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The tympanic membrane (TM) is constantly in a state of vibrating. However, there is currently a lack of drug-
delivery scaffolds suitable for the dynamic environment of TM perforation. In this study, a mechano-
responsive tough hydrogel was developed. It consists of basic fibroblast growth factor (bFGF)-loaded sodium

Hydrogels . alginate (SA) microspheres, polysulfobetaine methacrylate (polySBMA), and gelatin methacrylate (GelMA). This
Mechano-responsive release . . . L ..
Vibration hydrogel was designed to serve as a TM scaffold to promote perforation healing under dynamic conditions. bFGF

was encapsulated in SA microspheres, which were then incorporated into polySBMA-GelMA hydrogels through
photo-initiated free radical polymerization. The mechanical properties, tissue adhesiveness, swelling properties,
and degradation of the hydrogels were evaluated before and after microsphere incorporation. It was observed
that incorporating bFGF-loaded SA microspheres did not significantly impact the adhesion and degradation
mechanisms of the hydrogel. The compressive strength and tensile strength of the microsphere-incorporated
hydrogel were up to 6.6 MPa and 64.1 kPa, respectively, suitable for a TM scaffold. The release behavior of
bFGF from the hydrogel could be controlled by vibration stimulation without significantly affecting the
hydrogel’s mechanical properties, indicating a mechano-responsive nature of the hydrogel. The in vitro cyto-
toxicity assay demonstrated that the hydrogels showed no cytotoxic effects. Moreover, cell culture assays
demonstrated that vibration stimulation could enhance the release of bFGF, significantly promoting cell pro-
liferation and migration. The results demonstrate the significant potential of the mechano-responsive hydrogel as
a scaffold for repairing TM perforations.

1. Introduction

Tympanic membrane (TM) perforation is a widespread clinical
challenge [1,2]. In specific groups such as Indigenous Australians, the
reported prevalence has been as high as 28-43 % [3]. If the acute
perforation is not promptly closed, it will progress to chronic perforation
[4,5], which can lead to recurrent episodes of otitis media, hearing loss,
and severe headaches [6]. The acute TM perforation can heal sponta-
neously within 6-8 weeks. However, the chronic TM perforation needs
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to be repaired through surgery to improve hearing and reduce the fre-
quency of otitis media. Myringoplasty is a common therapeutic pro-
cedure where autogenous materials such as temporal muscle fascia,
tragus cartilage, fat, and perichondrium act as scaffolds for regenerating
TM tissue [7,8]. However, this treatment is usually limited by the
shortage of available tissues, multiple postoperative complications, and
high operating costs. It is an urgent challenge to explore artificial ma-
terials due to the advancement of ear endoscopy technology and the
increasing need for minimally invasive surgery for both doctors and
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Fig. 1. Schematic illustration of (a) the process of preparing SGxM hydrogels and the mechano-responsive release of drugs upon hydrogel deformation, and (b) the

application of mechano-responsive hydrogel for the treatment of TM perforation.

patients.

Basic fibroblast growth factor (bFGF) has been demonstrated to
facilitate the regeneration of TM through various mechanisms [3,4,9],
including promoting the proliferation and migration of epithelial cells
and fibroblasts [10]. Additionally, bFGF possesses vasodilatory proper-
ties, which are conducive to increasing local blood flow and promoting
the healing of TM perforation [11]. More importantly, it exhibits pre-
ventive and restorative effects on hearing damage [10]. However, the
application of bFGF in TM perforation is constrained by its short
half-life, poor stability [12], and high dosage inhibiting collagen depo-
sition [13]. To overcome these limitations, it is imperative to develop a
material capable of encapsulating bFGF for precise delivery and
controlled release. This will prolong the action time of growth factors in
treating TM perforation.

It has been reported that moist perforation margins aid in regener-
ating TM perforation [14]. Hydrogels are water-swollen networks that
mimic the natural tissue environment and have shown promise in TM
regeneration by offering structural support at the defect site [15,16],
extending drug retention time at the perforation site [17], and regu-
lating drug release at the administration site [18]. For instance, Wang
et al. [15] developed a composite hydrogel of methacryloyl hyaluronic
acid/methacryloyl gelatin (GelMA), and extracellular cartilage matrix.
This hydrogel could promote TM perforation healing within a week and
complete TM repair within 2 months without affecting its function.
Chitosan/lactic acid/fibrinogen injectable hydrogel loaded with growth
factors significantly improved TM perforation healing rates [17].
However, most studies on TM perforation have focused on treatment in
static environments. In the real scenario, TM detects various frequencies
of sound. Under the action of sound waves and sound pressure, it could
deform and convert sound waves into vibrations. Under dynamic envi-
ronments, most conventional hydrogels struggle to maintain their

mechanical strength, and functional stability, and fail to adhere tightly
to tissues. This limitation could impede or prolong the wound healing
process, potentially resulting in chronic otorrhea, hearing loss, and
increased susceptibility to infections. Considering the dynamic me-
chanical environment inherent to the TM, it is hypothesized that
developing a hydrogel capable of releasing growth factors in response to
mechanical stimulation, while also demonstrating tissue adhesion and
excellent biocompatibility, will provide a novel therapeutic strategy for
the clinical management of TM perforation. Currently, various
mechano-responsive hydrogels that adjust their properties in response to
external mechanical stimuli have been developed. Our group used
Pluronic F127 diacrylate micelles loaded with hydrophobic antibacterial
drugs as a macro-crosslinker to create polysulfobetaine methacrylate
(polySBMA) hydrogel. This approach enabled mechanically responsive
drug release, promoting the healing of acute skin wounds in areas sus-
ceptible to body movement [19]. The wearable drug delivery device
developed by Di et al. [20] utilized polylactic acid-glycolic acid particles
for loading adriamycin and encapsulated them in alginate microgel. The
drug release was effectively stimulated by tensile strain. Despite the
achievements in mechano-responsive drug delivery systems, there is still
a lack of research on using such hydrogels for precise control of drug
release in TM perforation repair.

Alginate is a widely used carrier for growth factors because of its
unique characteristics such as biocompatibility, biodegradability, non-
immunogenicity, pH sensitiveness, and mucoadhesiveness [21-23]. In
addition, alginate could form microspheres or hydrogel in the presence
of divalent cations, such as Ca>", which minimize the risk of peptide/-
protein denaturation during the formulation process [24,25]. The
alginate-based systems could also protect peptides and proteins from
degradation until their release. Sodium alginate (SA) microspheres have
been widely used for encapsulation of bFGF [26-28]. However, SA
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microspheres face several challenges, including poor mechanical
strength, adhesion issues, and inaccurate or sudden drug release.
Introducing an outer hydrogel matrix can effectively compensate for the
above shortcomings. Zwitterionic polymers, such as polySBMA, exhibit
excellent tissue adhesion and mechanical properties [19]. Moreover,
polySBMA is a preferred material for protein drug delivery systems due
to its high biocompatibility and non-immunogenicity [29]. PolySBMA
hydrogels have been reported to promote acute wound regeneration by
enhancing angiogenesis, reducing inflammation response, and modu-
lating macrophage polarization [30,31]. However, polySBMA-based
hydrogels often face the challenge of substantial swelling and limited
bioactivity [32]. As the hydrolysis product of collagen, gelatin contains
arginine-glycine-aspartic acid sequences for cell attachment and the
target sequences of matrix metalloproteinase for cell remodeling [33]. In
addition, the introduction of methacryloyl substituent groups makes
gelatin photo-crosslinkable [33-35]. Incorporating GelMA can enhance
the mechanical properties, bioactivity, and tissue affinity of the
hydrogels.

The present study developed a tough hydrogel using bFGF-loaded SA
microspheres, polySBMA, and GelMA (Fig. 1). This hydrogel was
designed to deliver bFGF in response to mechanical stimuli, aiming to
address the challenge of TM perforation healing within a dynamic me-
chanical environment. The alginate microspheres were used as drug
carriers, and the zwitterionic polySBMA hydrogels possess tissue adhe-
sion, while the incorporation of GelMA as biocompatible crosslinkers
enhances their mechanical properties and improves the biocompatibility
of the hydrogel. The release of drugs from the hydrogel can be controlled
by stimulating the vibration of the eardrum. The study investigated and
optimized the mechanical properties, tissue adhesion properties, cyto-
toxicity, cell proliferation, migration properties, and most importantly,
the drug release profile of the hydrogel under vibration stimulation.

2. Materials and Methods
2.1. Materials

Sodium alginate (SA, viscosity 200 + 20 mPa s), calcium chloride,
[2-(methacryloxy)ethyl]dimethyl-(3-sulfonate propyl)ammonium hy-
droxide (SBMA, 97 %), gelatin, and methacrylic anhydride were pur-
chased from Aladdin Chemistry (Shanghai, China). Polyethylene glycol
dimethacrylate (PEGDMA, Mn = 600 Da) and fluorescein isothiocyanate
(FITC) were purchased from Macklin Biochemical (Shanghai, China). 2-
Hydroxy-4’-(2-hydroxyethyl)-2-methylphenylacetone (Irgacure 2959)
was purchased from Energy Chemical (Anhui, China). bFGF was pur-
chased from Beyotime Biotechnology in Shanghai, China. 5-Chlorome-
thylfluorescein diacetate (Green CMFDA) was purchased from
MedChemExpress (United States). Rat skin fibroblasts (RS1) were pur-
chased from BeNa Culture Collection (BNCC) in Henan, China. The
human immortalized epidermal cell line (HaCaT) was purchased from
the China Center for Type Culture Collection (CCTCC) in Wuhan, China.
Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from
iCell Bioscience in Shanghai, China.

2.2. Preparation of SA microspheres

SA microspheres were fabricated using the electrostatic droplet
generation technology [36]. In brief, SA was dissolved in deionized
water to obtain a solution with appropriate concentrations (1-2 wt%). A
10 mL standard syringe with a blunted 22-gauge needle was mounted
10 cm above the coagulation solution containing 3 wt% CaClsy, and the
flow rate of the injection solution was controlled to a certain flow rate
using a syringe pump (LSPO1-1A, Ditron-tech, China). A positive po-
tential was applied to the upper electrode against the plate electrode
using a high voltage supply (DW-P303-1ACH2, Dongwen, China).
Aqueous alginate solution was dropped into the CaCly bath to form
microspheres by rapid diffusion of calcium ions into the alginate droplet.
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The microspheres were hardened for 20 min, and then washed thrice
with deionized water. The morphology of the microspheres was
observed using polarized microscopy (PM, CX40P, SOPTOP, China), or
scanning electron microscopy (SEM, regulus 8230, Hitachi, Japan) after
a gradient dehydration process.

Ten milliliters of SA solution was used to dissolve 20 pL of 0.1 mg/mL
bFGF or FITC-bFGF (details of the synthesis procedure are given in
Supporting Information), and the mixture was stirred overnight at room
temperature. The drug-loaded SA microspheres were prepared in the
same manner as described above. The morphology of the microspheres
was observed using a polarized microscope, an inverted fluorescence
microscope (ECLIPSE Ts2R, Nikon, Japan), or an SEM after a gradient
dehydration process. To determine the loading efficiency (LE) of bFGF,
22 mg of microspheres (obtained from 1 mL SA-bFGF solution) were
dissolved in 1 mL of 3 wt% sodium citrate solution at room temperature
for 24 h, centrifugated at 10,000 rpm for 10 min, and the concentration
of the released bFGF in the supernatant solution (Ct, in pg/mL) was
quantified using an ELISA kit (Cusabio, China) as per the manufacturer’s
instruction. The LE was calculated following Equation (1):

Ct
LE(%) =03 100% @

2.3. Hydrogel preparation

A specific quantity of GelMA (the synthesis procedure is detailed in
the Supporting Information) was added to 2 mL of SBMA solution (1.4 g/
mL) and then combined with PEGDMA (2.8 mg, 0.14 wt%) and Irgacure
2959 (15 mg, 0.75 wt%). After thoroughly mixing, the precursor solu-
tion was injected into a glass mold and exposed to an ultraviolet light
source at a wavelength of 365 nm for 10 min. This process resulted in the
formation of the hydrogel, denoted as SGx, where S stands for SBMA, G
stands for GelMA, and x represents the ratio of GeIMA mass to SBMA
solution volume (m/v). The chemical structure of SGyx hydrogel was
analyzed using a Fourier transform infrared spectrometer (FTIR, Nicolet
iS50, Thermo Fisher, United States).

For the preparation of microsphere-incorporated hydrogels, a spe-
cific amount of SA microspheres (with or without bFGF) was added to
the SBMA/GelMA prepolymer solution, and the microspheres were
continuously agitated until they achieved uniform dispersion within the
precursor. The hydrogel was prepared in the same manner as described
above and denoted as SGxMy, where S refers to SBMA, G refers to GelMA,
x refers to the ratio of GelMA mass to SBMA solution volume (m/v), M
refers to the SA microspheres, and y refers to the ratio of SA micro-
spheres mass to SBMA/GelMA prepolymer solution volume (m/v). The
dispersion of the microspheres in the hydrogel with or without
compression or stretching was observed using an inverted fluorescence
microscope.

2.4. Mechanical properties

Hydrogels were cut into 40 mm x 2 mm x 2 mm sizes, and their
tensile properties were tested using a universal testing machine (CMT-
1104, SUST, China) at a crosshead speed of 20 mm/min until reaching
the breaking point. For the compression test, hydrogel samples were cut
into discs of 12 mm in diameter and 5 mm in thickness. They were then
compressed at a crosshead speed of 10 % strain per minute at room
temperature using the universal testing machine.

2.5. Tissue adhesion properties

The adhesive strength of the hydrogels on rabbit fascia tissue was
evaluated using the lap-shear method (Fig. S1). Prior to testing, fresh
rabbit fascia tissue was thoroughly rinsed with deionized water to
remove any dirt, and then wrapped around a titanium sheet measuring
30 mm x 10 mm x 0.5 mm. The hydrogel was cut into a 10 mm x 10
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mm x 1 mm piece and sandwiched between two pieces of the fascia-
wrapped titanium sheet. A 100 g weight was placed on top of the
hydrogel-fascia assembly for 1 h before the testing. The two ends of the
assembly were secured on a universal testing machine using clamps, and
the assembly was subjected to a shear rate of 10 mm/min until it reached
the breaking point. The force-displacement curves of each sample were
recorded. The adhesive strength was calculated by dividing the
measured maximum adhesive force by the contact area of the sample
(1.0 cmz).

2.6. Swelling properties and degradation

For the swelling experiments, the hydrogel was cut into discs with a
diameter of 12 mm and a thickness of 5 mm. The discs were then
immersed in 5 mL of phosphate-buffered saline (PBS, 10 mM, pH 7.2 +
0.2) at room temperature. At the predetermined time point, water on the
surface of the hydrogel was removed using filter paper, and the samples
were weighed. The swelling rate (Q) of each sample was calculated using
Equation (2):

~Wa-W,
W

1

0 x 100% @

where W; and Wy, are the weight (in gram) of hydrogel samples before
and after swelling, respectively.

For the degradation tests, hydrogel samples with a diameter of 12
mm and a thickness of 5 mm were immersed in 5 mL of PBS (10 mM, pH
7.2 £ 0.2) or 3 U/mL of collagenase at 37 °C with or without vibrations
at frequency of 100 Hz, 500 Hz, 1000 Hz, or 2000 Hz. At the pre-
determined time point, water on the hydrogel surface was removed
using filter paper, and the samples were weighed. The percentage of
weight remaining (WR) of the hydrogel was calculated using Equation
3):

W
WR:Wb

x 100% 3

a

where W, and W, are the weight (in gram) of hydrogel samples before
and after the degradation test, respectively.

2.7. Drug release from hydrogels

Hydrogels were cut into discs with a diameter of 19 mm and a
thickness of 5 mm. Subsequently, the hydrogel was covered with a rabbit
fascia and placed on a vertical vibration tester (MP-3000E2, Kjinrili,
China) (Fig. S2a). Vibration was applied at a fixed frequency of 0, 100,
500, 1000, or 2000 Hz for 2 h, and then any fluorescence signal on the
rabbit fascia due to drug release was observed using an inverted fluo-
rescence microscope. In the context of the quantitative experiment, the
hydrogel was placed in 10 mL of PBS (10 mM, pH 7.2 + 0.2), with the
vibration frequency applied as described above for prolonged periods or
altered every 2 h (Fig. S2b). At each predetermined time point, 2 mL of
the sample solution containing the released drug was collected and
replaced with 2 mL of fresh PBS. The concentration of the released bFGF
was determined using an ELISA kit. The cumulative drug release from
the hydrogel under various vibration conditions was calculated by
summing the drug release over a specific period. In experiments con-
ducted to simulate sound stimulation, the hydrogel was placed on the
top of a playing radio (Fig. S2c), and the bFGF released was quantified as
described above.

2.8. In vitro cytotoxicity and cell proliferation assay

Rat skin fibroblasts (RS1), a human immortalized epidermal cell line
(HaCaT), and human umbilical vein endothelial cells (HUVEC) were
used to assess the cytotoxicity and the cytoproliferative effect of the
hydrogels. Briefly, a certain amount of SGy, SGs, and SGsMs hydrogels
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were incubated in 5 mL of appropriate culture medium (Dulbecco’s
Modified Eagle Medium (DMEM) for RS1, Minimum Essential Medium
(MEM) for HaCaT, and Endothelial Cell Medium (ECM) for HUVEC,
culture medium: fetal bovine serum (FBS): penicillin-streptomycin (100
x ) = 89:10:1) at 37 °C for 24 h to obtain the extract solution. In
addition, SGsMs hydrogel was extracted in the appropriate culture
medium under a vibration at a fixed frequency of 1000 Hz for 24 h under
the same condition and then filtered using a 0.22 pm sterile filter. RS1
cells and HaCaT cells were seeded at a density of 5 x 10* cells per well in
24-well plates, and incubated at 37 °C and 5 % CO». After cultured for
24 h, the medium was replaced with extract solution from each group.
Cells were cultured in the complete medium as the control group. Sub-
sequently, after incubation for another 24 h, the relative cell prolifera-
tion rate in each group was evaluated using the Cell Counting Kit-8
(CCK-8, Beyotime, China) assay.

For the proliferation assay, RS1 cells and HaCaT cells were seeded at
adensity of 1 x 10% and 3 x 10% cells per well, respectively (or 1.5 x 10*
and 5 x 10* cells per well, respectively, for the immunofluorescence
staining assay). HUVEC cells were seeded at a density of 5 x 10* cells per
well. The cells were maintained at 37 °C in a humidified atmosphere of
5 % COa. After being cultured for 8 h, the medium in each well was
removed (time point set as Day 0). Subsequently, the culture medium
was replaced with the extracts (1 mL, 50 mg/mL) and cultured for 5
days. The extracts were replaced every two days. Cells were cultured in
the complete medium as the control group. On Day 0 and then on Days 1,
3, and 5, the medium in each well was removed, and the cell viability
was evaluated using the CCK-8 assay. Immunofluorescence staining was
conducted on the cells after 1, 3, and 5 days of culture. The details of the
staining procedure can be found in the Supporting Information. Subse-
quently, the cells were examined using a confocal laser scanning mi-
croscope (CLSM, TCS SP8, Leica, Germany). The cell viability was
investigated by performing live/dead staining (Beyotime, China) on the
cells after 5 days of culture and observing them using a CLSM.

For two-dimensional culture of cells on hydrogel surface, hydrogel
(size of 10 mm in diameter and 2 mm in thickness) was placed in a 24-
well plate, and HaCaT cells were seeded on the hydrogel surface at a
density of 5 x 10* cells per well. The cells were incubated at 37 °C with
5% CO:z for 1, 3, and 5 days. The cell viability was investigated through
live/dead staining and subsequent observation under CLSM.

For three-dimensional culture of cells embedded in hydrogel, green
CMFDA-stained RS1 cells (details of the labeling procedure are provided
in Supporting Information) were dispersed homogeneously in
microspheres-hydrogel precursor solution at a concentration of 1.5 x
10* cells per mL. Subsequently, hydrogels were prepared as described
above and placed in 24-well plates. The cells were cultured as described
above, and the cell viability at 1, 3, and 5 days was evaluated using
CLSM.

2.9. Invitro cell migration assay

RS1 cells and HaCaT cells were seeded at a density of 5 x 10* and 8
x 10* cells per well, respectively, in 24-well plates. They were supple-
mented with the appropriate culture medium and then incubated at
37 °C with 5 % CO,. After 24 h, all the cells were observed under a
microscope. Once the cell fusion degree reached higher than 90 %, a
sterile 10 pL pipette tip was used to create a scratch on the cell layer. The
cells were washed with sterile PBS to ensure the removal of the detached
cells. Subsequently, 1 mL of extracts from different groups (obtained by
incubating 50 mg of hydrogels in 1 mL of the appropriate culture me-
dium (culture medium: FBS: penicillin-streptomycin (100 x ) = 97:2:1)
at 37 °C for 24 h) was added to the well. Fresh culture medium sup-
plemented with 2 % FBS was used as the control group. Cell migration
was observed and photographed under a microscope at the pre-
determined time points (0, 12, and 24 h). ImageJ software (Version
1.54d) was used to measure the width of the scratch. The cell migration
rate was calculated using Equation (4):
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Fig. 2. Preparation and characterization of microspheres. (a) Schematic illustration of the electrostatic droplet generation technique for microsphere preparation. (b)
Microscope images of SA microspheres prepared under various conditions. Hydrodynamic size of SA microspheres prepared (c) using different concentrations of SA
solution with a tip voltage of 20 kV and an injection rate of 3 mL/h, (d) under different tip voltages using 2 wt% SA solution with an injection rate of 3 mL/h, and (e)
with different injection rates using 2 wt% SA solution with a tip voltage of 20 kV. (f) PM and SEM images of bFGF-loaded SA microspheres prepared from 2 wt% SA
solution with a tip voltage of 20 kV and an injection rate of 3 mL/h, and (g) fluorescence image of FITC-bFGF-loaded SA microspheres prepared from 2 wt% SA
solution with a tip voltage of 20 kV and an injection rate of 3 mL/h.
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where Dy and Dy are the scratch width at 0 h and at the predetermined
time point, respectively.

In the hydrogel surface migration assay, hydrogel discs (10 mm in
diameter and 2 mm in thickness) were cut into halves and placed one
half in a 24-well plate. RS1 cells and HaCaT cells were seeded on the
hydrogel surface at a density of 5 x 10* and 8 x 10* cells per well,
respectively. The cells were cultured as described above for 48 h. Then,
the other half of the hydrogel was added, and the two pieces of hydrogel
were connected with each other, forming the original disc without any
interstitial gaps. The cells were further cultured for 24 h and observed
using CLSM after live/dead staining.

2.10. Statistical analysis

All results presented were averaged from at least three samples for
each group and reported as mean + standard deviation. One-way
analysis of variance (ANOVA) with Bonferroni post hoc test was
employed to determine the statistical significance between groups. A p-
value of less than 0.05 was considered statistically significant (*p <
0.05, **p < 0.01, ***p < 0.001).

3. Results and Discussion
3.1. Preparation of drug-loaded SA microspheres

Electrostatic droplet generation utilizes electrostatic forces to
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overcome the surface tension and viscosity of the liquid, transforming
large droplets into small, charged beads. The process is gentle on the
bioactive substance, enabling the production of microspheres with
spherical, monodisperse, and adjustable size [37-39]. Therefore, it was
used to prepare SA microspheres in this study (Fig. 2a). The size and
sphericity of the SA microsphere are critical for biomedical applications
[39]. Small beads are more resistant to shear and compression forces,
making them less likely to trigger an immune response. In addition, the
mechanical and chemical stability of SA microspheres has been reported
to increase with sphericity. Fractures and cracks can occur in
non-spherical and tear-shaped microspheres, leading to burst release of
encapsulants [40]. In this study, the size and sphericity of the micro-
spheres were adjusted by altering the concentration of the SA solution,
injection voltage, and injection rate (Fig. 2a).

Firstly, the injection voltage was fixed at 20 kV, and the injection rate
was 3 mL/h. As can be seen, the hydrodynamic diameter of the micro-
spheres gradually increased from 119.7 + 33.4 pm to 298.4 + 11.1 pm
as the SA concentration increased from 1 wt% to 2 wt% (Fig. 2b and c).
This increase is likely due to the higher solution viscosity hindering the
differentiation of the droplets, resulting in an enlargement of the
microsphere size [39]. Using SA solution with concentrations below 2 wt
% resulted in deformation of the microspheres (Fig. 2b and S3). The
viscous forces within the droplet help maintain its spherical shape, while
the surrounding solution exerts drag forces on the bead surface, poten-
tially disrupting the microspheres. Electrospray particles generated from
low concentrations of SA solutions are generally unable to withstand
drag forces and maintain their spherical shape upon collision with the
gelling solution surface [39,40]. Generally, SA microspheres with higher
sphericity exhibited greater stability (Fig. 2b and S3). However, when
the concentration of SA exceeds 2 wt%, the solution becomes too viscous
to pass through the needle.

Next, the concentration of the SA solution was fixed at 2 wt%, and it
was injected at a rate of 3 mL/h. As the injection voltage increased from
10 kV to 20 kV, the hydrodynamic diameter of the microspheres grad-
ually decreased from 944.0 + 23.0 pm to 298.4 + 11.1 pm (Fig. 2b and
d). This phenomenon occurred due to the increased voltage, which
generated a greater electrostatic force between the needle and the col-
lecting substrate, causing the droplets to break into smaller micro-
spheres during the electrospray process [41]. However, the voltage did
not significantly affect the sphericity of the microspheres.

Finally, the SA solution was fixed at a concentration of 2 wt%, and
the injection voltage was set to 20 kV. When the injection rate increased
from 1 mL/h to 5 mL/h, the hydrodynamic size of the microspheres
gradually increased from 291.8 4+ 19.9 pm to 340.7 + 25.9 pm (Fig. 2b
and e). An increase in the injection rate resulted in a higher accumula-
tion of liquid at the needle tip, leading to a rise in conical droplets
suspended on the needle tip [42]. Consequently, microspheres with
larger sizes were formed. It was also observed that when the injection
rate was below 1 mL/h, the aggregation of conical droplets at the needle
tip was too slow to produce a steady cone-jet. This resulted in hetero-
geneous microsphere sizes, and low sphericity of microspheres, and
consequently, the microspheres were prone to collapse (Fig. S3).
Notably, there was no significant difference in the size of microspheres
prepared with injection rates of 1 mL/h and 3 mL/h. However, micro-
spheres prepared at an injection rate of 3 mL/h exhibited better size
uniformity and higher yields. The above results indicate that micro-
spheres produced from a 2 wt% SA solution, using a tip voltage of 20 kV
and an injection rate of 3 mL/h, exhibited good sphericity and a small
and uniform size.

The drug loading performance of the microspheres and their binding
to the hydrogel were further investigated. As can be seen, the hydro-
dynamic size of the bFGF-loaded microspheres slightly increased
compared to that of pure SA microspheres (Fig. 2b and f). The fluores-
cence images showed that the microspheres prepared with SA solution at
a concentration lower than 2 wt% could not encapsulate bFGF molecules
stably, while the microspheres prepared with a voltage of 15 kV showed
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cracks and voids when they were incorporated in the hydrogel (Fig. S4).
In contrast, the bFGF was evenly distributed in the microspheres at a
concentration of 2 %, a voltage of 20 kV and a flow rate of 3 mL/h, with
no noticeable phase separation between bFGF and SA (Fig. 2g), and the
microspheres were able to bind tightly to the hydrogel (Fig. S4). The LE
of bFGF in microspheres is calculated to be 80.3 + 3.9 %. In summary,
the microspheres prepared at an SA concentration of 2 %, a voltage of
20 kV and a flow rate of 3 mL/h were selected for the rest of the study.

3.2. Mechanical properties, tissue adhesion, and swelling properties of
SGy hydrogels

The TM is frequently subjected to acoustic wave-induced vibrations,
necessitating TM repair materials with suitable mechanical strength and
tissue adhesion properties. In this study, candidate hydrogels were
prepared through free radical polymerization of SBMA and GelMA (with
a grafting degree of 46 %, as shown in Fig. S5). As shown in Fig. S6,
peaks at 1166 cm™! and 1033 cm™!, belonging to asymmetric and
symmetrical stretching of S=0 of polySBMA [43], and peak at 3435
em™!, belonging to C=0 stretching vibration of gelatin [44], appeared at
the SGs spectrum, indicating the formation of hydrogel network con-
taining GelMA and polySBMA.

The SGx hydrogels (SGs as a demonstration) exhibited excellent self-
recovery capability after compression and outstanding extensibility
after tension (Fig. 3a). The mechanical properties of SGx hydrogels with
varying GelMA contents were thoroughly studied (Fig. 3b and c). As the
concentration of GelMA in the precursor solution increased from 0 wt%
to 10 wt%, the compressive strength of the hydrogel increased signifi-
cantly from 0.4 MPa to 13.4 MPa. Similarly, the tensile strength
improved from 43.4 kPa for SGo to 180.9 kPa for SGjo, indicating a
strong dependence of the mechanical properties of SGx hydrogels on
GelMA contents. The introduction of GeIMA may increase the density of
crosslinking points, resulting in a denser network structure in the
hydrogel [45]. However, the fracture strains of the SGjo hydrogel
decreased to 225 %. Excessive Ge]MA content may impede the migration
of molecular chains, leading to a reduction in the fracture strain of the
hydrogel [45].

Sufficient adhesion capability is necessary to ensure that the
hydrogel remains stable on the wound site during the repair process. The
TM is inclined and lacks supporting tissue beneath it [46], which makes
adhesion a crucial factor in this instance. The zwitterionic SBMA groups
confer the SGy hydrogel with excellent adhesion properties through
ion-dipole and dipole-dipole interactions with the surface [47]. As
shown in Fig. 3d, the SGs hydrogel can firmly adhere to diverse surfaces,
including plastic and stainless steel, as well as pig skin and fingers, even
when subjected to various degrees of twisting or bending. The adhesion
strength of SGo hydrogel to rabbit fascia was 110.7 kPa (i.e., 11.07 N,
Fig. 3e). As the GelMA content in the precursor solution increased from
2.5 wt% to 10 wt%, the adhesive strength decreased from 57.4 kPa (i.e.,
5.74 N) for SGo 5-24.3 kPa (i.e., 2.43 N) for SGy¢. The decrease in ad-
hesive strength may be attributed to the addition of GelMA, which
electrostatically interacts with the SBMA groups, reducing the number
of charged groups on the hydrogel surface. This limits the available
interaction sites for substance adhesion at the interface [48]. Despite
this, the adhesion strength of the SGs hydrogel remained high at 52.8
kPa (i.e., 5.28 N) and was able to adhere to the rabbit fascial surface
firmly.

Hydrogels with excessive swelling ratios may lead to issues such as
increased weight and potential displacement into the ear when placed
on the eardrum, resulting in irreversible effects like hearing loss and the
need for surgery [49]. Therefore, as a potential material for TM perfo-
ration repair applications, it is necessary for SGx hydrogels to possess
suitable swelling properties to effectively absorb middle ear discharge
(mainly consisting of serous and bloody discharge) [50,51] and main-
tain moist perforation margins, which aid in the regeneration of TM
perforations. At present, the swelling rate of most materials used for TM
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Fig. 4. Schematic illustration of the mechanical forces applied to SGMs hydrogels and representative fluorescent microscope images of SGyMs hydrogels incor-
porated with FITC-bFGF-loaded SA microspheres after being subjected to compression or stretching. Red arrows indicate the site of hydrogel/microsphere damage

or separation.

perforation repair is about 50-500 % [5,15,52]. Excessive absorption of
normal tissue fluid should be avoided to prevent interference with the
healing of the perforation. The swelling behavior of the SGy hydrogels
after incubation in PBS for 7 days was investigated (Fig. 3f and g). The
zwitterionic SBMA groups bind water molecules through the solvation
effect, resulting in a significant amount of water being contained in the
hydrogel networks [53]. Therefore, the weight of SGy hydrogels
increased rapidly within 24 h and then stabilized until 120 h. The SGo
hydrogel showed a swelling rate of around 265 %. The swelling ratio of
the hydrogels was reduced to approximately 242 % after incorporating
2.5 wt% GelMA, suggesting that GelMA may enhance the stability of the
hydrogels through intra/intermolecular interactions. When the GelMA

(b)

—
o
S’

content increased to 5 wt%, the swelling behavior of the hydrogel was
further reduced to 226 %, likely due to the denser internal networks.
However, SGio hydrogels exhibited a similar swelling ratio to SGs,
suggesting that the hydrogel’s stability was nearly maximized with the
incorporation of 5 wt% GelMA. In general, the swelling rates of SGy
hydrogels are about 220-260 %, which is comparable to that of the
reported alginate hydrogel-polycaprolactone/gelatin nanofibers com-
posite scaffold (257.2 + 10.3 %) [49] and polylactic acid/SA scaffolds
(~250 %) [5], indicating the suitability of the swelling rate of SGy
hydrogel developed in this work.

In addition, the SBMA groups adsorb water molecules through
electrostatic interactions, increase the saturated water content, and

5 (c)
o 12 200
= SG; E SG; SG, SG,M,
- 6
@ of — SGM, S | —seM,s SGeM,;  ——SGeM,
® SG,M, @ SGM, = SGsM,,
® 6 ——8G;M, 5 e - ——SGM; 5 ;4 %
g SG;M,, @ SG:M,, 4
B s o e
3 / 2 5 / ’
g - =
£ N - : 0
8 0 20 40 60 80 0 100 300 400 0 2 4 6 8 10 12 1a
Strain (% Strain (% Displacement (mm)
e (%
300 —_
J = o .
= SG,M, = N. -
2 200 = ‘ WERES .
< 1504 g " % E‘C
g’ S 4l PBS (SG;) o ek Degradation _
=" = PBS (SG;M;) e » Gig >
2 54 o) 20 Collagenase (SG;) it < 8
w é v— Collagenase (SGsM;) v e
0 0
0 30 60 9 120 150 180 0 2 4 6 8 10 12 14 16 PolySBMA ~~ GeIMA @ PEGDMA

Time (h)

Degradation time (days)

X Collagenase SA microspheres
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reduce the scattering effect in the hydrogel, resulting in high trans-
mittance [45]. Conversely, a higher GelMA content leads to more
intrinsic hydrogen bonding between GelMA chains, resulting in
decreased hydrogel transmittance and increased network stability. It is
observed that the light transmittance of SGs and SGq is lower than that
of SGg before and after swelling (Fig. 3f).

3.3. Preparation and characterization of microsphere-incorporated
hydrogel

To investigate the distribution and stability of the SA microspheres
incorporated in the hydrogels containing different GelMA contents,
FITC-labeled bFGF was loaded into the SA microspheres and used for the
preparation of hydrogels (referred to as SGxMy hydrogels). As observed
using a fluorescence microscope, the microspheres were uniformly
dispersed within the as-prepared SGxMs hydrogels (Fig. 4), and they
were deformed after the SGyM;s hydrogels being compressed to 80 % and
released for 5 cycles, or stretched to 100 %. After compression or
stretching, the SGoMs hydrogel exhibited noticeable cracks at the
interface between the hydrogel and the microspheres. A portion of the

microspheres in the SGo sMs hydrogel separated from the hydrogel after
being subjected to tensile force. The SGsMs and SG;9Ms hydrogels do
not exhibit these undesirable cracks or separations when compressed or
stretched. This difference could be attributed to the dense network
structure of the hydrogels containing high contents of GelMA (5-10 wt
%), enabling a strong binding effect of the hydrogel matrix to the SA
microspheres. Based on the results above, hydrogels containing 5 wt% of
GelMA exhibited superior mechanical properties, adhesion strengths,
appropriate swelling capability, and sufficient loading capacity of SA
microspheres. Thus, the SGs hydrogel was selected for the rest of the
study.

The impact of incorporating microspheres on the mechanical and
adhesion properties of hydrogels was further investigated. The
compressive strength of the hydrogel increased from 8.5 MPa to 9.6 MPa
as the concentration of microspheres in the precursor solution increased
from 0 wt% to 2.5 wt% (Fig. 5a). However, as the concentration of
microspheres increased from 2.5 wt% to 5 wt%, the compressive
strength decreased significantly to 6.6 MPa. In addition, when the
loading concentration of microspheres exceeded 5 wt%, the hydrogel
exhibited diminished resilience and developed cracks when subjected to
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compressive forces (Fig. S7). A possible reason for this phenomenon is
that a limited number of microspheres can act as robust anchors in
hydrogels, thereby enhancing the mechanical strength of the entire
system [54]. However, an excessive amount of microspheres can dam-
age the structure of the hydrogel network. Moreover, when the micro-
sphere content increased, the tensile strength significantly declined from
175.2 kPa for SGs to 46.7 kPa for SGsM1 (Fig. 5b). In comparison, the
adhesive strength of the hydrogels decreased slightly from 52.8 kPa (i.e.,
5.28 N) for SGs to 45.1 kPa (i.e., 4.51 N) for SGsM;( (Fig. 5¢). Based on
the evaluation of the compressive, tensile, and adhesion properties, as
well as the growth factor loadings of hydrogels, microspheres at a con-
centration of 5 wt% were considered suitable for the preparation of
hydrogels. The SGsMs hydrogel exhibited satisfactory mechanical
properties and adhesion performance, which are beneficial for healing
perforated TMs. The compressive strength, tensile strength, and adhe-
sion strength of SGsMs hydrogel were 6.6 MPa, 64.1 kPa, and 45.6 kPa
(i.e., 4.56 N), respectively. The mechanical properties of SGsMsg
hydrogels are higher than adipose tissue [55]and GelMA-keratin meth-
acryloyl hydrogels [52] reported in the literature, and it is expected that
they are adequate for TM perforation repair.

As shown in Fig. 5d, the presence of microspheres did not signifi-
cantly impact the swelling performance of the hydrogel. The hydrogel
remained stable after reaching swelling equilibrium and did not show
any apparent decomposition. Treatment of TM perforation with growth
factors typically takes about two weeks [56]. The hydrogel remained
relatively stable in PBS, with over 72 % of its mass remaining in both
static conditions (Fig. 5e) and vibration conditions after 15 days
(Fig. S8). This allows it to provide continuous support throughout the
healing process without degrading or being absorbed too quickly.
Additionally, collagenase can break down the hydrogel by degrading the
GelMA cross-linking sites (Fig. 5f) [57], allowing the hydrogel to
degrade and be removed after the perforation is healed. Under vibration
conditions, the vibration mechanical force will accelerate the degrada-
tion of hydrogel and the mass of the hydrogel is about 20-30 % after 15
days (Fig. S8b). Importantly, this degradation is unlikely to cause a
foreign body reaction on the TM that could interfere with sound
conduction.

3.4. Mechano-responsive release of bFGF from hydrogels

Stimuli-responsive hydrogels are gaining popularity in drug delivery
due to their intelligent design [58]. The application of
mechano-responsive hydrogels is considered an advanced and prom-
ising strategy for controlling drug delivery in dynamic wound environ-
ments. This is due to the readily available and easily controlled nature of
mechanical stimuli compared to traditional chemical and biological
stimuli. TM perforation is a prevalent condition in otolaryngology, and
drug-carrying hydrogels offer a novel option for the clinical treatment of
TM. It is widely recognized that acoustic waves cause vibrations of the
TM. However, traditional drug delivery systems only consider passive
drug delivery in static environments. Inactive drug delivery is uncon-
trollable in terms of the amount of drug released, which fails to meet the
varying drug demands during different stages of TM repair and does not
promote the healing of the perforation. Considering the dynamic me-
chanical environment at the site of a TM perforation, clinical control of
drug release can be achieved by using earplugs to block sound waves or
providing auditory stimuli at different frequencies. Therefore, devel-
oping a hydrogel with mechano-responsive drug release would provide a
novel and effective approach to treating TM perforation in clinical
practice. In this study, the release properties of bFGF from SGsMs
hydrogels were investigated, with a specific focus on their response to
various vibration and sound stimulation conditions.

As shown in Fig. 6a, the fluorescence intensity on the rabbit fascia
exhibited a gradual increase with an increase in vibration frequency
from O Hz to 1000 Hz. Conversely, a gradual decrease in fluorescence
intensity was observed with an increase in vibration frequency from
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1000 Hz to 2000 Hz. These initial findings indicated that within the
frequency range of 0-2000 Hz, the release of bFGF tended to respond
mechanically to the vibration frequency. Subsequently, the release of
bFGF over prolonged periods was quantified using the ELISA kit. The
results in Fig. 6b demonstrate that SA microspheres alone induced a
burst release of bFGF, reaching the maximum release within approxi-
mately 24 h. However, the therapeutic effect of bFGF was primarily
manifested after 3-4 days following TM perforation [10]. Incorporating
bFGF-loaded microspheres in a hydrogel matrix facilitated the sustained
release of the growth factor. The duration of bFGF release from SGsMs
hydrogel without vibration extended beyond one week, effectively
meeting the requirement for promoting TM perforation. The results
indicate that the cumulative release of bFGF from the hydrogel
increased as the vibration frequency increased to 1000 Hz (Fig. 6b and
c). The release of bFGF significantly increased after one day of exposure
to a vibration frequency of 1000 Hz compared to the condition without
vibration. The cumulative release contents increased from 71.7 + 3.2 ng
to 120.7 + 6.2 ng (Fig. 6¢). This phenomenon may be attributed to the
hydrogel deforming and the network structure becoming loose under the
influence of the vibration force, leading to the deformation of the mi-
crospheres and the release of the drugs. As shown in Fig. 6d, under the
influence of the vibration force, the morphology of the microspheres
changes, leading to an uneven internal fluorescence distribution. The
fluorescent bFGF that accumulated at the periphery of the microspheres
was subsequently released into the hydrogel matrix and finally diffused
into the surrounding aqueous environment, as indicated by the blue
arrows. This mechanism makes it possible to control drug release from
the hydrogel through vibration stimulation. The mechanism is more
intuitive in the presence of tensile forces, as illustrated in Fig. S9a, which
depicts the deformation of microspheres under tensile forces applied to
the hydrogel and their subsequent return to their original shape upon
the withdrawal of the forces. Drug release can be observed in the vicinity
of the microspheres following ten cycles of stretching. A statistical
analysis of the length-to-diameter ratio of microspheres revealed that
the ratio of undergoing stretching microspheres exhibited a markedly
higher value than that observed prior to stretching (Fig. S9b). However,
no statistically significant difference was identified in the
length-to-diameter ratio of the microspheres prior to and following
stretching. It supports the conclusion that microspheres are capable of
reversible deformation under the influence of mechanical force. The
results  above  indicate the  mechano-responsiveness  of
microsphere-incorporated hydrogel. However, when the vibration fre-
quency increased from 1000 Hz to 2000 Hz, the cumulative release of
bFGF from the hydrogel over 24 h decreased to 101.7 + 7.2 ng. This
decrease may be attributed to the relatively low amplitude of vibration
at a high frequency. Since the TM is exposed to sound stimulation in
daily life, the hydrogel was placed on top of a playing radio to simulate
the drug release behavior under the influence of sound stimulus. The
release of bFGF was significantly increased after one day of sound
stimulation compared to the control group. The cumulative release
contents over 24 h increased from 74.6 + 4.6 ng to 100.4 + 4.0 ng
(Fig. S10). The results confirm that the hydrogels are capable of
releasing bFGF in response to sound stimulation, which is suitable for
the physiological environment of the TM.

Furthermore, the mechano-responsive release of the hydrogel under
multi-frequency vibration conditions was investigated (Fig. 6e and f).
The release rate of bFGF exhibits a notable variation in response to al-
terations in vibration frequency over 14 h. Specifically, the release rate
can be enhanced from 1.4 + 0.4 ng/h at 0 Hz to 9.3 + 0.4 ng/h at 1000
Hz, while it can be diminished to 5.8 + 0.5 ng/h at a frequency of 2000
Hz, probably due to the relatively low amplitude at 2000 Hz. The
findings further confirm that the hydrogels are capable of releasing
bFGF in response to vibration stimuli.

Additionally, it was observed from Fig. S11 that the increase in vi-
bration frequency did not significantly impact the compression strength
of the hydrogel, thereby demonstrating that the mechanical properties
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Fig. 7. Relative cell viability of (a) RS1 cells and (b) HaCaT cells after incubation in hydrogel extract with various dilution ratios for 24 h. Fluorescent images of (c)
RS1 cells and (d) HaCaT cells cultured in hydrogel extracts (50 mg hydrogel per mL) for 5 days and stained by phalloidin and DAPI. Cell proliferation of (e) RS1 cells
and (f) HaCaT cells after being cultured in hydrogel extracts (50 mg hydrogel per mL) for 5 days was quantified using the CCK-8 assay.

of the hydrogel remained unaffected by vibrations. These findings pro-
vide evidence supporting the potential use of the SGsMs hydrogel as a
promising material for repairing TM perforations under mechanical vi-
bration conditions.

3.5. Biocompatibility and cell proliferation

The biomaterials used in tympanic tissue engineering must have non-
toxic, non-allergenic, and biocompatible properties to ensure their
biosafety during perforation treatment. The healing process of a perfo-
rated TM typically involves three stages [59,60]. Firstly, an inflamma-
tory reaction occurs, causing the squamous epithelium at the edge of the

perforation to become hyperplastic and exhibit excessive keratin pro-
duction. Secondly, the perforation is closed through the proliferation
and migration of the squamous epithelium. Finally, the three-layer
structure of the TM is restored through fibroblast activity, vasculo-
genesis, and angiogenesis. The biocompatibility and bioactivity of the
hydrogels were assessed using epithelial cells (HaCaT cells) and fibro-
blasts (RS1 cells). Firstly, potential cytotoxicity was evaluated by
culturing the cells with hydrogel extracts. The viability of cells in all
groups (i.e., SGo, SGs, and SGsM;5 hydrogels with different extraction
conditions) remained high after incubation for 24 h (Fig. 7a and b), with
a relative viability rate exceeding 80 %. All types of hydrogels exhibited
minimal cytotoxicity, indicating their excellent cytocompatibility.
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The role of bFGF in the proliferative phase of TM perforation (3-4
days after injury) is crucial [10], as it promotes the proliferation of
epithelial cells, especially fibrocytes [61,62]. The biological activity of
extracts incubated with SGs, SGop, and SGsMs hydrogels statically, and
with SGsMs hydrogel vibrated at 1000 Hz after 1, 3, and 5 days was
assessed using a cell proliferation assay (Fig. 7c and d, S12, and S13).
These images display the shapes of cells in two dimensions using F-actin
labeling (green fluorescence with phalloidin). All cell groups exhibit
vigorous growth with well-defined nuclei (blue fluorescence with DAPI).
The RS1 cells were spindle-shaped, while the HaCaT cells were irregu-
larly polygonal. Furthermore, cells extend into adjacent cells, forming a
reticular cytoskeletal network. This phenomenon is particularly
noticeable in RS1 cells. It is worth noting that the SGsMs5-1000 Hz group
had the highest cell count and displayed superior cell morphology. The
experimental results indicate that the hydrogel released bFGF, which
stimulated the growth of epithelial cells and fibroblasts. Furthermore,
the hydrogel released more bFGF when subjected to vibration, which
enhanced cell proliferation. Live/dead cell staining images showed a
similar cell growth pattern to the immunofluorescence staining results
(Fig. S14). Given that the regeneration of blood vessels also plays a role
in the healing of TM perforation, we included the HUVEC cell group in
the experiments (Fig. S14), which showed that HUVEC cells exhibited a
similar growth pattern as the RS1 and HaCaT cells, indicating that bFGF
released from hydrogel can stimulate the growth of vascular endothelial
cells.

The quantification results showed that the SGy group had the lowest
cell proliferation rate (Fig. 7e and f). There was no statistical difference
in the value-added rate between the SGs and control groups over a 5-day
culture period. In contrast, the proliferation rate of the cells in the
SGsMs and SGsMs5-1000 Hz groups was significantly higher than that of
the control group. Notably, the proliferation rate of the SGsMs-vibration
group was the highest. The findings suggest that the SGsMs and SGsMs-
1000 Hz groups, loaded with bFGF, could potentially promote the
growth and proliferation of RS1 cells and HaCaT cells. In contrast, the
SGy and SGs groups contained no bFGF and had no significant effect on
cell proliferation. The above results demonstrate that the released active
bFGF, but not the hydrogel alone, showed a promotive effect on cell
proliferation. Under the influence of vibrational force, more bFGF can be
released from the hydrogel to meet the needs for the dynamic repair of
TM perforation under physiological conditions.

SGsMs hydrogel would be applied as an adhesive material to a
damaged TM. As SGsMs hydrogel degrades, it will be replaced by nat-
ural tissue as a result of cell migration and growth on the surface and in
the hydrogel, which consequently results in the formation of new tissue
at the damaged site. To simulate the above processes, RS1 cells were
embedded within the hydrogel, and HaCaT cells were cultured on the
hydrogel surface. As shown in Fig. S15, a notable elevation in the
number of HaCaT cells on the surface of the hydrogel, as well as RS1
cells inside the hydrogel, was discerned over five days of incubation. The
results demonstrated that SGsMs hydrogel is a favorable material for cell
growth and potentially promising for TM tissue engineering.

3.6. Cell migration

The presence of bFGF induces the migration of keratinocytes at the
perforation boundary and exerts a significant pro-migratory effect on
cells within the intermediate fibrous layer [10]. Thus, a cell migration
assay was performed to assess the quantity and activity of the released
bFGF from hydrogels. In addition, the cell migration assay can simulate
an in vitro wound healing experiment and evaluate the potential of
hydrogels to promote wound healing by enhancing cell migration. After
24 h of culturing, the scratches were visibly closed by migrated RS1 cells
and HaCaT cells in the SGsMs and SGsMs5-1000 Hz groups (Fig. 8a and
b), while fewer migrated cells were observed in the SGg, SGs, and control
groups. The quantitative results demonstrate that both the SGsMs and
SGs5Ms-1000 Hz groups show the ability to enhance the migration speed
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of RS1 cells and HaCaT cells under the influence of growth factors, with
the SGsM5-1000 Hz group hydrogel displaying the highest rate of cell
migration (Fig. 8c and d). These findings suggest that the hydrogel has
bioactive bFGF release capabilities, and vibration can further enhance
the release rate to promote cell migration. The concurrent evidence also
indicates the potential of bFGF-loaded hydrogel in promoting wound
healing.

To further investigate the migrating capacity of cells on hydrogels,
RS1 and HaCaT cells were seeded on one half of the surface of a SGsMs
hydrogel disk, and then the cells were cultured to allow them to migrate
to the surface of the other half of the hydrogel (Fig. S16a). As shown in
Fig. S16b, cell growth was observed in and around the incised edges of
the second half of the hydrogel, demonstrating that cells can migrate on
the hydrogel surface. It is therefore anticipated that this biomaterial
permits cell migration for effectively repairing TM perforations.

4. Conclusions

In summary, the present study has successfully developed a
mechano-responsive hydrogel for the controlled release of bFGF,
demonstrating excellent mechanical properties and tissue adhesion ca-
pabilities. When mechanical force is applied, the network structure of
the hydrogel undergoes relaxation, leading to the deformation of drug-
loaded microspheres and, consequently, enhancing drug release. Thus,
the mechano-responsive drug release profile from the hydrogel can be
obtained. This hydrogel also demonstrates excellent biocompatibility
with mammalian cells. The active growth factors released by the
hydrogel effectively stimulate cell proliferation and migration. The
tough, mechano-responsive hydrogel capable of releasing bFGF shows
great potential as a scaffold for promoting the healing of TM perfora-
tions in a vibrational environment.
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