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Injectable, stretchable, toughened, bioadhesive
composite hydrogel for bladder injury repairf
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The bladder is exposed to constant internal and external mechanical forces due to its deformation and the
dynamic environment in which it is placed, which can hamper its repair after an injury. Traditional hydrogel
materials have limitations regarding their use in the bladder owing to their poor mechanical and tissue
adhesion properties. In this study, a composite hydrogel composed of methacrylate gelatine,
methacrylated silk fibroin, and Pluronic F127 diacrylate was developed, which combines the
characteristics of natural and synthetic polymers. The mechanical properties of the novel hydrogel, such
as stretchability, viscoelasticity, and toughness, were improved by virtue of a particular molecular design
strategy whereby covalent and non-covalent bond interactions create a cross-linking effect. In addition,
the composite hydrogel has important usability properties; it can be injected in liquid format and rapidly
transformed into a gel via photo-initiated crosslinking. This was demonstrated on an isolated porcine
bladder where the hydrogel closed arbitrarily-shaped tissue defects within 90 s of its application,
verifying its effective bioadhesive and sealing properties. This composite hydrogel has great potential for
application in bladder injury repair as a tissue-engineering scaffold.

Introduction

The bladder is a hollow organ responsible for urine storage and
voiding. Trauma, malignancy, neurogenic diseases, and
congenital malformations cause anatomical or functional
impairment of the bladder and require treatment involving
bladder replacement. However, this surgical approach carries
the risk of complications, such as metabolic disturbances, gall
bladder stone formation, and urinary fistulae."”® Therefore, the
search for new methods to achieve bladder repair and regen-
eration is necessary. Tissue engineering, which integrates seed
cells, scaffold materials, and bioactive molecules, offers
a possible solution for regenerative medicine,* and scaffold
materials have been extensively studied as an important
component of this approach. Hydrogels are considered
a preferred material for tissue engineering scaffolds, having
a three-dimensional network structure incorporating a large
number of hydrophilic groups, and their similarity to natural
extracellular matrix.> However, conventional hydrogels often
exhibit poor mechanical properties, such as brittleness and
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a high swelling ratio. Moreover, because the bladder is exposed
to physical activity and undergoes constant deformation, it is
susceptible to mechanical forces, such as tensile and
compressive forces. Failure of an injured bladder to adapt to
dynamic mechanical alterations may increase the probability of
local inflammatory reactions owing to leakage.*” Therefore,
a hydrogel material suitable for bladder reconstruction should
satisfy the following four criteria: (1) adaptability in terms of its
mechanical properties (i.e. high levels of toughness, tensile
strength, viscoelasticity, and fatigue resistance), (2) good
biocompatibility, (3) reliable adhesion and sealing properties,
and (4) biodegradability.**

Hydrogels can be classified into natural and synthetic poly-
meric hydrogels. Natural polymeric hydrogels have strong
biocompatibility and biological properties. However, they have
disadvantages such as rapid degradation, extended gel forma-
tion times and poor mechanical capabilities."* The mechanical
and physicochemical properties of synthetic polymeric hydro-
gels can be better controlled. But they do not have natural sites
of cell attachment and are less biocompatible, limiting their
application in tissue engineering.'> The aim of this study is to
create a mixture of natural and synthetic polymeric hydrogels
suitable for the repair of bladder defects, which combines the
benefits of both. From the perspective of bladder repair, gela-
tine and silk protein, which are important components of the
extracellular matrix of bladder tissue, were selected as suitable
natural polymers.’*'* Through molecular modification, meth-
acrylate gelatine (GelMA) and methacrylated silk fibroin (SilMA)
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Scheme 1 Components of composite hydrogels, formation of hydrogels based on covalent crosslinking and physical micellization initiated by
UV irradiation, and a schematic diagram of their application in bladder tissue defects.

were synthesised, both having photo-crosslinking properties
and good biocompatibility. However, GelMA is prone to
mechanical fracture owing to its heterogeneous crosslinking
density and extensive level of entanglement,''® whilst SilMA
suffers from an absence of cell adhesion sites, a tendency to
degrade rapidly, and its large swelling ratio.”” The poloxamer
Pluronic F127 (PEOgy-PPOgs-PEOyy) is an FDA-approved
amphiphilic block copolymer, and F127DA synthetic polymer
hydrogel is formed by self-assembly of F127 through hydro-
phobic association. The hydrogel incorporates a micelle struc-
ture with hydrophobic polypropylene glycol (PPO) as the core
and hydrophilic polyethylene glycol (PEO) as the shell. It has
a well-defined structure with small batch-to-batch variation and
low risk of immune response by the human body.*®' However,
the F127 hydrogel network is characterised by its low strength,
high level of random molecular entanglement, and hydro-
phobic interactions between the shell layers, resulting in poor
stability and rapid disintegration of the network structure in an
aqueous solution. Moreover, the lack of active sites for cellular
interactions is not conducive to cell growth, which means its
ability for integration with surrounding tissues is poor.>®

It has been shown that the introduction of covalent and non-
covalent interactions into a hydrogel network is an effective
strategy for enhancing a hydrogel's mechanical properties. For
example, Qu et al. prepared a hydrogel by blending quaternised
chitosan with benzaldehyde-terminated poly(ethylene oxide)--
poly(propylene oxide)-b-poly(ethylene oxide). The Schiff base
bonding and PF127 micelle crosslinking in this system, as two
dynamic crosslinking modes, resulted in a hydrogel that
exhibited good ductility, compressibility, and self-healing
ability under multi-cycle deformation conditions.**

10904 | RSC Adv,, 2023, 13, 10903-10913

In this study, composite hydrogels containing GelMA, SilMA,
and F127DA were developed. GelMA and SilMA are covalently
crosslinked by photoinitiated vinyl double bonds on their
molecular chains to generate a covalent polymer network
including two components. Photoinitiated F127DA molecules
cause inter-micellar crosslinking, adjacent inter-micellar shell
crosslinking and intra-micellar crosslinking, resulting in
a dynamic non-covalent polymer network (Scheme 1). The
chemical and physical properties of the composite hydrogels
were characterised, including their specific chemical structure,
equilibrium swelling ratio, and degradability. To investigate the
challenges of repairing dynamic soft tissues in complex
mechanical environments, the bioadhesive and sealing prop-
erties of the hydrogels were compared using a porcine bladder
organ model. The biocompatibility of the hydrogels was also
investigated to verify the feasibility of their application in soft
tissue construction and regeneration.

Experimental section
Materials

Type A gelatine derived from pig skin was purchased from
Beyotime Biotechnology (Shanghai, China). Bombyx mori
cocoons were obtained from the Northwest Sericulture Base
(Shanxi, China). Methacrylic anhydride (MA) (purity = 94%)
and glycidyl methacrylate (GMA) (purity = 97%) were purchased
from Aladdin Biochemical Technology (Shanghai, China).
F127DA was purchased from Engineering for Life (Suzhou,
China). Lithium bromide (LiBr; purity = 99%) was purchased
from Innochem Technology (Beijing, China). Type II collage-
nase was purchased from Worthington Biochemical (New

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Jersey, USA). Foetal bovine serum (FBS) was purchased from
Bovogen Biologicals (Melbourne, Australia). The Cell Counting
Kit-8 (CCK-8), Dulbecco's Modified Eagle's Medium (DMEM),
trypsin-EDTA, penicillin-streptomycin, and live/dead cell
viability/cytotoxicity kits were purchased from Thermo Fisher
Scientific (Massachusetts, USA). All the reagents were used
without further purification.

Synthesis of methacrylate gelatine (GelMA)

GelMA was prepared according to the relevant literature.>>*

Briefly, 10 g of gelatine type A (derived from pig skin) was weighed
and added to 100 mL of phosphate-buffered saline (PBS) at 50 °C
to prepare a 10% (w/v) homogeneous solution. Subsequently, 1 mL
of MA was added dropwise to the gelatine solution and fully
reacted in an aluminium foil-covered reaction vessel at 50 °C for
3 h. Once the reaction was completed, the resultant solution was
transferred to a dialysis bag (MWCO: 8-14 kDa) and dialysed with
deionised water for approximately one week. Water changes were
required three times during this period to remove unreacted MA
and other by-products. Finally, the dialysis solution was frozen for
10 h and lyophilised with a freeze-dryer for approximately 5 days.
The resulting samples were refrigerated at —20 °C until further
use. The chemical structure of GeIMA was determined by Fourier
transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet
iS20) and nuclear magnetic resonance spectroscopy (‘H NMR,
Bruker Avance III HD 500 MHz).

Synthesis of methacrylated silk fibroin (SilMA)

SilMA was prepared according to a protocol described in the
literature.> Briefly, cocoons were cut and added to boiling
0.05 M Na,CO; solution. After 45 min, the degummed cocoons
were removed, rinsed until clean with sericin and Na,CO;
prepared with deionised water, and dried in a blast drying oven
at 60 °C. Subsequently, 5 g of degummed silk protein fibres were
added to 25 mL of 9.3 M LiBr solution and dissolved at 60 °C,
until the silk protein fibres could no longer be observed with the
unaided eye. Subsequently, the fibres were transferred to
a heated magnetic stirrer, and 2 mL of GMA was added drop-
wise with continuous stirring at 70 °C for 3 h, to fully react GMA
with the silk protein. Finally, the resulting solution was dialysed
(MWCO: 8-14 kDa) for one week and thereafter lyophilised for 5
days. The resulting samples were refrigerated at —20 °C until
further use. The chemical structure of SilMA was determined by
FTIR and 'H NMR.

Hydrogel preparation

The hydrogels were divided into three groups: GS, GF, and GSF.
For the GS hydrogel precursor solution, lyophilised GelMA and
SilMA were dissolved in PBS solution at 40 °C, followed by the
addition of the photo-initiator lithium trimethylbenzoylphos-
phinate (LAP). The final precursor hydrogel was composed of
5% (w/v) GelMA and 10% (w/v) SilMA. The GF hydrogel
precursor solution, which was prepared in the same way as for
GS, contained 5% (w/v) GelMA and 5% (w/v) F127DA. For the
GSF hydrogel precursor solution, GelMA and SilMA were first
premixed according to set proportions, whereafter F127DA was
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added until its dissolution, with final concentration being 5%
(W/v) GelMA, 10% (w/v) SilMA, and 5% (w/v) F127DA. The
concentration of the photo-initiators LAP in the hydrogel
precursor solutions of all three groups was 0.25% (w/v). Finally,
the hydrogel precursors were irradiated with UV light (405 nm,
100 mW cm ™2, 90 s) to yield the composite hydrogel sample.

Scanning electron microscopy analyses

Hydrogel samples from the three of the groups were freeze-fixed
at —20 °C for 24 h, whereafter they were immediately trans-
ferred to a freeze-dryer and lyophilised for 48 h. The
morphology and internal structure of the lyophilised samples
were observed using scanning electron microscopy (SEM) (Zeiss
Gemini 300, Germany) after spraying of cross-sections of the
samples with gold particles.

Swelling ratio

The swelling properties of the hydrogel samples were studied by
equilibrium swelling experiments. The hydrogels were prepared
as cylinders (diameter = 12 mm, height = 2 mm), using three
samples from each group. The samples were lyophilised in
a freeze-dryer and their dry weights (W4) determined. The
samples were then placed in PBS at 37 °C and removed from the
buffer for weighing (W;) at five different time points (0.5, 1, 2, 4,
and 8 h). The water on the surfaces of the samples was gently
wiped with absorbent paper each time. The swelling ratio was
calculated as follows:

Swelling ratio = (W; — W)l W) x 100% (1)

Degradation test

The hydrogel samples were prepared according to the method
above for the swelling ratio test, and the initial mass of each
group of hydrogels (W,) was weighed and recorded. Subse-
quently, the hydrogel samples were degraded by immersing in
PBS containing 2 U mL™"' type II collagenase at 37 °C. At
different time points (2, 4, 8, 12, 24, 36, and 48 h), the degraded
hydrogels were removed, rinsed with PBS, and weighed (W,).
The degradation ratio was calculated as follows:

Degradation ratio = (W, — W)/ W) x 100% (2)

Rheological properties

The rheological properties were measured using an MCR 302
rheometer (Anton Paar, Austria). First, the kinetic viscosity test
was performed (rotational mode, 37 °C) and the shear rate
measured in the range of 0.1-1000/s. The injectability of the
hydrogel precursor solutions was characterised according to the
logarithmic change in shear rate. Subsequently, the crosslinked
hydrogels were cut into small discs (diameter = 20 mm, height
= 2 mm), and the modulus-frequency relationship curves were
measured by frequency scanning (oscillation mode, 37 °C,
constant strain of 1%) in the range of 0.1-100 Hz.

RSC Adv, 2023, 13, 10903-10913 | 10905
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Mechanical properties

Tensile strength tests were performed using a universal mechan-
ical testing machine equipped with a 1 kN tension sensor.
Hydrogel samples from each group were prepared in a dumbbell
shape (gauge length = 12 mm, gauge width = 2 mm, gauge
thickness = 2.5 mm) using a polytetrafluoroethylene mould and
stretched to fracture at a rate of 5 mm min~". The tensile strength
was the maximum stress at fracture, the Young's modulus was
determined by the slope of the stress-strain curve, and the fracture
toughness was calculated from the area enclosed by the stress—
strain curve. Compression tests (using the same mechanical
testing machine) were performed on cylindrical samples (diameter
= 12 mm, height = 5 mm) of the hydrogel samples from each
group with a speed setting of 3 mm min . The compression
modulus was the slope of the stress-strain curve corresponding to
a strain range of 20-30%. A loading-unloading cycle test was per-
formed at a maximum strain of 70%, and the compression and
load were recorded for five cycles. The energy loss was derived from
the area below the curve for the 5th cycle as follows:

Energy loss ratio = ((area below loading curve — area below
unloading curve)/area below loading curve) x 100% (3)

The tensile and compression tests were performed in tripli-
cate for all of the hydrogel samples from each group, and the
average value was used in the calculations.

Biocompatibility of the hydrogels and wound healing assay

To assess the biocompatibility of the hydrogels, hydrogel samples
from each group were prepared as described above and after
sterilisation with UV light, were immersed in DMEM (containing
10% FBS and 10 U mL ™" penicillin-streptomycin) for 24 h at 37 °C.
The resultant hydrogel extracts were filtered (0.22 pm) to remove
biological contaminants. Cell viability was then observed using
a live/dead cytotoxicity kit, staining with calcein AM and ethidium
homodimer-1 bromelain dimer on days 1, 3, and 5, and imaged
with a fluorescence microscope. For further quantitative analyses,
the proliferation of adipose-derived stem cells (ADSCs) was
assessed using the CCK-8 method. Briefly, ADSCs were inoculated
into 96-well plates and incubated (37 °C, 5% CO,, 24 h) to obtain
a monolayer of cells. In a subsequent incubation step, the growth
medium was replaced with the hydrogel extracts. The extracts were
removed from the culture on days 1, 3 and 5, CCK-8 reagent was
added, and cell proliferation was calculated by measuring the
solution’s absorbance at 450 nm using a microplate reader.

For the cell scratch experiments, L929 fibroblasts were
seeded into 6-well plates and cultured. Once the cell fusion was
complete, the tip of a 200 pL pipette was used to scratch the
cells perpendicular to the bottom of the wells. Subsequently,
100 pL of hydrogel precursor solution and serum-free medium
were mixed and added to the wells, followed by incubation (37 ©
C, 5% CO,) for 12 and 24 h. Thereafter, the cells were photo-
graphed with use of a microscope. The migration area was
calculated using Image]J (version 1.52) software.

Migration rate = (Wo 1, — W, 1)/ Wy 1) x 100% (4)

10906 | RSC Adv, 2023, 13, 10903-10913
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Wo n is the initial area before cell migration, and W, , is the
blank area counted at the given time point. All tests were
repeated three times.

In vitro tissue adhesion properties: lap-shear test

The lap shear test was performed based on the standard test
method for determining the strength properties of tissue
adhesives in lap-shear by tension loading (according to ASTM
F2255-05). Briefly, fresh porcine bladders were cut into 12.5 mm
x 35 mm rectangles and immersed in PBS. Hydrogel precursor
solution (250 pL) was injected onto the moistened porcine
bladder rectangles, and gelatine-coated slides were placed onto
the hydrogel with an overlap area of 12.5 mm x 20 mm. The
overlap area was exposed to UV light for 90 s and left at room
temperature for 15 min before performing the lap-shear test at
a stretch rate of 60 mm min". The adhesion properties of the
hydrogels were evaluated based on their maximum shear
strength at the separation point.

In vitro tissue adhesion properties: wound closure test

Fresh porcine bladder tissue was used as the biological tissue to
measure the wound closure adhesion strength of the hydrogels.
Moistened porcine bladder tissue (20 mm x 50 mm) was sliced
in the centre to simulate a damaged wound. Subsequently,
hydrogel precursor solution (150 pL) was injected into the
middle of the cut. The left and right adhesion areas were
equivalent to one another, and the bonding area was 4 x 20
mm. After irradiating the gel with UV light and leaving it at 25 °©
C for 15 min, the two pieces of tissue were pulled apart in the
shear direction at a rate of 60 mm min~" until the hydrogel
completely peeled off. The wound closure adhesion strength
was calculated using the following formula:

Wound closure adhesion strength = 2F/S (5)

F is the maximum stress, and S is the adhesive area of the
hydrogel.

In vitro burst pressure test

A model burst device was designed based on the standard test
method for wound closure strength of surgical tissue adhesives
and sealants (ASTM F2458-05), and 3D printed from metal.
Fresh bladder tissue was cut into circular slices, fixed to the
measurement device, and a circular defect (diameter = 2 mm)
was created in the centre of the tissue using surgical scissors.
Hydrogel precursor solution (50 pL) was injected into the
circular defect and exposed to UV light for crosslinking. Finally,
the test gas was perfused into the bladder at a constant rate, and
the burst pressure was recorded using a pressure transducer.
Burst pressure was the peak pressure just before the pressure
drop.

In vitro organ sealing test

First, a rupture incision (diameter = 3 mm) in the isolated
porcine bladder was made using surgical scissors, and then
hydrogel precursor solution (100 pL) was injected into the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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incision and sealed with a UV light source used to induce
crosslinking. Pure water was injected into the bladder to
observe the hydrogel's sealing effect. Subsequently, test gas was
instilled into the bladder at a constant rate using a syringe
pump, and the rupture pressure values were recorded using
a pressure transducer. The porcine tissues used in all of the
above ex vivo experiments were collected from discarded
animals in slaughterhouses.

Statistical analyses

All numerical results were expressed as the mean + standard
deviation, and all experiments were repeated at least three
times. One-way analysis of variance was performed using SPSS
(version 26.0) software, followed by multiple comparison tests.
P < 0.05 was considered at be statistically significant (*P < 0.05,
**p < 0,01, ¥**P < 0.001, and ****P < 0.0001).

Results and discussion
Synthesis and characterisation of hydrogels

To prepare composite hydrogel samples with injectable and
bioadhesive properties, GelMA was synthesised using type A
gelatine derived from pig skin and MA. FTIR and "H NMR were
used to confirm the modification reaction of gelatine with MA.

The FTIR spectrum of GelMA (Fig. S1A¥) contained peaks at
1628 (amide I), 1538 (amide II), and 1480 cm ' (amide III),
attributable to the C=0 bond stretching vibrations, N-H bond
bending vibrations, and in-plane bending vibrations of C-N and
N-H bonds in the chemical structure, respectively.>® The posi-
tion of the amide peak remained unchanged after MA modifi-
cation, but the peak intensity in the amide I region increased,
attributable to the stress vibration of the methacrylate group's
C=C bond.”” The twin peaks of GelMA, which were caused by
the alkenyl double bond (C=C) of the methacrylate groups
conjugated to gelatine, could be clearly observed at 5.43 and
5.67 ppm of the 'H-NMR spectrum (Fig. S1Bt). The results
indicated that GeIMA had been successfully synthesised, and
a double bond had been introduced.

The synthesised SilMA was similarly verified using FTIR and
'"H NMR (Fig. S2A and B,T respectively). The FTIR spectrum
contained peaks at 1642 (amide I), 1511 (amide II), and
1232 cm™' (amide III) for the silk fibroin and SilMA. The
stretching of CHOH in the alcohol group, after opening of the
epoxy group of GMA, resulted in a weaker peak at 1293 cm™ . In
contrast, the small changes at 950 and 1112 cm ™" are attribut-
able to CH,, vibration and stretching of the methacrylate vinyl
groups, respectively.”® In comparison with the 'H NMR spec-
trum of the silk fibroin, the "H NMR spectrum of SilMA showed
the distinctive resonance of the methacrylate vinyl group at 6.13
and 5.69 ppm as well as the methyl group of GMA at 1.89 ppm
were observed in. In summary, the outcomes demonstrate that
GMA successfully modified the vinyl on silk fibroin molecules.

SEM analyses

The freeze-dried GF hydrogel was formed into a hard block, and
SEM showed the microstructure to have dense stacking without

© 2023 The Author(s). Published by the Royal Society of Chemistry
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much pore structure, which may be related to the hydrophobic
region in the F127DA molecule that hinders the creation of ice
crystals during the freeze-drying and is not conducive to the
formation of pore structures (Fig. 1A). The internal pore diam-
eters of GS and GSF hydrogels were in the range of 28.04-256.57
and 47.43-307.54 pm, respectively (Fig. S3T). The pore structure
provides a channel for the exchange of oxygen, carbon dioxide,
and nutrients and provides a suitable microenvironment for
cell adhesion, proliferation, differentiation and tissue
remodeling.*

Swelling ratio and degradation tests

The swelling and degradation of hydrogels can directly affect
tissue repair and regeneration processes. A highly swollen
hydrogel form (after water absorption) could cause exertion of
stress at the tissue-hydrogel interface, which may result in
delamination and peeling off of the adherent gel.**** The
constant urine-induced swelling of the bladder creates a chal-
lenge in terms of an injured bladder (which has compromised
mechanical properties) and also in terms of the optimal func-
tioning of bioscaffolds that are in clinical use for bladder
repair.®* The swelling ratio test results showed that the GS, GF,
and GSF hydrogels reached basic swelling equilibrium after 4 h
(Fig. 1B). The equilibrium swelling ratio of the GSF hydrogel
(287%) was much lower than that of the other two hydrogels,
which may be related to the higher crosslinking density of its
hydrogel network structure (Fig. 1C). Therefore, the GSF
hydrogel with its low swelling ratio exhibited better shape
retention and was more suitable for repair and regeneration
after bladder injury.

Suitable degradation properties provide sufficient space for
cell migration and proliferation and a sufficient area for new
tissue growth.*® In the current study, we performed an in vitro
enzymatic degradation assay using type II collagenase. All
hydrogels exhibited biodegradation over time; however, the GS
hydrogel had the fastest degradation rate and was completely
degraded at 36 h. The degradation rate of the GSF hydrogel was
the slowest, with 22.3% of the hydrogel remaining undegraded
at 48 h (Fig. 1D and E). From the results, the fully naturally
derived hydrogels degraded the fastest in the presence of
collagenase, whilst the degradation rate of hydrogels intro-
duced with nanomicelles was relatively slow. An appropriate
degradation rate needs to match the rate of tissue regeneration
in an organism. The composite hydrogels exhibited tuneable
biodegradability, and the optimal degradation rate needs to be
verified by subsequent animal studies.

Rheological properties

Rheological tests were performed on each of the three hydrogels
groups to investigate their injectability and viscoelastic prop-
erties. Shear thinning is a characteristic parameter in deter-
mining injectability.***> Fig. 1F shows that the hydrogel
precursor fluids demonstrate fluid-like flow and also shear-
thinning characteristics under a shear force. This indicates
that all three groups of hydrogel precursors can be injected into

RSC Adv, 2023, 13, 10903-10913 | 10907
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Fig.1 Correlation characterisation of the GS, GF, and GSF hydrogels: (A) SEM images and partially enlarged SEM images of hydrogel morphology,
(B) time-dependent swelling curve of hydrogels in PBS (pH = 7.4) at 37 °C, (C) swelling rate of hydrogels after 4 h incubation, (D) time-dependent
degradation curve of hydrogels in PBS containing type Il collagenase at 37 °C, (E) degradation rate of hydrogels after 48 hours incubation, (F)
variation curve of viscosity of hydrogel with shear rate at 37 °C, (G) variation curve of viscoelasticity of hydrogel with frequency at 37 °C and

constant strain of%.

arbitrarily shaped defect sites to provide effective adhesion for
non-flat complex-geometry wounds.

Viscoelasticity is a universal characteristic of many tissues
and extracellular matrices and affects the function and behav-
iour of cells during regeneration;** the bladder itself has
viscoelastic characteristics.>® As shown by the oscillatory
frequency scan test (Fig. 1G), the energy storage modulus G’ was
higher than the energy loss modulus G” for all of the hydrogels,

10908 | RSC Adv, 2023, 13, 10903-10913

in a certain frequency scan range, exhibiting solid-like charac-
teristics and forming a stable network structure. Among them,
the GSF hydrogel had the highest G, indicating that it had
relatively stronger mechanical properties.

Mechanical properties

The bladder has mechanical properties (i.e. basic stiffness and
flexibility) and stability, allowing it to resist the mechanical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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energy loss of the 5th cycle of hydrogels.

forces and frequent deformations to which it is subjected.*” The
composite hydrogel material therefore also needs to have good
tensile properties to meet the cyclic urinary storage and voiding
requirements of the bladder. In this study, tensile tests were
performed on the hydrogels. The strain-stress curves in Fig. 2A
show that the incorporation of both SiIlMA and F127DA
improved the brittleness of GelMA. Tensile strains of 139.7 and
147.6% just prior to the breaking point were achieved for the GS
and GF hydrogels, respectively (Fig. 2B). The inter-penetrating
network and dissipative units significantly increased the
tensile strength from 21.4 kPa to 78.7 kPa while imparting the
corresponding tensile strain (126.3%) (Fig. 2D).

The Young's modulus of the GS and GF hydrogels were 15
and 29 kPa, respectively. The Young's modulus of the GSF
hydrogel reached 56.9 kPa due to the increase in crosslinked
network density (Fig. 2C). In addition, the toughness of the GS,
GF, and GSF hydrogels was 15.01, 32.25, and 45.67 k] m?,
respectively (Fig. 2E). These experimental results were superior
to those of hydrogel materials previously used in bladder tissue
engineering studies.*®* It was also demonstrated that the
addition of SiIMA and F127DA micelles at appropriate concen-
trations imparted excellent tensile strength and toughness to
the hydrogels.

It is well known that bladder position changes with body
posture. When faced with unexpected situations, such as
impact, the bladder, as a load-bearing soft tissue, needs to resist
the pressure exerted by the surrounding tissues to ensure the
organ does not rupture.** From the stress-strain curves of
compression test (Fig. 2F), it is evident that the introduced
F127DA nanomicellar network is key to enhancing compressive
resistance. During compression at the set maximum strain,
both the GF and GSF hydrogels showed no rupture damage. In
contrast, the GS hydrogel commonly ruptured when the
compressive strain reached approximately 86%. At an 80%

© 2023 The Author(s). Published by the Royal Society of Chemistry

compressive strain, the GSF hydrogel exhibited the highest
compressive strength (Fig. 2G). Compared with the other two
hydrogels, the compressive modulus of GSF hydrogels
increased from 37.6 to 127.1 kPa (Fig. 2H). The above results
indicate that these crosslinking networks, including inter-
micellar crosslinking, inter-micellar shell crosslinking, intra-
micellar crosslinking, and covalent crosslinking, synergisti-
cally enhance the hydrogel's compressive properties. The
hydrogels exhibited improved strength while maintaining their
initial flexibility. Subsequently, cyclic compression loading-
unloading tests were performed. Owing to the reversible
nature of the hydrophobic association, the recovered hydrogel
showed a stress-strain curve similar to that of the original
hydrogel during five loading-unloading cycles with 70% strain
applied (Fig. 2I). This proves that the structure can be recovered
after conformational deformation. In other words, the
composite hydrogel exhibited excellent fatigue resistance and
self-recovery (Fig. 2]).

Biocompatibility of the hydrogels and wound healing assay

Cell survival and proliferation are essential for tissue repair and
regeneration. To assess the biocompatibility of the hydrogels,
live/dead cell staining and CCK-8 assays were used to investigate
the effect of the hydrogels on cell viability and proliferation of
ADSCs. Fig. 3A shows the fluorescence images of live and dead
cells cultured in the hydrogel medium for 1, 3, and 5 days, for
each of the three hydrogel groups. Compared with the control
group, the addition of SilMA to GelMA had no effect on cell
viability and indeed displayed cell growth-promoting effect.
Although F127DA is an FDA-approved nanomaterial with good
bio-descriptive properties, the results showed that it had a slight
inhibitory effect on cell proliferation; therefore, cell prolifera-
tion in the GF and GSF hydrogels was slightly lower than that in
the GS hydrogel. The subsequent CCK-8 test also showed that
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the hydrogels of all three groups promoted cell proliferation
(Fig. 3B), and the cell viability was maintained above 80%
within 5 days (Fig. 3C). According to the ISO 10993-5:2009 test
for biological evaluation of medical devices, the relative value-
added rate of biomedical materials to cells should be not less
than 70%, which means that the hydrogels of all three groups
have good biocompatibility and hence can provide a favourable
growth microenvironment for cells.

In addition, cell scratching experiments were performed
with a co-mix of hydrogel precursor solution and serum-free
medium to assess the potential facilitation of cell migration
by the hydrogels, using L929 fibroblasts. The results showed
that L929 fibroblasts migrated from the edge of the scratch
towards the blank area over time (Fig. 3D). Both the GS and GSF
hydrogels induced higher migration rates than the blank
control and the GF hydrogel, at both the 12 h and 24 h obser-
vation points, probably because the protein component of the
hydrogel recruited more cells (Fig. 3E). This could enhance the
integrated regeneration between scaffold materials and tissues
in vivo.
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In vitro tissue adhesion properties: lap-shear test

Adhesive properties of hydrogels are necessary for the repair of
tissue breakage. As shown in Fig. S3,f hydrogels can bind to
major organs, including the liver, lung, and kidney, without
gravity-induced dislodgment. Lap-shear tests were performed
on the hydrogels of all three groups using lengths of bladder
tissue, in order to confirm their potential ability for use during
repair of broken bladder tissue (Fig. 4A-D). The contact surface
was a gelatine-coated slide, which may not sufficiently repro-
duce adhesion in real scenarios. However, the final results
showed that the hydrogels nonetheless exhibited adhesion
properties equal to or better than that of commercially available
fibrin glue sealant.*

In vitro tissue adhesion properties: wound closure test

Fig. 4E shows a schematic of the in vitro wound closure test,
which involves a tensile test that is performed after injection of
hydrogel into the middle region of a long strip of torn bladder
tissue. The wound-closure force versus displacement curve is
shown in Fig. 4G. Adhesion failure occurs when the hydrogel
detaches from bladder tissue. The closure strength was calcu-
lated based on maximum stress and the adhesive area of the
hydrogel. The results in Fig. 4H show that the closure strengths
of the GS and GF hydrogels were similar at 15.32 and 16.08 kPa,
respectively. The closure strength of the GSF hydrogel increased
to 31.42 kPa, which was approximately 95% higher than that of
the other two groups. The strength of adhesion properties is
determined by the surface adhesion and strong cohesion. The
former ensures the stability of the binding interface and
prevents peeling. The latter can maintain the structural stability
of the hydrogel and resist fracture when large displacements are
encountered.*”” On the one hand, the strong adhesion properties
of the GSF hydrogel are attributed to the covalent cross-linking
network and the energy dissipation mechanism provided by
F127DA. They both toughen the hydrogel in terms of its
mechanical properties to achieve a higher cohesive strength. On
the other hand, the hydrogen bonds generated between GelMA
and the surface of amine-rich biological tissues, as well as the
covalent bonding of amine-MA and thiol-MA groups.** The
unusual amino acid sequence, conformational transition from
arandom curl to a B-sheet and the intermolecular van der Waals
forces in the SilMA structure also enhanced adhesion.*® Finally,
the hydrogen bonds that the free PEO segment in F127DA can
form with protein-rich substrates, and the hydrophobic inter-
actions provided by the PPO segment with the cell membrane,
promote the adhesion properties of the hydrogel.**

In vitro burst pressure test

Hydrogels that bind tightly to tissues can complement or even
replace sutures and staples. The burst pressure is a key metric
for assessing the sealing properties of hydrogels for bladder
repair. To quantify the bursting pressure, we designed and built
a test device (Fig. 5A) using 3D printed metal, with reference to
the standard test method for wound closure strength of tissue
adhesives and sealants (ASTM F2458-05). A rupture notch was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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created in circular-shaped bladder tissue, whereafter hydrogel
precursor solution was injected into the notch and photo-
crosslinked. When the sealed hydrogel was damaged or
peeled away the pressure dropped rapidly. With use of a pres-
sure transducer, the burst pressure was recorded as 20.98, 21.24
and 32.23 kPa for the GS, GF, and GSF hydrogels, respectively
(Fig. 5C). The GSF hydrogel, which can maintain a high inter-
facial bond strength, was not susceptible to overall fracture
under peeling pressure. The results of this test are consistent
with the results of the tensile stress, fracture toughness, and
shear adhesion tests, which further verifies that the hydrogels’
adhesion performance depends not only on the interfacial
adhesion between the hydrogel and the tissue, but also on the
cohesion of the hydrogel itself.*®

In vitro organ sealing test

The sealing performance of the composite hydrogels was veri-
fied using isolated fresh porcine bladders to simulate the repair
of a broken bladder in a realistic scenario. First, we created
a breach notch using surgical scissors (Fig. 5Da-c), and
confirmed the sealing properties of the applied hydrogels by
instilling deionised water onto the test bladder (Fig. 5Dd-f). The
composite hydrogels adhered to the bladder tissue under moist
conditions as well as under various dynamic positions (vertical,
inverted, and non-planar) where they resisted the effects of
gravity. Subsequently, quantification of effective sealing was
performed by filling the bladder with test gas. The results
(Fig. 5E) show that the composite hydrogels influenced the
maximum pressure that the sealed bladders could withstand.
The burst pressure for the GS hydrogel was relatively low (~3.77
kPa), whereas the addition of F127DA increased its burst pres-
sure by ~5.1 kPa, and the addition of SiIMA and F127DA further
enhanced the burst pressure value by ~6.5 kPa. It has been
reported in the literature that the bladder's location has a rela-
tively stable, low-pressure range of 0-4 kPa.*® Therefore, the GF
and GSF hydrogels have suitable structural stability and can
fully withstand pressure variations within a clinically-
acceptable range.

Conclusion

In this study, we successfully prepared a composite hydrogel
(GSF hydrogel), consisting of methacrylate gelatine (GelMA),
methacrylated silk fibroin (SilMA), and Pluronic F127 diacrylate
(PEOg9—PPO45-PEOg,) (F127DA). The hydrogel has injectability
as well as mechanical and bioadhesive properties that are
suitable for its clinical use, based on the dynamic organ of the
bladder. The hydrogel has a network structure in which GelMA
and SilMA are covalently crosslinked, and F127DA is physically
connected between and within the micelles. This enhances the
tensile-, compressive-, toughness-, and fatigue-resistant prop-
erties of the GSF hydrogel, providing effective structural support
for the bladder organ during cyclic changes or large stress-
strain encounters. During in vitro testing with a porcine bladder
organ model, the composite hydrogel could rapidly adhere to
and close slits or breaks in the bladder tissue. Chemical
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modification of the injector-applied hydrogel precursor via
photo-initiation imparts crosslinking properties to the hydro-
gel, which combines with the hydrogel's covalent, hydrogen,
and hydrophobic bonding interactions with biological tissues.
In addition, the GSF hydrogel exhibited low swelling rate, good
biodegradability, and excellent biocompatibility. Therefore, the
prepared composite GSF hydrogel provides a new option for
scaffold materials in the field of bladder tissue engineering and
holds great potential for application in the sutureless repair and
regeneration of an injured bladder.
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