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Abstract

The main purpose of the present study was to fabricate mucoadhesive bio-nanocomposite hydrogels to prolong the drug reten-
tion time in the stomach. In these bio-nanocomposite hydrogels, chitosan (CH) was used as a bioadhesive matrix, montmorillonite
(MMT) was applied to modulate the release rate, and tripolyphosphate (TPP) was the cross-linking agent. The test samples were
analyzed via different methods such as X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), thermogravimetric
analysis (TGA), and scanning electron microscopy (SEM). Drug incorporation efficacy and mucoadhesive strength of these nanocom-
posite hydrogel beads were studied. Swelling and in vitro drug release behaviors of these bio-nanocomposite hydrogels were eval-
uated in simulated gastric fluid (SGF; pH 1.2). The optimized MMT-famotidine (FMT)/CH bio-nanocomposite hydrogels displayed a
controllable and sustainable drug release profile with suitable mucoadhesion and prolonged retention time in the stomach. Thus,
the results demonstrated that the fabricated mucoadhesive bio-nanocomposite hydrogels could remarkably increase the therapeu-
tic efficacy and bioavailability of FMT by the oral route.
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1. Background

The oral route is the most usual and comfortable route
for drug prescribing due to its higher patient compliance,
low cost, painlessness, and flexibility in the formulation (1-
4). However, the heterogeneity of the gastrointestinal (GI)
system and the change in different factors, such as pH, en-
zymes, gastric retention time, and surface area, through-
out the GI system significantly affect drug absorption (3,
5). Conventional and controlled drug delivery systems do
not solely resolve these problems. Especially, these drug
delivery systems are not suitable carriers for drugs with a
narrow absorption window in the upper part of the GI sys-
tem or drugs locally applied in the treatment of gastric dis-
eases (6-8). In recent years, gastroretentive drug carriers
have been evaluated for oral delivery of different drugs to
resolve these difficulties (2, 9, 10). These formulations can
sustain the drug release and increase the residence time
of the drug in the upper part of the GI system, leading to

complete absorption of the drug in the target site. Gas-
troretentive drug delivery systems enhance drug bioavail-
ability, therapeutic effectiveness, and drug solubility for
low soluble drugs and decrease drug waste. Thus, different
types of pharmaceutical formulations, including floating,
swellable, high-density, and mucoadhesive formulations,
have been introduced as gastroretentive drug delivery sys-
tems (2, 11-14).

Among these formulations, mucoadhesive formula-
tions have attracted much attention as gastroretentive
drug delivery systems (15-17). These formulations can ad-
here to the epithelial surface, provide a proper interac-
tion between the drug and target site, and enhance the
retention time of the drug in the target site, resulting in
its controlled release in a prolonged time period and de-
creasing the content of the drug needed to treat the dis-
ease (18). Hydrogels can act as mucoadhesive compounds.
Different types of polymers, such as poly-lactic acid (PLA),
carbopol, poly(acrylic acid), hydroxypropyl methylcellu-
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lose (HPMC), chitosan (CH), polyethylene glycol (PEG), and
sodium alginate (SA) can be applied to fabricate mucoad-
hesive hydrogels (19-21). Hydrogel compounds, especially
smart hydrogels, are extensively applied in the medical
fields, such as drug delivery and tissue engineering (22-
25). In recent years, smart nanocomposite hydrogels have
attracted much attention as controlled drug delivery sys-
tems due to having improved properties compared to tra-
ditional hydrogels (26-29).

CH, a bioadhesive polysaccharide, is produced by the
deacetylation of chitin in the presence of an alkaline sub-
stance such as sodium hydroxide (30). This polymer has
been extensively studied as a drug delivery system due to
its unique properties such as high bioadhesivity, proper
viscosity, good molding ability, non-toxicity, low cost, ex-
cellent biocompatibility, bioactivity, and biodegradability
(31-36). Due to the presence of many amine groups on its
polymeric chains, CH can form spherical hydrogel com-
pounds via cross-linking with multivalent anions such as
tripolyphosphate (TPP) ions (31). However, some drugs, es-
pecially water-soluble drugs, are slightly loaded into hy-
drogel compounds based on polysaccharides. It can be a
critical challenge in the fabrication of appropriate drug
delivery systems. This phenomenon might arise from the
sudden transfer of water-soluble drugs from these hydro-
gel compounds to the cross-linking medium. In addition,
hydrogel compounds based on polysaccharide polymers
possess slight stability in an aqueous medium and quickly
degraded in the GI media, resulting in the initial burst re-
lease of drug from them (37, 38).

Different methods have been investigated to solve
these problems; in this regard, adding mineral nanoparti-
cles to these compounds can be an efficient method. The
embedment of the mineral nanoparticles into the hydro-
gel matrix results in an increase in its hydrolytic strength,
thereby leading to the release of drugs from it in a con-
trollable and appropriate manner (38-40). For example,
Hossieni-Aghdam et al. developed a method to enhance
drug incorporation efficacy by coating atenolol–incorpo-
rated halloysite (HNT-AT) with a carboxymethyl cellulose
(CMC) polymer. They found that HNT-AT/CMC compounds
displayed an extended-release behavior, vouching that the
HNT mineral particles loaded into the hydrogel matrix
could prolong the release of the drug from it (38). Yadol-
lahi et al. fabricated pH-sensitive CH-ZnO/IBU compounds
to prolong the release of ibuprofen. Their results indicated
that the ZnO nanoparticles improved the swelling degree
and ibuprofen release behavior of these compounds (31).

Montmorillonite (MMT), a phyllo-silicate nano-clay, is
composed of negatively charged and stacked layers. Each
layer of MMT possesses an O–M–O (M = Mg, Al) octahedral
sheet sandwiched between a pair of O–M–O (M = Si) tetra-

hedral sheets. The layers of this nano-clay are separated via
the interlayer nano-space (41). MMT has many advantages,
including high cation exchange capacity, high adsorption
ability, low price, large specific surface area, and excellent
bioavailability, biodegradability, and biocompatibility (8,
42, 43). MMT is widely applied to fabricate nanocompos-
ite hydrogels as drug delivery systems (44-46). Till now,
various drugs have been reported to incorporate into the
interlayer space of MMT, such as 5-fluorouracil (47), pro-
pranolol (8), timolol maleate (48), and irinotecan (49). In
addition, the negatively charged zones of MMT can have
a strong electrostatic interaction with cationic polymeric
chains, such as CH, and form unique nanocomposite hy-
drogels. These nanocomposite hydrogels possess excellent
mucoadhesive properties, high hydrolytic strength, inter-
layer nano-space, and, therefore, excellent capacity to load
different drugs into the interlayer space.

Famotidine (FMT) is a histamine-2 (H2) receptor antag-
onist administered orally to decrease stomach acid pro-
duction and treat peptic ulcers and gastroesophageal re-
flux (50). FMT is a white-to-pale yellow crystal that is
slightly dissolved in water. Also, it has a short biological
half-life (2.5 - 3.5 h) and must be dosed four times a day to
maintain the therapeutic range. Moreover, absorption of
the FMT changes from the upper GI tract to the colon in
the GI system due to high susceptibility to gastric degrada-
tion, leading to low absorption and poor bioavailability (51,
52). According to the problems mentioned above, design-
ing mucoadhesive/gastroretentive delivery systems can be
useful and suitable for such therapeutic agents.

2. Objectives

In this work, we designed a gastroretentive carrier
based on mucoadhesive CH hydrogel and MMT particles
for FMT extended delivery. For this purpose, we first synthe-
sized MMT-FMT particles via the incorporation of FMT into
the nano-space between layers of MMT. Then, we coated
MMT-FMT particles with a CH mucoadhesive polymer via
cross-linking CH macromolecules with TPP anions. More-
over, we carried out an in vitro drug release test to prove
the efficacy of MMT-FMT/CH bio-nanocomposite samples as
gastroretentive/mucoadhesive drug delivery systems.

3. Methods

3.1. Materials

CH, 76% deacetylated, low MW and viscosity 122 cP,
1 wt% in H2O and sodium-MMT (MMT-Na, (Na, Ca)0.33(Al,
Mg)2(Si4O10)(OH)2.nH2O and CEC of 0.92 meq/g) was sup-
plied by Sigma-Aldrich and Southern-Clay Products, USA,
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respectively. FMT powder was obtained by Hakim Phar-
maceutical Company. NaOH, HCl, KH2PO4, acetic acid,
and sodium tripolyphosphate (STTP) were supplied from
Merck and used without any further purification. Bi-
distilled water was used in all experiments.

3.2. Preparation of MMT-FMT Particles

MMT-FMT particles were prepared using an ion ex-
change process in accordance with the following pre-
scribed conditions (optimized conditions):

First, MMT dispersion was prepared by adding 400 mg
of MMT to 50 mL of bi-distilled water and stirring for 2
hours. In order to get a homogenous dispersion, the dis-
persion was sonicated in a sonication bath for 20 minutes
at 25°C. Then, 50 mL of FMT solution (0.024M) was added
to the MMT dispersion and constantly stirred at room tem-
perature. Finally, the pH of the mixture was adjusted to 5.8
by hydrochloric acid (0.1N) and sodium hydroxide (0.1N)
solutions. Next, for the incorporation of FMT into the nano-
space between layers of MMT, the mixture was incubated
for 5 hours at ambient temperature. Subsequently, the dis-
persion was centrifuged at 3000 rpm, and the participated
MMT-FMT particles were washed 3 times with double dis-
tilled water to remove the un-trapped drug molecules. Af-
ter vacuuming for 24 hours at 50°C, the obtained MMT-FMT
particles were powdered via a mortar and pestle set, sieved
using a 180-micron mesh sieve, and kept in a desiccator.

3.3. Drug Loading Analysis

To measure the content of FMT incorporated into the
nano-space between layers of MMT-FMT particles, the dis-
persion containing both unreacted FMT and MMT-FMT par-
ticles was centrifuged, and the supernatant was collected
and filtered with a 0.45-micron sterile syringe filter (SF-
PVDF030045SL) and analyzed using an ultraviolet-visible
(UV-vis) spectroscopy at a wavelength of 266 nm. The con-
tent of FMT incorporated into the nano-space between lay-
ers of MMT-FMT particles was obtained by subtracting the
amount analyzed by UV-vis from the initial amount that
was introduced to the dispersion. The percentage of drug
loading (DL%) of MMT-FMT particles was measured accord-
ing to Equation 1. The content of FMT loaded in MMT-FMT
particles was 33.33 wt %.

Drug Loading Percentage (DL%)

=
Weight of FMT loaded into nanohybrid (mg)

Weight of Mt− FMT nanohybrid (mg)
×100

(1)

3.4. Fabrication of MMT-FMT/CH Bio-nanocomposite Hydrogels

The extended-release profile of FMT was acquired by in-
corporating the resultant MMT-FMT particles into CH hy-
drogels. To fabricate MMT-FMT/CH bio-nanocomposite hy-
drogels, we applied an ionotropic gelation technique re-
ported via Yadollahi et al. (31). Two grams of CH polymer
was added to 40 mL of bi-distilled water containing 2.5
mL of acetic acid and stirred at 500 rpm for 12 hours to
get a uniform viscous solution. A suitable amount of pow-
der (900 mg MMT-FMT particles), which contained 300
mg FMT, was added to 20 mL of bi-distilled water, stirred
for 10 minutes, sonicated for 40 minutes, and gradually
added to the CH polymeric solution. The resultant disper-
sion was again stirred for 3 hours at 25ºC to make it com-
pletely homogeneous. Next, the resultant homogeneous
dispersion was injected in the form of droplets by a 23-
gauge needle and a peristaltic pump into a 400-mL aque-
ous solution containing 4 g of TPP at 25ºC under constant
stirring (50 rpm). The falling distance and pumping rate
are 2 cm and 20 mL/h, respectively. The fabricated bio-
nanocomposite hydrogels were solidified into the TPP so-
lution for 1 hour and collected via filtration. Then, the re-
sultant bio-nanocomposite hydrogels were washed with 1
L of bi-distilled water and freeze-dried. Also, we used this
method to fabricate FMT/CH hydrogels.

3.5. Characterization

The morphology of MMT-FMT/CH bio-nanocomposite
hydrogels was evaluated using a scanning electron micro-
scope (SEM; KYKY-SEM-3200) at a voltage of 26 kV. Inter-
actions between MMT, FMT, and CH in test samples and
their structure were evaluated by a Fourier-transform in-
frared spectrophotometer (FTIR; Thermo-Nicolet NEXUS-
670 FTIR). Their FTIR spectra were recorded using the KBr
pellet technique at 400-4000 cm-1 and a resolution of 0.5
cm-1. The thermal behavior of these samples was recorded
via the TGA-50H thermogravimetric device at 25 - 1000ºC.
The heating rate was 10ºC/min, and the nitrogen flow rate
was kept at 20 mL/min. X-ray diffraction (XRD) analysis of
test samples was carried out with the STOE-STADI powder
diffractometer system with Cu-K (λ = 1.54060°A). The in-
strument was operated in the 2θ range of 2°-50°, 40 kV, and
40 mA.

3.6. Swelling Profile Analysis

There are different cations and anions in the GI
tract, which can have a remarkable influence on the
swelling and drug release behaviors of MMT-FMT/CH bio-
nanocomposite hydrogels. Thus, their swelling profile was
investigated at different pHs. To study their swelling pro-
file, 1 g of MMT-FMT/CH bio-nanocomposite hydrogels was
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immersed in different buffer solutions at 25ºC for 10 hours.
Before weighing, the water on their surface was eliminated
by blotting with filter paper. Finally, the swelling degree
of MMT-FMT/CH bio-nanocomposite hydrogels was calcu-
lated using Equation 2:

(2)Swelling Gegree (SD%) =
W2 −W1

W1
× 100

Where W1 is the initial mass of samples, and W2 is the
mass of swollen gels. All tests were performed 3 times, and
data were recorded as mean ± SD.

3.7. Drug Encapsulation Efficacy Analysis

The encapsulation efficacy (EE%) of MMT-FMT/CH
bio-nanocomposite hydrogels was examined based on
a method reported in our previous study (8). That is,
200 mg of the crushed and grounded MMT-FMT/CH bio-
nanocomposite hydrogels were suspended in 40 mL acid
buffer (pH = 1.2), sonicated for 20 minutes, and incubated
at 37ºC for 12 hours. The resultant suspension was filtered
and washed twice with 30 mL of acid buffer. Finally, the
FMT amount of the resultant solution was determined
using a UV-vis spectrophotometer. The encapsulation
efficacy (EE%) of bio-nanocomposite hydrogels was deter-
mined by Equation 3:

(3)Encapsulation Efficiency (EE%) =
W2

W1
× 100

Where W2 and W1 are the actual and theoretical FMT
masses in the fabricated bio-nanocomposite hydrogels, re-
spectively.

3.8. Mucoadhesive Property Analysis

A rather ordinary designed apparatus, which pos-
sessed 2 platforms arranged on a vertical axis with ad-
justable spacing between them, was applied to mea-
sure the mucoadhesive property of MMT-FMT/CH bio-
nanocomposite hydrogels. New sheep gastric mucosal tis-
sue was obtained and kept frozen in phosphate-buffered
saline (PBS) pH 6.8 until the experiment time. Before
conducting the tests, the mucosal tissue was allowed to
reach the ambient temperature. In each experiment, MMT-
FMT/CH bio-nanocomposite hydrogels (20 spherical hy-
drogels) were stocked to the top platform via double-sided
adhesive tape. Next, a part of the stomach mucosal tis-
sue was adhered to the bottom platform and immersed in
the buffer solution. Subsequently, the top platform with
the stocked hydrogels was lowered to get in contact with
the tissue. Then, the bottom platform was gently moved
down at a speed of 1 mm min-1 until the MMT-FMT/CH bio-
nanocomposite hydrogels were detached from mucosal

tissue. The maximum required force to detach the top plat-
form with the hydrogels adhered from the stomach mu-
cosal tissue was recorded as the mucoadhesive property
of the fabricated bio-nanocomposite hydrogels. Each mea-
surement was done in triplicate, and the mean values were
reported.

3.9. Drug Release Profile Analysis

An in vitro drug release analysis for FMT from MMT-
FMT/CH bio-nanocomposite hydrogels was performed in
simulated gastric fluid (SGF, pH 1.2) for 12 hours. Thus,
we used drug dissolution apparatus II USP (Paddle, Kavosh
Co, Iran). The desired quantity of MMT-FMT/CH bio-
nanocomposite hydrogels and MMT-FMT particles contain-
ing 300 mg of FMT was suspended in 5 mL of SGF in dialy-
sis tubing (molecular weight cut-off of 12 kDa). Then, dial-
ysis tubing containing test samples was placed in 0.9 L of
the same SGF solution and kept at 37 ± 0.5°C under a stir-
ring rate of 50 rpm. At certain times, 5-mL aliquots were
removed from the dissolution medium, and the new SGF
solution was added to it. FMT content of the removed sam-
ples was measured via UV-vis spectrophotometry at a wave-
length of 266 nm. Measurements were carried out in tripli-
cate for each sample, and results were reported as average
± SD.

3.10. Drug Release Kinetics Study

To assess the drug release kinetics, an in vitro release
of the FMT from MMT-FMT/CH bio-nanocomposite hydro-
gels in SGF (pH 1.2) was fitted to various mathematical mod-
els, such as zero-order (Equation 4), first-order (Equation
5), Higuchi (Equation 6), and Korsmeyer–Peppas (Equation
7).

(4)ft = K0t

(5)ln (1− ft) = k1t

(6)ft = kHt
1
2

(7)ft = kpt
n (lnft = lnkp + nlnt)

Where ft, t, kP, and k0, k1, and kH are attributed to
the amount of the drug released at t, release time, rate
constant, and rate constants of zero-order, first-order, and
Higuchi models, respectively; n is the release exponent,
indicating the release mechanism of FMT from these bio-
nanocomposite hydrogels. For spherical hydrogels, n ≤
0.43, 43 < n < 85, and n ≥ 0.85 are indicative of Fick-
ian release (diffusion-controlled drug release), non-Fickian
release (diffusion and swelling-controlled drug releases),
and case-II transport (polymer relaxation-dissolution), re-
spectively (8).
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4. Results and Discussion

4.1. Fabrication of MMT-FMT/CH Bio-nanocomposite Hydrogels

CH is a bioadhesive cationic polysaccharide that can
be physically cross-linked by electrostatic interactions
with TPP anions due to the presence of amino func-
tional groups in its structure (31). Therefore, adding
a dispersion of CH and MMT-FMT particles dropwise to
the TPP solution leads to cross-linking of the CH macro-
molecules and the formation of spherical MMT-FMT/CH
bio-nanocomposite hydrogels. Figure 1 shows how to make
spherical MMT-FMT/CH bio-nanocomposite hydrogels as
gastroretentive/mucoadhesive drug delivery systems.

4.2. Characterization of MMT-FMT/CH Bio-nanocomposite Hy-
drogels

4.2.1. FTIR Analysis

Figure 2 displays the results obtained from the FTIR
analysis of FMT, MMT nanoclay, MMT-FMT nanohybrid, CH,
TPP–cross-linked CH beads, and MMT-FMT/CH nanocom-
posite hydrogel beads. As can be seen in Figure 2, the
pure FMT powder had characteristic peaks at 2900 - 3200
cm-1 (aromatic and aliphatic C–H stretching vibration),
3500 cm-1 (N–H antisymmetric stretching vibration), 3400
cm-1 (N–H symmetric stretching vibration), 1650 cm-1 (N–H
bending vibration), and 1150 cm-1 (C–N stretching vibra-
tion) (50). In the results obtained from the FTIR analysis
of MMT nanoclay, the peaks related to the stretching and
bending vibrations of M–OH and stretching vibrations of
M–O were observed in the wavenumber ranges of 3500 -
3600, 400 - 600, and 1000 - 1100 cm-1, respectively. Also,
peaks that appeared in the wavenumbers of 3400 and 1600
cm-1 may be caused by the OH stretching and bending vi-
brations of water molecules trapped in the nano-space be-
tween the layers of MMT nanoclay, respectively (53). The re-
sults obtained from the FTIR analysis of the MMT-FMT par-
ticles indicated peaks in the wavenumber ranges of 400 -
600 and 1000 - 1100 cm-1, which attributed to M–OH bend-
ing and M–O stretching vibrations of montmorillonite (Mt)
nanoclay, respectively. These results indicate that there is
no intervention with the inherent properties of MMT nan-
oclay because of the incorporation of FMT. Moreover, the
lack of characteristic FMT peaks in the wavenumber ranges
of 1150, 1400 - 1600, and 2900 - 3200 cm-1 is indicative of the
high incorporation of FMT into the nano-space between
layers of MMT particles. Moreover, bands with a low inten-
sity appearing at 3000, 2900, 1600, and 1400 cm-1 are due to
the FMT incorporated into MMT-FMT particles, indicating
the adsorption of a very small amount of FMT on MMT par-
ticles. From the results obtained in this paragraph, it can
be said that the drug FMT was effectively incorporated into
the nano-space between the layers of MMT particles; thus,

the synthesis of MMT-FMT particles was successful. These
results are in agreement with similar data reported in the
literature (54).

FTIR spectrophotometer was also used to evaluate the
prepared MMT-FMT/CH bio-nanocomposite hydrogels. The
results obtained from FTIR analysis showed that CH chains
were cross-linked with TPP anions (cross-linking agent).
This phenomenon can be because of the existence of high
ionic bonding between TPP anions and amines of the CH
chains. The results obtained from the FTIR analysis of
the net CH polymer displayed a wide absorption peak at
3400 cm-1 because of the overlapped vibrations of NH2

and OH stretching bands and inter- and intramolecular
hydrogen bonding. Moreover, the peaks related to the
stretching mode of CH and bending modes of amide and
–CH2 bending modes appeared in the wavenumbers 2900,
1640, and 1400 cm-1, respectively. Also, the peaks at 1000
- 1200 cm-1 were because of the stretching vibration of
cycloolefin copolymer (COC) in the structure of the CH
polymer (55). The results obtained from the FTIR analy-
sis of the TPP–cross-linked CH hydrogels indicated that the
peak related to the overlapped vibrations of NH2 and OH
stretching bands was transferred from a higher wavenum-
ber (3400 cm-1) to a lower wavenumber (3300 cm-1). Also,
the intensity of this peak was significantly reduced. This
phenomenon can be because of ionic interactions between
amines of CH and TPP anions and cross-linking of CH ma-
trix with TPP anions. Moreover, the peak of amide bending
was shifted from 1640 cm-1 to a lower wavenumber (1620
cm-1), and its intensity decreased due to the ionic interac-
tions between TPP anions and amines of CH. Knaul et al. re-
ported the same data in the project of CH matrix modified
with sodium dihydrogen phosphate and related it to the
electrostatic interaction between PO43- anions and NH4

+

cations (56). Also, Xu and Du showed that in CH nanoparti-
cles, NH4

+ cations on CH chains interacted with TPP anions
(57). In addition, a novel absorption band was observed
at 1250 cm-1 because of the vibration of P = O stretching
in TPP cross-linked CH beads, which is absent in the pure
CH powder (58). The resultant data revealed that the ionic
bonds between TPP anions and NH4

+ cations of CH were
created in the TPP–cross-linked CH hydrogel beads. In the
data obtained from the FTIR analysis of TPP–cross-linked
MMT-FMT/CH samples, peaks appeared in the wavenumber
range of 500 - 900 cm-1 are due to the stretching vibrations
of M–O of MMT-FMT particles, indicating the incorporation
of MMT-FMT particles into TPP–cross-linked CH hydrogel
beads and the formation of MMT-FMT/CH nanocomposite
hydrogel beads. Therefore, it can be said that MMT-FMT/CH
bio-nanocomposite hydrogels were created successfully.
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Figure 1. The formation of spherical MMT-FMT/CH bio-nanocomposite hydrogels as gastroretentive/mucoadhesive drug delivery systems

4.2.2. XRD Analysis

The XRD pattern of MMT nanoclay and MMT-FMT par-
ticles in the 2θ range of 1º - 50º is displayed in Figure 3.
The diffractogram of MMT nanoclay showed a main peak
at 2θ = 7.4°, which is attributed to d001-spacing (1.18 nm)
of MMT nanoclay (59). For MMT-FMT particles, the charac-
teristic diffraction peak attributed to the 001 plane shifted
to a lower diffraction angle (2θ = 5.2°). The d001-spacing of
MMT-FMT particles was calculated based on the Bragg law,
and it was 1.68 nm, indicating an enhancement in the d001-
spacing of MMT-FMT particles compared to MMT nanoclay.
This phenomenon obviously supported the introduction
of the FMT drug into the nano-space between layers of MMT
nanoclay. Thus, the results obtained from the XRD analysis
showed that MMT-FMT particles were successfully created,
as shown in Figure 4. Hydrogen and ionic bonds between
the silicate layers of MMT nanoclay and FMT drug led to
the introduction of FMT into nano-space between layers of
MMT nanoclay. Similar reports regarding other drug-MMT
nanohybrid particles have also been published in the liter-
ature (60, 61).

4.2.3. SEM Analysis

The morphological property of drug delivery systems
is one of the most vital parameters significantly affect-
ing its release profile. The existence of various inter-
actions between CH chains and MMT-FMT particles can

vary the morphological property of the MMT-FMT/CH bio-
nanocomposite hydrogels, which have an evident influ-
ence on their release behavior. Thus, the morphologi-
cal property of MMT-FMT/CH bio-nanocomposite hydro-
gels was examined. Figure 5 shows the digital images of
MMT-FMT/CH bio-nanocomposite hydrogels in dry and wet
states. As shown in Figure 5, the wet beads were spherical
and smooth. After drying, their size slightly decreased but
still had a spherical shape. A possible explanation for such
a phenomenon is that H2O molecules in MTT-FMT/CH bio-
nanocomposite hydrogels were evaporated in the drying
step. Thus, the fabricated bio-nanocomposite hydrogels
constricted, leading to a minor reduction in their sizes.

Figure 5 shows the SEM images of the TPP–cross-
linked FMT/CH and MMT-FMT/CH bio-nanocomposite hy-
drogels. As shown in Figure 5, the surface of TPP–cross-
linked FMT/CH hydrogels is rough, and many porosities
and wrinkles are observed on their surface. However,
the SEM images of the TPP–cross-linked MMT-FMT/CH bio-
nanocomposite hydrogels displayed slight wrinkles on the
smooth surface of these bio-nanocomposite hydrogels. A
possible description of this phenomenon could be that
different interactions between CH macromolecules and
MMT-FMT particles resulted in changes in their morpho-
logical properties. Also, the SEM images of the TPP–cross-
linked MMT-FMT/CH nanocomposite bead confirmed the
existence of MMT-FMT nanohybrid particles on their sur-
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Figure 2. Fourier-transform infrared spectroscopy spectra of test samples
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Figure 3. The results obtained from the XRD analysis of A, MMT nanoclay; and B, MMT-FMT particles

faces, and the MMT-FMT nanohybrid particles were well
dispersed in the CH matrix.

4.2.4. TGA Analysis

Figure 6 shows the thermal behavior of FMT, MMT nan-
oclay, CH powder, MMT-FMT particles, and MMT-FMT/CH
bio-nanocomposite hydrogels. As shown in Figure 6, neat
FMT powder showed 2 main mass loss phases in the tem-
perature ranges of 170 - 270 and 360 - 750°C due to its ther-
mal decomposition (62). The TGA curve of MMT nanoclay
presented a mass loss at 540 - 630°C that might be because
of the miss of OH functional groups in its structure (8).
Also, 2 mass loss phases were observed at 230 - 460ºC and
550 - 650ºC for MMT-FMT particles, which could be because
of the destruction of incorporated FMT molecules and the
miss of OH functional groups in the structure of MMT-FMT
particles, respectively. The results obtained from the TGA
curve of Mt-FMT nanohybrid particles showed that destruc-

tion T of FMT molecules in the MMT-FMT particles moves
to higher T compared to the neat FMT, confirming the in-
corporation of FMT drugs into the nano-space between lay-
ers of MMT nanoclay. The TGA curve of the CH showed 2
mass loss phases in the temperature ranges of 230 - 330
and 330 - 590°C, which could be because of the destruction
of CH chains and the creation of carbon residues, respec-
tively (63). There was also a slight mass loss in T below 110°C,
which might be because of the miss of water molecules ad-
sorbed on the surface of CH chains. The TGA curve of MMT-
FMT/CH bio-nanocomposite hydrogels showed 4 mass loss
phases at 80 - 100, 300 - 380, 390 - 520, and 510 - 660°C.
The first mass loss in the range of 80 - 100°C was due to
the evaporation of water molecules adsorbed on their sur-
faces. The second and third mass losses (300 - 380 and 390
- 520°C) were related to the degradation of FMT molecules
and deacetylation of CH chains, and the fourth mass loss
(510 - 660°C) was caused by the loss of Mt’s structural hy-
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Figure 4. The incorporation of FMT molecules into the nano-space between layers of MMT nanoclay using an ion-exchange technique

Figure 5. The SEM images of TPP–cross-linked FMT/CH (A and C); MMT-FMT/CH bio-nanocomposite hydrogels (B and D); and the digital images of MMT-FMT/CH bio-
nanocomposite hydrogels [wet (e) and dry (f)]

droxyl functional groups, the degradation of species de-
rived from the deacetylation of CH chains, and the for-
mation of carbon residues. Also, the TGA curve of MMT-
FMT/CH bio-nanocomposite hydrogels showed that their
mass loss shifted to a higher T (300°C) compared to that
of the neat CH, confirming the existence of MMT nanoclay
in the hydrogel matrix and the interactions between CH
chains and TPP anions, which led to the enhancement of
the thermal stability of MMT-FMT/CH bio-nanocomposite

hydrogels.

4.3. Swelling Behavior Analysis

The swelling behavior of MMT-FMT/CH bio-
nanocomposite hydrogels at various pHs and MMT
nanoclay amounts was investigated, and the data are
given in Figure 7. As shown in Figure 7, the swelling degree
of test bio-nanocomposite hydrogels increased rapidly
with time and then slowly until it reached a steady state
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Figure 6. TGA curves of the samples

(equilibrium). Also, Figure 7 shows that the swelling
degree of the fabricated bio-nanocomposite hydrogels
is enhanced by decreasing the amount of pH because,
at acidic pH, the amino groups of CH protonated in the
swelling medium and converted to NH4

+ cations, which
resulted in stronger electrostatic repulsion force between
CH macromolecules and consequently more water pene-
tration into the fabricated bio-nanocomposite hydrogels
(64). The influence of MMT nanoclay on the swelling
behavior of the fabricated bio-nanocomposite hydrogels
was examined. It is clear from Figure 7 that MMT-FMT/CH
bio-nanocomposite hydrogels had a lower swelling de-
gree than FMT/CH hydrogels. In addition, their swelling
degree was reduced by enhancing MMT nanoclay content
in bio-nanocomposite hydrogels. Such behavior can be
related to the role of MMT nanoclay as a chelating agent
that prevents the expansion of CH chains (8).

4.4. Drug Incorporation Efficacy Analysis

The drug incorporation efficacy of the TPP–cross-linked
MMT-FMT/CH bio-nanocomposite hydrogels ranged from
37.6 to 84.5 (Table 1), depending on their composition. The
drug incorporation efficacy of the TPP–cross-linked MMT-
FMT/CH bio-nanocomposite hydrogels was enhanced by in-
creasing the content of MMT nanoclay. There are two ma-
jor causes for such behavior (8): (1) the formation of MMT-
FMT particles in the dispersion before the cross-linking re-
action, leading to the enhancement of the drug incorpora-
tion efficacy; and (2) the existence of interactions between
MMT and CH macromolecules led to the inhibition of FMT

Table 1. Drug Encapsulation Efficiency (%) and Mucoadhesive Strength (g) of the Test
Samples

Sample Names Drug Encapsulation
Efficiency (%)

Mucoadhesive Strength
(g)

FMT/CH 37.6 ± 3.1 41.5 ± 4.2

Mt1-FMT/CH 57.2 ± 4.8 39.7 ± 3.3

Mt2-FMT/CH 67.8 ± 6.3 37.4 ± 3.8

Mt3-FMT/CH 84.5 ± 5.9 38.7 ± 2.9

leakage during the formation of the TPP–cross-linked Mt-
FMT/CH nanocomposite beads.

4.5. Mucoadhesive Property Analysis

The data obtained from the analysis of the mucoad-
hesive property of the FMT/CH hydrogel and MMT-FMT/CH
bio-nanocomposite hydrogels are presented in Table 1. This
study showed that the test beads possessed a high mucoad-
hesive property. One possible elucidation for such a phe-
nomenon could be that test beads are positively charged
due to having amino functional groups, which can inter-
act with the mucus on the outer wall of the stomach (which
is negatively charged), indicating the existence of a strong
interaction between the test beads and gastric mucosal tis-
sue. This property enables the fabricated beads to stick
to the mucosal surface of the stomach and stay in it for a
long time, which can guarantee the stability of FMT in the
SGF medium, leading to superior bioavailability at much
lower doses (3, 18). Also, Table 1 shows that the mucoad-
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Figure 7. The swelling behavior of the test samples

hesive strength of the FMT/CH hydrogel and MMT-FMT/CH
bio-nanocomposite hydrogels are almost the same. This
phenomenon indicates that the existence of MMT-FMT par-
ticles in the fabricated bio-nanocomposite hydrogels does
not affect their mucoadhesive strength.

4.6. In Vitro Drug Release Analysis

The release profile of FMT from the FMT and MMT phys-
ical mixture, MMT-FMT particles, FMT/CH hydrogel, and
MMT-FMT/CH bio-nanocomposite hydrogels was evaluated
in the SGF medium (pH 1.2), and the data are given in Fig-
ure 8. As shown in Figure 8, the physical mixture of Mt and
FMT displayed a rapid release of about 100% of FMT in the
release medium in the initial 60 minutes because FMT dis-
solves rapidly in the SGF medium (pH 1.2) due to its pro-
tonation ability. Significant differences between the drug
release profiles of the physical mixture of MMT and FMT,
MMT-FMT particles, FMT/CH hydrogel, and MMT-FMT/CH
bio-nanocomposite hydrogels were observed in the SGF
medium (pH 1.2). As shown in Figure 8, the initial release
content of FMT from the FMT/CH hydrogels was signifi-
cantly more than that of MMT-FMT/CH bio-nanocomposite

hydrogels in the SGF medium (pH 1.2). It is caused by the
higher swelling degree of FMT/CH hydrogel beads in SGF
(pH 1.2), which leads to the penetration of high amounts
of H2O into test beads, dissolving the incorporated FMT,
and initial burst release of the drug into the SGF medium.
Also, the introduction of MMT nanoclay into CH hydro-
gels extended the release of FMT from the fabricated bio-
nanocomposite hydrogels. Such behavior is due to the ex-
istence of MMT nanoclay that prolonged the path taken by
incorporating FMT into MMT-FMT/CH bio-nanocomposite
hydrogels, resulting in more decrease in initial burst re-
lease and higher prolongation of the FMT release profile
compared to FMT/CH hydrogels.

4.7. Release Kinetics Analysis

The release kinetics of FMT from MMT-FMT/CH bio-
nanocomposite hydrogels was investigated according to
the Korsmeyer-Peppas kinetic model, and data are pre-
sented in Table 2. As shown in Table 2, the amount of n
for MMT-FMT/CH bio-nanocomposite hydrogels in the SGF
medium was 0.62. This indicates that the release of FMT
from the test beads in an SGF medium is controlled by both
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Figure 8. The release profile of FMT from the FMT and MMT physical mixture, MMT-FMT particles, FMT/CH hydrogel, and MMT-FMT/CH bio-nanocomposites hydrogels

the diffusion and swelling processes (non-Fickian trans-
port). Also, the drug release data from MMT-FMT/CH bio-
nanocomposite hydrogels was studied kinetically by dif-
ferent mathematical models (zero-order, first-order, and
Higuchi). As it is clear from Table 2, the FMT release ki-
netics of MMT-FMT/CH bio-nanocomposite hydrogels con-
forms to the Higuchi model because the amount of the cor-
relation coefficient of the Higuchi model (RH

2) is closer to
1 compared to that of R0

2 and R1
2.

Table 2. Kinetic Model Factors of MMT-FMT/CH Bio-nanocomposite Hydrogels

Kinetic Model Parameters MMT-FMT/CH Bio-nanocomposite
Hydrogels

n 0.62

R0
2 0.99

R1
2 0.97

RH
2 0.95

Abbreviations: n, kinetic exponent; R2 : regression coefficient.

5. Conclusion

In this project, we successfully fabricated novel
mucoadhesive and pH-responsive MMT-FMT/CH bio-
nanocomposite hydrogels by the dispersion of MMT-FMT
particles into the CH hydrogel, followed by a cross-linking
via TPP anions as a mucoadhesive/gastroretentive drug
carrier. The fabrication method was modest, reproducible,
and inexpensive. The physiochemical characterization of
MMT-FMT/CH bio-nanocomposite hydrogels showed the
presence of strong interactions between the polymeric

matrix and FMT, TPP anions, and MMT nanoclay. The
SEM analysis showed that the surface of the fabricated
MMT-FMT/CH bio-nanocomposite hydrogels was smooth.
Increasing the amount of MMT nanoclay into CH hydro-
gels resulted in a notable enhancement of the thermal
stability of the fabricated bio-nanocomposite hydrogels,
as well as a remarkable reduction of their swelling de-
gree, initial burst release, and release rate. In addition,
the release of FMT from the test bio-nanocomposite hy-
drogels was pH-dependent due to the CH. MMT-FMT/CH
bio-nanocomposite hydrogels showed an extended re-
lease of FMT for up to 12 hours compared to FMT/CH
hydrogels. In addition, the test bio-nanocomposite hy-
drogels displayed good and strong mucoadhesion and
gastroretentive properties. Our study indicates that fab-
ricated bio-nanocomposite hydrogels might be applied
as a suitable carrier for oral delivery of FMT to modify
its bioavailability and prolong its retention time in the
stomach.
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