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ABSTRACT

Resveratrol exhibits a number of pharmacological properties, notably antioxidant, anti-inflammatory and
anti-cancer activities which are beneficial for the treatment of gastric diseases. However, the poor aque-
ous solubility and rapid metabolism are the important limitations in clinical uses. Superporous hydrogels
(SPHs) based on chitosan/PVA blends were developed as a carrier for resveratrol solid dispersion (Res_SD)
to increase the solubility and achieve sustained drug release in the stomach. The SPHs were prepared by
gas forming method using glyoxal and sodium bicarbonate as cross-linking agent and gas generator,
respectively. The solid dispersions of resveratrol with PVP-K30 were prepared by solvent evaporation
and incorporated into the superporous hydrogels. All formulations showed rapid absorption of simulated
gastric fluid and reached the equilibrium swollen state within a few minutes. The water absorption ratio
and mechanical strength of SPHs were predominantly affected by the chitosan content, with maximum
values at 1400 % and 375 g/cm?, respectively.

The Res_SD-loaded SPHs exhibited good floating properties and SEM micrographs revealed a highly
interconnected pores structure with size around 150 pm. Resveratrol was efficiently entrapped within
the SPHs at levels between 64 and 90 % w/w and efficient drug release was sustained over 12 h dependent
on the concentration of chitosan and PVA. The Res_SD-loaded SPHs exhibited slightly less cytotoxic eff-
fect towards AGS cells than pure resveratrol. Furthermore, the formulation showed similar anti-
inflammatory activity against RAW 264.7 cells compared with indomethacin.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

release in the stomach. Moreover, GRDDS are normally advocated
for specific treatment of conditions arising in the stomach

Gastro-retentive drug delivery systems (GRDDS) have been
investigated extensively to overcome the disadvantages of conven-
tional oral dosage forms. GRDDS are designed to prolong gastric
residence time by several mechanisms including floating on the
gastric content, swelling/expansion, bioadhesion and the use of
high density systems (Nayak et al., 2010; Tripathi et al., 2019).
The aims are to enhance the bioavailability of narrow absorption
window drugs and avoid rapid metabolism through sustained drug
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(Omidian and Park, 2011).

Superporous hydrogel (SPH) makes up one type of GRDDS that
exhibits rapid swelling in a few minutes due to the interconnected
pores network within the gel structure which subsequently leads
to the systems with larger dimensions than the pylorus sphincter
(Kumari et al., 2020; Omidian and Park, 2011). Numerous SPH for-
mualtions have been developed in attempts to optimise mechani-
cal strength, swelling and drug release behavior, based on a variety
of different types of polymers including poly(acrylic acid-co-
acrylamide), sodium alginate, sodium carboxymethyl cellulose
and chitosan (Chavda et al., 2009; Omidian et al., 2007). Among
these polymers, chitosan, a natural polymer produced from
deacetylation of chitin has been widely investigated for production
of GRDDS due to its favourable biodegradability and biocompati-
bility. In addition, the swelling behavior and stability of chitosan
SPH may be enhanced by crosslinking of gel formations. Further
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improvements in the mechanical properties of SPHs have been
demonstrated following incorporation of hydrophilic polyvinyl
alcohol (PVA), as an auxillary polymer during preparation of chi-
tosan superporous hydrogels (Omidian et al., 2007).

Resveratrol (Res), a phenolic compound, obtained from various
plants such as grapes and berries has been reported to display
antioxidant, cardioprotective, neuroprotective, anti-inflammatory
and anticancer activities (KurSvietiené et al., 2016; Ko et al,,
2017; Yang et al., 2018). Resveratrol has been shown to prevent
gastric cancer cell growth by suppressing MALAT1 expression
and inhibit gastric inflammation caused by Helicobacter pylori
(Zhang et al., 2015; Yang et al., 2018; Pannu and Bhatnagar,
2019). In addition, it was found that low doses of resveratrol could
inhibit human gastric cancer cell invasion by blocking the IL-6
induced Raf-MAPK pathway activation (Yang et al., 2018). Resver-
atrol has also been reported to induce both protective and thera-
peutic effects in the treatment of gastric ulcers by inhibiting pro-
inflammatory cytokines (Solmaz et al., 2009).Although the poten-
tial advantages of resveratrol for treatment of a number of gastric
conditions have been demonstrated, the efficacy of resveratrol is
severely limited due to the poor aqueous solubility and rapid
metabolism of the phenol in vivo. Several strategies have been used
to improve the solubility and bioavailability of poorly water-
soluble natural compounds, including micellar solubilization
(Almeida et al., 2020), particle size reduction by micronization
(Sachett et al., 2022), and self-emulsifying systems (Sermkaew
et al.,, 2013; Jaisamut et al., 2017; Petchsomrit et al., 2017). Among
these, solid dispersion (SD) is one of the most widely used methods
because the preparation process is feasible, and suitable for
scaling-up in industry (Sharma et al., 2019; Tran et al., 2019; Van
den Mooter, 2012).

In recent years, various formulations of SPH have been investi-
gated as platforms for sustained release of drug molecules in the
stomach. These systems were successfully employed for water-
soluble drugs such as ranitidine hydrochloride, rosiglitazone mal-
eate and drotaverine hydrochloride (Chavda et al., 2010; Gupta
and Shivakumar, 2010; Farag et al., 2022). By contrast, the applica-
tion of gastro-retentive SPH with poorly water-soluble compounds
have not been previously reported. Therefore, the gastro-retentive
SPH systems merging with solid dispersion technology are devel-
oped in this study to increase the solubility, enhance the gastric
residence time and prolong the release of a poorly water-soluble
phenolic compound, resveratrol.

The main aim of this study was to develop gastro-retentive SPH
based on chitosan/PVA blends in order to prolong the release of
resveratrol for treatment of gastric disorders. The compound was
first formulated as a solid dispersion with a hydrophilic carrier,
polyvinylpyrolidone (PVP K-30), to improve solubility and dissolu-
tion behavior, prior to incorporation in the SPH. The Res_SD loaded
SPH formulations were subsequently evaluated with respect to
swelling ratio, mechanical strength, resveratrol entrapment effi-
ciency and in vitro release. The cytotoxic activity of the developed
formulation and wound healing effect were assessed using gastric
epithelial cell line (AGS) and the anti-inflammatory activity was
measured using murine macrophage cell line (RAW 264.7).

2. Materials and methods
2.1. Materials

Chitosan (Mw 300,000, degree of deacetylation 92 %) was pur-
chased from Seafresh industry Itd. (Bangkok, Thailand). Resveratrol
extract (purity ~ 98 %) was from Pioneer Herb.

Polyvinylpyrrolidone K30 (PVP-K30) was supplied by P.C. Drug
Center Co., Itd. (Bangkok, Thailand). Glyoxal solution (40 %) and
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Polyvinyl alcohol (PVA, average molecular weight 30,000 -
70,000) were obtained from Sigma Co. (St. Louis, MO, USA).
Dimethylsulfoxide (DMSO) was from Amrescov (OH, USA). All
other chemical were of reagent grade and used as received without
further purification.

The human gastric epithelial cancer cell line (AGS) and murine
macrophage cell line (RAW264.7) were obtained from the Ameri-
can Type Culture Collection, ATCC (VA, USA). Fetal calf serum
(FCS) was provided by Gibco (Invitrogen, California, USA).
Penicillin-streptomycin was from Invitrogen (Invitrogen, Califor-
nia, USA). Lipopolysaccharide (LPS, from Escherichia coli), 3-(4,5-d
imethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT), Roswell Park Memorial Institue 1640 (RPMI-1640) medium,
Dulbecco’s modified Eagle’s medium (DMEM), indomethacin and
phosphate buffer saline (PBS) were obtained from Sigma Aldrich
(Sigma Aldrich, Missouri, USA).

2.2. Preparation of resveratrol solid dispersion (Res_SD) and
resveratrol physical mixture (Res_PM)

Solid dispersions of resveratrol and PVP-K30 were prepared by
solvent evaporation using ethanol on account of ethanol’s ability to
completely dissolve both components and to be easily removed
without harmful residue (Kerdsakundee et al., 2015; Zhang et al.,
2018). Following dissolution of resveratrol and PVP-K30 (weight
ratios 1:1, 1:3, 1:6 and 1:9), the solvent was removed by rotary
evaporation at 40 °C under reduced pressure to obtain dried solid,
which was subsequently ground and passed through a sieve
(250 pm). Physical mixture of resveratrol and PVP-K30 in the same
weight ratios for preparation of solid dispersions were mixed and
passed through a 250 pm sieve. Res_SD and Res_PM formulations
were stored in a desiccator and protected from light.

2.3. Solubility and dissolution studies of Res_SD and Res_PM

Solubility studies were conducted using the flask shaking
method (Kerdsakundee et al., 2015). Briefly, an excess amount of
each Res_SD or Res_PM preparation was added to a tube contain-
ing 1 mL of 0.1 N HCI and mixed vigorously by vortex mixer. The
sample tubes were transferred to a shaker bath (37 * 0.1 °C,
100 rpm) for 48 h. The test samples were then centrifuged (Hettich
Zentrifugen D-78532 Tuttlingen Model 16R, Germany) at 4 °C,
6,000 rpm for 60 min and the supernatant was collected and fil-
tered through a 0.45 pm filter (VertiPure™ PVDF(HL), Vertical
Chromatography Co., Itd., Bangkok, Thailand). The concentration
of resveratrol in the supernatant was analyzed at 306 nm using
UV-vis spectroscopy by comparison with a calibration curve pre-
pared using series dilution of resveratrol in 0.1 N HCI. Each Res_SD
and Res_PM preparation was analyzed in triplicate.

The release behavior of resveratrol from Res_SD and Res_PM
preparations was investigated using the USP dissolution apparatus
I (paddle speed 50 rpm, 900 mL of 0.1 N HCl (pH 1.2) dissolution
medium, 37 °C £ 0.5 °C (Kerdsakundee et al., 2015). Samples (5 mL)
were withdrawn after 5, 10, 15, 30, 45, 60, 90 and 120 min and the
same volume of fresh dissolution medium was added. The amount
of resveratrol released were analyzed by UV-vis spectroscopy at
306 nm as described above and each formulation was tested in
triplicate.

2.4. Preparation of Res_SD loaded superporous hydrogel (Res_SD SPH)

The components of Res_SD SPH formulations are shown in
Table 1. Res_SD SPHs were prepared by a gas foaming method as
described earlier with some modification (Chavda et al., 2009;
Gupta and Shivakumar, 2010). Chitosan was employed as the
hydrogel forming polymer whereas PVA was used to enhance the
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Table 1

Components of Res_SD loaded SPH formulations.
Formulation Chitosan soln. (% w/v) PVA soln. (% w/v) 10 % Glyoxal soln. (% v/v) NaHCO; (mg) Res_SD (mg)
Effect of chitosan content
F1 0.5 0.5 0.50 50 100
F2 1 0.5 0.50 50 100
F3 1.5 0.5 0.50 50 100
F4 2 0.5 0.50 50 100
Effect of PVA content
F5 1 0 0.50 50 100
F6 1 0.50 0.50 50 100
F7 1 1.00 0.50 50 100
F8 1 2.00 0.50 50 100
Effect of glyoxal solution
F9 1 0.5 0.00 50 100
F10 1 0.5 0.25 50 100
F11 1 0.5 0.50 50 100
F12 1 0.5 1.00 50 100
Effect of Res_SD content
F13 1 0.5 0.50 50 100
F14 1 0.5 0.50 50 200
F15 1 0.5 0.50 50 300
F16 1 0.5 0.50 50 400

*F2,F6,F11,F13 were the same formulations.

strength of polymer network within the gel. Chitosan and PVA
were weighed and co-dissolved in 5 mL of acetic acid solution
(3 % v/v) to yield the concentrations listed in Table 1. Glyoxal solu-
tion (10 % w/v) and Res_SD were added into the co-polymer solu-
tion, and mixed by stirrer until a uniform mixture was obtained.
Finally, sodium bicarbonate was added as a porogen to create a
pore structure within the hydrogel together with gelation process.
The resulting Res_SD SPH preparations were poured into 24 well-
plates and placed at 5 °C overnight. The freezed hydrogels were
further lyophilized (Freeze dryer). The dried materials were stored
in a desiccator. The content of chitosan, PVA, glyoxal solution and
Res_SD were systematically varied to optimize physicochemical
characteristics.

2.5. Water absorption capacity and density measurement of Res_SD
SPH

The water absorption capacity of dried Res_SD SPH (based on
weight gain) was monitored in 0.1 N HCI (pH 1.2) on a 2 h period.
At predetermined time intervals, the swollen sample was removed
from the medium and carefully placed on a sieve to remove excess
fluid, prior to weighing. The water absorption capacity was calcu-
lated using triplicate samples of each preparation according to
equation (1).

Water absorption capacity = (Ms — Md/Md) = 100 (1)

where Ms is the weight of Res_SD SPH in the swollen state and Md
is the weight of dried Res_SD SPH.

The density of dried Res_SD SPHs was determined by the sol-
vent displacement method (Chavda and Patel, 2010). Samples in
triplicate were weighed and each was placed in a graduated cylin-
der containing hexane. The density of Res_SD SPHs was calculated
using equation (2).
Density =m/v

(2)
where m is mass of dried Res_SD SPHs and v is incremental increase
in hexane volume.

2.6. Compressive strength measurement

The compressive strength of Res_SD SPHs was measured
according to previous report with minor modification using a
Stable Micro Systems Texture Analyzer (Texture Technologies Corp
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Scarsdale, NY) (Gupta and Shivakumar, 2010). Dried SPH samples
in the cylindrical shape were swollen to the equilibrium state by
immersion in 0.1 N HCl and placed on the loading platform of
the Texture Analyzer. The test samples were comprssed using a
stainless steel cylindrical probe under conditions of the pre-test
speed (2.0 mm/sec), test speed (1.0 mmy/sec) and post-test speed
(2.0 mm/sec) and the maximum load was recorded. Each Res_SD
SPH preparation was tested in triplicate.

2.7. Determination of resveratrol content of Res_SD SPH

The content of resveratrol in each Res_SD SPH preparation was
determined by immersing 30 mg samples in methanol overnight.
The solution was filtered through paper filter (Whatman® No. 1)
and diluted with methanol to obtain suitable concentrations for
analysis by UV spectrophotometry as described in section 2.3. Each
formulation was done in triplicate.

2.8. FT-IR studies

FTIR spectroscopy was carried out using a PerkinElmer spec-
trum 400 (FTIR spectrometer shimadzu, Kyoto, Japan). Samples
were prepared by compressing to KBr disc and scanned over the
range 3000-500 cm™! to identify functional groups within the
Res_SD SPH and resveratrol/excipient interactions.

2.9. X-ray diffraction (XRD)

X-ray powder diffraction was performed using X-ray diffrac-
tometer (model D-5005 diffractometer, Siemens AG, Munich, Ger-
many). The diffraction pattern was analyzed at angles 26 from 2 to
50° with an angle variation of 0.02°/s while applying 40 kV and 0.3
A.

2.10. Thermal analysis

The thermal behavior of dried Res_SD SPH preparations was
examined using differential scanning calorimetry (DSC). Analysis
was performed at a heating rate of 10 °C min~' over the tempera-
ture range 30 °C to 250 °C under a nitrogen atmosphere (Perkin
Elmer, DTA7, USA).
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2.11. Morphological investigations

The porous structure of dried SPHs was investigated by scan-
ning electron microscopy (SEM) (Quanta 400, Hitachi, Tokyo,
Japan). Samples were immersed in liquid nitrogen and cross-
sectioned to expose their internal structure. The inner surface of
the dried hydrogels was coated with a thin layer of gold alloy using
Sputter coater prior to examination in the SEM at an operating
voltage of 10 kV.

2.12. In vitro release of resveratrol from Res_SD SPH

The release behavior of resveratrol from Res_SD SPH formula-
tions was investigated using the USP dissolution apparatus II (pad-
dle speed 75 rpm, 900 mL of 0.1 N HCl (pH 1.2) dissolution
medium, 37 °C = 0.5 °C (Kerdsakundee et al., 2015). Samples
(5 mL) samples were collected at 30, 45 min and 1, 1.5, 2, 4, 6, 8,
12 h and the same volume of fresh dissolution medium was
added.The amount of resveratrol released were analyzed by UV-
vis spectroscopy at 306 nm as previously described in section 2.3
and each formulation was tested in triplicate.

2.13. Weight loss of Res_SD SPH in simulated gastric fluid

The weight loss of SPHs was investigated under the same exper-
imental conditions described above (section 2.12) for release test-
ing of resveratrol (Qiu and Park, 2003). Dried SPH samples were
placed in the dissolution vessel and removed at predetermined
times. Then, the SPHs were dried in a hot air oven at 40 °C and
weighed to determine the % weight remaining using the following
equation.

%remaining weight = [(Wt — Wi)/Wi] x100 (3)

where Wi is the initial dry weight of SPHs and Wt is the dry weight
at time t.

2.14. In vitro cytotoxicity

The in vitro cytotoxicity of Res_SD SPH preparations was
assessed using the MTT assay in combination with the human gas-
tric epithelial cancer cell line (AGS) as previously described
(Kaewkroek et al., 2022). Cells were cultured in DMEM supple-
mented with 10 % FBS, 1 % penicillin-streptomycin solution,
0.1 % human insulin, and 1 % sodium pyruvate. AGS cells were
seeded at a density of 2x10* cells/well in a 96-well plate and incu-
bated at 37 °C under 5 % CO, atmosphere for 24 hr. Subsequenly,
the medium was removed and the cells were washed with
serum-free medium prior to exposure to various concentrations
of a) Res_SD SPH, b) blank SPH, c) Res_SD and d) pure resveratrol
diluted with serum-free medium for 24 h. The cells were subse-
quently treated with MTT solution and further incubated for 3 h.
At the designated time interval, the MTT solution was removed
and the formazan crytals produced in viable cells were dissolved
using DMSO. The optical density was measured at 570 nm by a
microplate reader (SPECTROstar Nano, BMG LABTECH, Ortenberg,
Germany) and culture medium was used as control. The % cell via-
bility was calculated using the following equation:

%viability = [ODsample/ODcontrol] «+ 100 (4)

2.15. Anti-inflammatory activity

The anti-inflammatory activity of Res_SD SPH preparations was
evaluated by measuring the inhibition of nitric oxide (NO) produc-
tion in RAW264.7 cells (Kaewkroek et al., 2022). The cells were cul-
tured in RPMI 1640 medium supplemented with sodium
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bicarbonate 0.1 % and glutamine, penicillin G 2 mM (100 units/
mL), streptomycin (100 pg/mL) and 10 % fetal calf serum (FCS).
Cells were seeded at a density of 1x10° cells/well in a 96-well plate
and incubated at 37 °C under 5 % CO, atmosphere for 1 h. The cul-
ture medium was removed and replaced with a mixture of LPS and
Res_SD SPH test samples in serum free medium for 24 h. The level
of NO production was determined be assay of the amount of nitrile
in the culture medium using Griess reagent. The optical density
was measured at 570 nm using a microplate reader.

2.16. Wound healing assay

In vitro wound healing assay was investigated using an AGS cell
line to measure collective cell migration as previously report
(Wannasarit et al., 2019; Kaewkroek et al., 2022). Cells were
seeded at a density of 4x10* cells/well in a 6-well plate for 24 h
using DMEM supplemented with 10 % FBS and 1 % penicillin/strep-
tomycin as cultred medium. After reaching a confluent monolayer,
the cells were washed with PBS and fixed with 3.7 % paraformalde-
hyde for 30 min. The fixed cells were stained with 1 % crystal violet
in 2 % ethanol for a further 30 min. A wound gap was created using
a sterile scratcher (0.5 mm, SPL life Sciences, Gyeonggi-do, Korea).
Samples of Res_SD SPH were diluted with serum free medium to
the equvanet concentration of resveratrol at 10 pg/ml. Then, the
samples were added to the wells and narrowing of the wound
gap was monitored after 24 h. Photographs of the wound gap
before and after addition of Res_SD SPH test ssamples were
recorded using phase contrast microscopy (Nikon Instrumentals
Inc., New York, USA).

The percentage relative wound closure was calculated using the
following equation:

%relative wound closure = [(A; — A;)/Ai]x100 (5)
When A; is initial area of wound gap after scratching, A, is area of
wound gap at 24 h.

2.17. Statistical analysis

Data were presented as mean values * standard deviation (SD).
Significant of differences were evaluated using Student’s t-test and
one-way ANOVA with p values<0.05 considered statistically
significant.

3. Results and discussion

3.1. Characterization of resveratrol solid dispersions (Res_SD) and
resveratrol physical mixture (Res_PM)

Solid dispersions of resveratrol and PVP-K30 at various w/w
ratios were successfully prepared by solvent evaporation using
ethanolic co-solutions. The ratio of Res and PVP-K30 was confined
to 1:3 to 1:9 since use of a lower ratio at 1:1 resulted in formation
of a viscous mixture following solvent evaporation instead of dried
powder. PVP-K30 was selected as the hydrophilic carrier since the
polymer is non-crystalline and has been shown previously to be
advantageous for preparing solid dispersion of phenolic com-
pounds such as curcumin (Kaewnopparat et al, 2009;
Kerdsakundee et al., 2015; Liang et al., 2007). Moreover, solid dis-
persions based on PVP-K30 have demonstrated an ability to inhibit
drug precipitation in gastrointestinal environment. Res_SD and
Res_PM were characterized in terms of solubility, in vitro dissolu-
tion release, release behavior, XRD, DSC and FI-IR as follows.
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3.1.1. Solubility of Res_SD and in vitro dissolution studies

Solubility enhancement of poorly water-soluble drugs is a
major challenge for development of effective medicines from such
entities. In the present study, resveratrol demonstrated low solu-
bility of 0.12 mg/mL in 0.1 N HCl at 37 °C but the solubility
increased significantly by a factor of 10 using simple (1:9) physical
mixtures with PVP-K30 (Table 2). The production of resveratrol
solid dispersions with PVP-K30 also resulted in increased solubility
with increasing content of PVP but the higher ratio of 1:9 produced
a remarkable enhancement of resveratrol solubility of approxi-
mately 500 fold (61.50 + 0.170 mg/mL). The lower ratio of resver-
atrol to PVP (1:3) was not effective in elevating solubility in SD or
physical mixture form. Explanations for the enhanced solubility of
resveratrol in solid dispersions featuring high PVP content have
been explained in previous study (Gao and Shi, 2012). High con-
centrations of hydrophilic polymers tend to enhance the transfor-
mation of crystalline drug form to amorphous form resulting in
increased solubility of resveratrol by specific interaction between
drug and polymer including hydrogen bond formation and ionic
interaction (Gao and Shi, 2012; Huang and Dai, 2014; Fitriani
et al., 2016).

3.1.2. Powder X-ray diffraction studies (XRD)

Resveratrol displayed distinct peaks at 2@ angles of 2.50, 16.37,
19.19, 22.36, 26.69 and 28.30 in the X-ray diffractogram (Fig. 1A)
corresponding to the crystalline form. No peaks were observed in
PVP-K30 XRD spectra (Fig. 1B) indicating the amorphous form of
the carrier. All Res_PMs (1:3 to 1:9 wt ratio) retained the dominant
crystalline peaks at the same 2® positions as resveratrol. In con-
trast, the resveratrol solid dispersions with PVP-K30 displayed only
the broaden peaks of PVP-K30 indicating the transition of crys-
talline resveratrol to the amorphous form in the solid dispersion.
This behavior is explained by interference of the PVP carrier poly-
mer with crystal nucleation and growth-processes of resveratrol,
resulting in precipitation in amorphous form during solvent evap-
oration. Another possible explanation involves inhibition of crystal
nucleation in solution due to resveratrol-PVP interaction via
hydrogen bonding (Wegiel et al., 2013).These mechanisms of crys-
tallization inhibition are excluded in simple mixtures of drug and
carrier.

3.1.3. Differential scanning calorimetry

DSC thermograms of resveratrol, PVP-K30, Res_SDs and
Res_PMs are illustrated in Fig. 2. Resveratrol revealed a sharp
endothermic peak at around 266 °C, corresponding to the crystal
melting point of resveratrol whereas no peak was observed for
PVP-K30 indicating its amorphous state. No resveratrol melting
peak was observed for Res_SD samples, suggesting that the resver-
atrol component exists in amorphous form as evidenced by XRD
results (Section 3.1.2). No endothermic peaks were recorded for
Res_PMs which may be explained by dissolution of resveratrol in
molten PVP-K30 phase during thermal analysis as mentioned in
other studies (Baghel et al., 2016).

Table 2
The solubility of non-formulated resveratrol, resveratrol solid dispersion (Res_SD)
and resveratrol physical mixture (Res_PM) with PVP-K30 in 0.1 HCl at 37 °C.

Sample Solubility (mg/mL) Sample  Solubility (mg/mL)
(mean + S.D) (mean + S.D)

Resveratrol 0.12 + 0.03

1:3 PM 0.18 £ 0.01 1:3SD  0.10 £ 0.01

1:6 PM 0.46 + 0.09 1:6 SD  0.61 £ 0.02

1:9 PM 1.13 £ 0.03 1:9SD 61.50+0.17
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3.1.4. FT-IR analysis

FT-IR spectra (Fig. 3) was performed to support the interaction
between the absorption peak of the drug and polymer (Boontawee
et al, 2022). The FT-IR spectrum of resveratrol showed peaks at
3234 cm™! assigned to the hydroxyl (O—H) whereas PVP-K30
showed the absorption band at 1659 cm™! attributed to the car-
bonyl group (C=0). FT-IR spectra recorded for 1:9 Res-SD showed
the absorption band of carbonyl group group of PVP-K30 lower to
1600 cm™'. This results indicated the interaction between resvera-
trol containing OH hydrogen bond donor groups, which allows
hydrogen bond formation with a polymer containing an appropri-
ate acceptor group such as C=0 groups (Kerdsakundee et al., 2015;
Fitriani et al., 2016; Boontawee et al., 2022). Such interactions
including hydrophobic and electrostatic effects, may lead to
improvements in drug solubility and dissolution behavior (Tran
et al., 2019).

3.1.5. In vitro dissolution behavior

The in vitro dissolution profile of resveratrol, Res_SDs and
Res_PMs in 0.1 N HCI (pH 1.2) are presented in Fig. 4. Resveratrol
dissolution was restricted to<15 % within 2 h, due to the hydropho-
bicity and poor solubility of the phenol. Physical mixtures of
resveratrol and PVP-K30 resulted in increasing resveratrol dissolu-
tion which increasing PVP content reaching a level of 42 % at 2 h for
1:9 Res_PM preparations.This behavior may be explained by
increased wetting of the resveratrol particle component of the mix-
ture by dissolved PVP. In the case of Res_SDs, resveratrol dissolu-
tion reached a miximum of 71 % for weight ratio 1:9 while the
lower ratios of 1:3 and 1:6 were not effective in enhancing disso-
lution. The marked improvement in resveratrol dissolution with
increasing content of PVP may be attributed to the transition of
resveratrol to the amorphous state as discussed above, and would
be expected to result in corresponding improvement in bioavail-
ability and dose reduction of the drug in vivo (Afifi, 2015;
Panizzon et al., 2019). Based on solubility and dissolution testing,
Res_SD preparation of w/w ratio 1:9 were selected for loading into
superporous hydrogels.

3.2. Characterization of Res_SD loaded SPHs

3.2.1. Preparation of SPHs

Resveratrol solid dispersions (Res_SD) were successfully incor-
porated in superporous hydrogels (SPH) using a gas foaming tech-
nique. Hydrogels were produced from chitosan as the main gel-
forming polymer together with PVA as an auxillary polymer. Gly-
oxal solution was used as a crosslimking agent to increase the
strength of the gel network. The pore structure was produced by
sodium bicarbonate as a gas forming agent to the co-solution of
chitosan and PVA in acetic acid after addition of the crosslinking
agent. The resulting SPHs were freeze dried prior to detailed
physicochemical characterization and evaluation of cytotoxicity,
anti-inflammatory and wound healing capability in cell culture
as follows.

3.2.2. Appearance, weight variation and density

Res_SD SPHs were produced in the form of cylindrical shape
and exhibited white to yellowish color (Fig. 5). The average weight
ranged from 210.2 to 361.8 mg depending on the polymer content
and drug loading. SPHs displayed highly fluid absorption with
slightly increase in dimensions after immersion in 0.1 N HCl
(Fig. 5).

The apparent density of the various SPHs ranged from 0.112 £ 0.
002 to 0.619 + 0.128, which is lower than the density of gastric
fluid (<1.004 g/mL) indicating that the SPH would float and remain
in the stomach following oral dosing (Bhalla and Nagpal, 2013;
Payghan, 2014).The SPHs density was affected significantly by
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Fig. 2. DSC thermograms of resveratrol, PVP-K30, resveratrol solid dispersion (Res_SD) and resveratrol physical mixture (Res_PM).

the content of chitosan, PVA, crosslinking agent and resveratrol. content, which resists expansion by gas generation. The decrease
SPH density decreased by approximately 50 % on increasing the in hydrogel density from 0.542 to 0.112 g/mL with increasing
concentration of chitosan and PVA in the starting co-solution from glyoxal solution addition (crosslinker) may be similarly explained.
0.5 % to 2 % (Table 3). This behavior may be explained by the The increase in Res_SD loaded SPH density from 0.202 to 0.501 g/
increased strength of the gel network with increasing polymer mL reflected the increased content of SD.
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Fig. 4. Dissolution of resveratrol, resveratrol solid dispersion (Res_SD) and resver-
atrol physical mixture (Res_PM) in 0.1 N HCl, pH 1.2, 37 °C.

3.2.3. Resveratrol encapsulation efficiency (%EE)

In general the Res_SD loaded SPHs exhibited high resveratrol
encapsulation efficiency in excess of 75 % within a maximum of
90 % (Table 3). Lower % EE was recorded for formualtions produced
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using low concentration (0.5 %) chitosan solution (F1) and high
(1 %) glyoxal solution content (F12). The lower concentration of
chitosan in the starting co-solution with PVA is expected to result
in a decrease in viscosity, which favours sedimentation of Res_SD,
resulting in decreased entrapment within the hydrogel. The effect
of the higher content of glyoxal crosslinking solution in reducing
encapsulation of Res_SD is unclear but may also be explained by
a reduction in viscosity of the chitosan/PVA co-solution which
would increase sedimentation of Res_SD.

3.2.4. Compressive strength measurements

Effective functioning of Res_SD SPH as gastro-retentive drug
delivery system must be able to withstand the pressure exerted
during gastric contraction. The compressive strength of Res_SD
loaded SPH was found to be influenced by chitosan and PVA con-
tent, crosslinker concentration and Res_SD loading (Fig. 6). More-
over, the structural integrity of hydrogels prepared using
chitosan solution concentration 1 % w/v was maintained during
exposure to simulated gastric fluid for 12 h. The maximum com-
pressive load sustained by Res_SD loaded SPH increased signifi-
cantly from 60 to 375 g when the concentration of chitosan in
the formulation increased from 0.5 % to 2 % (Table 3) with a major
increase occurring for SPH prepared using 1.5 % chitosan solution.
Similar findings were reported previously (Akakuru and Isiuku,
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Fig. 5. Macroscopic features of resveratrol solid dispersion loaded superporous hydrogel (F2) in the dried state (A) and swollen condition following immersion in 0.1 N HCI

state.

Table 3
Characteristics of superporous hydrogels loaded with resveratrol solid dispersion
(Res_SD SPH).

Formulation Weight (mean +S. Density (g/ Encapsulation
No. D.) mL) efficiency (%)
Effect of chitosan content

F1 210.20 + 1.56 0.457 £ 0.016 68.18 + 3.54
F2 217.85 £ 0.35 0.202 + 0.009 75.57 + 1.04
F3 230.77 + 0.62 0.211 £ 0.018 81.70 + 0.39
F4 272.67 £ 2.92 0.165 + 0.058 84.94 + 0.87
Effect of PVA content

F5 190.80 + 2.91 0.619 £ 0.128 78.98 + 0.07
F6 217.85 £ 0.35 0.202 £ 0.009 75.57 + 1.04
F7 22193 £5.24 0.261+£0.012 85.01+1.76
F8 253.07 + 5.96 0.262 + 0.012 90.27 + 0.71
Effect of glyoxal solution

F9 219.60 + 4.21 0.542 £ 0.011 82.81 +1.50
F10 209.60 + 5.40 0.202 +£ 0.009 75.57 + 1.04
F11 217.85 £ 0.35 0.263 £ 0.012 78.71 + 2.06
F12 256.93 + 3.86 0.112 £ 0.002 64.35 +4.23
Effect of Res_SD content

F13 217.85 £ 0.35 0.202 +£ 0.009 75.57 + 1.04
F14 282.95 £ 0.15 0.250 £ 0.015 75.11 + 1.27
F15 399.23 +4.74 0.387 £0.039 75.84+1.15
F16 461.80 t 4.50 0.501 £ 0.049 77.28 + 1.67

density of gastric content = 1.004 g/cm®.

2017). Increases in compressive strength from 100 to 250 g were
recorded on raising the PVA concentration of the starting co-
solution from 0 to 2 % although to a lesser degree than observed
for chitosan. This behavior may be explained by the higher net-
work strength resulting from the increased polymer content of
the hydrogel and the intermolecular interaction (physical cross-
links/entanglements) between chitosan and PVA (Kim et al,
2012; Akakuru and Isiuku, 2017). Hydrogels produced without
crosslinking agent displayed expectedly low compressive strength
(20.3 g/cm?) whereas 10 fold increase following added crosslinking
agent. Increases in Res_SD loading from 100 to 400 mg resulted in
more than doubling of the hydrogel compressive strength due to a
particulate reinforcement effect.

3.2.5. Water absorption studies

Water absorption studies carried out in simulated gastric fluid
revealed rapid, large scale fluid uptake, typically around 1500 %
weight gain, followed by maintenance of the equilibrium state over
60 min (Fig. 7). The rapid fluid uptake suggests that the controlling
mechanism is capillary action rather than simple absorption (Chen
et al., 2000; Chavda et al., 2009). The formation of hydrogen bonds
between water molecules and hydrophilic functional groups
(-NH,) and hydroxyl groups (-OH) in the chitosan chains is
expected to promote fluid entry into the hydrogel network
(Correlo et al., 2007; Chavda and Patel, 2010). Another, possible
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mechanism to promote the swelling ratio is the cationization of
amine groups in acidic SGF condition (Kim et al., 2003; Ahmadi
et al.,, 2015). Interestingly, the acidic environment of SGF results
in ionization of amine groups in the chitosan macromolecules to
ammonium ions (NH3), which result in repulsive forces between
polymer molecules, and increase the void space for fluid uptake.

SPH prepared using low chitosan concentration solution of 0.5
and 1 % resulted in higher fluid uptake to 1400 % compared with
SPH featuring higher chitosan content (approximately 800 %
weight gain) as shown in Fig. 7(a). This behavior may be explained
by the higher strength of the gel network, resisting expansion (Qiu
and Park, 2003; Chavda et al., 2013; Ahmadi et al,, 2015). The
increase of PVA content in the SPH as represented in Fig. 7(b)
resulted in similar fluid absorption behavior to that of chitosan
content. The effect of the amount of Res_SDs and glyoxal were also
test as illustration in Fig. 7(c) — 7(d), respectively.

The extent of SGF uptake by Res_SD-loaded SPH decreased sig-
nificantly as the concentration of crosslinking agent increased, in
line with the increased rigidity and lower expansion capacity of
the hydrogel network. SPHs prepared in the absence of glyoxal
solution and exposed to SGF resulted in a mean weight gain of
2300 % but samples collapsed during testing. Fluid uptake of cross-
linked SPH samples was restricted to weight gains between 1000
and 1500. The increase in Res_SD content of the SPH from
100 mg to 300 mg resulted in a 50 % reduction in fluid uptake
which may be explained by the reinforcing effect of the drug par-
ticles on the hydrogel matrix, which restricts expansion.

3.2.6. SEM

The pore sizes of SPHs are generally in the range of a few hun-
dred micrometers. The appropriate pore size was attributed to fast
and high water retention with suitable mechanical strength. The
internal structure of freeze-dried SPHs exhibited an extensive
interconnected pore structure with pore size of approximately
150 pm (Fig. 8). The large surface area and pore interconnectivity
evident within the SPH helps explain the rapid fluid uptake by
these materials by capillary action (El-Said et al., 2016).

3.2.7. In vitro release of resveratrol from superporous hydrogels

The resveratrol release profiles for Res_SD loaded SPH typically
exhibited an initial phase of rapid release over the first two hours
exposure to SGF followed by gradual release over the remaining
10 h (Fig. 9). Various factors are known to affect drug release
including drug solubility, interaction between drug and polymer
and swelling ratio. The content of chitosan and PVA in the SPH
was found to exert a significant effect on resveratrol release. The
use of high chitosan solution concentrations of 1.5 and 2 % were
found to restrict resveratrol release to below 40 % during 12 h
exposure to SGF, indicating poor delivery efficiency. In comparison,
lower chitosan solution concentrations of 0.5 and 1 % gave rise to
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100 pum

Fig. 8. Internal structure of dried superporous hydrogel loaded with resveratrol
solid dispersion (F2).

high resveratrol delivery efficiency of 80 %. Increases in concentra-
tion of the PVA solution used to prepare the SPH from zero to
resulted in a reduction of resveratrol delivery from 100 to around
70 % (Fig. 9B) although the effect was less marked than observed
for increasing content of chitosan in the SPH. Almost complete
release of resveratrol (90 %) occurred rapidly from non-
crosslinked SPH preparations during the first 2 h exposure to SGF
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(Fig. 9C) and increasing the glyoxal solution from 0.025 to 1 % v/
v had little effect on the release profile or the amount of resveratrol
released (79-85 % in 12 h). Contrary to expectations, increasing the
content of Res_SD in the SPH from 100 to 300 mg was found to
reduce the cumulative release of the phenol from around 70 to
80 % during exposure to SGF for 12 h, whereas complete release
was achieved in 8 h when the Res_SD content was set at 200 mg.
Higher drug release obtained for 200 mg Res_SD in Fig. 9. The pat-
tern of drug release profiles obtained for SPHs was consistent with
their fluid absorption behavior in that hydrogels exhibiting a
higher fluid absorption achieved higher % drug release. Based on
the above findings of > 90 % resveratrol delivery in SGF, formu-
laiton F2 prepared using 1 % w/v chitosan solution concentration,
0.5 %w/v PVA solution concentration, 0.13 % v/v glyoxal solution
concentration and 200 mg Res_SD was considered to be highly
advantageous for gastro-retentive delivery of resveratrol.The
release profiles of F2 was also shown initially burst release and fol-
lowed by prolonged release over 12 h. These pattern represent to
the release of drug on the surface of SPHs in the first phase and
the diffusion and erosion of SPHs in the second phase. After fitting
with the various kinetic models, the release of drug can be
explained by Krosmeyer-Peppas model that indicated both diffu-
sion and erosion mechanisms (R? = 0.999) (Bhalla and Nagpal,
2013).

3.2.8. In vitro degradation kinetics of SPHs

Mass loss of Res_SD SPH in the in vivo environment of the stom-
ach is expected to be caused by both mechanical forces and chem-
ical/enzymatic hydrolysis of the polymer chains (Qiu and Park,
2003). The mass remaining profiles recorded for Res_SD SPH dur-
ing exposure to SGF (Fig. 10) essentially mirrored in reverse the
resveratrol release profile presented in Fig. 9. In general, rapid
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sample mass loss was evident during the first 30 min and the rate
of mass loss plateaued after 2 h. This behavior may be explained by
dissfuion of resveratrol molecules and polymeric macromoleculs
(chitosan, PVA, PVP) from the hydrogel matrix, probably facilitated
by acid hydrolysis of chitosan chains. As discussed above (section
3.2.5) in relation to resveratrol delivery, SPH mass loss is strongly
and directly related to the fluid absorption characteristics of the
SPHs.

3.2.9. In vitro cytotoxicity and anti-inflammatory properties of
superporous hydrogels loaded with Res_SD

MTT assay and anti-NO test were employed using AGS and
RAW264.7 cells, respectively. Resveratrol has been reported previ-
ously to exhibit anti-cancer activity against gastric cells (Yang
et al, 2018). No significant difference was measured between
IC50 values of resveratrol loaded SPH (99.3 + 0.9 pg/mL) and
non-formulated resveratrol (82.8 + 0.5 pg/mL) was measured
(p > 0.05) (Table 4), indicating the phenol maintained anti-
canceractivity following formulation. Additionally, the SPH carrier
(blank) displayed very low toxicity against AGS cells (IC50 value

Table 4

Assay of anticancer and anti-inflammatory activity of a) superporous hydrogel loaded
with resveratrol solid dispersion b) non-formulated resveratrol and c) blank
superporous hydrogel.

Test sample Cytotoxicity assay ICso (plg/mL)  Anti-NO assay ICsq (pg/mL)

Res_SD SPH 99.3+09 7.5 +0.8
Blank SPH 558.9 + 0.5 238.1+1.2
Resveratrol 82.8+0.5 6.1 £0.5
Indomethacin - 6.9+ 0.8

*Statistical significance, p < 0.05.
2 Each value represents the mean * S.D. of four determinations.
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558.9 + 0.5 png/mL) indicating that the hydrogel did not inhibit
the activity of resveratrol. The viability of AGS cells following expo-
sure to increasing concentrations of test samples (5-200 pg/mL)
for 24 h is presented in Fig. 11. Non-formulated resveratrol pro-
duced the highest cytotoxic effect against AGS cells, resulting in
a maximum decrease in cell viability of 90 %. Res_SD loaded SPHs
Formulation F2 produced a gradual, concentration-dependent
reduction in cell viability of around 70 % with increasing resvera-
trol concentration. However, resveratrol solid dispersion (Res_SD)

Control mRes_SD SPH® SPH  Res_SD ™ Res
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Fig. 11. The viability of human gastric epithelial (AGS) cells following exposure for
24 h to increasing concentrations of superporous hydrogel loaded with resveratrol
solid dispersion (Res_SD SPH) (a), blank superporous hydrogel (SPH)(b), resveratrol
solid dispersion (Res_SD) (c) and non formulated resveratrol (Res) (d). Data
represented as mean + S.D. (n = 4).
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resulted in a smaller reduction in cell viability of 40 % at the high-
est phenol concentration (200 pg/mL). The reasons for the reduced
cytoxicity of Res_SD SPH and Res_SD preparations relative to non-
formulated resveratrol are unclear since complete release of
resveratrol is expected during the 24 h time period of cell expo-
sure. One explanation may involve the increase in % cell viability
recorded for the blank hydrogel and resveratrol-containing hydro-
gels at low loadings (5-10 pg/mL) in comparison with the blank
hygrogel. This result indicates an effect of the phenol itself on cell
growth.

3.2.10. Anti-inflammatory activity

Healing of gastric ulcers is promoted by administration of anti-
inflammatory therapeutics. Resveratrol has been reported to exert
anti-inflammatory effects in LPS-stimulated RAW264.7 cells in a
dose-dependent manner by down-regulating the expression of
inducible nitric oxide synthase (iNOS) and interleukin-6 (IL-6)
and phosphorylation of nuclear factor-kB (NF-kB)(Yang et al.,
2018; Pannu and Bhatnagar, 2019). Superporous hydrogel loaded
with Res_SD (Formulation F2) was found to strongly inhibit NO
production by murine macrophage-like RAW264.7 cells (ICso 7.5 +
0.8 pg/mL). Importantly, the potent anti-inflammatory effect of
non-formulated resveratrol (ICso 6.1 = 0.5 pg/mL) in comparison
with the NSAIDs indomethacin (ICs0 6.9 + 0.8 pg/mL), was largely
maintained following incorporation in the hydrogel.
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3.2.11. Wound healing assay

As mentioned in Section 3.2.9, superporous hydrogels loaded
with low concentrations (5-10 pg/mL) of Res_SD were found to
exert a proliferative effect on gastric epithelial cells in culture
and are therefore of potential benefit for treating lesions in the gas-
trointestinal tract (Solmaz et al., 2009; Yang et al., 2018). The
scratch wound healing assay was performed using monolayer
AGS cells exposed to test samples for 24 h. As shown in Fig. 12,
superporous hydrogel loaded with Res_SD (Formulation F2) signif-
icantly increased % wound closure (72 %) in comparison with blank
hydrogel (30 %) and Res_SD (55 %). In addition, the cell migration
pictures of Res_SD loaded SPH in comparison with Res_SD and
blank SPH are also presented in Fig. 13. It thus appears that a com-
bination of the phenol compound and superporous hydrogel based
on chitosan and polyvinyl alcohol is recommended to maximize
wound healing potential.

4. Conclusions

The prepared SPH systems based on chitosan and polyvinyl
alcohol merging with solid dispersion technology were found to
enhance solubility, the gastric residence time and prolong the
release of resveratrol. The hydrogels exhibited rapid absorption
of simulated gastric fluid while maintaining structural integrity
for 12 h. The SPH also acted as a suitable carrier for maintaining
the relese of drug in the stomach. Additionally, the resveratrol
loaded hydrogels exhibited anti-cancer and anti-inflammatory
activity in cell cultures including wound healing capacity at low
resveratrol content. These findings illustrated the potential use of
SPH based formulations for stomach-specific delivery of resvera-
trol and other poorly water-soluble compounds.
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Fig. 13. The cell migration of superporous hydrogel loaded with resveratrol solid dispersion Res-SD SPH (a), blank hydrogel (SPH) (b) and resveratrol solid dispersion (c) at

5 pg/mL for 48 h.
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