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a b s t r a c t

Gastroretentive expandable films were developed to provide controlled release of ginger extract (GE) for
treatment of gastric diseases. The dosage form consisted of ginger extract solid dispersion (GE-SD) loaded
in a starch/chitosan composite film, which was subsequently folded and inserted into a hard gelatin cap-
sule. GE-SD was prepared by solvent evaporation using an optimum weight ratio of 1:1 for GE and PVP
K30. Expandable films containing GE-SD were prepared by solvent casting combinations of chitosan and
either rice-, glutinous rice - or pregelatinized maize starch with glycerin incorporated as a plasticizer. The
optimized film formulation prepared from glutinous rice starch, exhibited tensile strength of 5.4 N/cm2

and high expansion in simulated gastric fluid (SGF), resulting in a 2.8-fold increase in area. The films
resulted in sustained release of up to 90% of the content of 6-gingerol during 8 h exposure to SGF.
Furthermore, the 6-gingerol released from the film displayed dose-dependent cytotoxic activity against
AGS human gastric adenocarcinoma cells and anti-inflammatory activity by inhibiting the production
of nitric oxide (NO) in LPS-stimulated RAW264.7 cells.
� 2021 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

Ginger (Zingiber officinale Roscoe, Zingiberaceae) originated in
Southeast Asia and has been exploited for over 2000 years because
of its medicinal and culinary value. The rhizome of ginger has been
used extensively as an ingredient (e.g., spice or flavouring) for a
variety of foods and beverages, while the rhizome and its extracts
have featured strongly in traditional oriental medicine (Srinivasan
2017). Ginger has been primarily used to treat conditions related to
the gastrointestinal tract such as indigestion, nausea, and vomiting
(Daud et al., 2011; Sato et al., 2017). Ginger contains a variety of
pungent and biologically active compounds featuring gingerols as
the major constituents, among which 6-gingerol is the most
abundant (Fitzpatrick and Woldemariam 2017). This phenol phy-
tochemical has been reported to exhibit a number of pharmacolog-
ical properties including antioxidation, anti-inflammation, gastric
protection, antibacterial, and anticancer activity (Ippoushi et al.,
2003; Ghasemzadeh et al., 2015; Aslani et al., 2016; Cafino et al.,
2016). It is evidenced to be a good scavenger of peroxyl radicals
and a potent inhibitor of nitric oxide production and iNOS enzyme
induction in lipopolysaccharide (LPS)-stimulated mouse macro-
phages (Ippoushi et al., 2003). The chemopreventive and chemo-
protective effects of 6-gingerol have been shown to be associated
with their antioxidative and anti-inflammatory activities (Habib
et al., 2008; Hamza et al., 2021). 6-gingerol has also been found
to be cytotoxic to various cancer cells lines including human colon
cancer (HCT15), fibrosarcoma (L929), and murine macrophages
(Raw 264.7) (Kumara et al., 2017). In terms of safety, ginger has
been approved by the American Food and Drug administration as
a GRAS (Generally Recognized as Safe) ingredient (Ali et al.,
2008; Singletary 2010).

Despite their demonstrated pharmacological activity, clinical
application of gingerol is restricted due to low aqueous solubility
and short half-life, leading to poor oral bioavailability (Jiang
et al., 2008). Solid dispersions (SD) are one of the most successful
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formulation strategies for improving the solubility and bioavail-
ability of poorly water-soluble drugs and are applicable to gin-
gerols. Generally, SDs consist of the drug finely dispersed in a
hydrophilic and biocompatible polymer matrix or carrier, such as
polyvinyl pyrrolidone (PVP), Eudragit (Kerdsakundee et al., 2015;
Wannasarit et al., 2019), polyethylene glycol (PEG), hydroxypropyl
methylcellulose (HPMC), and methylcellulose (MC) (Dalvi et al.,
2015).

Gastro-retentive drug delivery devices have been designed to
prolong drug release in the stomach by different approaches.
Expandable systems, for example, are usually folded in a capsule
and expand to dimensions greater than the pyloric sphincter upon
contact with gastric fluid (Vrettos et al., 2021). Therefore, they
remain in the stomach and extend drug release. Numerous devices
having various geometrical shapes have been investigated, includ-
ing rings-, discs, tetrahedrons, and 4 lobed-forms (Mehta et al.,
2018). Semi-synthetic and synthetic polymers including HPMC,
ethyl cellulose, Eudragit polymers, and polyvinyl alcohol are gener-
ally used to produce these gastroretentive devices (Kaewkroek
et al., 2019). However, natural polymers offer major advantages
due to their non-toxic, biocompatible, and biodegradable
properties.

Starch is a naturally occurring polymer, obtained from a variety
of plant sources including corn, rice, wheat, and potato. The basic
chemical formula is (C6H10O5)n where n is the number of glucose
molecules that are connected by a-glycosidic linkages. Starch in
its native and modified forms has been used extensively as a phar-
maceutical excipient, particularly in tabletting, serving as binder,
disintegrant, diluent, glidant, and lubricant (Builders and
Arhewoh 2016). Chitosan is a natural carbohydrate polymer
obtained by the deacetylation of chitin [poly-b-(1-4)-N-acetyl-D-
glucosamine], a major component of crustacean shells (Santos
et al., 2020). Chitosan has also been widely investigated as an
excipient in various pharmaceutical dosage forms to control disin-
tegration of tablets, for example, or to modify drug release beha-
viour (Lu et al., 2019; Patil et al., 2021).

Starch is one of the most commonly used materials to prepare
films for its low cost, renewable and biodegradability. However,
wide application of starch film is limited by its water solubility
and brittleness (Wu and Zhang 2001). Therefore, it is often com-
bined with other substances to form polymers with lower solubil-
ity and greater mechanical strength. Such polymers include
chitosan, cellulose, alginate and xanthan gum (Wu et al., 2019).
Mixing chitosan to starch film can improve water resistance, water
vapor transmission rate (WVTR), and mechanical strength due to
the formation of intermolecular hydrogen bonds between the
amino and hydroxyl groups of chitosan and the hydroxyl groups
of the starch (Wittaya 2012). Solution casting is one of the com-
monly used techniques to prepare starch films. The method
involves solubility of the biopolymer in a solvent/plasticizer, cast-
ing in the mold and drying (Bangar et al., 2021).

In recent years, the starch-chitosan composite films have been
widely investigated, primarily for their application as food packag-
ing materials (Lauer and Smith 2020). By contrast, a limited num-
ber of applications in drug delivery systems have been reported.
Recently, glutinous rice starch-chitosan composite film was found
to exhibit an effective coagulation effect, making it an ideal mate-
rial for blood-stopping wound dressing (Wu et al., 2019). Ball-
milling modified glutinous rice starch – chitosan composite films
were developed and characterized. The composite films could be
useful for buccal delivery of a model hydrophilic drug, lidocaine
hydrochloride (Soe et al., 2020). In another study, resveratrol
loaded expandable films prepared using pre-gelatinized corn
starch and chitosan demonstrate the potential for prolonging drug
release in the stomach for treatment of gastric disorders
(Boontawee et al., 2021).
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The aim of this study was to develop a novel expandable, gas-
troretentive device, for localized and prolonged release of 6-
gingerol in the stomach for the treatment of gastric disorders,
based predominantly on natural polymers. Composite expandable
films produced from starch and chitosan acted as a stomach-
specific carrier for solid dispersions incorporating ginger extract.
The physicochemical properties and release behavior of the films
were investigated along with the anti-proliferative and anti-
inflammatory in vitro activities of released 6-gingerol.
2. Materials and methods

2.1. Materials

6-gingerol (98% purity) was obtained from Baoji Herbest Bio-
Tech Co., Ltd (Shaanxi, China). GE was purchased from Guangzhou
Phytochem Sciences Inc. (Guangzhou, China). Glycerin was from P.
C. Drug Center Co., Ltd (Bangkok, Thailand). Pre-gelatinized maize
starch (Starch 1,500�; 27.0% amylose content) were provided by
Colorcon (Indianapolis, USA). Eudragit� EPO (average MW
150 kDa) was obtained from Evonik Industries AG (Darmstadt, Ger-
many). Rice starch (Oryza sativa; 33.8% amylose content) and gluti-
nous rice starch (Oryza sativa var. Glutinosa; 0.56% amylose
content) were sourced from Cho Heng Rice Vermicelli Factory
Co., Ltd. (Nakhon Pathom, Thailand). Chitosan was purchased from
Seafresh Industry Ltd. (Bangkok, Thailand). Hard gelatin capsules
(size 00) were sourced from Capsugel (Bangkok, Thailand).

AGS cells (human gastric adenocarcinoma cell line) and
RAW264.7 cells (murine macrophage cell line) were purchased
from the American Type Culture Collection, ATCC (VA, USA).
Lipopolysaccharide (LPS, from Escherichia coli) and indomethacin
were purchased from Sigma Aldrich (Sigma Aldrich, Missouri,
USA). Fetal calf serum (FCS), Roswell Park Memorial Institute 1640
medium (RPMI-1640), Dulbecco’s modified Eagle’s medium
(DMEM), 3-(4,5- dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo
lium bromide (MTT), phosphate buffer saline (PBS), Penicillin-
streptomycin were supplied by Gibco (Invitrogen, California,
USA). 96-well microplates were obtained from Nunc (Nunc,
Birkrød, Denmark). Dimethylsulfoxide (DMSO) was from Amresco
(OH, USA). All other chemicals were of analytical or pharmaceutical
grades.

2.2. Preparation of ginger extract solid dispersion

The hydrophilic polymers PVP K-30 and Eudragit EPO, respec-
tively, were used to prepare SDs of GE using solvent evaporation
(Kerdsakundee et al., 2015; Wannasarit et al., 2019). GE and poly-
mer were weighed in the ratio of 1:1–1:6 and dissolved in metha-
nol to obtain a clear solution. The solvent was removed by rotary
evaporation at 40 �C (Heidolph� Instruments GmbH & CO. KG,
Schwa Bach, Germany). The dry samples were ground using a mor-
tar and pestle, then sieved to provide a 0.05–0.25 mm particle size
fraction. The resulting SDs were kept in air-tight containers at 4 �C
and protected from light. Physical mixtures (GE-PM) were pre-
pared by blending the ginger extract and polymer at different
weight ratios in a mortar and stored under the same conditions
as the SD.

2.3. Solubility of ginger extract solid dispersions

The solubility of each type of GE-SD was determined using the
flask shaking method (Kerdsakundee et al., 2015; Bunlung et al.,
2021). An excess amount of GE-SD, GE-PM, and ginger extract,
respectively, was added to separate vials containing 1 mL of
0.1 N hydrochloric acid (pH 1.2). After capping the vials, the mix-
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ture was vortexed (Vortex-Genie 2, 50 Hz model, Scientific Indus-
tries Inc., Bohemia, USA) at maximum speed for 10 min. The vials
were transferred to a water bath shaker (Julabo� SW22, Seelbach,
Germany) and maintained at 37 �C, 100 rpm for 48 h. The mixture
was centrifuged at 4000 rpm for 10 min. The supernatant was col-
lected into glass vials, diluted and filtered through a 0.45 lm filter
paper and stored at 4 �C prior to analysis.

The concentration of 6-gingerol in the supernatant correspond-
ing to each test sample was measured by HPLC. Aliquots were
diluted with methanol and 20 mL of the diluted samples were
injected directly on the HPLC column. The quantitative determina-
tion of 6-gingerol was performed using an Agilent HPLC photodi-
ode array detector (HP 1100, Agilent, Santa Clara, USA) with a
Verti-SepTM UPS C18 5 mm column (4.6–250 mm) (Ligand Scien-
tific, Bangkok, Thailand). The mobile phase (methanol:1% acetic
acid (75:25, v/v)) was run isocratically for 16 min at a flow rate
of 1 mL/min. The wavelength of detection was 282 nm. The analy-
sis was repeated three times for each formulation and data were
reported as mean ± SD. Quantification of 6-gingerol in the super-
natant was achieved by comparison with a calibration curve pro-
duced using 6-gingerol.

2.4. Characterization of ginger extract solid dispersions

2.4.1. X-ray diffraction studies
X-ray diffraction patterns were obtained at room temperature

using an X-ray diffractometer (Philips: X’pert MPD, Amsterdam,
Netherlands). Studies were performed under a voltage of 40 kV
and a current of 30 mA at a scan speed 1 s/step over a 2h range
of 5–90� using a step size of 0.05�.

2.4.2. Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra were obtained using a Fourier transform infrared

spectrometer (Perkin-Elmer, Waltham, USA) equipped with a
deuterated triglycine sulfate detector. Samples were prepared in
potassium bromide (KBr) discs. The scanning range was 450–
4000 cm�1.

2.5. Preparation of expandable films loaded with ginger extract solid
dispersions

The composite, natural polymer expandable films were pre-
pared by solvent casting (Boontawee et al., 2021). Starch (rice
starch, glutinous rice starch or pre-gelatinized maize starch) and
chitosan were used as film-forming agents while glycerin was
included as a film plasticizer. Different concentrations of starch,
chitosan, and glycerin (Table 1) were dissolved in 30 mL of acetic
acid (1% w/v). The solutions were heated at 90–100 �C for 2 h
and stirred overnight at room temperature. GE-SD (2 g) was added,
followed by continuous stirring until a homogenous solution was
obtained. The resulting solution was poured into a glass petri dish
(area 64 cm2) and allowed to dry at 45 �C for 48 h. The resulting
composite films were carefully removed and cut into
40 � 20 mm size rectangles prior to loading into hard gelatin cap-
sules (size 00) by zigzag folding.

2.6. Physicochemical characterization of expandable starch/chitosan
films loaded with ginger extract solid dispersions

2.6.1. Film weight and thickness
Each film formulation was prepared in triplicate and rectangu-

lar samples (40 � 20 mm) were cut from each preparation. Ten
samples were weighed using an analytical balance (Practum224-
1s, Sartorius, Goettingen, Germany). Film thickness was measured
at five different positions using a digital vernier caliper (V6-154,
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Kovet Co, Ltd, Bangkok, Thailand). The mean ± SD values were cal-
culated for all formulations.

2.6.2. 6-gingerol content
Film samples (40 � 20 mm) were immersed in 20 mL of 0.1 N

hydrochloric acid (pH 1.2) in a volumetric flask for 1 h to dissolve
chitosan, followed by immersion in 80 mL of methanol to extract
6-gingerol from film. After sonication for 30 min, the resulting
solutions were filtered through a 0.45 lm filter paper and diluted
with methanol. The 6-gingerol content of the solutions was ana-
lyzed using HPLC that described earlier in the part of solubility of
ginger extract. The test was repeated three times for each formula-
tion and data were reported as mean ± SD.

2.6.3. Measurement of film tensile properties
A texture analyzer (TA.XT plus Texture Analyser, Stable Micro

Systems, Surrey, UK) was used to determine film tensile strength.
Film strips were held between two clamps positioned 30 mm
apart. Card was attached to the surface of the clamps to prevent
film breakage by the grooves of the clamp. Samples were extended
at a rate of 2.0 mm/s until fracture and the applied force was
recorded. Tensile measurements were obtained for six samples of
each film formulation. and the tensile strength was calculated
according to the following equation.

Tensile strength ðN=cm2Þ ¼ Force at break ðNÞ=Initial cross
� sectional area of the sample ðcm2Þ
2.6.4. Film unfolding behavior and expansion in simulated gastric fluid
Film samples (40 � 20mm) were folded in a zigzag manner and

inserted singly into a size 00 hard gelatin capsule. Six loaded cap-
sules were exposed to simulated gastric fluid (SGF) (900 mL, 0.1 N
hydrochloric acid, pH 1.2) at 37 ± 0.5 �C using a USP 30 rotating
basket dissolution apparatus (Vankel model VK7000, Montréal-
Est, Canada) at a rotation speed of 100 rpm. The unfolding behavior
of the film was observed at 5, 10, 20, 15, 30, 60, and 480 min. The
film dimensions were also measured at 480 min to determine the %
film expansion based on area.

2.6.5. Film swelling behavior
The swelling behavior of the films over time was investigated

by measuring the weight of samples before (W1) and after (W2)
immersion in 200 mL of 0.1 N hydrochloric acid (pH 1.2) at differ-
ent time points (5, 10, 20, 30, 60, 120, 240, and 480 min). Fluid
absorption was expressed as %weight gain according to the follow-
ing equation and reported as mean ± SD. (n = 3).

Fluid absorption ¼ ½ðW2�W1Þ=W1� � 100
2.6.6. Morphology of ginger extract solid dispersions-loaded films
Scanning electron microscopy (SEM) was used to examine the

morphology of GE-loaded film formulations (G5) (JSM-5800LV,
Jeol, Tokyo, Japan). Samples were sputter coated with gold prior
to examination at 20 keV accelerating voltage.

2.6.7. 6-Gingerol release from starch/chitosan expandable films
The drug release profile of film formulations was determined

using USP 30 rotating basket dissolution apparatus at 37 ± 0.5 �C
and a rotating speed of 100 rpm in 900 mL of 0.1 N hydrochloric
acid. Samples (5 mL) were withdrawn after 10, 20, 30, 60, 120,
240, 360, and 480 min and replace with fresh medium. The sam-
ples were filtered and analyzed using the HPLC method. The cumu-
lative percentage release of 6-gingerol from each formulation was
calculated. The test was repeated three times for each formulation
and data are reported as mean ± SD. The obtained release profiles



Table 1
Composition of GE-SD starch/chitosan expandable films.

Formulation GE-SD (g) Glycerin (g) Pre-gelatinized maize starch (g) Glutinous rice starch (g) Rice starch (g) Chitosan (g)

P1 2 0.7 1 – – 0.5
P2 0.8
P3 1.25 – – 0.5
P4 0.8
P5 1.5 – – 0.5
P6 0.8
G1 2 0.7 – 1 – 0.5
G2 0.8
G3 – 1.25 – 0.5
G4 0.8
G5 – 1.5 – 0.5
G6 0.8
R1 2 0.7 – – 1 0.5
R2 0.8
R3 – – 1.25 0.5
R4 0.8
R5 – – 1.5 0.5
R6 0.8

R: rice starch, G: glutinous rice starch, P: pre-gelatinized maize starch

K. Kaewkroek, A. Petchsomrit, A. Wira Septama et al. Saudi Pharmaceutical Journal 30 (2022) 120–131
were analyzed with zero- and first-order kinetics (Wagner 1989) as
well as Higuchi (Higuchi 1963) models.
2.7. In vitro cytotoxic activity of 6-gingerol released from films

The cytotoxicity of 6-gingerol released from expandable films
was determined using the MTT colorimetric method (Kaewkroek
et al., 2019). AGS cells (a human gastric adenocarcinoma cell line)
were grown in Dulbecco’s Modified Eagle Medium (DMEM, Gibco�,
Paisley, UK) supplemented with 10% fetal bovine serum and 1%
antibiotics (100 mg/mL streptomycin and 100U/mL penicillin)
(Gibco�). The cells were cultured in a humidified condition at
37 �C and 5% CO2. When the cultures reached 80–90% confluency,
the monolayers were washed with PBS (pH = 7.4) and detached
with 0.25% trypsin-EDTA solution (Gibco�). Cells were counted
using a hemocytometer (Gibco�) and re-plated in 96- well plates
(2 � 104 cells/well). After 24 h incubation, the culture medium
was removed, and 100 lL of the test sample were added to tripli-
cate wells. Test samples consisted of ‘free’ 6-gingerol (in DMSO), 6-
gingerol released from starch/chitosan films, and GE-SD. After 24 h
exposure, 10 lL of MTT solution (5 mg/mL in PBS) were added to
each well and incubation was continued for a further 4 h. The
MTT reagent was removed and the formazan crystals formed by
the viable cells were dissolved by adding DMSO. The spectrophoto-
metric absorbance was measured at 570 nm using a microplate
reader (SPECTROstar Nano Microplate Reader, BMG Labtech, Singa-
pore) and cell viability was determined using the following
relationship:

Cell viabilityð%Þ ¼ ½ðOD of sampleÞ=ðOD of controlÞ� � 100

The test samples were considered to be cytotoxic when the
optical density of the sample-treated group was less than 80% of
that in the control (vehicle-treated) group.
2.8. In vitro anti-inflammatory activity of 6-gingerol released from
films

The inhibitory effect of released 6-gingerol on nitric oxide (NO)
production by murine macrophage-like RAW264.7 cells was evalu-
ated using a modified previously reported method (Kaewkroek
et al., 2013). Briefly, RAW264.7 cells were cultured in RPMI med-
ium (Gibco�) supplemented with 0.1% sodium bicarbonate and
2 mM glutamine, penicillin G (100 units/mL), streptomycin
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(100 lg/mL), and 10% FCS. The cells were harvested with trypsin-
EDTA and diluted to a suspension in fresh medium. The cells were
seeded in 96-well plates (1 � 105 cells/well) and allowed to adhere
for 1 h at 37 �C in a humidified atmosphere containing 5% CO2.
After that, the medium was replaced with fresh medium contain-
ing 100 ng/ mL of LPS, together with the test samples at various
concentrations, and incubated for 24 h. Test samples comprised
of ‘free’ 6-gingerol (in DMSO), 6-gingerol released from starch/chi-
tosan films, and GE-SD. Indomethacin was used as a positive con-
trol. NO production was determined by measuring the
accumulation of nitrite in the culture supernatant using Griess
reagent and detection of the color at 570 mm. The percentage inhi-
bition of NO production was calculated using the following equa-
tion and IC50 values were determined (n = 4):

Inhibitionð%Þ ¼ ½ðA� BÞ=ðA� CÞ� � 100

A-C: NO2
-concentration (mM) [A: LPS (+), sample (-); B: LPS (+),

sample (+); C: LPS (-), sample (-)].
2.9. Statistical analysis

All results were expressed as the mean ± SD. Differences
between two related parameters were assessed by Student’s t-
test or one-way ANOVA. Differences were considered significant
at p < 0.05.
3. Results and discussion

3.1. Preparation of ginger extract solid dispersions and determination
of 6-gingerol solubility

Solid dispersions are designed to enhance the solubility of
poorly water-soluble compounds by dispersion of fine particles
throughout a polymer matrix. In this way, available particle surface
area is increased such that wetting and dissolution occur more
rapidly (Matteucci et al., 2008). The SD formulation approach also
confers advantages of high drug loading and the potential for
improving the physicochemical stability of active compounds
(Matteucci et al., 2008). SD techniques have previously been
applied to a number of hydrophobic herbal compounds including
curcumin, Centella extract, and quercetin resulting in a significant
improvement in their solubility and therapeutic effect such as
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wound healing and anti-inflammatory activities (Kerdsakundee
et al., 2015; Wannasarit et al., 2019; Bunlung et al., 2021).

PVP was selected for production of GE-SD due to its high
hydrophilicity and good solubility in a wide variety of organic sol-
vents (dos Santos et al., 2021). The dimethylaminoethyl
methacrylate-copolymer (Eudragit EPO) dissolves at low pH
(pH < 5) (Kerdsakundee et al., 2015) and was investigated as a car-
rier for GE to improve solubility and release of 6-gingerol in gastric
fluid (pH 1.2). GE-SDs were prepared by solvent evaporation using
GE:polymer weight ratios of 1:1–1:6. The dried SDs were generally
obtained as a fine, yellow powder (Fig. 1). Only SDs prepared from
GE and Eudragit using 1:1 or 1:2 w/w ratios displayed unsatisfac-
tory physical appearance and were excluded from further study.

The solubility of 6-gingerol following exposure of GE to SGF was
very low and measured as 0.28 ± 0.01 mg/mL. Formulation of GE as
physical mixtures with PVP K30 or Eudragit EPO to SGF resulted in
improvement of 6-gingerol solubility but values were lower than
1 mg/mL (Figs. 2 and 3). Kumar Singh and Pal Kaur reported a sol-
ubility of 3.2 mg/mL for 6-gingerol when GE was exposed to SGF
and a reduced solubility of 0.7 mg/mL on exposure to water
(Kumar Singh and Pal Kaur 2011). Formulation of GE-SDs resulted
in a marked improvement of 6-gingerol solubility in SGF, com-
pared with GE-PM. The solubility decreased with increasing
amounts of PVP K30 or Eudragit EPO in the SD and was greater
for PVP (22.8 mg/mL at 1:1 GE:polymer ratio) compared with
Eudragit (11.9 mg/mL, 1:3 ratio), respectively.
Fig. 1. The appearance of GE-SD powder.
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PVP is utilized extensively in solid dispersions to enhance drug
solubility because of its capacity to preserve the amorphous state
by creating an intermolecular hydrogen bond between drug and
polymer (Wang et al., 2017). Saal et al. reported that the solubility
of several anionic drugs (indomethacin, warfarin, bezafibrate, and
piroxicam) rose as the concentration of Eudragit EPO increased,
before plateauing due to steric hindrance of the interactions
between Eudragit and the active drug at high polymer loading
(Saal et al., 2017). However, the gradual decrease in 6-gingerol sol-
ubility in the present study, on raising the proportion of carrier
polymer in the SD follows the pattern reported previously for
curcumin-Eudragit EPO solid dispersions (Kerdsakundee et al.,
2015) and Centella extract-PVP K30/ Eudragit EPO solid disper-
sions (Wannasarit et al., 2019). This behaviour suggests that disso-
lution of 6-gingerol may be delayed by the volume of the
surrounding polymer which impedes fluid uptake and wetting
and prolongs carrier dissolution (Karavas et al., 2006).
3.2. Characterization of ginger extract solid dispersions

The amorphous state of the drug in solid dispersion is critical
for increasing their solubility as no energy is required to break
the drug crystal lattice (Bhujbal et al., 2021). Therefore, the amor-
phous form of many poorly water-soluble drugs can achieve sub-
stantially higher apparent solubility and markedly faster
dissolution. Amorphous solid dispersion also produce supersatura-
tion in the gut resulting in enhancing the drug absorption (Thomas
2020).
3.2.1. X-ray diffraction studies
Powder X-ray diffractograms of GE-SD (1:1 w/w ratio) prepared

using PVP K30 displayed a marked absence of peaks corresponding
to crystalline components (Fig. 4) whereas the samples of GE-PM
and GE gave rise to an abundance of sharp, crystal-associated
peaks. The amorphous form of GE-SD correlates with the enhanced
solubility of GE-SDs compared with GE-PMs (Fig. 2).
3.2.2. Fourier transform infrared spectroscopy
The FT-IR spectrum of PVP K30 featured important bands at

2956 cm�1 (C-H stretch) and at 1660 cm�1, which is attributed
to stretching of _CAO group. The band at 1290 cm�1 is attributed
to the _NOC group. The FT-IR spectrum of GE (Fig. 5) displayed
the characteristic features of phenol compounds. A broad band
located at 3,421 cm�1 was attributed to O–H stretching of
hydrogen-bonded hydroxyl groups. Bands at 2928 and
2857 cm�1 corresponded to CH2 stretching peaks, a small peak at
1709 cm�1 was due to –C = O stretching while bands at
1374 cm�1, 1268 cm�1, 1100 cm�1, and 891 cm�1 corresponded
to aromatic C–H in-plane deforming and stretching, –C–O–C
stretching, and –C–O stretching of –C–O–H bonds, respectively
(Aris and Morad 2014). The peak at 1709 cm�1 was not present
in the spectra of physical mixtures of GE with PVP K30 while the
peaks at 3421, 2928, 2857, 1660, 1374, 1268, and 1100 cm�1 were
shifted to 3426, 2927, 2860, 1661, 1375, 1290, and 1087 cm�1,
respectively, indicating the presence of H-bonding between GE
and PVP-K30. In the spectra obtained for solid dispersions of GE
with PVP K30, the characteristic band of GE shifted from
2928 cm�1 to 2926 cm�1 and the broad band at 3421 shifted to a
higher wave number located at 3425 cm�1. Moreover, the absorp-
tion bands of GE at 1709, 1268, and 1100 cm�1 were not present.
From the above data, interaction was expected between GE and
PVP K30 in the solid state, involving the –OH group of GE and
the carbonyl group in PVP K30 (Kanaze et al., 2006).



Fig. 2. Solubility of 6-gingerol resulting from formulation of GE:PVP K30 solid dispersions (GE-SD PVP K30) and GE:PVP K30 physical mixtures (GE-PM PVP K30). Solubility
testing carried out in 0.1 N hydrochloric acid (pH 1.2), 37 �C.

Fig. 3. Solubility of 6-gingerol resulting from formulation of GE:Eudragit EPO solid dispersions (GE-SD Eudragit) and GE:Eudragit physical mixtures (GE-PM Eudragit).
Solubility testing carried out in 0.1 N hydrochloric acid (pH 1.2), 37 �C.
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3.3. Preparation of starch/chitosan expandable films loaded with
ginger extract solid dispersion

GE-SDs prepared from GE and PVP K30 in a 1:1 wt ratio resulted
in the highest 6-gingerol solubility in SGF (Fig. 2) and were incor-
porated in expandable starch/chitosan films. The films were pre-
pared by solvent casting using either rice starch, glutinous rice
starch or pre-gelatinized maize starch in combination with chi-
tosan and glycerin included as a film plasticizer. The resulting
GE-SD-loaded films were light yellow in color, flexible and tough
with smooth surfaces (Fig. 6).

The SEM image of the cross-section of films prepared from
glutinous rice starch and chitosan containing GE-SD (Formulation
G5) (Fig. 7) displayed a uniform, slightly roughened texture with
no sign of large scale voids or cracking or crystal formation. This
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indicated that fine particles were homogenously dispersed in the
polymeric matrix.
3.4. Physicochemical characteristics of starch/chitosan expandable
films containing ginger extract solid dispersion.

3.4.1. Film weight and thickness
The weight of films containing GE-SD ranged from 525.5 ± 0.01

to 649.3 ± 0.02 mg (Table 2) depending on the weight of starch and
chitosan utilized, while the mean thickness of films was in the
range 0.51 ± 0.01 to 0.75 ± 0.01 mm. The low standard deviation
values indicated the good reproducibility of film production and
thus high expectation of dosage accuracy (Reyad-ul-ferdous
et al., 2015; Domene-López et al., 2019).



Fig. 4. Powder X-ray diffractograms of PVP K30, 1:1 ginger extract physical mixture (GE-PM), 1:1 ginger extract solid dispersion (GE-SD), and ginger extract (GE),
respectively.
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3.4.2. Film tensile properties
Expandable dosage forms are designed to have a longer gastric

retention time through an increase in their substantial dimension
along with high rigidity of the systems to withstand peristalsis
and mechanical contractility of the stomach (Prajapati et al.,
2013). Tensile strength is a characteristic that indicates the
strength and elasticity of the films. The films with high tensile
strengths should have better resistance to breaking or disintegra-
tion for a substantial period during the drug release in the stomach
than those with low tensile strength. The tensile strength of films
prepared from pregelatinized maize starch and chitosan occupied a
fairly narrow range of 3.6–6.3 N/cm2 (Table 2). The rise in value
reflected the increase of starch and chitosan in the formulation,
which resulted in thicker and thus stronger films. Samples pre-
pared from glutinous rice starch and chitosan resulted in the stron-
gest films with maximum strength of 13.8 N/cm2. These particular
formulations also demonstrated a significant influence of the
starch and chitosan content on film strength. Increasing the chi-
tosan content from 0.5 to 0.8 g, for example, resulted in 10 times
increase in tensile strength (compare formulations G1 and G2).
The effect of chitosan content was less pronounced in films pro-
duced using rice starch although a similar maximum tensile
strength of 11.8 N/cm2 was obtained.

Our findings support those of Xu et al. who reported an increase
in tensile strength of rice starch/chitosan composite films with the
addition of chitosan, which was explained by the formation of
intermolecular hydrogen bonds between starch and chitosan (Xu
et al., 2005). However, too high chitosan concentration resulted
in inferior mechanical characteristics. This was due to the occur-
rence of intramolecular hydrogen bonding rather than intermolec-
ular hydrogen bonds between polymers.
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3.4.3. Unfolding behavior of starch/chitosan films in SGF and size
expansion

Film samples were folded in a zigzag manner and inserted in
hard gelatin capsules. Dissolution of the capsule in SGF subse-
quently allowed release and gradual unfolding of the polymer film
over 5–10 min. Complete unfolding occurred in 15 min. All film
formulations showed similar unfolding characteristics. An increase
in film thickness was observed in 30 min due to swelling of the
polymer and the film maintained good integrity for up to 8 h expo-
sure to SGF (Fig. 8).

Film samples generally exhibited expansion of 2–3 fold on
exposure to SGF (Table 2). The maximum expansion (3.7-fold)
was displayed by low weight films prepared using glutinous rice
starch and chitosan (Formulation G1). However, these films were
also characterized by the lowest tensile strength (0.8 N/cm2), indi-
cating poor physical integration of the starch and chitosan
polymers.

The swelling behavior of expandable film (represented as %
weight gain in SGF) is depicted in Fig. 9. Films were prepared using
glutinous rice starch and chitosan and contained GE-SD (Formula-
tion G5, Table 1). Rapid and considerable swelling occurred in one
hour and equilibrium appeared to be reached after 2 h of exposure
to SGF. The film thickness increased in 30 min due to the swelling
action but remained intact for 8 h in the gastric medium.

Swelling of the films is initially considered to involve ‘‘primary
bound water” due to hydrogen bonding between water molecules
and hydrophilic (–OH) groups in starch and chitosan and amide
groups (–NH) in chitosan. Following hydration of the polymer net-
work hydrophobic groups interact with water, resulting in ‘‘sec-
ondary bound water”. ‘The quantity of ‘total bound water’
increases until equilibrium swelling is achieved and the free space



Fig. 5. FT-IR spectrum of PVP K30, ginger extract physical mixture (GE-PM), ginger extract solid dispersion (GE-SD), and ginger extract (GE).

Fig. 6. The appearance of expandable films prepared from glutinous rice starch and chitosan containing GE-SD (Formulation G5). (A) before drying (B) after drying (C) Dried
film prepared without inclusion of GE-SD.
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including that between network chains and pores or voids is occu-
pied by ‘‘free’ or ”bulk’ water (Llanes et al., 2020).

Film swelling capacity is influenced by a variety of factors,
including the type of monomers, and crosslinking density
(Pérez-Álvarez et al., 2018). Chitosan is classed as a homopolysac-
charide due to its single monosaccharide constituent whereas
starch is a heteropolysaccharide made up of amylose (semicrys-
talline) and amylopectin (crystalline) components in different pro-
portions depending on the plant species (Rajeswari et al., 2020).
Cano and co-workers reported that the amylose to amylopectin
ratio is the most important factor in determining film swelling
characteristics and in vitro drug release rate (Cano et al., 2014).
The amylose content of each type of starch employed in this study
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is 33.8% (rice), 27.0% (pregelatinized maize), and 0.6% (glutinous
rice), respectively. Previous reports suggested that swelling power
of starch is contributed by the content of amylopectin (Tester and
Morrison 1990, Yuan et al., 2007). In this study, films prepared
using glutinous rice which contain the highest amylopectin con-
tent exhibit high water absorption (Fig. 9) and high expansion
characteristics (Table 2) resulting in higher release rate of drug
than other types of films.

3.4.4. 6-gingerol content of starch/chitosan films containing GE solid
dispersion

The content of 6-gingerol in the starch/chitosan films contain-
ing GE-SD was analyzed using HPLC. The average content varied



Fig. 7. SEM image of the cross-section of films prepared from glutinous rice starch
and chitosan containing GE-SD (Formulation G5).

Table 2
Physical properties and 6-gingerol content of expandable starch/chitosan films containing

Formulation Weight (mg) Thickness (mm) 6-gingerol c

P1 525.5 ± 0.01 0.55 ± 0.01 10.4 ± 0.1
P2 581.7 ± 0.03 0.62 ± 0.01 10.8 ± 0.4
P3 559.8 ± 0.01 0.56 ± 0.02 11.2 ± 0.3
P4 649.3 ± 0.02 0.68 ± 0.02 11.7 ± 0.2
P5 612.2 ± 0.03 0.65 ± 0.02 12.1 ± 0.2
P6 664.8 ± 0.02 0.75 ± 0.01 12.6 ± 0.4
G1 507.9 ± 0.04 0.52 ± 0.02 10.5 ± 0.9
G2 578.2 ± 0.03 0.62 ± 0.03 10.9 ± 0.4
G3 531.5 ± 0.01 0.52 ± 0.02 10.6 ± 0.5
G4 620.2 ± 0.02 0.67 ± 0.02 11.2 ± 0.1
G5 563.4 ± 0.02 0.57 ± 0.01 11.4 ± 0.6
G6 649.8 ± 0.04 0.74 ± 0.03 11.8 ± 0.6
R1 523.5 ± 0.02 0.51 ± 0.01 11.1 ± 0.1
R2 587.5 ± 0.03 0.56 ± 0.02 11.9 ± 0.3
R3 556.9 ± 0.04 0.54 ± 0.01 12.2 ± 0.2
R4 603.6 ± 0.01 0.60 ± 0.02 11.7 ± 0.3
R5 593.3 ± 0.03 0.57 ± 0.01 12.6 ± 0.3
R6 648.3 ± 0.02 0.68 ± 0.02 12.1 ± 0.6

P = pregelatinized maize starch, G = glutinous rice starch, R = rice starch
All values are means ± SD, n = 10 for weight and thickness, n = 3 for 6-gingerol content

Fig. 8. Unfolding behavior of starch/chitosan films containing GE-SD at different
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from 10.4 to 12.6 mg (Table 2) with no significant differences mea-
sured between film types i.e., those prepared using pregelatinized
maize starch, rice starch or glutinous rice starch. The calculated %
drug content was found to be 95.5–98.9%. which were in the sim-
ilar range with other previous reports i.e., the losartan content in
expandable films was 97.4 to 98.8%, whereas resveratrol content
was 91.4–103.0% (Kaewkroek et al., 2019; Sah et al., 2020). There
is not much deviation in the drug content as the procedure of sol-
vent casting method does not involve any drug loss like other
methods of film forming. Moreover, content uniformity testing
revealed that 6-gingerol was dispersed evenly throughout the film
because the % relative standard deviation was not over 6% (Sevinç
Özakar and Özakar 2021).

3.4.5. Release of 6-gingerol from starch/chitosan expandable films
All film formations displayed similar release profiles, consisting

of gradual release of 6-gingerol over 8 h exposure to SGF, resulting
in high delivery efficiencies of 60–100%. (Fig. 10A-C). Release of 6-
gingerol from films prepared from pregelatinized maize starch and
chitosan was limited to 60–80% in 8 h, suggesting a lower swelling
ginger extract solid dispersion.

ontent (mg) Film expansion (fold) Tensile strength (N/cm2)

2.28 ± 0.04 3.75 ± 1.00
2.57 ± 0.06 4.46 ± 0.61
2.41 ± 0.04 3.96 ± 0.61
2.57 ± 0.10 4.42 ± 0.77
2.35 ± 0.04 3.59 ± 1.31
2.35 ± 0.06 6.26 ± 1.50
3.69 ± 0.07 0.82 ± 0.35
2.23 ± 0.02 7.98 ± 0.49
3.44 ± 0.03 2.10 ± 2.64
2.19 ± 0.04 9.36 ± 1.02
2.81 ± 0.02 5.43 ± 1.51
2.49 ± 0.02 13.79 ± 1.67
2.83 ± 0.05 1.27 ± 0.48
2.93 ± 0.15 4.72 ± 1.37
2.89 ± 0.07 3.64 ± 0.52
2.39 ± 0.12 6.06 ± 0.60
2.33 ± 0.01 3.32 ± 0.74
2.33 ± 0.01 11.82 ± 2.44

and tensile film strength.

time points in 0.1 N hydrochloric acid (pH 1.2) (A) and size expansion (B).



Fig. 9. Swelling behavior of expandable film prepared using glutinous rice starch
and chitosan containing GE-SD (Formulation G5).

Fig. 10. Release profiles of 6-gingerol from starch/chitosan films prepared using
pregelatinized maize- (A), glutinous rice- (B) and rice starch (C) and containing GE
solid dispersion. Release medium: 0.1 N hydrochloric acid (pH 1.2), 37 �C.

Table 3
Correlation of 6-gingerol release data obtained using glutinous rice starch/chitosan
films with different kinetic models. (Formulation: G5).

Kinetic model Zero-order First-order Higuchi
Qt = K0t logQt = logQ0 - K1t/2.303 Q = KHt1/2

R2 0.8767 0.4921 0.9808
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behavior compared with films containing rice starch or glutinous
rice starch, which showed a capacity for 100% gingerol delivery.

The release profiles obtained for films prepared using glutinous
rice starch and chitosan (Fig. 10B) revealed some effect of chitosan
content on 6-gingerol release behaviour. Film formulations con-
taining lower weights of chitosan (0.5 g) (Formulations G1, G3,
and G5) exhibited higher rate of drug release than formulations
with higher chitosan content (0.8 g) (Formulations G2, G4, and
G6) and almost complete release was measured in 8 h. The higher
content of chitosan could render the films stiffer (presented as ten-
sile strength values in Table 2) due to the network formation
between starch with chitosan, which prevented water molecules
into the films (Wittaya 2012; Boontawee et al., 2021) leading to
a lower drug release.

The effect of chitosan content seemed to be less pronounced for
the films prepared using rice starch. Rice starch with high amylose
content has lower fluid absorption property compared to glutinous
rice. The release profiles (Fig. 10C) showed a more relationship
with film weight. Almost complete release of 6-gingerol was mea-
sured in 8 h for Formulation R1 (524 mg) but was reduced to
around 60% for Formulation R6 (648 mg), indicating that 6-
gingerol migration through the film was controlled by the density
of the swollen network between starch and chitosan.

3.4.6. Mechanism of 6-gingerol release from expandable
starch/chitosan films

The 6-gingerol release data presented in Fig. 10 were fitted to
the zero-order, first-order, and Higuchi kinetic release models
(Sivaneswari et al., 2017) to investigate the underlying release
mechanism. Application of the Higuchi model resulted in the
strongest correlation (R2 = 0.9808) with the collected data (Table 3).
Drug release from matrix-type delivery systems is often controlled
by Fickian diffusion and described by the Higuchi, square root of
time, kinetic equation (Mircioiu et al., 2019). The modelling study
suggested that release of 6-gingerol from the polymeric films was
regulated by diffusion through a swollen polymer network charac-
terized by ‘bound’ and ‘free’ water content as described earlier
(Llanes et al., 2020).

Expandable films prepared from glutinous rice starch and chi-
tosan film containing GE-SD (Formulation G5) exhibited high
expansion in SGF (2.8-fold), tensile strength 5.4 N/cm2 and almost
complete release of 6-gingerol in 8 h exposure to SGF. Samples
were subjected to in vitro biological assay to assess their potential
cytotoxic and anti-inflammatory activity.

3.5. Cytotoxicity of 6-gingerol released from starch/chitosan
expandable films

The cytotoxic activity of 6-gingerol released from expandable
glutinous rice starch/chitosan films (Formulation G5) was assessed
using AGS cells at concentrations of 10–200 lg/mL. The cytotoxic-
ity profile was observed to be dose-dependent with an IC50 value of
136.1 lg/mL, comparable with that of free 6-gingerol (in DMSO)
(Table 4). The reason for the slightly lower IC50 value (122.5 mg/
mL) obtained for 6-gingerol released from GE-SD is unclear but
may be due to some interference from the film-forming polymer.
Overall, the results demonstrate that 6-gingerol released from
expandable starch/chitosan films exhibit cytotoxic activity and



Table 4
Anti-inflammatory activity and cytotoxicity of 6-gingerol released from starch/chi-
tosan expandable films.

Test sample Cytotoxicity(AGS cell
assay)IC50 (mg/ml)

Anti-inflammatory activity (NO
assay)IC50 (mg/ml)

G5 136.1 ± 0.9 20.5 ± 0.8
G5-blank >400 >100
GE-SD 122.5 ± 0.5 18.8 ± 1.3
6-gingerol 132.1 ± 0.8 18.1 ± 0.6
Indomethacin – 18.8 ± 0.4

aEach value represents mean ± SD of four determinations.
G5: 6- gingerol released from starch/chitosan film containing GE-SD (Formulation
G5) GE-SD: 6-gingerol released from GE-SD
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suggest a potential clinical application of the gastro-retentive
delivery system for treatment of stomach cancer.

Our findings support those of Luo et al. who reported that 6-
gingerol could reduce the viability of human gastric cancer cells
(HGC-27) in a dose-dependent manner (Luo et al., 2018). Mahady
et al. reported that ginger root extracts containing gingerols inhib-
ited growth of H. pylori CagA + strains in vitro and this activity may
contribute to its chemopreventive effects against colon cancer
(Mahady et al., 2003). Kumara et al. showed that 6-gingerol was
cytotoxic to three different cancer cells lines with IC50 values of
100 lM for HCT15, 102 lM for L929, and 102 lM for Raw 264.7
cells (Kumara et al., 2017).

3.6. Anti-inflammatory activity of 6-gingerol released from
starch/chitosan expandable films

Ginger has been shown previously to be a potent inhibitor of
nitric oxide production and iNOS enzyme induction in lipopolysac-
charide (LPS)-stimulated J774.1 mouse macrophages cells
(Ippoushi et al., 2003). Habib et al. reported that ginger extract sig-
nificantly reduced expression of NF-jB and TNF-a in rats with liver
cancer. Thus, ginger may act as an anti-cancer and anti-
inflammatory agent by inactivating NF-jB through the suppression
of the pro-inflammatory TNF-a (Habib et al., 2008).

In the present study, the anti-inflammatory activity of 6-
gingerol released from glutinous rice starch/chitosan films (Formu-
lation G5) in SGF was assessed by measuring the inhibitory activity
against NO production by murine macrophage-like RAW264.7
cells. 6-gingerol released from starch/chitosan films inhibited NO
production with an IC50 value of 20.5 lg/mL, whereas blank films
showed very weak activity (IC50 > 100 lg/mL) (Table 4). The NO
inhibitory activity of ‘free’ 6-gingerol (in DMSO) or 6-gingerol
released from starch/chitosan films or GE-SD, respectively, was
comparable with that of indomethacin (in DMSO), a clinically used
NSAIDs. Moreover, RAW264.7 cell viability (as determined using
the MTT assay) was not affected at the highest test concentration
(100 mg/mL).

4. Conclusions

Expandable films made from starch and chitosan containing
ginger extract solid dispersion were successfully prepared by sol-
vent casting for application as gastroretentive delivery systems.
The film was designed for oral administration in hard gelatin cap-
sules and unfolded completely within 15 min of exposure to SGF.
Gradual release of up to 90% of the 6-gingerol content occurred
in SGF over 8 h. The released compound exhibited dose-
dependent cytotoxic activity against AGS human gastric cancer
cells and anti-inflammatory activity by inhibiting NO production
in RAW264.7 cells. The novel gastro-retentive delivery devices
based on natural polymers are promising carriers for local delivery
of poorly water-soluble compounds in the stomach.
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