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Abstract

Objective: This study aimed to synthesize, characterize, and evaluate the histopathological and biochemical efficacy of vagi-
nal gels (VGs) in healing lacerations resulting from vaginal trauma. The bioadhesive gel containing nanoparticles (n-HAp)
represents a novel application in this field. Methods: VGs were synthesized using n-HAp and characterized by field emission
scanning electron microscopy (FE-SEM) and X-ray diffraction (XRD). High-resolution FE-SEM images confirmed the presence
of n-HAp, while XRD verified its structural properties. Four experimental groups were established: Control, Sham, VG, and
VG/n-HAp. Tissue and blood samples were collected on days 7, 14, and 21. Results: Biochemical parameters such as tumor
necrosis factor-alpha (TNFA), interleukin-1 (IL-1), and vascular endothelial growth factor (VEGF) were evaluated in serum
samples. Histological evaluations included inflammation, granulation tissue formation, collagen and reticular fiber density, re-
epithelialization, and neovascularization. The VG/n-HAp group exhibited significantly faster healing and more pronounced
inflammatory responses over time compared to the other groups. Conclusion: Overall, the addition of n-HAp to VGs acceler-
ated both biochemical and histopathological recovery in a rat vaginal wound healing model.
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Resumen

Objetivo: Este estudio tuvo como objetivo sintetizar, caracterizar y evaluar la eficacia histopatoldgica y bioquimica de los geles
vaginales (GV) en la cicatrizacion de laceraciones causadas por traumatismos vaginales. El gel bioadhesivo que contiene
nanoparticulas (n-HAp) representa una aplicacion novedosa en este campo. Métodos: Los GV fueron sintetizados a partir de
n-HAp y caracterizados mediante microscopia electronica de barrido de emision de campo (FE-SEM) y difraccion de rayos X
(XRD). Las imagenes de alta resolucion obtenidas por FE-SEM confirmaron la presencia de n-HAp, y las pruebas de XRD
validaron sus propiedades estructurales. Se establecieron cuatro grupos experimentales: Control, Sham, GV y GV/n-HAp. Se
recolectaron muestras de tejido y sangre en los dias 7, 14 y 21. Resultados: Se evaluaron parémetros bioquimicos como el
factor de necrosis tumoral alfa (TNF4), la interleucina-1 (IL-1) y el factor de crecimiento endotelial vascular (VEGF) en muestras
séricas. Las evaluaciones histoldgicas incluyeron inflamacion, formacion de tejido de granulacion, densidad de fibras coldge-
nas y reticulares, reepitelizacion y neovascularizacion. El grupo GV/n-HAp mostrd una cicatrizacion significativamente mas
rapida y procesos inflamatorios mds marcados a lo largo del tiempo en comparacion con los demds grupos.
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Conclusiones: En general, la adicion de n-HAp a los GV acelerd la recuperacion tanto bioquimica como histopatoldgica en

un modelo de cicatrizacion de heridas vaginales en ratas.

Palabras clave: Gel bioadhesivo. Modelo de herida vaginal. Reparacion tisular. Nano material.

|ntroduction

Vaginal and perineal trauma, particularly during vagi-
nal childbirth, represents a significant clinical challenge
affecting approximately 75% of women. These injuries
result in both short-term and long-term morbidity’. The
impact of such trauma on women’s quality of life can be
substantial, potentially disrupting newborn care and
breastfeeding. In addition, postpartum perineal pain,
dyspareunia, and esthetic concerns may lead women
to avoid normal vaginal delivery and opt for elective
cesarean sections. The increasing rates of cesarean
deliveries raise concerns in obstetric care, as high
cesarean rates are considered indicators of poor qual-
ity. Health-care providers should strive to minimize the
potential short- and long-term effects of perineal trauma
and pain through evidence-based interventions?.

Perineal lacerations can lead to pelvic pain,
decreased sexual quality of life, and psychological
trauma. Approximately 30% of women experience dis-
comfort within the first 2 weeks after childbirth, and
maternal pain and discomfort are common in first- and
second-degree perineal tears?.

Novel therapeutic approaches are needed to con-
tribute to perineal wound healing, enhance tissue
strength, and facilitate mothers’ quicker return to nor-
mal activities.

Bioadhesive gels, with their ability to adhere to tis-
sue surfaces, provide sustained drug release and
support tissue regeneration, and have gained atten-
tion as potential therapeutic agents for wound healing.
Nano-hydroxyapatite (n-HAp)-based bioadhesive gels
show promise in various medical applications, includ-
ing bone repair and tissue engineering. However, their
efficacy in vaginal wound healing remains relatively
unexplored*”.

In this study, we investigate the histopathological
and biochemical effects of a novel bioadhesive gel
prepared with nano hydroxyapatite particles in a rat
model of vaginal lacerations. Our goal is to assess its
potential as an adjunctive therapy for enhancing
wound healing in vaginal trauma.

Furthermore, the usability of nano ceramic particles,
which are frequently used in hard tissue applications,

in soft and delicate tissue applications has been
investigated in detail for the 1% time in this study.
We hypothesize that the incorporation of n-HAp into
the gel formulation will accelerate the healing process,
reduce inflammation, and improve tissue repair.
Understanding the mechanisms underlying the effects
of n-HAp-based bioadhesive gels on vaginal wound
healing may provide valuable insights for clinical
applications. By elucidating the cellular and molecular
processes involved, we aim to contribute to the devel-
opment of novel therapeutic strategies for managing
vaginal trauma and improving patient outcomes.

Methods
Chemicals and reagents

Nanoparticles and vaginal gels (VGs) synthesis
were performed with analytical grade, sodium hypo-
chlorite (NaClO), EtOH, (CH,CH,OH, 190 proof, ACS
spectrophotometric grade, 95.0% non-denatured
ethanol), isopropanol (propan-2-ol, 70% in H,O,
CH,CH(OH)CH,), carboxymethyl cellulose sodium
(CM-cellulose; CMC-Na, Viscosity: 1000-1400 mpa.s,
standard deviation [SD] = 1.2), glycerol (Pharmaceu-
tical-grade), acetic acid, (CH,COOH, glacial, Reagent-
Plus®, = 99%) and ammonium polyacrylate dispersing
agent (DARVAN 821-A) were purchased from Sigma-
Aldrich (St. Louis, USA). The Milli-Q50 SP Reagent
Water System (Millipore Corporation, MA, USA) was
employed to produce ultrapure water, which was sub-
sequently used in the sample preparation process. All
other in vitro and in vivo experimental supplies and
reagents were of analytical grade and were purchased
from Merck KGaA (Darmstadt, Germany), Thermo
Fisher Scientific (Massachusetts, USA), and Bayer AG
(Leverkusen, Germany).

Production of hydroxyapatite
nanoparticles (n-HAp)

As per our previous research®®. n-HAp was syn-
thesized from natural bovine bones (femur) through
a detailed method outlined below. Initially, freshly
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collected bone segments were thoroughly cleansed
and subjected to six cycles of boiling in dH,0. To
remove any residual fats, they were then degreased
using 70% ethanol (EtOH). Subsequently, the bone
pieces were immersed in a solution of NaClO
(30% v/v) and left to dry for a minimum of 48 h
before further processing. The dried bone segments
underwent a calcination process at a temperature of
850°C, with a gradual heating rate of 5°C/min, and
were maintained at this temperature for 4 h in the
presence of air to ensure the elimination of any pri-
ons, such as Creutzfeldt-Jakob disease or Bovine
Spongiform Encephalopathy. Following calcination,
the bovine femoral bone parts were finely crushed
into small pieces and then subjected to planetary
ball milling using the Fritsch Planetary Micro Mill
Pulverisette 7 premium line from Germany. This mill-
ing process was carried out in isopropyl alcohol
using ZrO, balls at a speed of 300 cycles/min for a
duration of 144 h, maintaining a ball-to-powder ratio
of 10:1. Subsequently, the milled powder samples
were dried in a pyrex pan. Ultimately, the resultant
natural hydroxyapatite nanoparticles (n-HAp) were
stored at RT in a desiccator for further use'®".
Figure 1 shows the experimental steps followed in
obtaining n-HAp. This rigorous method ensures the
production of high-quality n-HAp from bovine bones,
providing valuable biomaterials for various biomedi-
cal applications.

Pharmaceutical compositions of n-HAp
loaded bioadhesive VGs

Hydrogels, which are composed of gel formers,
have been the subject of previous investigations and
applications for drug delivery or administering other
injectable substances. While certain hydrogels have
demonstrated promising characteristics, such as
degrading and dissipating from the injection site
within a few days, there remain challenges to address.
Some existing hydrogels lack the desired cohesive-
ness, resulting in dispersion after injection. In addi-
tion, certain hydrogels tend to degrade relatively
rapidly when introduced into living organisms. In
cases where these hydrogels incorporate hard
ceramic particles to facilitate soft and/or hard tissue
augmentation, the presence of bioceramic particles
in the hydrogel can lead to ion release and potential
contamination'®', To achieve optimal outcomes, it
becomes crucial to mitigate these concerns and

ensure the bioceramic particles’ influence on the
hydrogel remains adequately controlled. Conse-
quently, further research and development are needed
to improve the performance and biocompatibility of
hydrogels or biomaterials when combined with hard
ceramic particles for tissue augmentation pur-
poses''®. By addressing these challenges, we can
advance the potential of such hydrogel-based sys-
tems for various medical applications. A homoge-
neous aqueous solution was prepared using distilled
water (dH,O) by adding 0.5% v/v of acetic acid
(CH,COOH) to 100 mL at RT with vigorous stirring
(pH ~4.8-5.1). Subsequently, 1.5% w/v of CMC-Na
and 0.75% w/v of SA powder were carefully intro-
duced into the solution and stirred at 37°C until com-
plete solubilization was achieved. To facilitate the
carboxymethylation reaction, the reagents were com-
bined, and 6.5% v/v of glycerol was slowly added to
the mixture, resulting in the formation of a uniform
sticky solution. The reaction was allowed to proceed
at 37°C for 6 h in a water bath to ensure complete
carboxymethylation®.

To prepare the n-HAp-loaded bioadhesive VG, the
prepared n-HAp was first dispersed in 1 mL of dH,0
using an optimized quantity of ammonium polyacrylate
solution (0.5% v/v), which served as a dispersing agent
(DARVANB821-A). This dispersion was achieved through
15 min of sonication using an ultrasonic homogenizer
(SONICS, VCX/750, Ultrasonic processors, Newtown,
U.S.A)) at a concentration of 0.75% (w/v). The choice
of 0.75 wt.% concentration was primarily to prevent
clustering or agglomeration of nanoparticles, as
observed at higher concentrations. After surface modi-
fication of the n-HAp with ammonium polyacrylate, the
n-HAp solution was blended with the gel solution using
low-shear mixing for 1 h to create the n-Hap-loaded
bioadhesive VG/nHAp polymer solutions, maintaining
a pH of approximately 4.5". Subsequently, the pre-
pared solutions were sealed and kept at RT for 24 h
to allow the hydrolysis and polycondensation reactions
to take place, leading to the completion of the gelation
process. The same experimental procedure was
applied to prepare the unloaded n-HAp gel (VG). Both
resulting bioadhesive VGs were subjected to gamma
irradiation in 10 cc syringes to achieve both steriliza-
tion and cross-linking, ensuring their sterility and sta-
bility'®. The prepared calcium phosphate salts have
been adjusted to a pH of 4.5 to ensure that the healthy
vaginal environment falls within the pH range of
3.5-4.5".
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Figure 1. The experimental steps for preparing n-HAp.

Characterization of n-HAp by field emission
scanning electron microscopy (FE-SEM),
scanning transmission electron microscopy
(S-TEM), and X-ray diffraction (XRD)

The microstructural analysis of n-HAp was conducted
using field emission scanning electron microscopy (FE-
SEM, Tescan Mira3 XMU, Brno, Czechia) to investigate
particle morphology, shape, size, and phase formation.
Before observation, the n-HAp samples were sputter-
coated with gold for 2 min at 20 mA and then examined
at an accelerating voltage of 10-20 kV. To further exam-
ine the detailed morphology of the resulting particle,
S-TEM was employed. For S-TEM imaging on the FE-
SEM, a transmission electron microscope (TEM) module
was integrated onto the FE-SEM stage. The operating
voltage utilized ranged from 15 to 30 kV, while the work-
ing distance was set to 3 mm to ensure a more precise
evaluation of the sample on the Cu grid. The crystal
structure analysis of the produced n-HAp was performed
using an X-ray Diffractometer (Rigaku D/MAX/2200/
PC) equipped with monochromatic Cu-K  radiation
(\ = 1.5408 A). The instrument operated at an accelerat-
ing voltage of 40 kV and a current of 40 mA, and data
were collected within a 26 range spanning from 10° to
90°. To interpret the obtained data and characterize the
crystal structure of the calcined and milled n-HAp, com-
puter software (Jade; Materials Data Inc., Livermore, CA)
was employed. By comparing the diffractograms with the
standards provided by the joint committee of phase dif-
fraction standards (JCPDS), a thorough analysis of the
n-HAp crystal structure was achieved.

Cell culture analysis

In our cell culture experiments, we used L929 ATCC
(NCTC clone 929@CCL-1) cells. These cells were

grown in DMEM medium containing 10% FBS and 1%
penicillin-streptomycin at 37°C with 95% humidity and
5% CO, in an incubator. The hydrogels were dissolved
in 1 mL DMEM by stirring for 24 h at room temperature
(150 rpm). We applied VG/nHAp gel to the cells at
different concentrations (1%, 2.5%, 5%, and 10%).
Cell viability (%) was calculated and plotted.".

Experimental animal analysis

For this research project, we used female Wistar
albino rats (n = 60) that were newly adult, 16 weeks
old, and not bred. The animals were housed under
controlled laboratory conditions, including tempera-
ture, humidity, and a light—dark cycle. All experimental
procedures conducted in this study were reviewed
and approved by our university’s Animal Research
Ethics Committee under permit number 65202830-
050.04.04-479. The care and handling of animals
adhered to the European Communities Council Direc-
tive (86/609/EEC) for the protection of animals used
for experimental purposes.

Vaginal injury model

A total of 60 rats were assigned randomly to four
independent groups: Control Group (Control): No
intervention. Laceration Group (SAM): Vaginal lacera-
tions were induced. VG Group: VG was applied to the
wound area. VG/nHAp Group: VG containing hydroxy-
apatite (n-HAp) was applied to the wound area. Each
group was divided into 7", 14", and 21t day groups
among themselves. There were 15 rats in the sub-
groups. All rats were fasted for 12 h before surgery.
Animals were anesthetized with 2.5% isoflurane and
placed on a heated table to maintain a body tempera-
ture of 37°C. After anesthesia was established, an
8-mm midline incision was performed in the posterior
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vaginal wall, included the epitelial and posterior vagi-
nal fibromuscular layers, sparing the anal sphincter
and rectum.202!, Postoperatively, the rats were moni-
tored daily for signs of infection. Wounds were left to
heal spontaneously in the sham group. In VG and VG/
nHAp groups, bioadhesive gels were applied daily for
7,14, and 21 days. The rats were housed in ventilated
rooms and allowed to eat and drink ad libitum after
surgery. The animals were sacrificed 7, 14, and
21 days after implantation samples were collected for
biochemical and histological examinations. No antibi-
otic prophylaxes were administered, and no mortality
occurred during the experiment. All surgical proce-
dures were performed by the same surgeon under the
same experimental conditions.

Biochemical analyses

In this study, on the 7", 14" and 21 days, blood
samples were collected from all animals through intra-
cardiac puncture into EDTA tubes. After centrifugation
at 3000 rpm for 15 min, the serum was separated.
Biochemical tests, including tumor necrosis factor
alpha (TNF-o) (Cat No: E-EL-R2856, Elabscience),
interleukin (IL)-1 (Cat No: E-EL-R0012, Elabscience),
and vascular endothelial growth factor (VEGF) (Cat
No: E-EL-R2603, Elabscience), were performed on the
collected serum samples using the enzyme-linked
immunosorbent assay (ELISA) method following the
manufacturer’s guidelines.

Histochemical analysis

The vaginal tissues obtained were fixed with 10%
neutral buffered formalin. After fixation, the tissues
were processed for tissue tracking and then embed-
ded in paraffin. 4-5 um-thick sections were obtained
from the paraffin blocks using a Leica microtome?'.
The sections were stained with Hematoxylin and
Eosin to assess epithelialization in the vaginal wound,
inflammation in the lamina propria, and the amount of
granulation tissue. In addition, Masson’s trichrome
staining (Masson’s trichrome with aniline blue) was
used to determine collagen fiber content, and the Sil-
ver impregnation technique was employed to assess
reticular fiber content. The stained preparations were
examined and photographed under a microscope
(Olympus BX51, Japan). All histological examinations
were conducted at the Department of Histology and
Embryology, Faculty of Medicine, Sivas Cumhuriyet

Table 1. Wound-healing histologic scoring system (22, 2)

Variable Score
0 1 2 3
Inflammation None Scant Moderate Abundant
Granulation tissue  None  Scant  Moderate Abundant
amount
Collagen deposition None Scant  Moderate Abundant
Reticular fiber None Scant Moderate Abundant
deposition
Re-epitelization None Partial Complete but  Complete
immature or and mature
thin
Neovascularization None Upto  6-0 vessels/ More than
five HPF 10 vessels
vessels per HPF
per HPF

HPF: high-power field.

University. A blinded histologist evaluated the differ-
ences between groups based on tissue type and dura-
tion of injury. The main histological outcomes included
the amount of inflammatory infiltration, granulation tis-
sue, accumulation of collagen and reticular fibers,
re-epithelialization, and neovascularization. These
parameters represent the average values of five dif-
ferent histological images taken from vaginal tissue
samples in each group. In this study, we used the
histological scoring system proposed by Greenhalgh
et al.2 and Abramov et al.?, as shown in table 1, with
each parameter scored on a scale of 0-3.

Statistical analysis

The mean values of biochemical data were calcu-
lated and plotted with + SD using SigmaPlot 15.0. The
two-tailed Friedman test was used for repeated mea-
surements, and the Kruskal-Wallis test was used for
comparison of independent groups. p < 0.05 was con-
sidered statistically significant. The Friedman test is a
non-parametric alternative to one-way analysis of vari-
ance with repeated measures. It is used to test differ-
ences between groups when the dependent variable
being measured is ordinal.

In the experimental vaginal wound model, vaginal
healing criteria were scored according to table 1 and
Friedman test was used to test whether there was a
statistical difference between the scores obtained on
the 71, 14 and 21¢ days for all variables in each

399



400

Cirugia y Cirujanos. 2025;93(4)

group and the significance level was set as o = 0.05.
Another hypothesis of the study was whether there
was a significant difference between the semi-quan-
titative score values on the 7", 14" and 21 day
between the groups for each vaginal wound healing
parameter. In order to test this hypothesis, the
Kruskal-Wallis test, a non-parametric test, was applied
at o = 0.05 significance level, and the results were
obtained using the Statistical Package for the Social
Sciences 25 statistical package program.

Results

Microstructural evolution of bone
fragments and n-HAp

High-resolution FE-SEM photographs of bone frag-
ments subjected to calcination, FE-SEM photographs
of n-HAp obtained after calcination and ball milling of
bone fragments, and S-TEM photographs taken for a
more detailed examination of n-HAp are provided in
figure 2.

When examining the FE-SEM photograph is shown
in figure 2A, the morphology of the calcined bone
pieces, which become quite fragile and brittle after the
calcination process, is evident. In figure 2A, it was
determined that after the applied calcination process,
organic substances were effectively eliminated from
the bone structure, and a distinct pore structure was
formed with an average size of approximately 316 +
130.25 um.

From the microstructure photograph of the prepared
n-HAp in figure 2B, it was observed that the structure,
distributed in a uniform and homogeneous manner,
consisted of a single phase. This homogeneity in mor-
phology was noted as a positive physical feature in
terms of high density and high performance. From the
FE-SEM photographs, by counting at least 50 particles
with distinct grain boundaries using the Image J analy-
sis software program?, the particle size of n-HAp was
calculated to be approximately 460 + 156 nm. In gen-
eral, it was determined that the obtained n-HAps were
irregularly shaped and partially in hemispherical form.

In the S-TEM analyses performed to visualize the
n-HA crystals in more detail, the prepared powders
were dispersed in isopropyl alcohol and passed
through 200 nm filters?*. After this process, large par-
ticles in the structure were removed from the environ-
ment, and S-TEM analyses were conducted. In the
detailed photograph is shown in figure 2C, it was

observed that the particles were below 500 nm in size
and tended to aggregate. It was determined from the
analysis that long-term grinding of n-HAp increased
this phenomenon and resulted in particles with a high
surface area.

Phase evolution of n-HAp by XRD analyses

Figure 2D displays the XRD patterns of n-HAp. The
dominant crystal phase identified in the XRD patterns
is hydroxyapatite (HAp) — [Ca,(PO,),(OH)] with varying
peak intensities. In all analyses, the diffractograms
confirm the presence of [Ca,(PO,),(OH)], which pre-
dominantly matches n-HAp (JCPDS card number
84-1998).

However, in the XRD results, in addition to the main
phase, a small amount of minor p-tricalciumphosphate
(TCP) (JCPDS card number 09-0169) peaks were
detected. These small TCP peaks indicate the pres-
ence of B-TCP as a secondary phase next to the main
HA phase in n-HAp. The B-TCP phase is a result of
the decomposition of the HA mineral and represents
stable polymorphs of the TCP mineral at various tem-
peratures®. In the context of tissue engineering appli-
cations, when used/applied as a scaffold or filler,
B-TCP is known to have significant potential in facilitat-
ing tissue regeneration, promoting angiogenesis (for-
mation of new blood vessels), and increasing cell
proliferation in both soft and hard tissues?. §-TCP is
likely to play an increasingly important role in the
development of medical therapies and treatments to
improve patient outcomes and quality of life. X-ray
analyses confirm the successful production of n-HAp
as a filler nanoparticle for bioadhesive VGs (Fig. 2).

Cytotoxicity analysis

We applied VG/nHAp gel to the cells at different
concentrations (1%, 2.5%, 5%, and 10%). Cell viability
was calculated and plotted in figure 2. VG/nHAp
applied on healthy L929 fibroblast cells did not result
in significant differences in cell viability at different
concentrations. VG/nHAp applied on healthy L929
fibroblast cells did not alter the nuclear morphology of
cells at different concentrations (Fig. 3).

Biochemical analysis

In our experimental study, IL-1B, TNF-o, and VEGF
levels in blood samples taken from all groups on days
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O Hydroxylapatite — Ca;(PO,);(OH)
Y B-Tricalciumphosphate — Ca,;(PO,),

20°

Figure 2. A: high-resolution field emission scanning electron microscopy (FE-SEM) photographs of femoral bone fragments, B: after calcination
at 850°C for 2 h, C: FE-SEM photographs of n-HAp after ball milling, and D: the X-ray diffraction patterns of the n-HAp.
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Figure 3. Cell viability (%) results of vaginal gel/nHAp gel on L929 cell
line at different concentrations.

7, 14, and 21 were analyzed by the ELISA method.
IL-18 and TNF-o, which are proinflammatory cyto-
kines, regulate the mechanism by upregulating in the
inflammatory phase of the wound healing process.
IL-18, TNF-a, and VEGF levels gradually decreased
in Control, Sham, VG, and/nHAp groups on days 7,
14, and 21. However, as seen in Fig. 4A-C, this
decrease is especially evident in the VG/nHAp group.

Histological analysis

On the 7, 14" and 21¢ days of the experiment, the
typical multilayered squamous keratinized epithelium
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Figure 4. Interleukin (IL)-18, tumor necrosis factor alpha (TNF-0,), VEGF enzyme-linked immunosorbent assay analysis values in blood serum
samples obtained from Control, Sham, vaginal gel (VG), VG/nHAp groups on days 7, 14 and 21. According to the A: Kruskal-Wallis test IL-13 p
< 0.020, B: Kruskal-Wallis test TNF-0. p < 0.023, C: Kruskal-Wallis VEGF p < 0.022 were found when the control and all groups were compared

pairwise. p < 0.05 was considered significant.

of the vagina and the typical vaginal mucosa with
many transverse folds together with the lamina propria
located under it were evident in the control group
(Fig. 5A). The basement membrane underlying the
epithelium was thick and continuous, and collagen
and reticular fibers were regularly arranged in the
connective tissue forming the lamina propria
(Fig. 5B and C). On the 7" day of the experiment, the
number of epithelial layers, keratinization, and mucosal
folds decreased, the number of inflammatory cells in
the lamina propria increased, the number of collagen
and reticular fibers decreased and became irregular
in the Sham, VG, VG/nHAp groups compared to the
control group. Newly formed blood vessels were
significantly increased in the VG/nHAp group on the
7" day of the experiment. In the sham group, the
epithelium was irregularly formed in the lamina propria,
there were intense inflammatory cells, and collagen
and reticular fibers were thin and irregularly arranged.
Especially in the VG and VG/nHAp groups, the
arrangement of connective tissue fibers in the tunica
mucosa increased from the 7"" day to the 14" and
21t days and markedly improved (Fig. 5A-C).

On the 7', 14" and 21% days of the experiment, the
typical multilayered squamous keratinized epithelium
of the vagina and the typical vaginal mucosa with
many transverse folds with the lamina propria located
underneath were evident in the control group (Fig. 5A).
The basement membrane in which the epithelium was
located was thick and continuous, while collagen and
reticular fibers were regularly arranged in the connec-
tive tissue forming the lamina propria (Fig. 5B and C).
On the 7™ day of the experiment, the number of epi-
thelial layers, keratinization, and mucosal folds
decreased, the number of inflammatory cells in the

lamina propria increased, the number of collagen and
reticular fibers decreased and became irregular in the
Sham, VG, VG/nHAp groups compared to the control
group. Newly formed blood vessels were significantly
increased in the VG/nHAp group on the 7™ day of the
experiment. In the sham group, the epithelium was
irregularly formed in the lamina propria, there were
intense inflammatory cells, and thin and irregularly
arranged collagen and reticular fibers were remark-
able. Especially in the VG and VG/nHAp groups, the
arrangement of connective tissue fibers in the tunica
mucosa increased from the 7"" day to the 14" and
21t days and markedly improved (Fig. 5 A-C).
According to table 2, for the score values obtained
from the subjects in the control group, no significant
difference was found between the 7™, 14", and 21t day
scores in any parameter (p > 0.05). For the score val-
ues obtained from the subjects in the sham group, no
significant difference was found between the 7', 14
and 21 day scores of the other parameters, except
for the reepithelialisation parameter (p > 0.05). There
was a significant difference for the re-epithelialization
parameter (p < 0.05), and significant increases were
observed at each follow-up time. Re-epithelialization
value reached its highest value on the 21t day. For
the score values obtained from the subjects in the VG
group, no significant difference was found between
the 71, 14 and 21%t day scores of the other param-
eters, except for the inflammation parameter (p > 0.05).
There was a significant difference for the inflammation
parameter (p < 0.05), and significant decreases were
observed at each follow-up time. Re-epithelialization
value reached its lowest value at day 21. For the score
values obtained from the subjects in the VG/nHAp
group, a significant difference was found between the
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VG/mHaP

14 th day
Wi

Figure 5. Microscopic images obtained by staining with hematoxylin eosin (A), masson trichrome (B) and silver precipitation method (C) on
paraffin tissue sections on the 7", 14", and 21° days in Control, Sham (wound created but no bioadhesive gel applied), VG (vaginal gel applied),
and VG/nHAp (vaginal gel with nano hydroxyapatite particles) groups in which vaginal wound healing model was created. A: Microscopic photo-
graph showing differences in epithelialization (arrow) and inflammation and neovascularization in the lamina propria (star) among Control, Sham,
VG, and VG/nHAp groups on days 7, 14, and 21 in an experimental vaginal wound model (x20 Magnification, Hematoxylin and Eosin stain).
B: Microscopic photograph shows differences in collagen fiber distribution (yellow arrows) among Control, Sham, VG, and VG/nHAp groups
on days 7, 14, and 21 in an experimental vaginal wound model (x40 Magnification, MT stain). C: Microscopic photograph shows differences in
reticular fiber distribution (white triangles) within the lamina propria (red arrow) beneath the epithelium among Control, Sham, VG, and VG/nHAp
groups on days 7, 14, and 21 in an experimental vaginal wound model (x40 Magnification, Silver Imp).

7 14" and 21 day scores of the other parameters,
except for collagen deposit and re-epithelialization
parameters (p < 0.05). Although there were not enough
changes to find a significant difference for re-epithe-
lialization and collagen deposit parameters, increases
were observed at follow-up times. For other parame-
ters, significant differences were found between fol-
low-up times and score values (p < 0.05). For the
parameters of inflammation, granulation tissue
amount, and neovascularization, significant decreases
were observed at follow-up times, while the lowest
values were reached on day 21. Significant increases
were observed for the reticular deposit parameter at
follow-up times and reached their highest value on the
21% day. The distribution of semi-quantitative score
data for vaginal wound healing criteria obtained from
the Control, Sham, VG, and n-HAp groups on days 7,
14, and 21 is shown in figure B6A.

According to the Kruskal-Wallis test results, a sig-
nificant difference was found between the score val-
ues obtained on the 7", 14" and 21% days in terms of
inflammation (p < 0.05). The mean ranks of inflamma-
tion, granulation, collagen and reticular fiber density,
re-epithelialization and neovascularization score val-
ues of the subjects in the VG/nHAp group were found
to be significantly different in the VG/nHAp group
compared to the control group in accordance with the
wound healing stages (p < 0.05) (Table 3). The distri-
bution of semi-quantitative score data for vaginal
wound healing criteria obtained on days 7, 14, and 21

according to the control, sham, VG, and VG/nHAp
groups is shown in figure 6B.

Discussion

Surgical incision to the perineum, such as episiot-
omy, is known to cause various problems on vaginal
wound healing. Although different methods have been
proposed to reduce the rate of perineal laceration, an
effective method has not yet been found due to the
complications experienced afterward?.

In today’s biomedical applications, various natural
polymer-based gels, hydrogels, and porous scaffolds
have significant potential to simultaneously fulfill
expected properties?®®. Sodium Alginate (SA), an
anionic linear polysaccharide composed of 1,4-linked
B-D-mannuronic acid (M) and o-L-guluronic acid (G)
residues, holds promise due to its good biocompatibil-
ity, biodegradability, non-toxicity, and non-immunoge-
nicity. It has been recognized as a valuable
biopolymer3'-33.  Carboxymethyl cellulose (CMC),
another natural polymeric biomaterial similar to SA,
has been shown to support the stability of cellular
environments in vivo and promote increased cell via-
bility over time.

Various polymers with bioadhesive properties have
been reported in the literature®*3, including polyacrylates
(polycarbophil and carbomer), cellulosic derivatives
(sodium  carboxymethylcellulose,  hydroxypropyl-
methylcellulose, and hydroxyethylcellulose), and other
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Table 2. Friedman test table for semi quantitative score data of vaginal wound healing criteria obtained from Control, Sham, VG,

VG/nHAp groups on the 7%, 14, and 21t days

Groups Parameters Days Mean Standard deviation Minimum  Maximum Mean rank p
Control  Inflammation 7 0.2 0.447 0 1 2.20 0.368
14 0 0.000 0 0 1.90
21 0 0.000 0 0 1.90
Granulation tissue amount 7 0 0.000 0 0 2.00 1.000
14 0 0.000 0 0 2.00
21 0 0.000 0 0 2.00
Collagen deposit 7 3 0.000 3 3 2.00 1.000
14 3 0.000 3 3 2.00
21 3 0.000 3 3 2.00
Reticular deposit 7 2.8 0.447 2 3 1.80 0.368
14 3 0.000 3 3 2.10
21 3 0.000 3 3 2.10
Re-epithelization 7 3 0 3 3 2.00 1.000
14 3 0 3 3 2.00
21 3 0 3 3 2.00
Neovascularization 7 2 0 2 2 1.90 0.368
14 2.2 0.447 2 3 2.20
21 2 0 2 2 1.90
Sham  Inflammation 7 2.8 0.447 2 3 2.30 0.444
14 2.6 0.548 2 3 2.10
21 2.2 0.837 1 3 1.60
Granulation tissue amount 7 1.8 0.837 1 3 2.30 0.165
14 1.8 0.447 1 2 2.30
21 1.2 0.447 1 2 1.40
Collagen deposit 7 1.2 0.447 1 2 1.50 0.082
14 1.6 0.548 1 2 2.00
21 2 1.000 1 3 2.50
Reticular deposit 7 1 0.707 0 2 1.50 0.210
14 1.4 0.548 1 2 2.00
21 2 0.707 1 3 2.50
Re-epithelization 7 04 0.548 0 1 1.30 0.037*
14 1 0.707 0 2 2.10
21 1.6 0.548 1 2 2.60
Neovascularization 7 1.8 0.837 1 3 2.50 0.174
14 1.2 0.447 1 2 1.90
21 1 0.000 1 1 1.60

(Continues)



Z.D. Sahin Inan et al. Vaginal gel with nano ceramic particles

Table 2. Friedman test table for semi quantitative score data of vaginal wound healing criteria obtained from Control, Sham, VG, VG/
nHAp groups on the 7, 14*, and 21t days (continued)

Groups Parameters Days Mean Standard deviation Minimum  Maximum Mean rank p
VG Inflammation 7 2.4 0.548 2 3 2.70 0.039*
14 1.8 0.837 1 3 1.80
21 1.6 0.548 1 2 1.50
Granulation tissue amount 7 2.2 0.447 2 3 2.40 0.273
14 1.8 0.447 1 2 1.90
21 1.6 0.548 1 2 1.70
Collagen deposit 7 1.6 0.548 1 2 1.60 0.202
14 2 0.707 1 3 2.00
21 24 0.548 2 3 2.40
Reticular deposit 7 1.2 0.447 1 2 1.50 0.074
14 1.4 0.548 1 2 1.80
21 2.2 0.447 2 3 2.70
Re-epithelization 7 1.2 0.837 0 2 1.50 0.109
14 1.8 0.447 1 2 1.90
21 24 0.548 2 3 2.60
Neovascularization 7 2 0.707 1 3 1.90 0.607
14 2.2 0.447 2 3 2.20
21 2 0.707 1 3 1.90
VG/ Inflammation 7 1.6 0.548 1 2 2.70 0.037*
nHAp
14 1 0.707 0 2 1.90
21 06 0.548 0 1 1.40
Granulation tissue amount 7 2.8 0.447 2 3 2.80 0.039*
14 1.8 0.837 1 3 1.80
21 1.2 0.837 0 2 1.40
Collagen deposit 7 2.2 0.447 2 3 1.50 0.074
14 24 0.548 2 3 1.80
21 3 0.000 3 3 2.70
Reticuler deposit 7 1.8 0.447 1 2 1.40 0.048*
14 2.2 0.447 2 3 2.00
21 2.6 0.548 2 3 2.60
Reepitelization 7 2.2 0.837 1 3 1.50 0.082
14 2.6 0.548 2 3 2.00
21 3 0.000 3 3 2.50
Neovascularization 7 3 0.000 3 3 2.90 0.015*
14 2.2 0.447 2 3 1.80
21 1.6 0.548 1 2 1.30

*indicates a statistically significant difference at p < 0.05, VG: vaginal gel.
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Figure 6. A: Friedman test graph of semi quantitative score data of vaginal wound healing criteria obtained from Control, Sham, Vaginal gel (VG),
n-HAp groups at 7, 14, and 21 days. B: Kruskal-Wallis test graph of semi quantitative score data of vaginal wound healing criteria obtained from

Control, Sham, VG, VG/nHAp groups at 7, 14, and 21 days.

polysaccharides (chitosan, hyaluronic acid, and gums).
Among the limited number of polymer combinations stud-
ied for commercial muco-adhesive drug delivery sys-
tems, most vaginal semi-solid products are based on
cellulosic and polyacrylic polymers®-*". Therefore, further
research is needed on the application of different com-
binations of biodegradable biopolymers for bioadhesive
VGs. In this study, it was observed that the synthesized

polymer combinations increased the biological adhesive
properties, and simultaneously, the addition of bioactive
n-HAp enhanced the stability of the gels. Polymeric
structures designed as biomaterials are among the most
suitable options for mimicking the main structure of soft
tissues. However, the incorporation of different additives
into the polymer matrix can accelerate the development
of biological properties and wound healing processes.
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Table 3. Kruskal-Wallis analysis table of semi quantitative score
data of vaginal wound healing criteria obtained from control,
sham, VG, VG/nHAp groups on the 7", 14", and 21 days

Inflammation Granulation tissue amount

Days Groups n Mean p Days Groups n Mean p
rank rank

7 Control 5 32 0002 7 Control 5 3 0.002
Sham 5 16.2 Sham 5 105
VG 5 136 VG 5 123
VG/HAp 5 9 VG/nHAp 5 16.2

14 Control 5 35 0002 14 Control 5 3 0.006
Sham 5 167 Sham 5 131
VG 5 129 VG 5 131
VG/nHAp 5 8.9 VG/nHAp 5 128

21 Control 5 4 0002 21 Control 5 35 0.01
Sham 5 163 Sham 5 119
VG 5 138 VG 5 147
VG/NHAp 5 7.9 VG/nHAp 5 119
Collagen deposit Reticular deposit

Days Groups n Mean p Days Groups n Mean p
rank rank

7 Control 5 175 0002 7 Control 5 17.4 0.005
Sham 5 49 Sham 5 6.1
VG 5 7.7 VG 5 7
VG/nHAp 5 119 n-HAp 5 115

14 Control 5 165 0012 14 Control 5 17.5 0.003
Sham 5 56 Sham 5 6.3
VG 5 85 VG 5 63
n-HAp 5 114 n-HAp 5 119

21 Control 5 135 0.044 21 Control 5 155 0.039
Sham 5 69 Sham 5 69
VG 5 81 VG 5 79
VG/NHAp 5 135 VGnHAp 5 117
Reepitelization Neovascularization

Days Groups n Mean p Days Groups n Mean p
Rank Rank

7 Control 5 17 0.003 7 Control 5 85 0.02

Sham 5 43 Sham 5 76

VG 5 79 VG 5 89
VG/nHAp 5

12.8 VG/nHAD 5 17

(Continues)

Table 3. Kruskal-Wallis analysis table of semi quantitative score
data of vaginal wound healing criteria obtained from control,
sham, VG, VG/nHAp groups on the 7, 14" and 21%' days
(continued)

Inflammation Granulation tissue amount
Days Groups n Mean p Days Groups n Mean p
rank rank
14 Control 5 165 0.002 14 Control 5 126 0.014

Sham 5 4.1 Sham 5 42

VG 5 79 VG 5 126
VG/nHAp 5 135 VG/nHAp 5 126
21 Control 5 14,5 0.002 21 Control 5 14 0.015

Sham 5 39 Sham 5 45

VG 5 9.1 VG 5 133
VGInHAp 5 145 VG/nHAp 5 10.2
VG: vaginal gel

Among these additives, bioceramics such as bioglasses,
carbon nanostructures, and HAp, which contribute to
tissue healing, can be preferred for applications in both
hard and soft tissues®*°. HAp, one of the bioceramics
used in tissue healing, offers fundamental benefits to
tissues such as promoting cell growth and proliferation,
inducing angiogenesis, and possessing antimicrobial
properties®. n-HAp also enhances fibroblast activity in
injured areas and contributes to wound dressing/burn
treatment when incorporated into various soft organic
matrices to improve the mechanical properties and
thermal stability of the polymer*'. Therefore, the use of
HA microparticles (size < 74 um) in combination with gels
at skin wound sites further enhances fibroblast maturation
and re-epithelialization due to the beneficial effects of the
ion-charged stored in the gel*.

The purpose of biocompatibility testing is to
determine the suitability of a substance for human use
and to see whether it has potentially harmful
physiological effects. In vitro and in vivo studies are
performed in biocompatibility tests. Therefore, we
performed biocompatibility tests in vitro in our study
(ISO/EN10993-5). Possible vaginal wound healing
material (VG/nHAp) was prepared in four different
concentrations and was observed to be non-toxic. In
addition, the material did not change the proliferation
and morphology of healthy cells. In the study
conducted by Malafaya and Reis*, the toxicity of HAp
produced was evaluated in the L929 healthy fibroblast
cell line, and it was stated that it was not toxic.
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The steps of wound repair in skin and vaginal tissue
have common similarities. Compared to skin healing,
the proliferation and migration of local vaginal fibro-
blasts is coordinated with local vaginal epithelial cells
at the wound edges to ensure granulation tissue for-
mation and re-epithelialization during the vaginal
wound healing process. For example, a scab does not
form during vaginal wound healing as in dermal
wounds. After injury in dermal tissues, a clot is formed,
and inflammatory cells enter the injured tissue, and
abundant leukocytes and plasma proteins migrate to
the healing area. Initially, neutrophils arrive, sterilize,
and debride the wound. Monocytes and tissue mac-
rophages dominate the inflammatory response within
2-3 days. After the initial inflammatory response,
inflammation continues with a gradual disappearance
of inflammatory cells. Inflammation is intensely
observed in the first 7 days of wound healing and
gradually decreases*. In our study, on the 7" day of
vaginal injury, more intense inflammation was
observed in the Sham group than in the VG and
VG/nHAp groups, while it decreased on the 14" and
21 days. Less inflammation was determined in the
VG and VG/nHAp groups compared to the Sham
group. The VG/nHAp group had the least number of
inflammatory cells.

Cytokines and growth factors, which are protein
molecules that provide communication between cells
in the body, manage important processes after vaginal
injury. Cytokines enable the migration of inflammatory
cells and fibroblasts to the wound site during the
wound healing phase, and organize the formation and
production of extracellular matrix (ECM) by activating
cell proliferation and angiogenesis. Both human and
animal studies emphasize that high local and circulat-
ing TNF-o. levels are associated with impaired wound
healing. It has been suggested that treating women
with TNF-o. antagonists following vaginal surgeries
may have a therapeutic effect, resulting in an improved
wound healing process. However, macrophages are
involved in both the inflammatory and proliferation
phases of wound healing. TNF-a and IL-1p are proin-
flammatory cytokines secreted by M1 macrophages
during the inflammatory phase. M2 macrophages
release polyamines for the induction of VEGF expres-
sion and collagen production. If this polarization from
M1 macrophages to M2 macrophages is disrupted,
wound healing is impaired. This disruption slows the
rate of re-epithelialization, granulation tissue forma-
tion, and vascularization®s. Qur study supports the
literature. A decrease in TNF-o and VEGF values was

observed in VG and VG/nHAp groups. There is a
decrease in TNF-o and VEGF values in the VG/nHAp
group, which shows that the fastest recovery is in this
group.

In dermal tissues, fibroblasts have been reported to
migrate into acute wounds within 2 days and become
the main cell type of granulation tissue on day 4 post-
injury. Fibroblasts fill the wound site through migration
and increase in number by proliferation. These func-
tions are accompanied by various growth factors. In
addition to the behavior of fibroblasts, neovasculariza-
tion also accompanies the repair process in the vagi-
nal wound. Thus, granulation tissue forms in the
vagina on the 4" day*®. When we look at our study,
granulation tissue in the Sham group gradually
decreased from day 7 to day 21 because it represents
normal vaginal healing. On the other hand, it was
determined that the maturation process of granulation
tissue in the VG and VG/nHAp groups matured faster
than in the control on day 7, and the rate of granula-
tion tissue formation in the VG/nHAp group was higher
than the VG group.

Neovascularization is an important component of
the wound healing process, involving the branching
and expansion of adjacent blood vessels as well as
endothelial progenitor cells*. In the control group, it
was determined that neovascular structures decreased
from the 7" day until the 21%t day. In the VG and VG/
nHAp groups used in the vaginal healing model, neo-
vascular structures increased much more significantly
from day 7. New vessel formation was observed more
prominently in the VG/nHAp group as of day 7. During
wound healing in the skin, fibroblasts have been
shown to accumulate increased amounts of fibrillar
collagen, which is important for wound healing. This
process is regulated by the same growth factors that
regulate fibroblast proliferation.

It has been shown that collagen deposition by skin
fibroblasts starts within 3-5 days after injury and con-
tinues for several weeks, depending on the size of the
wound“®#°, Type 1 and type 3 forms of collagen, which
have various subtypes, are commonly found in skin
and mucosa. They strongly bind to cells to support
epithelial and lamina propria formation and maintain
tissue integrity®°. In our study, we wanted to determine
the amount of collagen with masson trichrome stain
and reticular fiber (type 3) collagen with the silver
precipitation technique to understand whether wound
healing occurs properly with the proposed biomateri-
als. In the sham group, the amount of collagen fiber
increased from the 7" to the 21%t day after injury.
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However, the amount of collagen and reticular fiber in
the VG and VG/nHAp groups was higher than in the
Sham group. Especially in the VG/nHAP group, there
was a significant increase in collagen and reticular
fibers compared to the other groups.

The normal vaginal epithelium is moist and thick.
The natural shedding of epithelial cells into the vagina
leads to the release of glycogen, which is converted
into lactic acid by lactobacilli to maintain the balance
of the vagina. Epithelial cells are surrounded and sup-
ported by an abundant ECM, normally rich in type |
and type Il collagens. The amount of these two col-
lagen proteins has a significant effect on the symp-
toms of vaginal injury. It is stated that collagen-based
biomaterial application to rats with vaginal atrophy
increases vaginal epithelial height and increases cell
adhesion molecules and ECM markers®'. It has been
shown that re-epithelialization in dermal tissues
occurs within 24-48 h after injury when the spurs of
epithelial cells move from the wound edges along the
cut edges of the dermis and accumulate basement
membrane components supported by type 3 collagen.
Eventually, they fused to form a continuous epithelial
layer covering the wound. It is stated that wound re-
epithelialization in the vagina starts in a short period
of time and progresses similarly to that in the skin and
is almost completed on days 14-212. In our study,
although it was determined that re-epithelialization
was completed on the 21t day in the Sham group,
epithelial elevation and keratinization did not occur.
On the other hand, a significant difference was
observed in the VG/nHAp group compared to the
other groups as of day 14. In this group, the epithelium
was closed, epithelial folds were completed, and
mucosal folds became prominent on the 21 day.

Conclusion

The bioadhesive gel prepared with n-HAp was suc-
cessfully synthesized. In the study, the characteriza-
tion of the gel was determined by FE-SEM, S-TEM,
and XRD. Images of the gel, which exhibited porous
structures with optimal mechanical properties similar
to bone, were confirmed by what was reported in the
literature. After it was observed that the VG was not
toxic, it was used in the in vivo experiment. In animal
experiments, a wound was opened in the vagina of
rats and bioadhesive gel was applied. As a result,
bioadhesive gel prepared with HAp is seen as promis-
ing for the treatment of vaginal wounds. However, its
safety and efficacy should be tested in the clinical

setting, which is the next step for biocompatibility
experiments, by conducting extensive research.
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