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Abstract

Urinary incontinence is one of the most common disorders especially in adult women. In this study, cellular and in-vivo
analyses were performed on (3-glycidyloxypropyl) trimethoxysilane (GPTMS) and CaCl, cross-linked alginate and gelatin
hydrogels containing p-glycerophosphate and ascorbic acid to evaluate the regenerative potential as injectable compression
agents for the treatment of urinary incontinence. The hydrogels were prepared with different percentages of components
and were named as GA1 (7.2% w/v gelatin, 6% w/v sodium alginate, 0.5:1w/w GPTMS, CaCl, 1% (wt) sodium alginate,
50 pg/mL ascorbic acid, 1.5 mg/mL B-glycerophosphate), GA2 (10% w/v gelatin, 8.5% w/v sodium alginate, 0.5:1 w/w
GPTMS, CaCl, 1% (wt) sodium alginate, 50 pg/mL ascorbic acid, 1.5 mg/mL p-glycerophosphate), and GA3 (10% (w/v)
gelatin, 8.5% w/v sodium alginate, 1:1 w/w GPTMS, CaCl, 1% (wt) sodium alginate, 50 pg/mL ascorbic acid, 1.5 mg/mL
B-glycerophosphate) hydrogels. The results of cell studies showed that although all three samples supported cell adhesion
and survival, the cellular behavior of the GA2 sample was better than the other samples. Animal tests were performed on the
optimal GA2 sample, which showed that this hydrogel repaired the misfunction tissue in a rat model within 4 weeks and the
molecular layer thickness was reached the normal tissue after this duration. It seems that these hydrogels, especially GA2
sample containing 10% (w/v) gelatin, 8.5% (w/v) sodium alginate, 0.5:1 (w/w) GPTMS, CaCl, 1% (wt) sodium alginate,
50 pg/mL ascorbic acid, and 1.5 mg/mL p-glycerophosphate, can act as an injetable hydrogel for urinary incontinence treat-
ment without the need for repeating the injection.
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between the bladder, urethra, sphincter, pelvic floor, and
nervous system result in urine continence. Any disorder
in the function of these organs is associated with urinary
incontinence (Lapitan and Cody 2016). Stress incontinence
is the most prevalence urine incontinence problem and is
defined as losing urine when coughing, laughing, sneezing
or exercise; as a result of weak cushion supporting the base
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attracted a lot of attentions (Elmelund et al. 2019). Inject-
able therapies are feasible and non-invasive procedure to
replace these weak supporting tissue for the treatment of
urinary incontinence and vesicoureteral reflux (Eui et al.
2005). Another benefit of injectable hydrogels is that they
can be easily combined with bioactive agents or pharmaceu-
tical agents, so accelerating the therapeutic process (Stevens
et al. 2007). According to the above benefits, injectable bulk-
ing agent was selected for further investigations in this study.

Gelatin with excellent biocompatibility, biodegradability,
low cost, and cell recognition sites is a good candidate for
tissue regeneration applications (Luo et al. 2018; Namdar-
ian et al. 2018). On the other hand, alginate is also a biode-
gradable and biocompatible with proper gelation, stability,
and viscosity (Naghizadeh et al. 2018). The combination
of gelatin and alginate was studied as injectable hydrogels
with suitable properties for tissue engineering in different
studies. In a recent study, Liu et al. (2020) designed thera-
peutic agents loaded gelatin/alginate injectable hydrogels in
tissue engineering. Gelatin was used due to its cytocompat-
ibility, the Arg—Gly—Asp (RGD) sequence, gelation proper-
ties, and proper cellular interactions; while alginate added
to the composition owing to its low cost, biocompatibility,
and ease of cross-linking. The prepared injectable hydro-
gels did not provoke side effects and accelerated the healing
process. In another study, Yuan et al. (2017) investigated
modified gelatin/alginate combination as injectable hydro-
gels for tissue engineering applications. Their results dem-
onstrated cross-linked hydrogels had favorable mechanical,
biocompatibility and controllable degradation ratio. Here,
the combination of gelatin and alginate was chosen as the
main components of the hydrogels according to the men-
tioned properties and cross-linking process was conducted
by calcium chloride (CaCl,) and (3-glycidyloxypropyl) tri-
methoxysilane (GPTMS). CaCl, acts as the cross-linker of
the alginate and the calcium precursor of hydroxyapatite
formation (Pilipenko et al. 2019; Yu et al. 2011). Silane-
coupling cross-linking by GPTMS is achieved through the
condensation reaction and Si—O-Si and Si—OH formation
between gelatin, alginate, and GPTMS (Nouri-Felekori et al.
2019). GPTMS is a bioactive cross-linker that can enhance
stability and mechanical properties of the hydrogel with no
toxic effects on cell viability (Rasti et al. 2019; Sohrabi et al.
2020).

Ascorbic acid is a water soluble antioxidant and cofac-
tor for collagen I and III synthesized by hydroxylation of
proline and lysine (Maione-Silva et al. 2019). Furthermore,
in an in-vivo study it was demonstrated that ascorbic acid
can be useful in the improvement of urinary system func-
tion and urinary tract infections (Yousefichaijan et al. 2018).
B-Glycerophosphate is an osteogenic supplement and can
act as phosphorous source for hydroxyapatite mineraliza-
tion (Wang and Stegemann 2010). When ascorbic acid is
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combined with p-glycerophosphate it synergistically induces
an increase in mineralization by inducing neutral metallo-
proteinase addition in matrix vesicles and facilitating pro-
teoglycans degradation and mineral precipitation (Wang
et al. 2017). Although the use of injectable hydrogels is the
least invasive treatment of urinary incontinence, the rapid
absorption of hydrogels has limited their usage (Davis et al.
2013; Hurtado et al. 2008); therefore, the use of bioactive
hydrogels improves healing process by forming an apatite
compressive agent with a low rate of degradation, improv-
ing cellular interactions, stimulating host tissue nerves and
muscles and as a result enhancing urinary sphincter complex
function (Vardar et al. 2019; Wang et al. 2020).

In this work, we evaluated in-vitro cellular and in-vivo
injection of ascorbic acid and B-glycerophosphate loaded
gelatin/sodium alginate hydrogels in the urethral sphinc-
ter muscles for urinary incontinence treatment. Ascorbic
acid stimulates the fibroblasts to produce more collagen
and p-glycerophosphate as a bioactive agent provides the
required bioactivity and forms hydroxyapatite-like bioactive
compounds. Further studies have shown that hydroxyapatite-
like bioactive compounds play an effective role in provid-
ing the required pressure. For this purpose, the gels were
synthesized according to our previous study (Rezaei et al.
2020) and cell morphology and viability was studied in-
vitro followed by histological investigations on the optimum
hydrogel composition.

Materials and methods
Materials

Gelatin (Mw 40-50 kDa), (3-glycidyloxypropyl)trimeth-
oxysilane (GPTMS, 1/07 g/mol), and glutaraldehyde (25%,
d=1.058 g/cm?) were purchased from Merck Co. Ltd. (Ger-
many). Sodium alginate (viscosity 15-25 cP, 1% in H,0),
ascorbic acid, B-glycerophosphate (solubility H,0:0.1 g/
mL, clear, colorless), thiazolyl blue tetrazolium bromide
(MTT, Mw 414.32 g/mol), and dimethyl sulfoxide (DMSO,
1x) were purchased from Sigma Co. Ltd. (USA). Ethanol
(99.8%, Mw 46.07 g/mol), calcium chloride (CaCl,, Mw
110.98 g/mol), and phosphate buffer saline (PBS, pH 7.4)
were purchased from Samchun Pure Chemicals CO. Ltd.
(Korea). Dulbecco’s modified eagle’s medium (DMEM),
fetal bovine serum (FBS), and penicillin—streptomycin
were purchased from Gibco-BRL, Life Technologies Co.
Ltd. (NY). Botulinum-A toxin was purchased from Hugel
Pharma (Korea). Medy-osmium tetroxide was purchased
from Polyscience, Warmington Co. Ltd. (USA). All chemi-
cals were utilized directly without further purification. All
aqueous solutions were prepared with deionized (DI) water.
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Preparation of hybrid hydrogels

Three different hydrogel compositions were prepared
according to our previous study (Rezaei et al. 2020).
Briefly, gelatin and sodium alginate solutions were
dissolved in deionized water at 40 °C separately. After
30 min, the sodium alginate solution was added drop-wise
to the gelatin solution and was stirred for one more hour
at room temperature to homogenize the solution. GPTMS
and calcium chloride was weighed according to the gel
composition and were added to the solution under stirring
condition followed by the addition of 50 pg/mL of ascor-
bic acid and 1.5 mg/mL of B-glycerophosphate after 2 h.
The solution was stirred again and the calcium chloride
(1% (wt) of sodium alginate) was added and stirred for
1 h. The prepared solutions were labeled as GA1, GA2,
and GA3 according to the mentioned concentration in
Table 1.

Characterization
Cell culture

To investigate cell-hydrogel interactions, cell culture was
performed on the samples. For sterilization, hydrogels
were washed with 0.1 M PBS and soaked in PBS solution
containing penicillin—streptomycin for 4 h. After 4 h, the
samples were taken out, washed with PBS solution three
times and soaked in PBS solution for 4 h. Then, the sam-
ples were washed with PBS solution three times again
followed by immersion in PBS solution for 24 h at 4 °C.
After sterilization, 5 x 10* 1929 fibroblast cells/well were
seeded with the hydrogels and soaked in DMEM con-
tained 15% (v/v) FBS and 100 mg/mL penicillin—strep-
tomycin, and incubated in an incubator (37 °C, 5% CO,,
95% humidity) for 48 h. The culture medium was removed
after 48 h and each sample was washed with PBS solution
twice and fixed with 3% glutaraldehyde solution and 1%
osmium tetroxide. Samples dehydration was performed by
ascending concentrations of ethanol (30, 50, 70, 90, and
100%). Finally, the scaffolds were dried in air.

Cell morphology

For cell morphology study, the cultured samples after 48 h
were coated by a gold thin layer and FE-SEM (MIRA3,
TESCAN, Czechoslovakia) was used to observe the cell
microstructure.

Cell viability

To evaluate the biocompatibility of the GA1, GA2, and GA3
samples, the MTT (3-{4,5-dimethylthiazol-2yl }-2,5-diphe-
nyl-2H-tetrazolium bromide) test was performed after 24
and 72 h after cell culturing. For this purpose, the culture
medium was removed, and 2 mL of MTT: culture medium
(1:5) solution was added to each well-plate, and incubated
for 4 h at 37 °C, 5% CO,, 95% humidity. After that, the
medium was removed and 100 pL. DMSO was added and
the optical density of the solution was observed at 570 nm.
The results are reported as a chart.

In-vivo studies
Animal study

The in-vivo experiments were conducted on the optimum
prepared hydrogel (GA2). For this purpose, total nine female
rats (weight 300-500 g) were selected for in-vivo studies.
Anesthesia induction was performed by intra peritoneal
injection of 10% ketamine 50 mg/kg and 2% xylazine at
a dose of 10 mg/kg. The rats were placed in the supine
position on the operating table. The abdominal surfaces of
the mice were shaved and the genital area was disinfected.
Botulinum-A toxin was selected to induce the urinary incon-
tinence model and 10 pL were injected at the mid of the
dorsal wall of the urethra. Animals were divided into three
groups: (1) positive controls (rats without any disorders);
(2) negative controls (rats with urethral incompetent with-
out any treatment); and (3) GA2 groups (rats with urethral
incompetent injected by GA2 hydrogels). After 3 days, 30
pL of freshly prepared GA2 hydrogel was injected into mid
urethra of GA2 rat groups and the animals were kept in des-
ignated cages. All animal experiments were performed in
accordance with National Institutes of Health animal care

Table 1 Samples compositions

Code Composition
Gelatin ~ Sodium GPTMS (W/W)  CaCl, (% wt Ascorbic B-Glycerophosphate
(% W/V) alginate (% sodium algi- acid (pg/ (mg/mL)
W/V) nate) mL)
GAl 72 6 0/5:1 1 50 1.5
GA2 10 8.5 0.5:1 1 50 1.5
GA3 10 8.5 1:1 1 50 1.5
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guidelines. After each week, some of the rats in each group
were sacrificed and the healing process was evaluated.

Histopathological examination

4 weeks after the post injection, the rats were sacrificed and
the urethra tissue was harvested. The harvested tissue was
fixed by formaldehyde and dehydrated in ascending concen-
tration of alcohols (70, 80, 96, and 100) for 1 h. In the clarifi-
cation stage, the samples were clarified in two 1 h stages by
xylazine followed by paraffin embedding for 2 h in an oven
and 4 h soaking in fresh paraffin at the same condition. The
molding process was performed in the special metal molds
with molten paraffin. The prepared samples were kept in
refrigerator at —4 °C for 24 h. The samples were sectioned
with a microtome with a thickness of 5 pm and stained with
hematoxylin—eosin (H&E). The prepared samples were
imaged using a light microscope (Carl Zeiss, Thornwood)
with a digital camera.

Statistical analysis

All experiments were performed in fifth replicate. The
results were given as mean + standard error (SE). Statistical
analysis was conducted by one-way ANOVA and Tukey’s
test with significance reported when P <0.05.

Results and discussion
Cellular responses

To study the cellular behavior of fabricated hydrogels (GA1,
GAZ2, and GA3), the fibroblast cells were cultured on the
surface of the samples for 48 h and then FE-SEM images
were taken. The capability of biomaterial substrates to sup-
port cell adhesion, proliferation, and differentiation is an
important factor in tissue engineering (Wen et al. 2014;
Raisi et al. 2020). Cell adhesion is a dynamic process and
is the first event that occurs when cells are in contact with
biomaterials (Zhang et al. 2016; Movahedi et al. 2020). In
3D hydrogels, cells have the ability to migrate and interact
with the extracellular matrix in three dimensions and the
cells are more resistant to apoptosis, while in 2D cultured
cells, the cells interactions are inhibited in two dimensions
(Liao et al. 2009). The cell morphology on control sam-
ple, GA1, GA2, and GA3 hydrogels were demonstrated in
Fig. 1a—d, respectively. As can be seen, the fibroblast cells
were attached onto the surface of all hydrogels with filo-
podia formation; whereas it seemed GA?2 provided more
favorable environment for the cell adhesion and the whole
surface was covered with attached cells in comparison to
GA1 and GA2 hydrogels.

* @ Springer

MTT test was also performed to evaluate the cell viability
on all samples and the results were shown in Fig. le. All
three hydrogels showed a high percentage of biocompat-
ibility and cell viability. This is mainly due to the biocom-
patible gelatin and alginate main components of hydrogels
(Shi et al. 2019; Uman et al. 2020). Also, the CaCl, cross-
linking of alginate facilitated the gelatin availability and
improved cells interactions (Duan et al. 2013). On the other
hand, collagenase is a cell secreted enzyme that degrades
the extracellular matrix protein of collagen and thus leads
to weakening the primary support structures. Ascorbic acid
is a collagenase inhibitor and as a result of its addition to
composition restricted collagen degradation and improved
collagen synthesis (Oliva et al. 2019). It should be noted that
[-glycerophosphate also acted as a biocompatible source of
phosphate and regulated calcium phosphate growth activities
and supported cells by releasing phosphate ions (Ding et al.
2015). In addition, the dual drug release affected synergi-
cally on cell growth and differentiation (Coelho and Fer-
nandes 2000). Simultaneous p-glycerophosphate releasing
along with ascorbic acid synergically improved cell adhe-
sion and growth (Zhang et al. 2016). Furthermore, GPTMS
resulted in interactions between both organic and inorganic
components (Rasti et al. 2019). According to Shirosika et al.
study (Shirosaki et al. 2015), the Si-OH and Si—O-Si groups
in GPTMS create suitable regions for cell adhesion, as these
bonds have the ability to adsorb cations such as Ca>*, which
plays an effective role in biological processes such as cell
adhesion. Therefore, the presence of GPTMS can be effec-
tive in proper cell-hydrogels interactions.

The same as cell morphology observations, although
all three hydrogels had high biocompatibility, but GA2
sample showed higher cell viability than those of the GA1
and GA3 specimens. This may be due to the increased
gelatin ratio of this sample compared to other samples.
Gelatin is a major component of the extracellular matrix
and interacts with the extracellular matrix environment,
leading to further deposition of the extracellular matrix
(Liao et al. 2009). Many hydrogels prevent long-term cell
adhesion due to lack of cell receptors, while gelatin-con-
tained hydrogels provide more cells ligands due to large
number of glycine, proline, and hydroxyproline residues in
gelatin structures (You et al. 2007). On the other hand, the
reduction of low adhesion and cell viability in GA3 and
GA1 compared to GA2 can be due to lower hydrophilicity
of the two samples. Decreased water absorption would
lead to reduced water and nutrient transport, resulting in
reduced cellular activity (Arabi et al. 2018). When the
cells show better adhesion and growth on suitable hydro-
philic surfaces their filopodia become more elongated
(Mollaqasem et al. 2020; Zhang et al. 2016). High hydro-
philicity of gelatin affects cell morphology by absorption
of cellular fluids and leads to increased adhesion and cell
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Fig. 1 FE-SEM micrographs

of cultured cells on control (a),
GALl (b), GA2 (c), and GA3

(d) hydrogels. Cell viability
after 24 and 72 h after fibroblast
culturing on all samples (e)
(*P<0.05, **P <0.0001;
ANOVA, all pairs were com-
pared using Tukey’s test)
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viability in sample GA2 (Arabi et al. 2018). Ascorbic
acid increases collagen type I secretion and, therefore,
increases the collagen I/a,f}, integrin-mediated intracel-
lular signaling; while on the other hands, phosphorous
group of p-glycerophosphate activates extracellular related
kinase signaling pathways and increases many osteogenic
genes such as osteopontin gene and BMP2 besides phos-
phorate supply for hydroxyapatite deposition (Langenbach
and Handschel 2013). The usage of dual ascorbic acid
and B-glycerophosphate leads to neutral metalloprotein-
ase increasing and may degrade proteoglycans for apatite
formation and, therefore, accelerate mineralization (Wang
et al. 2017). Therfore, according to the results GA2 was
chosen as the optimum sample for furthure investigations.

Fig.2 Ascorbic acid and
B-glycerophosphate loaded
gelatin/sodium alginate
injection to induced urethral
incontinence animal model

(a) histological harvesting

to investigate the hydrogel
efficiently after 4 weeks (b).
The schematic of ascorbic
acid and p-glycerophosphate
loaded gelatin/sodium alginate
injection to a rat (c). The GA2
hydrogel contained CaCl, and
GPTMS cross-linked ascorbic
acid and p-glycerophosphate
loaded gelatin/sodium alginate
hydrogel
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In-vivo study

GAZ2 hydrogel injection was performed on rat animal models
for in-vivo application (Fig. 2a) and the tissue was harvested
and investigated after each time point (Fig. 2b). Schematic
GAZ2 hydrogel injection is demonstrated in Fig. 2c. Histo-
logical analysis by H&E staining was performed at 2 weeks
after incompetent urethral induction (Fig. 3b, d, e) and was
compared with healthy tissue (Fig. 3a, c, e). The epithe-
lial degradation and surrounding muscle deformation was
observed and some epithelial cells were removed and apop-
tosed. Intervals and tissue rupture were observed between
muscle layers. These disorders confirmed the property of
urethral dysfunction modeling. The molecular layer thick-
ness measurements demonstrated that the urethral layer

e B-glycerophosphate

Ascorbic acid

]
W\ Gelatin
\/\/\Alginate
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Fig. 3 Histological analysis
by H&E staining of healthy
tissue (a, ¢, e) and the tissue
2 weeks after incompetent
urethral induction (b, d, e).
The molecular layer thickness
measurements of healthy tissue
and the tissue after 2 weeks
Botulinum Toxin-A injection
(g) (*P<0.05, #*P <0.0001;
ANOVA, all pairs were com-
pared using Tukey’s test)
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thickness was decreased significantly after 2 weeks botu-
linum toxin-A injection (Fig. 3g). The layer thickness was
220.8 +7.295 pm in normal tissue and was decreased to
44.36 +12.31 pm after incompetent urethral induction.
These results are in line with previous study (Takahashi
et al. 2006) and demonstrated that Botulinum Toxin-A injec-
tion lowered the leak point pressure significantly with later
shrinkage of smooth muscle and striated sphincters.

The healing process of incompetent urethral induction
was followed for 4 weeks after GA2 hydrogel injections

and the histological observations are shown in Fig. 4a—1.
The epithelial and muscle tissue damage was treated
within a few weeks after GA2 treatment. According to
the achieved results, although the healing process was
not significant in the first and second weeks; however,
the healing process especially in the epithelial layer was
accelerated during the third and fourth weeks. In addition,
the apoptosis epithelial cells were removed and the tissue
was improved over the time and new cells were replaced.
These results proved the effectiveness of GA2 gel in the

w
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- i i
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Molecular layer thickness (m)
[8,]
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Treatment (Times)

Fig.4 Histological analysis by H&E staining within 4 weeks after GA2 sample injections (a-l1). The molecular layer thickness measurements of
injured tissue during 4 weeks (m) (*P <0.05, **P <0.0001; ANOVA, all pairs were compared using Tukey’s test)
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induced urethral incontinence animal model after 4 weeks.
No inflammatory reaction was observed after injection of
hydrogels. Localized delivery of B-glycerophosphate and
ascorbic acid to the affected site was safer, more effective,
and stimulated the cells to accelerate the healing process
(Yan et al. 2018). After 4 weeks of GA2 hydrogel injection
a thick muscle layer arrangement was developed with a
circular muscle layer that performed the urinary sphincter
function and prevented the urine loss. These observations
are consistent with the previous studies of functional tissue
formation (Kim et al. 2011).

The molecular layer thickness was measured within
these 4 weeks and the results are demonstrated in Fig. 4m.
According to the measurements, the molecular layer was
increased during the time and reached to the normal layer
thickness after 4 weeks.

Previously used injectable hydrogels acted as a tem-
porarily compression agent and needed to be re-injected
after a while (Vardar et al. 2019). Considering the forma-
tion of muscle and epithelial tissue after 4 weeks, it can
be concluded that the GA2 hydrogel induced the forma-
tion of functional muscle tissue and there was no need
to repeat injection process. In addition, GA2 hydrogels
inhibited un-functional scar tissue formation. The released
ascorbic acid could acclerate the reduced collagen synthe-
sis as a consequence of urethral incontinence induction
(Mangir et al. 2015). According to our previously evalu-
ated biodegradability assessments by immersion of GA2
sample for 33 days in phosphate buffer saline solution,
there was a loss of about 82.453 +£5.071% of its weight
(Rezaei et al. 2020). Therefore, it seems that the hydrogels
can be degraded at a suitable time after tissue repair after
approximately 4 weeks. Biodegraded hydrogel adsorption
can be performed by foreign body giant cells or hydro-
lytic degradation by body fluids, and enzymatically by
various surrounding enzymes (Oh et al. 2015). Accord-
ing to the cellular animal model evaluations, it seems that
GAZ2 hydrogel can be effective in the treatment of urinary
incontinence.

The results presented in this article are the early stages
of in-vitro cellular and in-vivo studies. Further studies on
the use of different percentages of calcium chloride cross-
linker and its effect on the properties of hydrogels, load-
ing of fat cells into hydrogels, qualitative and quantitative
analyses of degradation products with tests such as NMR,
the expression of collagen genes in-vitro due to the inter-
action of fibroblasts with hydrogels, the loading of growth
factors such as fibroblast growth factor into hydrogels and
the loading of stem cells into hydrogels are some of the
studies that should be addressed in the future. The aim of
this study was to clarify the effectiveness of this gel in the
treatment of urinary incontinence.

Conclusion

Crosslinked gelatin/sodium alginate hydrogels with differ-
ent concentration of components were prepared and loaded
with B-glycerophosphate and ascorbic acid to treat urinary
incontinence. Cellular tests showed high support of GA2
hydrogels with higher gelatin concentration of cell adhe-
sion and viability. In general, the GA2 sample with higher
gelatin ratio than GA1 and a lower cross-linker ratio than
GAZ3 exhibited better properties as an injectable compression
agent. Animal tests also revealed that the lost epithelial and
muscle tissue was gradually repaired after 4 weeks of GA2
injection and there was no evidence of scar tissue formation
or inflammation responses in animal model. It seems that
this hydrogel can act as a compressive injectable bulking
agent in urinary incontinence treatment.
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