitosan and
alginate, as standalone unmodified materials is their lack of initial mechanical strength and
stiffness to enable its use as a temporary tendon and ligament graft whilst allowing for the
slow regenerative processes to take place.

For this study, we investigate the mechanical modification of polyvinyl alcohol hydro-
gels formed through the theta-gelation method (called ‘theta gels’) [27]. Theta-gelation is a
mechanism whereby a phase separation induced through the addition of a low-molecular-
weight polymer—typically polyethylene glycol—into a solution of high-molecular-weight
PVA at high temperatures around 70 to 90 ◦C. Upon cooling, the solution undergoes a
thermal phase transition—this results in dense PVA regions and subsequent induced crys-
tallization via physical crosslinks [28,29]. Due to its thermoreversible property arising from
reversible physical crosslinks, PVA theta gels possess the unique property of facile manu-
facturing of various structures through mould casting using basic heating equipment and
cooling at ambient conditions or refrigeration [27]. PVA theta gels have subsequently been
reported to have shown excellent toughness and creep resistance compared to other existing
hydrogels [30]. These theta gels can readily incorporate soluble biological molecules such
as gelatine [28,31] and synthetic bioactive ceramics [32] to alter their biological properties.
Notably, theta gels do not employ the use of potentially toxic chemical crosslinkers such as
glutaraldehyde to achieve moderate hydrogel strengths [33–36]. We have also previously
shown that this material, in the presence of aligned ultra-high molecular weight polyethy-
lene fibres and gelatin integration, supports the ingrowth of collagenous tissue into its
structure when implanted into rat patellar tendon defects [32].

Due to such ideal properties of PVA theta gels of non-toxicity, biocompatibility, rela-
tively high strength versus other polymer-based hydrogels, and ease of manufacturing, we
have selected this hydrogel for this study to demonstrate a proof-of-principle method to
mechanically draw the PVA theta gels to form high-strength theta gel toric bands. We then
use these drawn PVA theta gel toric bands to engineer a ‘theta-gel-reinforced hydrogel’
constructs where we form bundles of drawn theta-gel toric bands at various densities and
then inject PVA hydrogels within and around pre-drawn theta-gel bundles—which we
hypothesise would substantially increase the hydrogel’s tensile properties. This study
characterises the change in mechanical properties and microstructure, as well as its impact
on equilibrium water content that is known to influence key biological properties such as
tissue ingrowth and nutrient-waste transfer [18,20,37].

2. Materials and Method
2.1. Preparation of Toric PVA Theta Gels

The polyvinyl alcohol (PVA) theta gels were prepared using a method adapted
from previous studies [27,32]. Briefly, an aqueous solution of dissolved 10 wt.% PVA
(Mw = 89,000–98,000, >99% hydrolysed; Sigma Aldrich, Burlington, MA, USA), 1 wt.%
gelatin (bovine skin type B; Sigma Aldrich, USA), and polyethylene glycol Mn = 400
(PEG; Sigma Aldrich, USA) were homogenously mixed at ~90 ◦C and vortex at a ratio of
72:28 wt.%.

To form the PVA theta gels tori, the mixed PVA-PEG solution was dispensed into a
torus-shaped mould with dimensions of 5 mm in cross-sectional diameter and an average
torus diameter of 25 mm. The solution was then left to gel at ambient room temperature
(25 ◦C) for 10 min and removed from the mould (Figure 1a). After 10 min of gelation, a
subset of the PVA hydrogel tori was mechanically drawn until the new torus diameter
reached 80 mm (Figure 1b). This was the maximum diameter reliably synthesised through
this method without introducing induced cracks into the toric theta-gel structure, resulting
in an average cross-sectional diameter of ~2 mm in the drawn theta-gel torus. The drawn
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(DR+) and undrawn (DR-) theta gel tori were then stored in deionised water overnight to
remove the PEG from the DR theta gel.
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Figure 1. Photograph of the PVA toric theta gels. (a) Undrawn (DR−); (b) Drawn (DR+).

The impact of a single round of freeze drying the PVA theta gels on its mechanical
properties was also investigated. DR+ and DR- PVA theta-gel tori were removed from
their stored solution and placed in the −80 ◦C freezer for at least 24 h. The samples were
then subsequently freeze-dried overnight (Labconco, Kansas City, MO). The freeze-dried
(FD+) tori were rehydrated for characterisation; a subset of the theta-gel tori was not
subjected to the freeze-drying process (FD−). This resulted in four groups of PVA theta-
gel tori synthesised: drawn and freeze-dried (DR+/FD+), drawn and non-freeze-dried
(DR+/FD−), undrawn and freeze-dried (DR−/FD+), and undrawn and non-freeze-dried
(DR−/FD−).

2.2. Crystallinity and Microstructure

The effect of drawing on the crystallinity, melting temperature, and microstructure of
the toric theta gels was investigated on the DR+/FD+ and DR−/FD+ samples. Differential
scanning calorimetry (DSC) (TA Instruments, DSC Mod. 2920) was carried out with a
heating rate of 10 ◦C/min up to 260 ◦C on the DR+/FD+ and DR−/FD+ toric hydrogels
to observe differences in the crystallinity between the two groups. The microstructure of
the surface topography of DR+/FD+ and DR−/FD+ toric hydrogels was examined under
scanning electron microscopy (SEM, TM3030Plus, Hitachi, Tokyo, Japan). The samples were
cut and sputter coated with gold before the microstructural examination. Non-freeze-dried
groups (i.e., DR+/FD− and DR−/FR−) could not be characterised due to the need for the
samples to be dehydrated for reliable characterisation of crystallinity and microstructure.

2.3. Synthesis of Hydrogel-Reinforced Theta-Gel Tori

DR+/FD+ tori were subsequently used to produce low-density theta gel-reinforced
hydrogels (LD-TRH) and high-density theta-gel-reinforced hydrogels (HD-TRH) for me-
chanical characterisation. The rehydrated DR+/FD+ toric theta-gel samples were placed
in toric moulds of 80 mm diameter and 5 mm cross-sectional diameter—two toric theta
gels were used for LD-TRH (Figure 2a,c). Four toric theta gels were used for HD-TRH
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(Figure 2b,d). The moulds were then filled with an aqueous solution of PVA (15 wt.%) and
gelatin (1.5 wt%) and then subjected to six rounds of freeze-thawing, with each freezing
and thawing stage carried out overnight. After the sixth freeze–thaw round, the LD-TRH
and HD-TRH samples were rehydrated with deionised water.
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Figure 2. (a,b) Photograph and (c,d) accompanying schematic of the cross-section of the freeze-dried
theta-gel-reinforced hydrogels. (a,c) LD-TRH; (b,d) HD-TRH.

2.4. Equilibrium Water Content

The equilibrium water content (EWC) for four toric theta-gel groups DR+/FD+,
DR−/FD+, DR+/FD−, and DR−/FD−, and the two hydrogel-reinforced theta-gel groups
LD-HRT and HD-HRT. For the DR+/FD− and DR−/FD− groups, the EWC was calculated
as follows: [(weight of hydrated theta-gel—the weight of freeze-dried theta-gel)/(weight
of hydrated theta-gel)] × 100%; for the DR+/FD+, DR−/FD+, LD-HRT and HD-HRT
groups: [(weight of rehydrated theta-gel—the weight of freeze-dried theta-gel)/(weight of
rehydrated theta-gel)] × 100%, where the rehydration involved immersing the samples in
deionised water overnight in a 37 ◦C incubator after the freeze-dry treatment. N = 4 samples
for each group were examined.

2.5. Tensile Mechanical Properties

Ultimate tensile strength, tensile modulus, and tensile strain at failure were obtained
by subjecting the toric samples of DR+/FD+, DR−/FD+, DR+/FD−, and DR-/FD−, and
the two hydrogel-reinforced theta-gel groups LD-HRT and HD-HRT. All groups were
rehydrated in deionised water for at least 12 h at 37 ◦C before mechanical testing. The
toric samples were hooked on two ends of the universal testing machine (Instron 5567,
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Bluehill, Norwood, MA, USA). All samples had a pre-load of 0.1 N before testing and were
subject to a tensile ramp rate of 15 mm/min, using a 1 kN load cell. The tensile strength
and modulus of the specimens were then obtained according to ASTM D3039 standards.

2.6. Statistical Analysis

All data are presented as mean ± standard deviation (SD). For statistical analysis,
Levene’s test was performed to determine the homogeneity of variance of the data, and
then either Tukey’s honestly significant difference or Tamhane’s post hoc tests were used.
A statistics programme (SPSS, Chicago, IL, USA) was employed for all statistical analyses
and differences were considered statistically significant if the obtained p-value was <0.05.

3. Results
3.1. Crystallinity and Melting Temperature of Drawn and Undrawn Theta Gels

The mean crystallinity for the drawn DR+/FD+ PVA theta gels was 54.5 ± 0.4% and
was found to be significantly higher (p < 0.05) than that of the undrawn DR−/FD+ PVA
theta gels (46.1 ± 1.5%). The mean melting temperature for the DR+/FD+ PVA theta gels
was 232.3 ± 0.1 ◦C versus that for the DR-/FD+ PVA theta gels at 230.9 ± 0.1 ◦C.

3.2. Microstructure

Figure 3a,b shows the surface microstructure of the DR−/FD+ PVA theta-gel samples
at 500× (Figure 3a) and 5000× magnification (Figure 3b). The microstructure of DR−/FD+
theta-gel samples showed a relatively homogenous microstructure typically observed in
dry hydrogels with closed pores. In contrast, we observed a highly longitudinally oriented
microstructure along the direction of mechanical drawing for the DR+/FD+ PVA theta-gel
samples at 500× and 5000× magnification (Figure 3c,d, respectively).
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3.3. Equilibrium Water Content

The non-freeze-dried theta-gel samples showed the highest equilibrium water con-
tent compared to the freeze-dried theta-gel samples and the theta-gel-reinforced hydro-
gels (Figure 4). DR−/FD− and DR+/FD− theta gels showed EWC of 94.0 ± 0.4% and
93.9 ± 0.6%, respectively. These EWC values were statistically significantly higher than
the freeze-dried theta-gel counterparts—DR−/FD+ and DR+/FD+ theta gels exhibited
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EWC of 81.8 ± 2.3% and 79.3 ± 1.5%, respectively. No statistically significant difference in
the EWC between the drawn and undrawn samples for freeze-dried (FD+) and non-freeze-
dried groups (FD−). The theta-gel-reinforced hydrogels exhibited the lowest EWC, with
LD-TRH and HD-TRH exhibiting EWC of 61.0 ± 1.9% and 64.4 ± 1.0%, respectively, with
no significant difference between LD-TRH and HD-TRH.
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3.4. Tensile Mechanical Properties

The tensile strength and modulus of the constructed theta gels subject to either mechan-
ical drawing or freeze-dry regime, as well as the theta-gel-reinforced hydrogels, are reported
in Figure 5. The non-freeze-dried PVA theta gels showed the lowest tensile strength and
modulus, with DR−/FD− theta gels exhibiting 2.3 ± 1.9 kPa and 7.4 ± 3.9 kPa, respec-
tively, and DR+/FD− theta gels exhibiting 31.4 ± 5.1 kPa and 50.0 ± 7.9 kPa, respectively.
A statistically significant increase (p < 0.05) was observed for the drawn DR+/FD− theta
gels versus the undrawn DR−/FD− theta gels.

The freeze-dried theta gels exhibited significantly higher than their non-freeze-dried
counterparts (p < 0.05). DR−/FD+ theta gels showed tensile strength and modulus of
117.1 ± 14.8 kPa and 130.8 ± 4.8 kPa, respectively, and the DR+/FD+ theta gels exhibited
tensile strength and modulus of 254.2 ± 55.0 kPa and 371.5 ± 142.6 kPa, respectively.
The drawn freeze-dried theta gels showed higher tensile mechanical properties than the
undrawn freeze-dried theta gels.

The theta-gel-reinforced hydrogels exhibited the highest tensile strengths and modulus.
LD-TRH showed tensile strength and modulus of 545.4 ± 190.2 kPa and 570.3 ± 52.6 kPa,
respectively.

HD-TRH showed tensile strength and modulus of 1417.8 ± 190.2 kPa and 570.3 ± 52.6 kPa,
respectively. The increase in both tensile strength and modulus for HD-TRH when com-
pared to LD-TRH is statistically significant (p < 0.05).
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4. Discussion

This study has demonstrated for the first time that synthetic PVA hydrogels using
purely physical crosslinking methods and without potentially toxic chemical crosslinkers
such as glutaraldehyde [34] have achieved tensile strengths in the MPa range for the HD-
TRH group through mechanical drawing, freeze-drying, and structured reinforcement. All
reagents used in the engineering and synthesis of the theta gels used in this study, i.e., PVA
and PEG, have long been considered biocompatible within the human body [38]. This study
also provides a facile framework to manufacture hydrogel-reinforced hydrogels with hier-
archical structures to achieve increased tensile and mechanical properties whilst retaining
the high-equilibrium water content similar to those seen in native human tissues. Studies
where hydrogel strengths exceeded 1 MPa have used either chemical crosslinking [39–41] or
other more complex methods such as freeze-casting [42], freeze-assisted salt-leaching [42],
or molecular self-assembly [43]. This study would be useful as a reference for future studies
wanting to engineer strong hydrogel constructs to repair or replace soft tissues in humans.
It is foreseeable that the methods to increase the mechanical properties of synthetic hydro-
gels, such as those made from PVA presented in this study, could be synchronised with
other production methods to meet the design needs of a given application.

The choice of the theta-gelation method of PVA hydrogels [27] to generate the toric
theta gels and hydrogel-reinforced theta-gel samples used in this study is deliberate. Firstly,
the use of self-setting PVA theta gels enables the synthesis of consistent samples using
moulds similar to those used in injection moulding and enables reliable physical removal
from such moulds after partial setting, where the degree of setting can be essentially
controlled by controlling the time for the gel to set and the ambient temperature. This
partially set stage of the theta gel enables the mechanical drawing to align the hydrogel’s
porous microstructure in its principal direction, subsequently increasing its tensile strength
along such a given direction. Increasing the diameter of the torus of the partially set
hydrogel in a controlled mechanical manner forces the hydrogel mesh and crystalline
structure to align. This drawing process is not possible with the conventional freeze-
thawing gelation methods typically used in PVA hydrogel synthesis [44], nor any chemical
crosslinking mechanisms [45], as the gelation process is required to be taken through to
completion within the vessel that encases the initial PVA solution before reliable removal
and transfer due to the nature of such methods.

The toric shape of high-strength hydrogels is also essential for the reliable characteri-
sation of tensile mechanical properties. Often, pneumatic grips are used to fix hydrogel
samples in place for tensile property characterisation; this results in two undesired effects
that decrease the reliability of such results—firstly, the hydrogel around the grips is heavily
deformed due to the highly compliant nature of hydrogels. Thus, the hydrogels tend to
break prematurely at the grips. Secondly, due to the hydrated nature of the hydrogels, the
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surface film of water reduces the required friction and often results in slippage in the grips.
The toric samples enable reliable tensile characterisation of hydrogels as hooks rather than
grips can be used to ensure entirely axial loading of the hydrogel samples.

With the mechanical drawing of the theta gels, we see a substantial increase in crys-
tallinity and melting temperature, indicative of the increased alignment of the molecular
structure of the DR+ hydrogels, and we were successfully able to induce this change
by mechanically drawing partially set theta gels. Mechanical drawing is a widely used
method to increase crystallinity and tensile mechanical strength along the principal direc-
tion of drawing in semicrystalline polymers. Drawing is also the foundation of spinning
techniques to produce dry, high-strength synthetic fibres, and physical processes such as
melt extrusion [46] and electrospinning [47] can be employed to generate fibres of diame-
ter < 100 microns. However, at this stage, reliably generating ‘hydrogel fibres’ with high
EWC using purely physical gelation methods similar to melt extrusion is challenging due
to the low viscosity of the intermediate setting hydrogel solution. Even in this study, we
found that removing the theta-gel samples from their moulds too early during the partial
setting results in uncontrolled ‘flow’ of the theta gel; conversely, removing the theta-gel
pieces from their moulds too late renders the hydrogel unable to be drawn mechanically.
During our optimisation processes, we found that removing the partially setting hydrogel
samples 10 min from initial heating and injection leads to reliable samples and enables
sufficient mechanical drawing.

This study makes it evident that the mechanical drawing of the theta gels alone does
not reduce the EWC of the theta gels, regardless if they have been treated with the freeze-
drying process, and that the improvements in the tensile mechanical properties we observed
for the DR+ theta gels do not arise from a loss in EWC, but rather the longitudinal alignment
of the drawn hydrogel itself, and to a certain extent, the increase in crystallinity. This
observation implies that the mechanical strengths of hydrogels can be enhanced without
necessarily reducing the EWC of the hydrogel itself. The microstructure also indicates that
the mechanical drawing process is successful and manifests at the surface microstructure,
as indicated by the collapsed pores’ alignment in Figure 3. It is important to note that
aligned microstructures, both structurally, i.e., fibrous, and at the topographical level, are
critical in influencing cell behaviour, particularly the tenogenic cells such as tenocytes
and tenoblasts [1]. Previous studies on PVA theta gels have shown good biocompatibility
in in vitro [28] and in in vivo settings for both cartilage [48] and tendon [32]. Future
studies on this material will aim to explore the influence of such topography on tenogenic
cells; preliminary studies have confirmed that the theta gels used in this study do indeed
support the viability of murine osteoblasts (Supplementary Figure S1). The influence of
the microstructure of these constructs on cell behaviour remains to be investigated—it is
well-established, however, that the surface topography and alignment of surface features
play an influential role in the biological behaviour of resident cells. PVA hydrogels without
additional functionalization of the PVA backbone, such as the material system employed
in this study, is considered non-degradable [44,48], though PVA hydrogel systems such as
tyramine functionalisation can be modified to support biodegradation [31].

The freeze-drying process is necessary for longer-term storage and enabling off-the-
shelf availability of such materials. It is also known to increase crystallinity substan-
tially [49] by forcing the crystalline regions together, subsequently increasing the mechani-
cal strength and decreasing the hydrogel’s equilibrium water content. This study showed
that the freeze-drying process increased the tensile strength and modulus of the rehydrated
theta gels, resulting in a loss of equilibrium water content. A high EWC whilst retaining the
mechanical strength is important in the engineering of synthetic hydrogels for soft tissue
repair, as they are critical for maintaining lubrication [50], transport of nutrients within
the synthetic graft through the pores, and act as a ‘cushioning mechanism’ to protect the
physical mesh structure. Soft load-bearing tissues such as cartilage, ligaments, and tendons
exhibit an EWC of 60–80% [1,51].
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To further improve the strength of the engineered hydrogel constructs into the MPa
range, we reinforced a conventional PVA hydrogel with the toric theta gels synthesised
in this study, acting similarly to fibres of fibre-reinforced composites. The LD-TRH and
HD-TRH composites demonstrated that hydrogels could be further reinforced with aligned
hydrogels to substantially enhance the mechanical properties in the direction of the align-
ment. Furthermore, it is anticipated that the porous nature of the reinforcement hydrogels
would enable a strong interface between the matrix hydrogel and the dispersed hydrogel
bands within the LD-TRH and HD-TRH as the matrix hydrogel would be made to crosslink
around the dispersed hydrogel bands.

In summary, this study demonstrated that biocompatible hydrogel constructs made
from PVA-based materials with high-equilibrium water content (>60%) could be made to
reach >1 MPa in tensile strength through facile manufacturing methods and via physical
crosslinking without the use of chemical crosslinkers nor use of complex processes such
as freeze-casting. Future studies on this material system would look to generate highly
elongated theta gels and increase the density of the aligned theta gels within the theta-
gel-reinforced hydrogel systems to further increase the mechanical properties without
compromising the biocompatibility, equilibrium water content, and the facileness of the
manufacturing processes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jfb14060291/s1, Figure S1: Live cell staining of murine fibroblasts
after 7 days of culture on (a) DR−/FD+ and (b) DR+/FD+ theta-gels.

Author Contributions: Conceptualization, Y.J.N. and C.V.; Methodology, Y.J.N. and C.V.; Validation,
Y.J.N. and C.V.; Formal analysis, Y.J.N., Z.L. and C.V.; Investigation, Y.J.N., Z.L. and C.V.; Resources,
Y.J.N. and H.Z.; Data curation, C.V.; Writing—original draft, Y.J.N. and C.V.; Writing—review & edit-
ing, Y.J.N. and C.V.; Visualization, Y.J.N.; Supervision, Y.J.N. and H.Z.; Project administration,
Y.J.N.; Funding acquisition, H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Australian Research Council and the National Health and
Medical Research Council.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors acknowledge the technical support from Hongjian Andy Wang.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. No, Y.J.; Castilho, M.; Ramaswamy, Y.; Zreiqat, H. Role of Biomaterials and Controlled Architecture on Tendon/Ligament Repair

and Regeneration. Adv. Mater. 2020, 32, e1904511. [CrossRef]
2. Yang, G.; Rothrauff, B.B.; Tuan, R.S. Tendon and ligament regeneration and repair: Clinical relevance and developmental

paradigm. Birth Defects Res. C Embryo Today 2013, 99, 203–222. [CrossRef] [PubMed]
3. Slone, H.S.; Romine, S.E.; Premkumar, A.; Xerogeanes, J.W. Quadriceps tendon autograft for anterior cruciate ligament recon-

struction: A comprehensive review of current literature and systematic review of clinical results. Arthroscopy 2015, 31, 541–554.
[CrossRef] [PubMed]

4. Song, Y.-J.; Hua, Y.-H. Tendon allograft for treatment of chronic Achilles tendon rupture: A systematic review. Foot Ankle Surg.
2019, 25, 252–257. [CrossRef]

5. Shichman, I.; Baruchi, D.; Rachevsky, G.; Amzallag, N.; Brandstetter, A.S.; Vidra, M.; Morag, G. Bone filling decreases donor site
morbidity after anterior cruciate ligament reconstruction with bone-patellar tendon-bone autografts. Arch. Orthop. Trauma. Surg.
2023, 143, 2565–2572. [CrossRef] [PubMed]

6. Fishman, J.A.; Greenwald, M.A.; Grossi, P.A. Transmission of infection with human allografts: Essential considerations in donor
screening. Clin. Infect. Dis. 2012, 55, 720–727. [CrossRef] [PubMed]

7. Scheffler, S.U.; Schmidt, T.; Gangéy, I.; Dustmann, M.; Unterhauser, F.; Weiler, A. Fresh-frozen free-tendon allografts versus
autografts in anterior cruciate ligament reconstruction: Delayed remodeling and inferior mechanical function during long-term
healing in sheep. Arthroscopy 2008, 24, 448–458. [CrossRef]

8. Stecco, C. Functional Atlas of the Human Fascial System; Elsevier: Amsterdam, The Netherlands, 2014.

https://www.mdpi.com/article/10.3390/jfb14060291/s1
https://www.mdpi.com/article/10.3390/jfb14060291/s1
https://doi.org/10.1002/adma.201904511
https://doi.org/10.1002/bdrc.21041
https://www.ncbi.nlm.nih.gov/pubmed/24078497
https://doi.org/10.1016/j.arthro.2014.11.010
https://www.ncbi.nlm.nih.gov/pubmed/25543249
https://doi.org/10.1016/j.fas.2018.02.002
https://doi.org/10.1007/s00402-022-04572-5
https://www.ncbi.nlm.nih.gov/pubmed/35916963
https://doi.org/10.1093/cid/cis519
https://www.ncbi.nlm.nih.gov/pubmed/22670038
https://doi.org/10.1016/j.arthro.2007.10.011


J. Funct. Biomater. 2023, 14, 291 10 of 11

9. Fielder, M.; Nair, A.K. Effects of hydration and mineralization on the deformation mechanisms of collagen fibrils in bone at the
nanoscale. Biomech. Model. Mechanobiol. 2019, 18, 57–68. [CrossRef]

10. Schloze, P.F.L.M.; Babian, C.; Scheidt, H.; Vielmuth, F.; Waschke, J.; Ondruschka, B.; Hammer, N. Water-content related alterations
in macro and micro scale tendon biomechanics. Sci. Rep. 2019, 9, 7887.

11. Birch, H.L.; Thorpe, C.T.; Rumian, A.P. Specialisation of extracellular matrix for function in tendons and ligaments. Muscles
Ligaments Tendons J. 2013, 3, 12–22. [CrossRef]

12. Kjaer, M. Role of extracellular matrix in adaptation of tendon and skeletal muscle to mechanical loading. Physiol. Rev. 2004, 84,
649–698. [CrossRef] [PubMed]

13. Blasco, A.; Baixauli, E. Granuloma formation associated with patellar tendon necrosis in response to Ethibond confirmed by
histopathological examination. BMJ Case Rep. 2018, 2018, bcr2017222854. [CrossRef] [PubMed]

14. Ollivere, B.J.; Bosman, H.A.; Bearcroft, P.W.P.; Robinson, A.H.N. Foreign body granulomatous reaction associated with polyethe-
lene ‘Fiberwire(®)’ suture material used in Achilles tendon repair. Foot Ankle Surg. 2014, 20, e27–e29. [CrossRef] [PubMed]

15. Keskin, G.; Boyaci, Z.; Ustundag, E.; Kaur, A.; Almaç, A. Use of polyethylene terephthalate and expanded-polytetrafluoroethylene
in medialization laryngoplasty. J. Laryngol. Otol. 2003, 117, 294–297. [CrossRef] [PubMed]

16. Spaans, A.J.; van Heeswijk, E.J.M.L.; Arnold, D.E.; Beumer, A. Foreign body reaction associated with polyethylene mesh
interposition used for treatment of trapeziometacarpal osteoarthritis: Report of 8 cases. J. Hand Surg. Am. 2014, 39, 2016–2019.
[CrossRef]

17. Sheikh, Z.; Brooks, P.J.; Barzilay, O.; Fine, N.; Glogauer, M. Macrophages, Foreign Body Giant Cells and Their Response to
Implantable Biomaterials. Materials 2015, 8, 5671–5701. [CrossRef]

18. Bahram, M.; Mohseni, N.; Moghtader, M. An introduction to hydrogels and some recent applications. In Emerging Concepts in
Analysis and Applications of Hydrogels; InTech: London, UK, 2016.

19. Stoppato, M.; von Flotow, F.; Kuo, C.K. Application of hydrogels for tendon and ligament repair and tissue engineering. In Gels
Handbook; World Scientific Publishing: Singapore, 2016; pp. 271–293.

20. Cascone, S.; Lamberti, G. Hydrogel-based commercial products for biomedical applications: A review. Int. J. Pharm. 2020,
573, 118803. [CrossRef]

21. Tong, X.; Lu, J.; Zhang, W.; Wang, S.; Huang, R.; Zhang, X.; Huang, J.; Zhu, Y.; Xiao, S.; Ji, S.; et al. Efficacy and safety of external
tissue expansion technique in the treatment of soft tissue defects: A systematic review and meta-analysis of outcomes and
complication rates. Burn. Trauma 2022, 10, tkac045. [CrossRef]

22. Zhang, W.; Liu, W.; Long, L.; He, S.; Wang, Z.; Liu, Y.; Yang, L.; Chen, N.; Hu, C.; Wang, Y. Responsive multifunctional hydrogels
emulating the chronic wounds healing cascade for skin repair. J. Control. Release 2023, 354, 821–834. [CrossRef]

23. Xie, X.; Lei, H.; Fan, D. Antibacterial hydrogel with pH-responsive microcarriers of slow-release VEGF for bacterial infected
wounds repair. J. Mater. Sci. Technol. 2023, 144, 198–212. [CrossRef]

24. Vedadghavami, A.; Minooei, F.; Mohammadi, M.H.; Khetani, S.; Kolahchi, A.R.; Mashayekhan, S.; Sanati-Nezhad, A. Manufactur-
ing of hydrogel biomaterials with controlled mechanical properties for tissue engineering applications. Acta Biomater. 2017, 62,
42–63. [CrossRef]

25. Ying, G.; Jiang, N.; Parra-Cantu, C.; Tang, G.; Zhang, J.; Wang, H.; Chen, S.; Huang, N.; Xie, J.; Zhang, Y.S. Bioprinted Injectable
Hierarchically Porous Gelatin Methacryloyl Hydrogel Constructs with Shape-Memory Properties. Adv. Funct. Mater. 2020,
30, 2003740. [CrossRef] [PubMed]

26. Idaszek, J.; Costantini, M.; Karlsen, T.A.; Jaroszewicz, J.; Colosi, C.; Testa, S.; Fornetti, E.; Bernardini, S.; Seta, M.; Kasarello, K. 3D
bioprinting of hydrogel constructs with cell and material gradients for the regeneration of full-thickness chondral defect using a
microfluidic printing head. Biofabrication 2019, 11, 044101. [CrossRef] [PubMed]

27. Bodugoz-Senturk, H.; Choi, J.; Oral, E.; Kung, J.H.; Macias, C.E.; Braithwaite, G.; Muratoglu, O.K. The effect of polyethylene glycol
on the stability of pores in polyvinyl alcohol hydrogels during annealing. Biomaterials 2008, 29, 141–149. [CrossRef] [PubMed]

28. Miao, T.; Miller, E.J.; MckKenzie, C.; Oldinski, R.A. Physically crosslinked polyvinyl alcohol and gelatin interpenetrating polymer
network theta-gels for cartilage regeneration. J. Mater. Chem. B 2015, 3, 9242–9249. [CrossRef]

29. Charron, P.N.; Braddish, T.A.; Floreani, R. PVA-gelatin hydrogels formed using combined theta-gel and cryo-gel fabrication
techniques. J. Mech. Behav. Biomed. Mater. 2019, 92, 90–96. [CrossRef]

30. Choi, J.; Bodugoz-Senturk, H.; Kung, H.J.; Malhi, A.S.; Muratoglu, O.K. Effects of solvent dehydration on creep resistance of
poly(vinyl alcohol) hydrogel. Biomaterials 2007, 28, 772–780. [CrossRef]

31. Lim, K.S.; Alves, M.H.; Poole-Warren, L.A.; Martens, P.J. Covalent incorporation of non-chemically modified gelatin into
degradable PVA-tyramine hydrogels. Biomaterials 2013, 34, 7097–7105. [CrossRef]

32. No, Y.J.; Tarafder, S.; Reischl, B.; Ramaswamy, Y.; Dunstan, C.; Friedrich, O.; Lee, C.H.; Zreiqat, H. High-strength fiber-reinforced
composite hydrogel scaffolds as biosynthetic tendon graft material. ACS Biomater. Sci. Eng. 2020, 6, 1887–1898. [CrossRef]

33. Gadhave, R.V.; Mahanwar, P.A.; Gadekar, P.T. Effect of glutaraldehyde on thermal and mechanical properties of starch and
polyvinyl alcohol blends. Des. Monomers Polym. 2019, 22, 164–170. [CrossRef]

34. Pal, K.; Paulson, A.T.; Rousseau, D. Biopolymers in controlled-release delivery systems. In Handbook of Biopolymers and Biodegrad-
able Plastics; William Andrew Publishing: Boston, MA, USA, 2013; pp. 329–363.

35. Tian, Z.; Liu, W.; Li, G. The microstructure and stability of collagen hydrogel cross-linked by glutaraldehyde. Polym. Degrad. Stab.
2016, 130, 264–270. [CrossRef]

https://doi.org/10.1007/s10237-018-1067-y
https://doi.org/10.32098/mltj.01.2013.04
https://doi.org/10.1152/physrev.00031.2003
https://www.ncbi.nlm.nih.gov/pubmed/15044685
https://doi.org/10.1136/bcr-2017-222854
https://www.ncbi.nlm.nih.gov/pubmed/29754129
https://doi.org/10.1016/j.fas.2014.01.006
https://www.ncbi.nlm.nih.gov/pubmed/24796842
https://doi.org/10.1258/00222150360600904
https://www.ncbi.nlm.nih.gov/pubmed/12816219
https://doi.org/10.1016/j.jhsa.2014.07.038
https://doi.org/10.3390/ma8095269
https://doi.org/10.1016/j.ijpharm.2019.118803
https://doi.org/10.1093/burnst/tkac045
https://doi.org/10.1016/j.jconrel.2023.01.049
https://doi.org/10.1016/j.jmst.2022.09.062
https://doi.org/10.1016/j.actbio.2017.07.028
https://doi.org/10.1002/adfm.202003740
https://www.ncbi.nlm.nih.gov/pubmed/33708030
https://doi.org/10.1088/1758-5090/ab2622
https://www.ncbi.nlm.nih.gov/pubmed/31151123
https://doi.org/10.1016/j.biomaterials.2007.09.015
https://www.ncbi.nlm.nih.gov/pubmed/17950839
https://doi.org/10.1039/C5TB00989H
https://doi.org/10.1016/j.jmbbm.2019.01.002
https://doi.org/10.1016/j.biomaterials.2006.09.049
https://doi.org/10.1016/j.biomaterials.2013.06.005
https://doi.org/10.1021/acsbiomaterials.9b01716
https://doi.org/10.1080/15685551.2019.1678222
https://doi.org/10.1016/j.polymdegradstab.2016.06.015


J. Funct. Biomater. 2023, 14, 291 11 of 11

36. Sennakesavan, G.; Mostakhdemin, M.; Dkhar, L.K.; Seyfoddin, A.; Fatihhi, S.J. Acrylic acid/acrylamide based hydrogels and its
properties—A review. Polym. Degrad. Stab. 2020, 180, 109308. [CrossRef]

37. Xu, L.; Zhao, X.; Xu, C.; Kotov, N.A. Water-Rich Biomimetic Composites with Abiotic Self-Organizing Nanofiber Network. Adv.
Mater. 2018, 30, 1703343. [CrossRef]

38. Liu, P.; Chen, W.; Liu, C.; Tian, M.; Liu, P. A novel poly (vinyl alcohol)/poly (ethylene glycol) scaffold for tissue engineering with
a unique bimodal open-celled structure fabricated using supercritical fluid foaming. Sci. Rep. 2019, 9, 9534. [CrossRef] [PubMed]

39. Ullah, S.; Hashmi, M.; Hussain, N.; Ullah, A.; Sarwar, M.N.; Saito, Y.; Kim, S.H.; Kim, I.S. Stabilized nanofibers of polyvinyl
alcohol (PVA) crosslinked by unique method for efficient removal of heavy metal ions. J. Water Process. Eng. 2020, 33, 101111.
[CrossRef]

40. Musa, B.H.; Hameed, N.J. Effect of crosslinking agent (glutaraldehyde) on the mechanical properties of (PVA/Starch) blend and
(PVA/PEG) binary blend films. J. Phys. Conf. Ser. 2021, 1795, 012064. [CrossRef]

41. Yang, W.; Qi, G.; Kenny, J.M.; Puglia, D.; Ma, P. Effect of Cellulose Nanocrystals and Lignin Nanoparticles on Mechanical,
Antioxidant and Water Vapour Barrier Properties of Glutaraldehyde Crosslinked PVA Films. Polymers 2020, 12, 1364. [CrossRef]

42. Hua, M.; Wu, S.; Zhao, Y.; Chen, Z.; Frenkel, I.; Strzalka, J.; Zhou, H.; Zhu, X.; He, X. Strong tough hydrogels via the synergy of
freeze-casting and salting out. Nature 2021, 590, 594–599. [CrossRef]

43. Qin, H.; Zhang, T.; Li, N.; Cong, H.-P.; Yu, S.-H. Anisotropic and self-healing hydrogels with multi-responsive actuating capability.
Nat. Commun. 2019, 10, 2202. [CrossRef]

44. Adelnia, H.; Ensandoost, R.; Moonshi, S.S.; Gavgani, J.N.; Vasafi, E.I.; Ta, H.T. Freeze/thawed polyvinyl alcohol hydrogels:
Present, past and future. Eur. Polym. J. 2022, 164, 110974. [CrossRef]

45. Mansur, H.S.; Sadahira, C.M.; Souza, A.N.; Mansur, A.A.P. FTIR spectroscopy characterization of poly (vinyl alcohol) hydrogel
with different hydrolysis degree and chemically crosslinked with glutaraldehyde. Mater. Sci. Eng. C Mater. Biol. Appl. 2008, 28,
539–548. [CrossRef]

46. Hutmacher, D.W.; Woodfield, T.B.F.; Dalton, P.D. Scaffold Design and Fabrication. In Tissue Engineering; Elsevier: Amsterdam,
The Netherlands, 2014; pp. 311–346.

47. Reid, J.A.; McDonald, A.; Callanan, A. Electrospun fibre diameter and its effects on vascular smooth muscle cells. J. Mater. Sci.
Mater. Med. 2021, 32, 131. [CrossRef] [PubMed]

48. Bichara, D.A.; Zhao, X.; Bodugoz-Senturk, H.; Ballyns, F.P.; Oral, E.; Randolph, M.A.; Bonassar, L.J.; Gill, T.J.; Muratoglu, O.K.
Porous Poly(Vinyl Alcohol)-Hydrogel Matrix-Engineered Biosynthetic Cartilage. Tissue Eng. A. 2010, 17, 301–309. [CrossRef]
[PubMed]

49. Hassan, C.M.; Peppas, N.A. Structure and applications of poly(vinyl alcohol) hydrogels produced by conventional crosslinking or
by freezing/thawing methods. In Biopolymers PVA Hydrogels, Anionic Polymerisation Nanocomposites; Springer: Berlin/Heidelberg,
Germany, 2007; pp. 37–65.

50. Lin, W.; Klein, J. Hydration Lubrication in Biomedical Applications: From Cartilage to Hydrogels. Acc. Mater. Res. 2022, 3,
213–223. [CrossRef] [PubMed]

51. Jung, C.K. Articular cartilage: Histology and physiology. In Techniques in Cartilage Repair Surgery; Springer: Berlin/Heidelberg,
Germany, 2014; pp. 17–21.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.polymdegradstab.2020.109308
https://doi.org/10.1002/adma.201703343
https://doi.org/10.1038/s41598-019-46061-7
https://www.ncbi.nlm.nih.gov/pubmed/31267014
https://doi.org/10.1016/j.jwpe.2019.101111
https://doi.org/10.1088/1742-6596/1795/1/012064
https://doi.org/10.3390/polym12061364
https://doi.org/10.1038/s41586-021-03212-z
https://doi.org/10.1038/s41467-019-10243-8
https://doi.org/10.1016/j.eurpolymj.2021.110974
https://doi.org/10.1016/j.msec.2007.10.088
https://doi.org/10.1007/s10856-021-06605-8
https://www.ncbi.nlm.nih.gov/pubmed/34625853
https://doi.org/10.1089/ten.tea.2010.0322
https://www.ncbi.nlm.nih.gov/pubmed/20799889
https://doi.org/10.1021/accountsmr.1c00219
https://www.ncbi.nlm.nih.gov/pubmed/35243350

	Introduction 
	Materials and Method 
	Preparation of Toric PVA Theta Gels 
	Crystallinity and Microstructure 
	Synthesis of Hydrogel-Reinforced Theta-Gel Tori 
	Equilibrium Water Content 
	Tensile Mechanical Properties 
	Statistical Analysis 

	Results 
	Crystallinity and Melting Temperature of Drawn and Undrawn Theta Gels 
	Microstructure 
	Equilibrium Water Content 
	Tensile Mechanical Properties 

	Discussion 
	References

