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a b s t r a c t

The aim of the present work is fabrication of dual cross linked sodium alginate (SA)/montmorillonite
(MMT) microbeads as a potential drug vehicle for extended release of curcumin (CUR). The microbeads
were prepared using in situ ion-exchange followed by simple ionotropic gelation technique. The
developed beads were characterized by Fourier transform infrared spectroscopy (FTIR), differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), X-ray diffraction (X-RD) and scanning
electron microscopy (SEM). The effect of MMT on encapsulation efficiency of CUR and intercalation ki-
netics was investigated. Dynamic swelling study and in vitro release study were investigated in simu-
lated intestinal fluid (pH 7.4) and simulated gastric fluid (pH 1.2) at 37 �C. Results suggested that both the
swelling and in vitro release studies were influenced by the pH of test media, which might be suitable for
intestinal drug delivery. The release mechanism was analyzed by fitting the release data into Korsmeyer-
Peppas equation.
© 2020 Xi'an Jiaotong University. Production and hosting by Elsevier B.V. This is an open access article

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

In today's pharmaceutical formulation, polymer based hydrogel
plays a vital role in several biomedical applications. Hydrogels have
many advantages over other drug carriers due to their water intake
capacity, biocompatibility and biodegradability [1,2]. However,
hydrogels have a few drawbacks like unrestrained release rate and
non-controlled swelling properties, which lead to several side ef-
fects. To control the release rate and swelling properties of hydro-
gels, certain substances have been incorporated in the hydrogels
such as clay minerals, surface coating with other polymers such as
chitosan [3] and poly-L-lysine [4]. Controlled release drugs have
many advantages over conventional forms such as reducing release
rate, minimizing side effects and keeping drug concentration at
effective levels in plasma.

For the last few decades, clay minerals have been extensively
used in pharmaceutical formulations as lubricants, disintegrants,
diluents, pigments and binders. Since ancient times, clay materials
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have been used to treat food poisoning, aches and pains, infections,
and mineral deficiencies [5]. In recent years, researchers show
much interest in montmorillonite (MMT) in pharmaceutical for-
mulations, because of good adsorbance ability, large specific area,
high cation-exchange capacity, standout adhesive ability, interca-
late large molecules into the space and drug carrying capability [6].
MMT is a naturally occurring inorganic material, composed of silica
tetrahedral sheets layered between alumina octahedral sheets at a
ratio of 2:1, respectively [7]. MMT intercalates with drug molecules
by adsorption process; during intercalation drug molecules replace
the hydroxyl groups present on the outer surface and inter layer
space of clay material [8]. Many researchers have reported that the
mechanisms involved in the interaction between drug molecules
and MMT are hydrogen bonding, ion exchange, van der Waals
interaction, hydrophilic/hydrophobic interaction and so on [9e11].
Among all the mechanisms, ion exchange interactions have
received considerable attention between the two components of
the hybrid system [12]. Ion-exchange interaction might take place
by mixing solid substrates (namely, ion exchangers) with ionic
drugs in solution. In biological fluids, “counterions” can displace the
drug from the substrate and deliver it into the body. The exchanger
may be then eliminated or biodegraded [13].
s is an open access article under the CC BY-NC-ND license (http://creativecommons.
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Sodium alginate (SA) is an anionic polysaccharide comprising
1/4 linked b-(D)-guluronic (G) and a-(L)-mannuronic (M) acid
residues arranged as -M-G- sequences randomly [14]. SA is one of
the most popular anionic polymers used in biomedical applications
due to its versatile properties such as biocompatibility, hydrophi-
licity, biodegradability, non-toxicity and good potentiality in drug
delivery applications [15,16]. SA forms three-dimensional network
hydrogel by electrostatic attraction between the guluronic acid
residues through the exchange of sodium ions of guluronic acid
with the multivalent cations such as Ca2þ, Mg2þ, Ba2þ, Sr2þ and
makes egg-box structure [17]. However, the calcium alginate
hydrogels have few limitations such as non-controlled swelling
properties and drug release profile due to the inherent stiffness of
the Ca2þ alginate [18]. In order to control the release rate and
swelling properties, calcium alginates beads are blendedwith other
polymers like chitosan, locust bean gum and gelatin to form a
complex structure through hydrogen bonding, ion-ion, and dipole-
ion interactions. A few articles have reported that MMT containing
alginate polymer blend microbeads acts as good carriers for drug
delivery applications [19e21].

Curcumin (CUR) (Fig. 1), an active bio-compound obtained from
the yellow spice of Curcuma longa (Indian spice), is a natural
pigment with antibacterial, antifungal antiviral, anti-inflammatory,
anti-malarial, antioxidant, anti-mutagenic effects and wound
healing properties, and it enhances anti-tumour activity against
different types of cancer cells [22e25]. However, therapeutic use of
CUR is limited due to its poor water solubility, short life and low
bioavailability [26,27]. Generally simple ionotropic gelation tech-
niques are used to encapsulate the hydrophilic drugs in hydrogel
beads, but this technique gives low encapsulation efficiency of CUR
due to its low water solubility. Therefore, in order to increase the
drug encapsulation efficiency of CUR, MMT clay material was used
in the present study; the muco-adhesiveness of MMT clay material
facilitates the intercalation of drug molecules, which inturn in-
creases the bioavailability of CUR.

In the present study, we focused on fabricating heteroionic SA/
MMT beads by doping calcium-alginate matrix with different
multivalent cations (Mg2þ, Ba2þ and Al3þ). The incorporation of
multivalent ions into calcium-alginate matrix would modify
swelling property and release the rate of bio-active molecules. The
developed microbeads were characterized by different techniques
such as Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (X-RD), differential scanning calorimetry (DSC), thermo
gravimetric analysis (TGA) and scanning electron microscopy
(SEM). The swelling study and in vitro drug release kinetics were
performed in both simulated intestinal fluid and simulated gastric
fluid at 37 �C and the results are presented here.
Fig. 1. Chemical structure of curcumin.
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2. Experimental

2.1. Materials

MMTwas purchased from SigmaeAldrich (USA). SA and calcium
chloride, magnesium chloride, barium chloride and aluminium
chloride were purchased from SD Fine Chemicals, Mumbai, India.
CUR was purchased from Loba Chemicals, Mumbai, India. Water
used was of high purity grade after double distillation.

2.2. Preparation of SA/MMT microbeads

200mg of SA was weighed and dissolved in water under con-
stant stirring overnight. To this solution, 200mg of MMTwas added
and stirred well. A required amount of CUR was added and stirred
to obtain a homogeneous solution. Afterwards the suspension was
placed in sonicator for 5min to get homogenous suspension. The
resulting suspension was slowly dropped into different ratios of
CaCl2, MgCl2, AlCl3 and BaCl2 solution (as given in Table 1), where
the spherical beads formed instantly were kept for 40min. The
obtained wet beads were collected by decantation, washed three
times with double distilled water to remove the drug attached on
the bead surface, and finally were dried in air overnight at room
temperature.

2.3. Characterization methods

2.3.1. Intercalation kinetics
To estimate themaximum time required for intercalation of CUR

with MMT, 50mg of CUR and 100mg of MMT were weighed and
dissolved in 20mL of double distilled water with continuous stir-
ring at 37 �C. At regular intervals of time (15, 30, 60, 90, 120, 240
and 360min), the drug solution was filtered and the concentration
of CURwas assayed using UV spectrophotometer at fixed lmax value
of 470.00 nm.

2.3.2. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra of SA, CUR, MMT, placebo microbeads, and drug

loaded microbeads were measured with an FTIR spectrophotom-
eter (model Bomem MB-3000, with Horizon MB™ FTIR software).
The samples were mixed with KBr and compressed into pellets and
scanned from 400 to 4000 cm�1 to find out the possible chemical
interactions between polymers and drug.

2.3.3. Differential scanning calorimetry (DSC)
DSC curves of CUR, MMT, placebo microbeads, and drug loaded

microbeads were recorded using thermogravimetry analyzer
(Rheometric Scientific, Model DSC-SP, UK). The analysis was per-
formed by heating the sample from 40 to 600 �C at the heating rate
of 10

�
C/min under nitrogen atmosphere.

2.3.4. Thermogravimetric analysis (TGA)
TGA of CUR, MMT, placebo microbeads, and drug loaded

microbeads was carried out using thermogravimetry analyzer
(Rheometric Scientific, Model DSC-SP, UK). About 5e7mg of sam-
ple was placed into alumina crucible and the thermo grams were
recorded between 40 �C to 600 �C at a heating rate of 10

�
C/min

under nitrogen atmosphere.

2.3.5. X-ray diffraction (X-RD)
The X-ray diffraction of CUR, placebo microbeads, and drug

loaded microbeads was performed by a wide angle X-ray scattering
diffractometer (Panalytical X-ray Diffractometer, model-X'pert Pro)
with CuKa radiation (l¼ 1.54060) at a scanning rate of 10�/min to
determine the crystallinity.



Table 1
Formulation and composition of all samples used for the studies.

Formulation code SA (mg) MMT (mg) CUR (mg) Distilled
water (mL)

CaCl2 (%) MgCl2 (%) BaCl2 (%) AlCl3 (%)

Ca 200 200 50 20 5 0 0 0
CaMg 200 200 50 20 2.5 2.5 0 0
CaBa 200 200 50 20 2.5 0 2.5 0
CaAl 200 200 50 20 2.5 0 0 2.5
Placebo 200 000 00 20 5 0 0 0

Fig. 2. Effect of time for intercalation of CUR with MMT.
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2.3.6. Scanning electron microscopy (SEM)
The morphological characterization of microbeads was

observed using SEM (JOEL MODEL JSM 840A) with an accelerated
voltage of 20 kV equipped with an EDAX detector.
2.3.7. Swelling measurements
The swelling behaviour of different formulations was deter-

mined gravimetrically in simulated intestinal fluid (pH 7.4) and
simulated gastric fluid (pH 1.2) at 37 �C. The percentage of equi-
librium swelling degree was calculated using the following
equation:
Fig. 3. FTIR spectrum of (A) CUR, MMT, placebo microbeads, and (B
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Swelling degree
�
%
� ¼ Ws � Wd

Wd
� 100

Where Ws is the weight of swollen beads and Wd is the weight of
dry beads.

2.4. Encapsulation efficiency (EE)

A known mass of drug loaded microbeads (40mg) was
immersed into 100mL of phosphate buffer solution (pH 7.4, con-
taining 5% absolute ethyl alcohol) for 24 h and then the suspension
was agitated with an agate mortar to ensure the complete extrac-
tion of CUR from the microbeads and filtered through filter paper.
The drug solution was analyzed by ultraviolet (UV) spectropho-
tometer (LabIndia, Mumbai, India) at the lmax of 470.00 nm with
placebo microbeads used as a blank correction. Concentration of
drug was determined using calibration curve constructed by a se-
ries of CUR standard solutions. Percentage of EE was determined
using the following formula.

EE
�
%
� ¼CURadded ðmgÞ � CURfree ðmgÞ

CURfree ðmgÞ � 100

2.5. In vitro drug release studies

In vitro drug release studies of different formulations were
carried out by using a dissolution tester (Lab India, Mumbai, India)
containing eight baskets each with 900mL of phosphate buffer
solution (PBS) maintained at 37 �C, at a rotation speed of 50 rpm to
replicate intestinal fluid (pH 7.4) and gastric fluid (pH 1.2)
) drug SA/MMT loaded microbeads (Ca, CaMg, CaBa and CaAl).



Fig. 4. DSC curves of (a) CUR, (b) placebo microbeads, (c) drug loaded SA/MMT
microbeads (CaMg formulation) and (d) pristine MMT.

Fig. 5. TGA curves of (a) CUR, (b) placebo microbeads, (c) drug loaded SA/MMT
microbeads (CaMg formulation) and (d) MMT.
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atmosphere, respectively. 100mg of the CUR loaded microbeads
were taken in a dialysis bags for the drug release studies. At regular
intervals of time, 5mL aliquot samples were withdrawn, and
analyzed using UV spectrophotometer at a fixed lmax value of
470.00 nm, and the released drug amount was obtained by using
concentration versus absorbance calibration curves. The with-
drawn aliquot samples were replenishedwith equal volumes of PBS
to simulate physiological conditions. The sink conditions were
maintained throughout the release study.
Fig. 6. X-RD patterns of (a) CUR, (b) placebo microbeads, and (c) drug loaded SA/MMT
microbeads (CaMg formulation).
3. Results and discussion

3.1. Intercalation kinetics

From Fig. 2, it was observed that 15.11% of CUR was intercalated
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with MMT electrostatically within 90min and remained constant
up to 360min. Therefore, we should keep the time of 90min for
interaction between CUR and MMT to avoid partial interaction in
the following experiments.

3.2. FTIR spectral analysis

The FTIR spectra of CUR, MMT, placebo microbeads, and drug
loaded SA/MMT microbeads are presented in Fig. 3. The FTIR
spectra of CUR show a characteristic broad peak at 3496 cm�1,
which corresponds to phenolic OeH stretching vibrations, a peak at
2923 cm�1 is assigned to aromatic CeH stretching vibrations, a
peak at 1596 cm�1 corresponds to stretching vibration of benzene
ring skeleton, a peak at 1513 cm�1 corresponds tomixed (C]O) and
(C]C) vibration, a peak at 1272 cm�1 is assigned to AreO stretch-
ing vibrations. The FTIR spectra of MMTshow distinct peaks at 3615
and 3545 cm�1 that are assigned to OeH stretching vibrations of
SieOH and AleAleOH, a peak at 3371 cm�1 corresponds to HeOeH
stretching vibrations of interlayer water, a peak at 1627 cm�1 cor-
responds to HeOeH bending mode of adsorbed water, peaks at
1381, 1016 and 931 cm�1 correspond to (SieOeSi) stretching fre-
quency and peaks at 794 and 509 cm�1 are assigned to (Oe SieO)
and (AleSieO) bending vibrations [28e30]. In case of placebo
microbeads a peak at 3371 cm�1 is responsible for OeH stretching
vibrations, a peak at 1616 cm�1 is assigned to C]O stretching vi-
brations, and a peak at 1393 cm�1 corresponds to COO- symmetric
vibration. On comparing the drug loaded SA/MMT microbeads and
pristine MMT, the SieOH stretching of MMT at 3615 cm�1 dis-
appeared in the spectra of drug SA/MMT microbeads, which
confirmed that active sites of polymer matrix interacted with MMT.
On comparing the placebo microbeads and drug loaded SA/MMT
microbeads, the OeH stretching vibration of SA at 3371 cm�1 was
shifted to lower side in dug loaded SA/MMT microbeads, which
confirms that intermolecular hydrogen bonding takes place be-
tween polymer matrix and MMT clay [19]. And also a peak at
678 cm�1 indicates the presence of MMTcomposition in thematrix.
The peak at 1616 cm�1 in placebo microbeads was shifted to
1606 cm�1 in drug SA/MMT loaded microbeads, which indicates
that drug should have been loaded in the microbeads.
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3.3. DSC analysis

To investigate the interaction of polymer matrix with MMT as
well as crystalline nature of encapsulated CUR in the polymer
matrix, DSC analysis was performed and the DSC curves are dis-
played in Fig. 4. The thermogram of placebo microbeads (Fig. 4b)
shows a peak at 208 �C, whereas drug loaded SA/MMT microbeads
(Fig. 4c) also showed the same peak as that of placebo microbeads
but a slight variation was observed. And also another peak was
observed in drug loaded SA/MMT microbeads at 164 �C. This
confirmed that the interaction took place between active sites of
polymer matrix and MMT, because MMT (Fig. 4d) also showed the
same peak but a slight variationwas observed. Fig. 4a shows a sharp
peak at 189 �C for pure CUR, whereas such peakwas not observed in
drug loaded SA/MMT microbeads (Fig. 4c), which confirmed that
the drug was molecularly dispersed in the microbeads.
3.4. TGA analysis

The TGA thermograms of CUR (a), placebo microbeads (b), drug
loaded SA/MMTmicrobeads (c) andMMT (d) are displayed in Fig. 5.
As shown in Fig. 5a, CUR should remain stable up to 169 �C; after
that it followed mass loss and became maximum at 393 �C due to
total degradation of the compound. In case of MMT (Fig. 5d), weight
loss of 11% at 94 and 154 �C corresponds to dehydration of water
molecules absorbed in pores and between the silicate layers [31],
followed by weight loss of 4% in the region of 160e700 �C, corre-
sponds to loss of structural water. The thermal decomposition of
placebo microbeads (Fig. 5b) occurs in three consecutive steps. The
first weight loss of 17% was found between 41 and 176 �C, which is
ascribed to the evaporation of adsorbed water. The second weight
loss step was observed between 180 and 299 �C with a loss of 23%,
Fig. 7. SEM images show effect of MMT and divalent ions on p
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indicating the decomposition of the salt from the polymer network.
The last step was observed in the region of 304e600 �C with a loss
of 11% due to decomposition of polymer network which resulted in
the formation of sodium carbonate [21]. In the case of drug loaded
SA/MMTmicrobeads (Fig. 5c) four weight loss steps were observed.
The first weight loss of 11% was observed in the region of
42e181 �C, followed by weight loss of 11% between the region of
185e254 �C due to degradation of CUR. The next two steps with
weight loss of 10% and 17% were found in the region of 259e304 �C
and 309e600 �C, which corresponds to decomposition of polymer
network. The TGA results suggest that CUR loaded SA/MMT matrix
showed an overall improvement in the thermal stability of
microbeads.
3.5. X-RD analysis

To investigate the molecular dispersion of CUR in polymer ma-
trix, X-RD analysis was performed and the diffractograms of CUR
(a), placebo microbeads (b) and CaMgmicrobeads (c) are presented
in Fig. 6. The diffractogram of CUR (Fig. 6a) shows characteristic
peaks in the 2q region of 12-28� because of its crystallinity. How-
ever, these characteristic peaks disappeared in drug loaded SA/
MMTmicrobeads (Fig. 6c), which indicates that the CUR changes its
state from crystalline to amorphous nature. These results suggest
that CUR was molecularly dispersed in the polymeric network.
3.6. SEM analysis

To study the morphology of microbeads, SEM analysis was
performed and the topographical images are displayed in Fig. 7.
From Fig. 7, it can be clearly observed that the microbeads have
rough surface with visible wrinkles. In all formulations it was
olymer network: (A) Ca, (B) CaMg, (C) CaBa and (D) CaAl.



Fig. 8. EDS spectra of (A) Ca, (B) CaMg, (C) CaBa and (D) CaAl.
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observed that high roughness is present, which indicates the
presence of MMT platelets on outer surface of microbeads. On
comparing the Ca (Fig. 7A) and CaMg (Fig. 7B) formulations, more
porous nature was observed in CaMg than in Ca. The porous nature
is due to the presence of Mg2þ cations in the network, which forms
less rigid structure. The reason is that Mg2þ ions are less strongly
coordinated with the alginate than Ca2þ ions and therefore more
porous nature was observed. This was further correlated with the
swelling and drug release studies. A similar observation was re-
ported by Sanchez-Ballester et al. [18]. In contrast, the formulations
CaBa (Fig. 7C) and CaAl (Fig. 7D) show less porous nature, which is
due to formation of more rigid structure. From the results of SEM
images, the average size of microbeads was found to be
800e1100 mm.

3.7. Energy-dispersive X-ray spectra (EDS) analysis

To evaluate the elemental composition of Ca, CaMg, CaBa and
CaAl microbeads, EDS analysis was performed and their spectra are
presented in Fig. 8. From Fig. 8, it can be clearly observed that in all
formulations Al and Si peaks were observed, which confirmed that
MMT presented in all formulations. EDS spectra of CaMg, CaBa and
CaAl show Mg, Ba and Al peaks, respectively. This confirmed that
multivalent ions were incorporated in the calcium alginate network.

3.8. Swelling measurements

Swelling degree is one of the important factors of SA beads for
control release in drug delivery systems [32]. In order to determine
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the swelling degree of all formulations, swelling experiments were
performed in simulated intestinal fluid (pH 7.4) and simulated
gastric fluid (pH 1.2) at 37 �C and the results are presented in Fig. 9.
From Fig. 9, it is clearly observed that the swelling degree is more at
pH 7.4 than at pH 1.2. Therefore, SA beads are good promising
carriers to deliver drug molecules in the intestines and to avoid
gastric release of drugs.

From Fig. 9 it is observed that the swelling degree of all for-
mulations differed based on the amount of multivalent ions present
in the beads. The maximum swelling degree of all profiles was
observed at 60min and thereafter slightly decreased. On
comparing all the formulations, CaMg beads showed high per-
centage of water uptake because the Mg2þ ions formed less rigid
network than the all other formulations; therefore, the water
molecules entered the beads through the pores; thereby the per-
centage of swelling increased. On the other hand, the CaBa and CaAl
showed less percentage of water uptake because the Ba2þ and Al3þ

formed a tight rigid network, such that the polymer network was
unable to allow a large number of water molecules, so the swelling
decreased.

3.9. Encapsulation efficiency (EE)

The EE of CUR varied for all formulations depending on the
presence of multivalent ions in beads and the results are listed in
Table 2. The EE decreased in CaBa and CaAl formulations, because
the network structure of these formulations was more rigid,
thereby swelling to less extent, which resulted in low EE values. In
Ca and CaMg formulations, the EE increased because it formed less



Fig. 9. Swelling studies of Ca, CaMg, CaBa and CaAl at (A) pH 7.4 and (B) pH 1.2 at 37 �C.

Fig. 10. CUR release of Ca, CaMg, CaBa and CaAl at (A) pH 7.4 and (B) pH 1.2 at 37 �C.
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rigid network, thereby swelling to more extent, which resulted in
high EE values.

3.10. In vitro drug release studies

The in vitro release studies were carried out in simulated in-
testinal fluid (pH 7.4) and simulated gastric fluid (pH 1.2) at 37 �C
and the results are displayed in Fig. 10. From Fig. 10, it is observed
that the release rate is higher at pH 7.4 than at pH 1.2, because at pH
7.4 the carboxylic groups show less interactions with buffer media,
allowing the network to be more loose; hence the entrapped drug
molecules easily leaches out from the network. From Fig. 10, it is
observed that similar to swelling behaviour, in vitro release rate
also shows the same type of results. In the case of Ca and CaMg
Table 2
Release kinetics parameters at pH 7.4 and encapsulation efficiency (EE) of all samples.

Formulation code Korsmeyer
Peppas

Higuchi

r2 n r2 k

Ca 0.926 0.550 0.987 2.028
CaMg 0.980 0.572 0.982 2.016
CaBa 0.962 0.550 0.983 2.017
CaAl 0.957 0.551 0.990 2.027
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profiles, CaMg shows high release than Ca, which is due to its more
porous structure and also formation of weaker interaction between
Mg2þ ions and alginates. This would contribute to CaMg beads’
disintegrating more readily in the dissolution medium and drug
molecules easily leach out from the polymer matrix, whereas in the
case of CaBa and CaAl the drug release rate decreases because it
forms more rigid structure; hence CUR molecules have less chance
to escape out from the matrix.

The obtained in vitro drug release data of CUR loaded
microbeads at pH 7.4 were fitted into different mathematical
First Zero EE (%)

r2 k r2 k

0.932 1.921 0.916 15.225 62.43
0.916 1.906 0.893 17.471 66.21
0.925 1.932 0.935 12.920 58.64
0.930 1.944 0.952 10.545 55.40
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models such as zero order, first order and Higuchi. The release rate
constant and correlation coefficient of all formulations are shown
in Table 2. The correlation coefficient values of CUR loaded
microbeads followed neither zero order nor first order, but the
correlation coefficient values were close to the Higuchi model.
Therefore, the drug release kinetics of CUR loaded microbeads
followed Higuchi model. According to Higuchi model, the release of
drug from the microbeads involves the penetration of liquid into
the matrix and dissolving of the drug, which then diffuses the drug
into the exterior liquid through pores or intestinal channels.
However, this type of phenomenon is observed in hydrophilic
matrix system. Therefore, the drug release rate of CUR loaded
microbeads shows the phenomenon of swelling and erosion of the
polymer simultaneously.

To understand the drug release mechanism, the data obtained
from in vitro drug release studies in PBS (7.4) were fitted into the
following Korsmeyer-Peppas equation [33].

Mt

Ma
¼ ktn

Where, Mt is the cumulative release of CUR at time t, Ma is the
total amount of CUR in the matrix, k is a characteristic release
constant of the drug-polymer system and n is the release exponent
indicating the type of drug release mechanism. The results of n and
k are listed in Table 2. For spherical drug carriers, if n< 0.43, the
drug diffuses from the polymer matrix according to Fickian diffu-
sion; if 0.43< n< 0.85, anomalous or non-Fickian type drug diffu-
sion occurs; if n¼ 0.85, Case-II kinetics is operative; if n> 0.85, the
mode of drug release follows the super Case-II diffusion. In the
present data n values were obtained in the range of 0.550e0.572,
which indicates non-Fickian type of diffusion process.
4. Conclusion

In the present work, dual cross-linked SA/MMT microbeads
were fabricated by ionotropic gelation method for the extended
release of CUR. FTIR confirmed the interaction between drug mol-
ecules and polymer network. DSC, TGA and X-RD studies confirmed
the chemical stability and molecular level dispersion of CUR in
microbeads, respectively. SEM studies confirmed the presence of
MMT platelets on the outer surface of microbeads. The effect of the
incorporation of multivalent ions on crosslinking of SA chains,
swelling studies and drug release studies were thoroughly exam-
ined. The CaMg beads showed highest percentage of water uptake
at pH 7.4 compared to other formulations due to the formation of
less rigid network, whereas the CaAl beads showed less percentage
of water uptake due to the formation of tight rigid network. The
drug release profiles at pH 7.4 were correlated with the swelling
results, and the CaMg and CaAl beads showed the highest and
lowest drug release rates, respectively. The in vitro results were
fitted into peppas equation and the results showed that the drug
mechanism followed non-Fickian type of diffusion process. Based
on all these results, the developed microbeads are considered to be
potentially good drug carriers for extended release of CUR.
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