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Abstract

Oral submucous fibrosis (OSF) is a chronic progressive disease associated with increased collagen deposition and TGF-f1
release. The current therapy and management have been a limited success due to low efficacy and adverse drug reactions.
This study aimed to evaluate epigallocatechin 3-gallate (EGCG) encapsulated nanoparticles loaded mucoadhesive hydrogel
nanocomposite (HNC) for OSF. Developed HNC formulations were evaluated for their permeation behaviour using in vitro
as well as ex vivo studies, followed by evaluation of efficacy and safety by in vivo studies using areca nut extract-induced OSF
in rats. The disease condition in OSF-induced rats was assessed by mouth-opening and biochemical markers. The optimized
polymeric nanoparticles exhibited the required particle size (162.93 + 13.81 nm), positive zeta potential (22.50 + 2.94 mV)
with better mucoadhesive strength (0.40 + 0.002 N), and faster permeation due to interactions of the positively charged
surface with the negatively charged buccal mucosal membrane. HNC significantly improved disease conditions by reducing
TGF-B1 and collagen concentration without showing toxicity and reverting the fibroid buccal mucosa to normal. Hence, the
optimized formulation can be further tested to develop a clinically alternate therapeutic strategy for OSF.

Keywords ex vivo permeation and retention - epigallocatechin 3-gallate - in vivo efficacy and safety studies - mucoadhesive
hydrogel nanocomposite - oral submucous fibrosis

Introduction

Oral submucous fibrosis (OSF) is one of the most dangerous
and chronic progressive malignant oral diseases, which leads
to oral cancer. Among various causative factors, chewing
areca nut plays an important role in the progression of OSF
[1, 2]. The arecoline, the major component in areca, pen-
etrates through the oral mucosal epithelial membrane and
interacts with connective tissue components, thus inducing
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the proliferation of fibroblasts and collagen concentration
enhancement by disturbing collagen synthesis and degrada-
tion [1, 3]. The habit control, physiotherapy, drugs, laser
treatment, nutritional and surgical intervention are options
for treating OSF [4, 5]. However, these modalities will only
relieve the symptoms and not complete remidy. The main-
stay of drug treatment includes corticosteroid and betameth-
asone injections (BTM Inj.), which have several adverse
effects such as edema, adrenal insufficiency, increased risk
of infections, osteonecrosis, and myopathy [6].

The effects of polyphenols have been reported in the past
for the treatment of OSF, and EGCG was found to be better
complementary to the current therapy [7, 8]. In silico stud-
ies, it was proved that the EGCG acts on multiple targets.
Compared to other polyphenols, EGCG was effective in in
vitro safety studies and efficient in reducing the expression
of collagen mRNA (type-1A2 and 3A1) and TGF-p1 [9].
EGCG hydrogel showed significant improvement in OSF
condition by reducing collagen and TGF-f1 concentrations
and improving mouth-opening in rat models of OSF [9].
However, EGCG has a very short half-life of 3-4 h and is
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susceptible to oxidation in the presence of sunlight [10].
Hence, in our previous study, to improve the stability and to
provide localised delivery, lipidic nanoparticles of EGCG-
loaded mucoadhesive hydrogel named NanoCubogel were
formulated, which showed better ex vivo permeation and
its retention through the porcine buccal mucosal membrane
[11]. Polymeric nanoparticles are more stable and easier to
prepare as compared to lipidic nanoparticles. In addition to
the above advantages, the controlled release behaviour of the
drug can be maintained and convenient for surface modifica-
tions [12]. Therefore, polymeric nanoparticles loaded hydro-
gel can be preferred over the lipidic nanoparticles embedded
hydrogel (NanoCubogel) [11].

Hydrogel nanocomposites (HNC) are hybrid materials
composed of organic (polymeric nanoparticles, micelles,
polymerosomes, dendrimers, and liposomes) and inorganic
nanoparticles (inorganic clay nanoparticles, silica, silicates,
hydroxyapatite, calcium phosphate, quantum dots) embed-
ded into the hydrogels [13]. Incorporation of the drug
into nanoparticles reduces the effect of burst release and
enhances the steadiness or stability by providing sustained
or controlled release. This formulation has various advan-
tages over other formulations, such as longer retention, dos-
age flexibility increments, aesthetic appearance, and patient
compliance improvement, as it is user-friendly [14]. The
main aim of incorporating the EGCG into the nanoparticle
is to hold the drug efficiently, avoid the burst release of drug,
enhance drug stability, and transport it to the desired site
at the required concentration with sustained or controlled
release of the drug. The mucoadhesive hydrogel will with-
stand the physiological shear stress [15, 16]. In addition to
this, a positive charge on the surface will help to permeate
the buccal mucosal membrane faster [17].

Hence, in the current study, a mucoadhesive HNC for-
mulation loaded with EGCG polymeric nanoparticles was
prepared and evaluated for mucoadhesiveness, in vitro
behaviour of EGCG release, ex vivo permeation, and in vivo
efficacy on OSF rat model.

Fig. 1 EGCG-PLGA nanopar-
ticle preparation and hydrogel

mixture using high speed

Materials and Methods
Materials

The (-)-Epigallocatechin 3-Gallate hydrate (EGCG) was pur-
chased from TCI Chemicals, India. Poly(lactic-co-glycolic
acid) (PLGA, 50:50) was procured from Yarrow Chem Prod-
ucts, Mumbai, India. Octadecylamine and polyvinyl alcohol
(PVA, 87-89% hydrolyzed, mol. Wt. 13,000-23,000) were
procured from Sigma Aldrich, India. Lubrizol, Mumbai,
India, provided Carbopol-980 gelling agent. The procure-
ment of areca nut extract was from Vital Herbs, Delhi, India.
Collagen type-1-alpha-1 (COL1al) and transforming growth
factor-1 (TGF-p1) ELISA kits were procured from Elabsci-
ence and Maxome Labsciences, Bangalore, India, respec-
tively. Betamethasone injection I.P. was procured from the
Kasturba Hospital, Manipal, India.

Methods

Preparation and Evaluation of PLGA Nanoparticles
and Hydrogel Nanocomposite

The schematic representation of EGCG-PLGA nanoparti-
cle preparation followed by hydrogel nanocomposite (HNC)
formulation is shown in Fig. 1. PLGA nanoparticles loaded
with EGCG were prepared by modified double emulsion
method in two steps such as the preparation of primary
emulsion using high-speed homogenization (HSH, IKA
T25 digital, Ultra-Turrax, Germany) followed by second-
ary emulsion using probe sonication (PS, Sonics Vibra-Cell,
USA). Octadecylamine was used to modify the nanoparticle
surface charge as per the published literature [18-20]. Sev-
eral trials were taken by varying the material and instru-
ment parameters for PLGA nanoparticle preparation and
octadecylamine-modified nanoparticles encapsulated with
EGCG are shown in Table I [21].

Homogenization of Sonication of

= " Solvent evaporation
mixture using probe

using magnetic stirrer
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The optimized formulation was lyophilized using Christ
Freeze-dryer ALPHA 1-2 LDplus at 10 mTorr pressure
and —48°C for 48 h. for solid-state characterization [22].
The HNC formulation was prepared by dispersing the Car-
bopol-980 as a mucoadhesive agent on the nanoparticles dis-
persion using a mechanical stirrer, and the pH was adjusted
with triethanolamine [11].

The nanoparticle was evaluated for encapsulation effi-
ciency, particle size, zeta potential, polydispersibility index,
morphological evaluation (transmission electron micros-
copy, TEM), solid-state characterization such as differen-
tial scanning calorimetry (DSC), Fourier-transform infrared
spectroscopy (FTIR), and X-ray crystallography (XRD).
HNC formulation was evaluated for pH examination, vis-
cosity, spreadability and rheological behaviour, EGCG con-
tent uniformity, thermodynamic stability, and mucoadhesive
strength study. In vitro EGCG release and diffusion study
were performed using a dialysis membrane, while porcine
buccal mucosa was utilised for evaluating its permeation
and retention using ex vivo studies. Both in vitro and ex vivo
studies were performed using Franz diffusion cell apparatus
and simulated saliva media (pH 6.75) as release media and
evaluated for the presence of EGCG in the collected sam-
ples [11, 23]. The optimized formulations were evaluated
for their stability at accelerated temperature and humidity
conditions for a duration of 6 months.

The efficacy and safety of the formulations were evalu-
ated in an in vivo model of OSF induced using an extract of
areca nut in Sprague Dawley rats. The Institutional Animal

Fig.2 Study design and
schematic representation for
oral submucous fibrosis (OSF)
induction and treatment planner.
OSF was induced in Sprague
Dawley rats by sub-buccal
injection of areca nut extract
(ANE) (100 uL, 20 mg/mL) on
alternative days for 60 days (2 // 82
months). The treatment with the -~ *
standard drugs and the newer
formulation, EGCG HNC was

Sprague
Dawley Rats

{ 2

Ethical Committee (Kasturba Medical College, MAHE,
Manipal) approved the protocol (#IAEC/KMC/112/2018).
CPCEA (Committee for the Purpose of Control and Supervi-
sion of Experiments on Animals) guidelines were followed
for animal experiments. The schematic representation for
OSF induction and treatment is shown in Fig. 2. Sub-buccal
injection of (100 pL, 20 mg/mL) ANE was given at left
buccal mucosal tissue of rats for induction of OSF for 2
months, followed by treatment of disease-induced rats with
optimized formulations [9, 24]. The standard treatment was
betamethasone injection (BTM Inj.), pure EGCG hydrogel,
and EGCG HNC formulations, and normal rats in the control
group were compared with the disease-induced control rats.
GraphPad Prism 8.0.2 statistical software was used to assess
the results using one-way ANOVA (P<0.05).

Results

Physical Characteristics of Octadecylamine-Modified
PLGA Nanoparticles

Table I represents the different physical properties assessed
for octadecylamine-modified PLGA nanoparticles. Based
on preliminary trials, it was inferred that the material and
processing parameters have an important role in obtaining
the desired particle size, zeta potential, and polydispersibil-
ity index (PDI); hence, these parameters were considered
further during preparation and evaluation.

Body Weight Changes, Mouth
Opening, Histopathological
Changes, TGF-$, Collagen &
Oxidative Stress Markers

applied for 45 days after the 0 1 2 3 4 5
induction period. Treatment SN W
continued for 90 days to observe N RV
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Effect of PLGA and PVA on Particle Size, PDI, and Zeta
Potential

An increase in PLGA concentration from 25 to 50 mg,
increased the particle size and PDI while zeta potential
decreased (trial 2, trial 4). The increase in PVA concen-
tration (1 to 2%) decreases the particle size (trial 2, trial
8) in primary emulsion. The rise in concentration of PVA
from 0.5 to 2% (trials 2 and 3) increased the particle size
and PDI during secondary emulsion while zeta potential
decreased. Hence, 0.5% concentration was selected for
the secondary emulsion preparation. The zeta potential
was negative for the unmodified PLGA nanoparticles and
positive for the modified PLGA nanoparticles due to the
carboxyl group at the terminal end of nanoparticle surface
[25, 26].

Effect of Dichloromethane on Particle Size, PDI, and Zeta
Potential

It was observed that the increase in dichloromethane
(DCM) volume during the preparation of primary emul-
sion leads to a decrease in particle size, PDI, and zeta
potential (trials 2 and 17, Table I).

Effect of Sodium Chloride on Particle Size, PDI, and Zeta
Potential

With the addition of sodium chloride, the encapsulation
efficiency was found to be almost the same while there was
slightly increase in particle size and PDI whereas drastic
decrease in zeta potential (trials 2 and 13, trials 3 and 14;
Table I) due to the possible neutralization, so further trials
were not considered [27, 28].

Effect of Homogenization (HSH) Speed and Time on Particle
Size, Zeta Potential, and PDI

Based on the obtained results, it can be concluded that
with the increase in homogenization time and speed, there
was not much difference, but the homogenization to some
extent can help to reduce the particle size after that, it will
not affect any responses (trials 2, 5, 6, and 7; Table I).

Effect of Sonication Parameters (Amplitude, Pulse,
and Time) on Particle Size, PDI, and Zeta Potential

Based on the comparison between trial 2 with trials 9-12,
trial 15, and trial 16 (Table I), the sonication amplitude, time,

and pulse increase, and the particle size and PDI decrease
while the increase in the zeta potential was observed.

Effect of Octadecylamine Addition on PDI, Particle Size,
and Zeta Potential

The addition of octadecylamine to the formulation showed
no or negligible particle size change, whereas increased PDI
within the limit while the particle charge shifted from negative
to positive (trials 2 and 22; Table I). There was an increase
in homogenization time and speed, leads to an increase in
the zeta potential, particle size, and PDI (in trials 21 and 22;
Table I). The sonication of formulation reduced particle size
and PDI while there was not much effect on zeta potential (tri-
als 19 and 22; Table I).

Evaluation Results of Octadecylamine-Modified
PLGA Nanoparticles

The octadecylamine-modified nanoparticles had the high-
est encapsulation efficiency (38.71 + 6.11%) as compared to
unmodified nanoparticles (23.76 + 2.82%). Both nanoformula-
tions (unmodified and modified) showed the retention of the
pure EGCG characteristic peaks, and no or negligible shift in
the EGCG FTIR spectral bands in the case of the formulation
was observed (Fig. 3a). A sharp melting endothermic peak
was observed at 226.54°C by pure EGCG (Fig. 3b), which
confirms the EGCG identity and crystallinity. The disappear-
ance of EGCG endothermic peak in formulations indicates
that the EGCG crystallinity converted to amorphous form or
solid solution state in PLGA nanoparticles (Fig. 3b). The XRD
pattern (Fig. 3c) of pure EGCG had defined sharp peaks at 20
angles such as 15.51°, 16.86°, 20.64°, 21.45°,22.44°, 24.46°,
25.78° and 29.06° which confirms the crystalline nature of
the EGCG which was reduced in case of nanoparticles such
as unmodified nanoparticles (16.98° and 22.88°) and modi-
fied nanoparticles (22.50°) thus indicates transformation of
EGCQG crystalline nature to amorphous nature upon preparing
its nanoparticle formulations. The results are similar to that of
a previous study on EGCG-encapsulated albumin nanoparti-
cles [29]. The surface morphology of modified EGCG-PLGA
nanoparticles was spherical, smooth-shaped, and had a uni-
form distribution in dispersion. FTIR spectrum, DSC thermo-
gram, and XRD graph of EGCG, octadecylamine-modified
EGCG-PLGA, and unmodified EGCG-PLGA nanoparticles
are shown in Fig. 3a, b, and c, respectively. The morphological
analysis of modified nanoparticles is shown in Fig. 3d.

Evaluation and Characterization of Hydrogel
Nanocomposite

The pH of optimized HNC prepared with Carbopol-980 was
neutral (between 6 and 6.75), indicating no or negligible

@ Springer
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Fig.3 Characterization of pure EGCG, unmodified EGCG-PLGA nanoparticles and modified EGCG-PLGA nanoparticles. a: FTIR; b: DSC; c:

XRD; d: Morphological analysis by TEM in two specimens

chances of irritation in the mucosa. The viscosity, spread-
ability, and mucoadhesiveness are prime requirements for
buccal drug delivery.

The viscosity and spreadability of different modified
HNC formulations of 1%, 2%, and 3% w/v gelling agent con-
centration were found to be 6810.43 + 77.27 Cps, 14378 +
84.56 Cps, 0.89 + 0.02 Cps at 25°C and 1.46 + 0.01 g-cm/s,
1.09 + 0.01 g-cm/s, 0.89 + 0.02 g-cm/s, respectively. The
optimized HNC passes the thermodynamic stability, which
indicates the stability over centrifugation and freeze-thaw
study [11, 30]. The gelling agent 1% w/v Carbopol-980 was
easily spreadable and not much viscous; hence, the same
concentration was used for further evaluation. The mucoad-
hesiveness of different modified HNC formulations of 1%,
2%, and 3% w/v gelling agent concentration were found to
be 0.40 + 0.002N, 1.1 + 0.001N and 2.1 + 0.0003N, respec-
tively. The graphical representation of time (min) versus
load (N) for mucoadhesiveness of optimized HNC is shown

@ Springer

in Fig. 4a, b, and c. The results of rheological behaviour
indicate that the optimized HNC formulation showed shear
thinning or pseudoplastic flow (Fig. 4d, e, and f), which
implies that the viscosity increases upon a decrease in shear
rate [11, 23]. The unmodified hydrogel formulations showed
84.43 + 16.36% EGCG content, and the modified hydrogel
had 81.67 + 19.17%.

In Vitro EGCG Release from the Hydrogel
Formulations and Its Diffusion

The graphical representation of in vitro release and diffusion
studies are shown in Fig. SA. The pure EGCG solution had
100% release within 4 h, while EGCG-loaded PLGA nano-
particles and octadecylamine-modified EGCG loaded PLGA
nanoparticles dispersion showed EGCG release in sustained
or controlled manner, 49.07 + 1.64% and 44.42 + 1.01%,
respectively at the end of 24 h.
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In vitro diffusion or permeation study also followed a
similar release pattern. The pure EGCG-loaded hydrogel
showed faster release than the HNC-loaded EGCG encap-
sulated PLGA nanoparticles and octadecylamine-modified
PLGA nanoparticles as polymer and gelling agent barrier
restrict the release of EGCG from HNC. The EGCG release
results compared the EGCG solution and the surface-mod-
ified and unmodified nanoparticles release. There was no
significant difference observed in the results; however, the
release behaviour of unmodified and modified nanoparticles
are significant. For HNC, a statistically significant differ-
ence was observed between the comparative groups, such as
EGCG-loaded hydrogel vs. unmodified HNC, EGCG-loaded
hydrogel vs. modified HNC, and modified HNC vs. unmodi-
fied HNC. The data related to the kinetics models plotted is
shown in Table II. The in vitro EGCG release and Higuchi
model, followed by diffusion samples with the highest 72
value, confirmed that the diffusion control mechanism plays
a major role in the release of EGCG. Except for the EGCG
solution and EGCG loaded hydrogel, all showed # value less
than 0.45, which indicates the Fickian diffusion mechanism,
while both showed anomalous non-Fickian transport (both
diffusional and relaxational transport) [31, 32].

Ex Vivo Permeation and Retention Studies

EGCG solution and its hydrogel exhibited permea-
tion of 33.09 + 25.88 and 11.97 + 0.81 pg, respectively,
through the buccal mucosa at the end of 24 h. At the end
of 24 h, the octadecylamine-modified nanoparticles had
faster and higher permeation (383.60 + 67.40 ug) than
the unmodified nanoparticles (358.16 + 128.23 ug). The

octadecylamine-modified nanoparticles loaded HNC showed
faster permeation (340.47 + 2.42 pg) than the unmodified
nanoparticles loaded HNC (273.11 + 20.19 pg). In multiple
comparisons of one-way ANOVA analysis, when the results
of ex vivo permeation of EGCG from nanoparticles were
compared with the pure EGCG solution, a statistically sig-
nificant difference (p<0.05) was observed. However, there
was no significant difference between the unmodified and
modified nanoparticles. A significant difference (p<0.05)
was observed between the EGCG-loaded hydrogel compared
with the unmodified and modified HNC and also between
the unmodified and modified hydrogel system. The math-
ematical kinetics model data is shown in Table II.

As per the results obtained, the ex vivo EGCG permea-
tion followed zero-order release kinetics due to its higher
72 values. All groups showed n value of more than 0.45,
indicating anomalous non-Fickian transport (diffusional
and relaxational transport) [31]. The comparative permea-
tion behaviour of nanoparticles and its loaded hydrogel is
shown in Fig. 5B. The permeation and retention behaviour
of modified and unmodified PLGA nanoparticles tagged
with a fluorescent probe, rhodamine B through porcine
buccal mucosa were compared. There was a successful per-
meation of octadecylamine-modified EGCG encapsulated
PLGA nanoparticles tagged with rhodamine B compared
to pure rhodamine solution and unmodified EGCG encap-
sulated PLGA nanoparticles tagged with rhodamine B. The
higher permeation of octadecylamine-modified nanoparti-
cles through the buccal mucosal membrane was observed,
which could be due to the formation of nanoparticle inter-
connections with positive charge nanoparticles and buccal
membrane with negatively charged and also nanosize of the

Table Il Mathematical Models
for In Vitro Release and Ex Vivo
Permeation of EGCG

Kinetics or release mechanism models

Zero order  Firstorder ~ Higuchi

model

Kores-peppas
model

2 K, “# K 7 Ky ? n  Kg

In vitro release data of EGCG
EGCG solution

Unmodified EGCG-PLGA nanoparticles 0.87 7.34 0.74 0.30 0.98
Modified EGCG-PLGA nanoparticles 0.87 654 0.74 029 0.99

EGCG-loaded hydrogel
Unmodified HNC
Modified HNC

Ex vivo EGCG permeation data
EGCG solution

Unmodified EGCG-PLGA nanoparticles 0.94 7.31 0.77 030 0.99
Modified EGCG-PLGA nanoparticles 094 7.77 0.77 030 0.99

EGCG-loaded hydrogel
Unmodified HNC
Modified HNC

096 27.15 0.81 0.65 0.99 47.00 098 0.52 0.46
18.01 095 041 0.22
16.03 095 041 0.19
18.41 095 0.80 0.12
1696 099 0.34 0.22
1299 093 0.23 0.19

097 798 083 030 0.98
088 693 0.74 029 0.99
085 526 072 027 0.97
098 0.15 001 -0.04 090 032 0.75 3.10 0.00
17.37 099 051 0.17
18.43 096 049 0.18
092 006 025 -0.12 0.76 0.14 0.89 0.99 0.00
099 061 065 008 0.89 134 098 1.00 0.00
097 133 074 0.13 0.84 286 098 1.44 0.00

EGCG, epigallocatechin 3-gallate; PLGA, poly(lactic-co-glycolic acid); HNC, hydrogel nanocomposite
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nanoparticles providing equal contribution in efficient per-
meation of nanoparticles through different layers of buccal
mucosal membrane. The comparative permeation behaviour
of nanoparticles is shown in Fig. 5C.

Stability Studies at Accelerated Conditions

The accelerated stability studies confirmed the stability of
mucoadhesive HNCs over 6 months as least changes were
observed in the pH, appearance (texture), weight loss, and
viscosity of HNC. After evaluation of the presence of EGCG
in mucoadhesive HNC of stability samples, no or negligible
changes were observed in the EGCG content when com-
pared to the initial samples (0™ day) [16, 33].

Efficacy and Safety Studies in Rats
In Vivo Efficacy Studies

Optimized formulations and the BTM Inj. (standard treat-
ment), were evaluated for their efficacy using an in vivo
ANE-induced OSF rat model. There was no mortality in rats
during OSF induction and the treatment period. Reduction
in mouth opening and histopathological changes indicate the
induction of OSF (Fig. 6a, b, and c). At the end of 3 months

1.80
1.60
_140

£
©1.20
g
£1.00
2
So.80

E 0.60 EGCG
0.40 Hydrogel

0.20
0.00

0 2 4 6 8 10 12
Weeks

EGCG
Hydrogel
Nanocomposite 2;

~o—Control
EGCG Hydrogel Dose-1

~+-Disease Control ~+~BTMInj.
~o—EGCG Hydrogel Dose-2 ~o—HNC Dose-1

—o—HNC Dose-2

Fig.6 In vivo efficacy studies of EGCG-hydrogel composites (HNC)
in areca nut extract (ANE)-induced rat-OSF model. Parameters of
evaluation include body weight (a), mouth opening (), and histo-

(treatment period) there was no significant change in the
bodyweight of rats (Fig. 6a), while a significant increase
in mouth opening was observed in the HNC formulation-
treated rats (Fig. 6b). The OSF-induced rats had a decrease
in epithelial thickness (44.66 + 36.48 um), while formu-
lation-treated rats [BTM Inj. — 67.51 + 11.28 uym, EGCG
(40.91 mg/kg) — 54.06 + 12.46 um, EGCG (81.81 mg/kg)
—76.02 +34.76 um, EGCG-HNC (40.91 mg/kg) — 67.01 =
16.55 um, and EGCG-HNC (81.81 mg/kg) — 85.09 + 32.39
um] showed significant improvement or enhancement in epi-
thelial thickness compared to the control (183.83 + 29.29
um) and OSF-induced rats (44.66 + 36.48 um). The rats
treated with 81.81 mg/kg did not change their body weight
and improved mouth opening compared to the 40.91 mg/kg
dose. Further, the histopathology confirmed that a 40.91 mg/
kg dose was ineffective in improving the OSF condition in
rats. Therefore, dose 2 (81.81 mg/kg dose) was considered
for further evaluation.

Histopathology of oral mucosa in rats of the control
group had 10-16 layers of thickness stratified squamous
keratinized epithelium with rete ridges, connective tissue
beneath the epithelium shows few blood vessels and muscle
fibers while OSF-induced rats had 3—6 layered thick ulcera-
tive epithelium with the presence of scab which showed
fibrin and cell debris, the large necrosed area in the dermis,

Hematoxylin and Eosin Staining Masson Trichome Staining

Healthy
Control

Disease
Control

BTM
Inj.

pathological characterization (c) of different treatments; EGCG: Epi-
gallocatechin 3-gallate; BTM Inj.: Betamethasone injection; Histo-
pathological images were captured at a magnification of X100
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granulomatous inflammation with giant cells, an abundance
of chronic inflammatory cells like lymphocytes, congested
blood vessels. The rats treated with BTM Inj. had atrophic
epithelium with 3—6 layers thickness, the connective tissue
beneath the epithelium has dense infiltration of lymphocytes,
muscle fibers, and mild fibrosis areas were seen while pure
EGCG treated rats showed stratified squamous epithelium
consisting of 3—6 cell layers with an atrophic region. Also,
the absence of rete ridges was seen in the epithelium, and
lymphocytic infiltrates, congested blood vessels, and many
macrophages were seen in the dermis. Fibrosed areas are
seen in the dermis [9]. The submucous histopathology of
rats treated with HNC had an increase in epidermis thick-
ness nearer to healthy rats (6-10 layers) with rete ridges on
the epithelium membrane. The connective tissue beneath the
epithelium was congested blood vessels and muscle fibers
with very few lymphocytes.

Upon Masson trichrome staining, the submucous histo-
pathology of OSF-induced rats had a tight collagen fibre
arrangement in buccal mucosa which was loosely arranged

H

o

o
]

in control rats. BTM Inj. EGCG- and EGCG hydro-
gel—treated rats indicated a presence of tightly collagen fibre
arrangement, while the nanoformulation loaded hydrogel
(HNC) treated group showed a significant reduction in the
collagen concentration [9]. The histopathological images of
the buccal mucosa by H&E staining and Masson trichome
staining are shown in Fig. 6¢ (The original images of histo-
pathological studies are provided in the supplementary file).

OSF-induced rats had an increase in serum collagen
type-1 and TGF-P1 in comparison to control group rats [34,
35]. The formulations treated groups showed a significant
reduction in collagen type-1 and TGF-f1 compared to OSF-
induced rats, indicating the recovery from the OSF condi-
tion. A significant difference was observed between the rats
in treatment groups when compared to the disease group,
such as the disease control group versus BTM Inj., disease
control group versus EGCG hydrogel, EGCG hydrogel, and
disease control group versus HNC for the concentration of
collagen and TGF-B1 [9]. The plots of collagen and TGF-p1
versus different groups are shown in Fig. 7.
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Fig.7 Serum TGF-B1, collagen type-1, and biochemical assays. BTM Inj. — Betamethasone injection, HNC — Hydrogel Nanocomposite;
*p<0.0001 compared to control group, #p<0.0001 compared to disease control group.
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The endogenous antioxidants get disturbed due to the
presence of free radicals [36, 37]. Similar results were
observed in this study. An increase in glutathione, TBARS,
FRAP, and NO concentrations (Fig. 7) was observed in OSF
rats in comparison to healthy rats. A significant reduction
in NO, TBARS, FRAP, and glutathione was observed upon
treatment with the standard BMT-inj and the HNC formula-
tions. The reduction in %DPPH, catalase, and SOD (Fig. 7)
was observed in the disease-induced rats in comparison to
control rats. A statistically significant difference in SOD and
DPPH scavenging was observed between EGCG hydrogel
treatment and EGCG HNC, except for BTM Inj. The cata-
lase significantly increased upon treatment compared with
the OSF-induced rats except for pure drug (EGCG) treated
rats. Among all formulations, HNC formulations showed
better improvement in disease conditions compared with the
OSF-induced rats, which was reflected in histopathology,
antioxidant assays, and TGF-B1 and collagen type-1 [9].

Results of in vivo Safety Studies

There were no noticeable changes in collected organs and
buccal mucosa from the treated rats by visual observation;
this was also confirmed by performing histopathology [9].
The buccal mucosal tissue collected from other groups
did not show any histopathological changes in the buccal

Control

Disease
Control

BTM
Inj.

EGCG |
Hydrogel

HNC

Fig.8 In vivo safety of EGCG hydrogel nanocomposite (HNC) in
OSF-induced rats. a: Histopathology of buccal mucosa, liver, and
kidney; b: Serum biochemical parameters; EGCG: Epigallocatechin
3-gallate; BTM Inj.: Betamethasone injection; *p<0.0001 compared

mucosal region, which indicates the safety of HNC formu-
lations except standard BTM Inj. as it showed little swell-
ing or infection at the injection site, and literature proved
the same [38—40]. All treated rats had proper liver histo-
pathology lobule arrangement with the presence of central
vein and portal triads, numerous sinusoids with liver cells,
and dilated or congested blood vessels with mild infiltra-
tion of chronic inflammatory cells like lymphocytes while
no necrosis and degenerative changes were observed upon
any treatment. None of the treatments had any changes in
kidney histopathology. No inflammation or degeneration
and no necrosis changes in the kidney were observed in
any of the treated rats. The comparative histopathological
images of the buccal mucosa, liver, and kidney of rats in
different treatment groups are shown in Fig. 8 (The origi-
nal images of histopathological studies are provided in the
supplementary file).

There was an increase in urea and creatinine in rats with
OSF, EGCG hydrogel, and BTM Inj. groups, while the
HNC-treated group exhibited urea and creatinine within
the normal. The OSF- rats had an increased AST and ALT
in serum, while a statistically significant reduction of both
was observed upon HNC treatment, compared to standard
treatment (BTM Inj.) and pure EGCG hydrogel [41, 42].
The comparative graphs of various biochemical assays
with different animal groups are shown in Fig. 8.

Urea (mg/dL)

Animal Groups

*

50

Animal Groups Animal Groups

Ea Control =8 Disease Control &3 BTM Inj. ma EGCG hydrogel HNC

to the control group, # p<0.0001 compared to the disease control
group; Histopathological images were captured at a magnification of
%100
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Discussion

The process- and material-related parameters were con-
sidered for formulation and optimization of formulation
and evaluated for their effect on responses such as particle
size, PDI, and zeta potential. An increase in PLGA con-
centration increases dispersed phase viscosity, resulting
in improper PLGA dispersibility in the aqueous phase,
while the generation of high shear forces due to high vis-
cous resistance during emulsification, leading to the for-
mation of coarse particles of larger size during the diffu-
sion method and sometimes larger particles are formed or
formation of coacervates [43, 44]. In the case of primary
emulsion, a decrease in particle size was observed, could
be due to narrower of granulometric distribution and emul-
sifier stabilizing function. Insufficient stabilizer also leads
to the formation of larger particles by forming aggregates
[44, 45]. An increase in DCM content increases the solvent
front kinetic energy, followed by a uniform distribution of
droplets in the aqueous phase, which forms smaller nano-
particles due to the high diffusion rate [43, 46].

An increase in sonication parameters releases higher
energy during sonication, which leads to a speedy reduc-
tion in granulometric distribution due to the rapid forma-
tion of nanodroplets from polymeric dispersion (organic
phase), decreasing the particle size and PDI while increas-
ing the zeta potential. The obtained results are in accord-
ance with previous study results [47, 48]. The addition of
octadecylamine in the formulation increases the encapsu-
lation efficiency which may be due to the presence of more
surface area for encapsulating EGCG [49].

The concentration of polymer is directly proportional
to viscosity and mucoadhesiveness while inversely pro-
portional to spreadability. The viscosity and mucoadhe-
sive increases due to an increase in the concentration of
polymer while spreadability decreases. The hydrophilic
nature of EGCG and its affinity towards the aqueous media
helped release 100% within 4 h from hydrogel, while due
to encapsulation of EGCG inside the nanoparticle carrier,
it shows controlled or sustained release of EGCG due to
the presence of a tight polymer barrier [29, 50].

Permeation of EGCG from its solution and hydrogel
shows slower permeation, which may be due to the hydro-
philic nature of the pure EGCG to the permeation and poor
affinity towards the lipophilic buccal mucosal membrane
and the higher particle size of the EGCG molecules can
be difficult to permeate through the buccal mucosa. The
modified nanoparticles and its hydrogel showed faster per-
meation due to the creation of contacts in the middle of
nanoparticles with positively charged and buccal mem-
branes than with negatively charged [51-53]. One research
study performed by Roblegg and his team showed that the

@ Springer

nanoparticles with positive charge (cationic, 200 nm) and
negative charge (anionic, less than 20 nm) can permeate
faster the buccal mucosal membrane with ease [17, 51,
54]. The ex vivo permeation and retention study showed
the higher permeation of octadecylamine-modified nano-
particles through buccal mucosal membrane was observed
which could be due to the formation of interconnections
among the nanoparticles with a positive charge and buccal
membrane with negatively charged and also nanosize of
the nanoparticles provides an equal contribution in per-
meation of nanoparticles through different layers of buccal
mucosal membrane efficiently [11].

In vivo there was a significant improvement in disease
condition by improving the mouth opening condition, a sig-
nificant reduction in collagen and TGF-f1, improvement in
epidermal thickness, and antioxidants. Generally, the nano-
sized particles with positive charges can permeate the mem-
brane faster, which was also proved by the ex vivo studies
performed. Nanoparticles have the special advantage of per-
meation, retention, and showing their therapeutic action at
the desired site or disease site in the buccal membrane [55,
56]. Based on these results obtained from the safety study,
it was observed that the developed and optimized formula-
tion did not show any toxicity to the vital organs and buccal
mucosa, which indicates that the formulation can be used
safely for the treatment of OSF.

Conclusion

The surface-modified nanoparticles with positively charged
octadecylamine improved buccal membrane permeation.
The optimized formulation showed the required properties,
specifically mucoadhesiveness, controlled release of EGCG
from HNC formulation, and stability for a longer time. In
the OSF rat model, EGCG formulations decreased TGF-f1
and collagen concentration. The histopathology study and
biochemical parameters proved to improve disease condi-
tions. The HNC formulation was safer on the buccal mucosal
membrane, liver, and kidney upon a longer treatment period.
Thus, the developed and optimized HNC formulation is
safer, non-toxic, and efficient and therefore can be used as
an alternative treatment strategy for OSF therapy.
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