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Tonically cross-linked hydrogel serves as an excellent matrix material for the sustained delivery of drugs. Tablets
prepared with tamarind kernel polysaccharide (TKP) as the sole matrix material could not provide sustained
release of the incorporated drugs. The purpose of the work was to modify TKP and development of ionically cross-

Grafting L linked hydrogel matrix tablets for sustained drug delivery. Grafting of TKP was performed with methacrylic acid
Methacrylic acid . . L. . . . 34 . .
Hydrogel (MAA) following the free radical polymerization technique. Hydrogel matrix tablets using Al°" ion cross-linked

grafted TKP were prepared by direct compression method. AI** ions were found to considerably influence the
erosion, swelling, and paracetamol release from the matrix tablet. Retardation of the erosion, swelling, and
paracetamol release was observed with increasing the concentration of Al** ions. The hydrogel matrix tablets
showed a slow release of drugs in an acidic medium and a relatively faster drug release in an alkaline medium.
The optimized formulation having a co-polymer/aluminium hydroxide (AI(OH)s3) ratio of 1:1, exhibited sustained
drug release action for more than 10 h with lower swelling and erosion of the gel matrix. We conclude that AI>*
ion cross-linked grafted TKP is an excellent matrix material for sustained delivery of drugs in the gastrointestinal

milieu.

1. Introduction

In recent times, hydrogels have emerged as potential matrices for
drug delivery due to their cross-linked three-dimensional structure which
allows them to absorb large amounts of biological fluids [1,2]. Such
hydrogels with a high proportion of water can have great biocompati-
bility, structural resemblance to native extracellular matrix (ECM), and
significant capacity to encapsulate therapeutics of hydrophilic nature
[3]. Natural polysaccharides being biocompatible, non-toxic, and
biodegradable, serve as an ideal choice for the preparation of hydrogels
used in biomedical applications and controlled release formulations
[4-6].

TKP is isolated from the cell wall of Tamarindus indica seeds and is
composed of a 1,4-linked B-p-glucose backbone. The highly viscous na-
ture, wide pH tolerability, and adhesive characteristics of TKP account
for its extensive use as a stabilizer, gelling agent, thickening agent, and
binder in the pharmaceutical and food sectors. TKP is cheap, easily
available, non-carcinogenic, biocompatible, mucoadhesive, and has good
drug retaining capacity [7]. As a result, it finds potential applications in
bone tissue engineering, controlled drug delivery, gastro-retentive drug
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delivery, and as a flocculant for wastewater treatment [8-11]. However,
TKP suffers from several drawbacks such as fast degradability at high
temperature and uncontrolled rate of hydration [12]. It is also not
possible to prepare stable tablets using TKP as the sole matrix material.
This is because such tablets of TKP rapidly disintegrated within 5 min
when introduced into the dissolution medium for drug release study.
Such observations were made by us while performing the in vitro drug
dissolution studies. Hence suitable modification of the functional groups
present in TKP is required in order to change the properties like disin-
tegration, solubility, viscosity, and swelling [13].

Carboxymethylation, thiolation, and amination of TKP have suc-
cessfully improved hydrophilicity, mucoadhesive properties, thermal
stability, and antimicrobial characteristics [14-16]. Chemical modifica-
tion through grafting is a more recent venture and has been shown to
improve the stability and shelf-life of the natural polymer as well as to
achieve a controlled rate of hydration [17-21]. Grafting of TKP using
MAA incorporates carboxyl groups into the backbone of TKP which can
help in the formation of suitable hydrogel matrices through the iono-
tropic gelation method. Several metal cations such as Ca%*, Ba*" and
Fe3* are able to cross-llink with negatively-charged natural
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polysaccharides and form hydrogel matrices that exhibit controlled drug
release characteristics [22-26]. AI** cross-linked hydrogel matrices that
release the drugs in a sustained manner have been reported in the liter-
ature. Ray et al. developed AI** ions cross-linked interpenetrating
polymer network hydrogel using carboxymethyl xanthan and sodium
alginate for sustained delivery of ibuprofen in the gastrointestinal envi-
ronment [27]. AI*t ions cross-linked hydrogel beads were developed
using sodium carboxymethyl xanthan and sodium carboxymethyl cellu-
lose for the delivery of aceclofenac in the intestinal environment [28].
With this background, we grafted TKP using methacrylic acid (MAA)
following the free radical polymerization technique with an objective to
improve the hydrophilicity, swelling, and acidic stability of the native
polymer and also enable the grafted copolymer to cross-link with metal
cations.

Paracetamol, the model drug of this study, is a highly water soluble
drug with a short biological half-life and thus requires administration up
to 3-4 times per day [29]. Several researchers have shown interest in
formulating sustained release formulations for increasing the bioavail-
ability of drugs with a short half-life and reducing the toxicity caused by
frequent dosing [30-33]. In the present study, grafted TKP was
cross-linked by aluminium ions (generated by the dissociation of
aluminium hydroxide) with the objective of achieving sustained delivery
of paracetamol in the gastrointestinal milieu from the prepared
aluminium cross-linked grafted TKP. It was observed that A1>* ions were
found to considerably influence the erosion, swelling, and paracetamol
release from the matrix tablet. Retardation of the erosion, swelling, and
paracetamol release was observed with increasing the concentration of
AP+ jons. The hydrogel matrix tablets showed a slow release of drugs in
an acidic medium and a relatively faster drug release in an alkaline
medium. We conclude that AI** ion cross-linked grafted TKP is an
excellent matrix material for sustained delivery of drugs in the gastro-
intestinal milieu.

2. Experimental
2.1. Materials

Paracetamol was procured from Loba Chemie Pvt. Ltd, India. TKP was
supplied as a gift sample by Hindustan Gum & Chemical Ltd., Bhiwani,
India. MAA, ammonium persulfate (APS), acetone, methanol, diethyl
ether, Al(OH)3, hydrochloric acid (HCl), tri-sodium orthophosphate
dodecahydrate and magnesium stearate were obtained commercially
from Merck, Mumbai, India.

2.2. Synthesis of MAA grafted TKP

The synthesis of MAA grafted TKP was carried out using the con-
ventional method of polymer grafting [34]. 1-1.5% w/v of TKP was
added to the 30 ml of distilled water and allowed to swell overnight. It
was then transferred to a round bottomed flask having a stirrer on a
temperature-controlled water bath and maintained at 50-60°C [35-37].
A continuous bubbling of nitrogen gas was purged throughout the pro-
cess of synthesis for maintaining an inert atmosphere. After that, APS
(10-30 mM) and MAA (0.06-0.08 M) were added to the mixture. The
polymerization reaction took almost 1-2 h to complete. It was then
allowed to cool and precipitated in acetone. Further washing was done
with a mixture of methanol and water (methanol: water = 4:1) to obtain
the grafted copolymer. The unreacted monomer and TKP dissolved in
water while the homopolymer of methacrylic acid (PMAA) was soluble in
methanol. The complete removal of the homopolymer was confirmed
when no further precipitation was obtained in diethyl ether [38]. The
final product obtained was then dried, crushed, and strained through
#60 mesh (British Standard screen). The grafting parameters percent
grafting (%G) and percent grafting efficiency (%GE) were calculated
from the following equation [39].
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% Grafting = w x 100 (¢))

o

Wy — o
% Grafting Efficiency = ITW (2)
2
Where, W; = graft copolymer weight, Wy = polysaccharide weight, W, =
weight of monomer.

2.3. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra (4000-400 cm ™) of TKP and TKP grafted MAA (TKP-g-
MAA) were recorded using an FTIR spectrophotometer (Alpha-E, Bruker,
USA). Pellets were formed under high pressure using a mixture of the
samples with potassium bromide.

2.4. Preparation of paracetamol loaded matrix tablets with grafted
copolymer

The appropriate quantity of TKP or TKP-g-MAA, Al(OH)s, paraceta-
mol, and magnesium stearate (Table 1) were all passed through the #60
mesh screen and then mixed manually. Weighed amounts of powder
were then compressed into tablets in a rotary tablet machine (10-station)
utilizing a flat face punch (6 mm) (RIMEK, Karnavati Engineering Ltd.,
Gujarat, India).

2.5. Differential scanning calorimetry (DSC) study

DSC studies of paracetamol and paracetamol loaded formulation were
done using a DSC (Perkin Elmer, STA 8000, USA) in the presence of a
constant flow of nitrogen. The samples were heated at 30-300°C at 10
°C/min.

2.6. X-ray diffraction (XRD) study

XRD studies of paracetamol and paracetamol loaded tablet formula-
tion (at 26 range of 5-40°) were done with the help of an X-ray diffrac-
tometer (Bruker axs, D8 advance) having a Lynx Eye superspeed detector
and Ni-filter through which Cu-Ka radiation (A = 1.54 Z\) was generated.
The voltage and current required for such generation were 40 kV and 40
mA respectively.

2.7. Determination of drug content

30 tablets were randomly selected and 10 of them were assayed
individually according to the official assay method mentioned in United
States Pharmacopeia (USP). One matrix tablet, out of the 10 tablets, was
crushed using mortar and pestle and then a powder sample corre-
sponding to 30 mg of paracetamol was added to 100 ml pH 7.4. It was
shaken for 4 h and filtered. After filtration, an aliquot was taken, diluted,
and analyzed at 243 nm with the help of a UV-visible spectrophotometer
(UV- 2450, Shimadzu, Japan). The same procedure was followed for the
remaining 9 tablets.

2.8. Swelling study

The swelling study was conducted using the USP type-II dissolution
apparatus (TDP-06P, Electro Lab, Mumbai, India) at 75 rpm. One tablet
was weighed at first on an electronic weighing machine (Wj). This tablet
was then inserted into a vessel containing a pH 1.2 (700 ml) buffer so-
lution. After every 1 h, the tablet was taken out, blotted thoroughly using
tissue paper, weighed, and re-immersed into the buffer solution. The
recorded weight was considered the final weight of the tablet (Wy). This
was repeated for 2 h. At the end of 2 h, the pH of the swelling medium
was changed to pH 7.4 using trisodium orthophosphate dodecahydrate
solution (200 ml, 0.2 M). The same process of tablet blotting and
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Table 1
Composition of matrix tablets.
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Formulation Paracetamol TKP TKP-g-MAA Al(OH)3 Al(OH)3: TKP-g- Mg stearate Weight of tablet Hardness (kg/

Code (mg) (mg) (mg) (mg) MAA (%) (mg) cm?)

F1 100 200 0 0 0 1 303 2

F2 100 0 200 0 0 1 303 6

F3 100 0 150 50 0.3:1 1 303 6

F4 100 0 125 75 0.6:1 1 303 6

F5 100 0 100 100 1:1 1 303 6

F6 100 0 75 125 1.6:1 1 303 6

F7 100 0 50 150 3:1 1 303 6
weighing was carried out for another 8 h in the alkaline medium. The - _de ®)
swelling percentage was determined using the following equation: )

% Swelling :w x 100 3)

i

Where, W; = initial weight.

W¢ = Final weight

2.9. Erosion study

The erosion study was conducted following a method similar to the
swelling study. One tablet was weighed at first on an electronic weighing
machine (Wj). This tablet was then inserted into a vessel containing a pH
1.2 (700 ml) buffer solution. After every 1 h, the tablet was taken out of
the dissolution medium and dried until a constant weight was achieved.
The recorded weight was considered the final weight of the tablet after
erosion (Wy). This was repeated for 2 h. At the end of 2 h, the erosion
medium was changed to pH 7 using trisodium orthophosphate dodeca-
hydrate solution (200 ml, 0.2 M). The same process of tablet drying and
weighing was carried out for another 8 h in the alkaline medium. The
erosion percentage was determined using the following equation:

W,
% Erosion :% x 100 (C))

Where, W; = initial weight.

W, = Final weight

2.10. Invitro drug release study

The in vitro drug release study was carried out according to the Indian
Pharmacopeia (IP) method [40]. The study was performed using the USP
type-II dissolution apparatus at 75 rpm and 37°C. The paracetamol
release profile was observed for 2 h in 700 ml of pH 1.2 buffer solution
and continued for another 8 h in 900 ml of dynamic buffer solution of pH
7.4. An aliquot of 10 ml was withdrawn from the dissolution medium
every 1 h which was followed by immediate replacement with fresh
buffer solution. After appropriate dilutions, absorbance was measured
spectrophotometrically (UV- 2450, Shimadzu, Japan) at 241 nm for pH
1.2 and at 243 nm for pH 7.4. Each experiment was performed in
triplicate.

2.11. Data treatment

The equivalent diameter (d.) of the spherical tablets having a radius r.
and height h was calculated at first using the following equation [41]:

d, = (6r.h)'" (5)

The equivalent radius (r.) was then calculated from the equivalent
diameter (de) of the spherical tablets.

The amount of drug that was loaded into the tablets was denoted as
My and the drug that was released from the tablet core in time t was
denoted as M;. The slope of the graph between t'/? and My/M; was
denoted by 6. All these values were inserted into the following equation
for calculating the mean diffusion coefficient (D).

2
DCZ”(;\Z) @

The n (diffusional exponent) value was calculated from the following
power law equation.

M“ n

M, =kt (€)]
Where k is a constant and t is the time taken for the release of the
incorporated drug. n = 0.45 indicates Fickian diffusion, 0.45<n < 0.89
indicates anomalous transport, and n > 0.89 indicates super case II
transport. This n value was finally incorporated into the subsequent
equation in order to determine the mean drug dissolution time (MDT).

MDT = (#) K ©)

2.12. Statistical analysis

The statistical relevance of data derived from the erosion study,
swelling study, and in vitro paracetamol release study was determined by
analysis of variance (ANOVA) using Graph Pad Prism. The difference was
considered significant when p < 0.05.

3. Result and discussion

Ionotropic gelation of TKP was not possible due to its nonionic nature.
However, the hydroxyl groups of TKP could be exchanged with the
carboxyl groups of MAA by the process of grafting. This would impart an
anionic character to TKP, making it amenable for ionotropic gelation
with metal cations. Grafted TKP was synthesized by using the free radical
initiation technique. Sulfate anion free radicals (SO4* *) were generated
from the APS as a result of activation by thermal energy (60°C). Scheme 1
depicts the most likely reaction process. When APS was employed as an
oxidizing initiator, the grafting process was aided by the abstraction of a
hydrogen atom from the hydroxyl group present on the polymeric
backbone leading to free radical site generation. These free radicals
possibly reacted with the vinyl monomer's double bond. A covalent bond
was thus formed between the monomer and TKP, allowing the chain to
proliferate. The termination might have occurred by the conjunction of
the two radicals. Similar reaction mechanisms have also been reported
[42].

The grafting of MAA onto TKP was confirmed by FTIR analysis.
Stretching vibrations of the —OH group and —CH group were noted at
3394.35 cm ! and 2935.05 cm ! respectively while bending vibrations
of —-OH were present at 1651.30 cm~ ! and 1040.77 cm ™! (Fig. 1A). In the
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Scheme 1. Reaction mechanism demonstrating the grafting of MAA onto TKP by using APS.

case of grafted TKP, stretching vibrations of -OH and —CH were found at
3435.77 cm™! and 2880.93 cm™! while the peak at 1040.77 cm™! was
absent after the grafting reaction. This was possibly owing to the C-O-C
groups stretching which were formed by the reaction between the
—COOH group of MAA and -OH group TKP. (Fig. 1B). A new peak at
2548.63 cm ™! was assigned to the ~-COOH group of MAA. Two new peaks
at 1416.47 cm ! and 1483.57 cm™! were observed due to the carbox-
ylate anion of MAA. The asymmetric stretching of C-O-C was noted at
1185.66 cm ™! which indicated that TKP had reacted with MAA with its
reactive ~OH groups. Moreover, two additional peaks at 1726.58 cm ™!
and 1629.35 cm™! were probably due to the —CO- stretching of MAA.
Such observations were in accordance with several reported results [43,
44]. All these confirmed that grafting had indeed taken place.

3.1. Optimization of the grafting conditions

The different grafting parameters such as monomer and polymer
concentrations, initiator concentration, as well as temperature, and re-
action time were studied to optimize grafting reaction conditions.

3.1.1. Effect of temperature

The influence of temperature on grafting was observed at 50-60°C
while keeping other parameters constant (Fig. 2). The temperature was
not raised over 60°C due to an increase in the rate of termination of the
reaction as well as due to thermal decomposition of APS at higher tem-
peratures. An increase in temperature from 50 to 60°C, considerably
influenced the grafting. %G and %GE were low at lower temperatures
and increased as the temperature increased. This might be due to the
slower reactivity of MAA with the substrate. Because of increased colli-
sions between TKP and MAA at higher temperatures, an increase in TKP
macroradicals was feasible, improving graft polymerization. Similar

results from the grafting of MAA onto guar gum, where an increase in
temperature from 40 to 60°C led to a greater yield of the graft copolymer
were obtained [42].

3.1.2. Effect of reaction time

The grafting time was varied from 1 h to 2 h. Because a thick gel had
developed after 2 h, the reaction time could not be extended further. The
maximum percentage of grafting observed at the end of 2 h was 1284.67
(Fig. 3). The %G and %GE were found to increase as the reaction time
was increased from 1 to 2 h. With increasing time, a higher number of
molecules may be added to the developing grafted chain. Graft copoly-
merization of acrylamide onto xanthan gum yielded the same results
[45].

3.1.3. Effect of monomer concentration

The monomer concentration varied from 0.06 mol to 0.1 mol%G and
was also found to depend on the concentration of monomer used for
grafting. The %G increased significantly until it reached a maximum
value at a monomer concentration of 0.08 M (Fig. 4). This might be
attributable to an increase in the reaction due to increased monomer
available for grafting. The drop in %G after saturation might be due to a
reduction in the available MAA as well as to a decreased number of active
sites present on the backbone of TKP as the process of graft copolymer-
ization progressed. The reduction in %GE with increasing MAA con-
centration may be related to the quantity of MAA that was more
favourable to homopolymer production than grafting in the concentra-
tions measured. Such results were obtained in the production of gelatin-
g-poly (acrylic acid-co-acrylamide) [46].

3.1.4. Effect of initiator concentration
The concentration of APS varied from 10 mmol to 30 mmol (Fig. 5).
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Fig. 1. FTIR spectra of (A) TKP and (B) Grafted TKP (GTKP).

Increasing the APS concentration initially led to an increase in %GE and
%G, beyond which both %GE and %G declined. The rise in %G might be
attributed to an increased amount of macroradicals since an increased
APS concentration would allow more APS free radicals to target the sugar
unit of TKP. This generated more TKP macroradicals along with several
active sites for MAA reactions. Further accentuating the concentration of
APS radicals (>20 mmol), aided the polymerization of MAA, resulting in
a reduction in %GE and %G as well as the cessation of the chain propa-
gation process. This finding suggested that the optimum APS concen-
tration was 20 mM [47].

3.1.5. Effect of polysaccharide concentration
The effect of polysaccharide concentration on grafting was studied at

TKP concentration 0.5-1.5 % w/v (Fig. 6). %G and %GE both decreased
with an increase in the percentage of TKP up to 1.5% w/v. Optimum %GE
and %G were obtained with 1% w/v of TKP which were 56.279% and
1284.67% respectively. Further, increasing the TKP concentration (>1%)
increased the viscosity of the reaction medium thereby restricting the
mobility of APS. Furthermore, a higher TKP concentration may resultin a
large number of TKP macroradicals interacting with each other thereby
causing termination of the grafting reaction. The same results were re-
ported during the grafting of sodium alginate with itaconic acid with the
help of benzoyl peroxide [48].
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Fig. 2. Effect of grafting temperature on %G and %GE of MAA onto TKP using APS as the initiator.

1400 + 1284.67
%G —8—%GE 1191.67
1200
= 1000 [
F
S 800 |
2
X 600
400
200 | 18.779 25817 S52.205 56.279
0 T * - 0
0 0.5 1 1.5 2 25
Time (h)

Fig. 3. Effect of reaction time on the %G and %GE of MAA onto TKP using APS as initiator.

3.2. Development of cross-linked hydrogel matrix tablets

The following information was obtained from the physical testing of
the prepared tablets: tablet weights of all the formulations varied from
292.2 +5.069 mg to 310.22 + 2.372 mg and were found to be within the

limit of + 5% of the average weight, the drug content variation from the
labeled potency was well within the +15% limit permitted by USP, the
hardness of the prepared tablets was between 2 and 6 kg/cm? and the
thickness varied from 5.486 + 0.045 mm to 5.856 + 0.258 mm and was
thus kept within a range of + 5% of the average thickness. The

1284.67
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Fig. 4. Effect of the monomer concentration on %G and %GE of MAA onto TKP using APS as the initiator.
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Fig. 5. Effect of the initiator concentration on %G and %GE of MAA onto TKP using APS as the initiator.

percentage friability was found to vary from 0.165% to 0.496% and
hence <1% limit for the prepared tablets.

The DSC thermogram of paracetamol and paracetamol loaded tablet
formulation were represented in Fig. 7. Paracetamol produces one strong
endothermic peak at 183°C (Fig. 7B) and a second endothermic peak at
304 °C which is probably owing to the degradation of paracetamol as
reported by several researchers [49,50]. The tablet powder containing
paracetamol grafted TKP and Al(OH)3 displays three endothermic peaks
at 183°C, 70°C, and 245°C (Fig. 7A). The endothermic peak at 70°C is
assigned to the moisture loss present in the tablet prepared with grafted
TKP [51,52]. The melting peak of paracetamol is the same in the
formulation, although the peak intensity is lowered in the formulation
than in the free drug. This suggests a reduction in paracetamol crystal-
linity in the formulation due to the dilution of paracetamol with the
copolymer. The third endothermic peak at 245°C is attributed to the
cleavage of the electrostatic interactions between carboxylate and hy-
droxyl groups and the subsequent chemical decomposition of the grafted
polymer [53-56]. The disappearance of the degradation peak of para-
cetamol at 304°C in the formulation is possibly due to its coincidence
with the melting peak of Al(OH); present in the tablet powder [57].
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200
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The X-ray diffraction patterns of paracetamol and paracetamol loaded
tablet formulation were represented in Fig. 8. The X-ray diffraction
patterns are obtained at various scattering angles of 15, 17, 23, 24, and
26° 20 for paracetamol and their intensities are 6322, 4887, 26208,
12768, 10646, 11248 and 11039, respectively (Fig. 8A). For the tablet
formulation, the peak intensities are 1465, 1595, 3031, 2638, 2756,
3459, and 3689 at 11, 13, 15, 17, 23, 24 and 26° 20 angles, respectively
(Fig. 8B). The peak intensities of paracetamol in tablet formulation are
significantly weaker than those obtained for pure paracetamol. Both
samples produce peaks characteristic of paracetamol but with weak in-
tensities, suggesting a lower degree of crystallinity of the drug in tablet
formulation than that of the individual drug. Similar observations were
also reported while performing studies on the interactions of paracetamol
and propyphenazone [58]. Thus, the results obtained in DSC are in
agreement with the XRD results.

The tablet formulations prepared with only TKP (F1) and only grafted
TKP (F2) disintegrated within 5 min in a pH 1.2 buffer solution. Hence
further study could not be done using these two formulations. AI(OH)3
was then used in the formulation in order to serve two purposes. AI(OH)3
releases AI>* jons which can act both as a binder and form a cohesive

1284.67
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o

T T
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T y T
0.8 1 12
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Fig. 6. Effect of polysaccharide concentration on %G and %GE of MAA onto TKP using APS as the initiator.
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mass as well as can cause sustained release of the incorporated drugs.
Moreover, when water enters the tablet matrix during in vitro dissolution
outside the body or in vivo dissolution in the gastrointestinal environ-
ment, AI(OH)s is solubilized and generates AI** ions. These AI** ions act
as a cross-linking agent to cross-link the free carboxylic groups of the
grafted polymer and form a hydrogel resulting in sustained release of the
drug. The various formulations prepared with Al(OH)3 and grafted TKP
such as F3 (Al(OH)s: grafted TKP = 0.3:1), F4 (AI(OH)3: grafted TKP =
0.6:1), F5 (Al(OH)3: grafted TKP = 1:1), F6 (Al(OH)3: grafted TKP =
1.6:1) and F7 (Al(OH)3: grafted TKP = 3:1). The swelling profiles of
cross-linked TKP-g-MAA matrix tablets were carried out in pH 1.2 for 2 h
and pH 7.4 buffer solutions for 8 h (Fig. 9). The percent swelling of
different formulations in 2 h were 585.929% (F4), 217.652% (F5),
308.480% (F6) and 495.876% (F7) (p < 0.05), respectively. F3 dis-
integrated after 2 h. The percent swelling of the remaining formulations
in 8 h was 413.341% (F5), 794.809% (F6) and 1206.061% (F7) (p <
0.05), respectively. F4, however, disintegrated after 7 h. Hence, the
percent swelling after 8 h could not be carried out for this formulation.
The swelling of the cross-linked TKP-g-MAA matrix increased progres-
sively with time. Such a phenomenon was observed in both the test
media where higher swelling was obtained in the 7.4 buffer than 1.2 acid
solution. Similar observations were also seen from polyacrylamide-
grafted-sodium alginate hydrogel matrix tablets [59]. At higher pH, ex-
change of ions occurs between dissolution medium Na * ions and gel
forming AI** ions. Such interactions cause repulsion between the
carboxylate anions of grafted copolymer resulting in accelerated swelling
of the gel matrix. Moreover, the concentration of counter-ion within the
network increases upon ionization, leading to differences in the osmotic
potential between the internal and external tablet solutions. Thus, an
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Fig. 8. X-ray powder diffractograms obtained for (A) paracetamol (B) tablet
powder containing paracetamol.

increased swelling of the matrix occurs in pH 7.4 than pH 1.2 in response
to the increased osmotic pressure. Swelling profiles of drug-free matrix
tablets of AI(OH)3/TKP-g-MAA exhibited a reduction in swelling with an
increased concentration of AI** ions (F3, F4, F5) and then a gradual in-
crease in swelling with an increased concentration of AI*t ions (F6, F7)
(Fig. 9.). Increase in the cross-linking agent from 50 mg to 100 mg pro-
duces a higher density of cross-linking inducing a higher gel strength and
thereby reducing the pore size of the mesh network. Hence, the swelling
of the gel layer decreases. Thus, swelling decreases gradually in the case
of F3, F4, and F5. Again, when Al(OH)3 was further increased from 100
mg to 150 mg, it resulted in a gradual increase in the swelling of the
matrices. This is because, beyond a critical concentration of A" ions, a
very weak gel matrix is produced due to excessive cross-linking by AI>*
ions. This leads to the formation of a non-homogenous matrix [60]. Thus,
swelling increases gradually in the case of F6 and F7.

Fig. 10 shows the erosion of the prepared formulations. The erosion
data exhibit a higher erosion in pH 7.4 than in pH 1.2. From the results, it
can be concluded that as the amount of copolymer is increased, the
erosion of the matrices is increased. Percentage erosion of different for-
mulations in 2 h were 36.923% (F3), 16.080% (F4), 23.760% (F5),
20.494% (F6), and 8.762% (F7) (p < 0.05), respectively. F3 disintegrated
after 2 h. The percent erosion of the remaining formulations in 8 h was
37.312% (F5), 47.404% (F6) and 40.404% (F7) (p < 0.05), respectively.
F4, however, disintegrated after 7 h. Hence, the percent erosion after 8 h
could not be obtained for this formulation. An increase in the amount of
cross-linker (from 50 mg to 100 mg) results in decreased erosion of the
matrix tablets due to the production of a rigid gel matrix. Thus, erosion
decreases gradually in the case of F3, F4, and F5. Further, an increase in
cross-linker amount (from 100 mg to 150 mg), increases the erosion due
to the weaker gel strength of the grafted polymer caused by unrestricted



A. Saha et al.

1400

1200 pH 1.2 pH 7.4

1000
800

600

Swelling (%)

400

200

~#-F3 ~+ F4 <+ F5 --F6 =—F7

Pharmaceutical Science Advances 2 (2024) 100022

0 30 60 120 180

Time (min)

Fi

=

60

50 pH1.2

pH 7.4

Erosion (%)
w
[—]

~-F3 -8-F4 -4FS =F6 =F7

g. 9. Swelling behaviour of cross-linked TKP-g-MAA matrix tablets in pH 1.2 and pH 7.4 buffer solutions.

0 30 60 120 180 240

300 360 420 480 540 600

Time (min)

Fig. 10. Erosion study of cross-linked TKP-g-MAA matrix tablets in pH 1.2 and pH 7.4 buffer solutions.

AP+ jon cross-linking. Thus, erosion increases gradually in the case of F6
and F7. From the erosion data, it was seen that the percentage of erosion
is dependent on the amount of cross-linker used in the formulation.
Similar results were also obtained during the evaluation of cross-linked
carboxymethyl xanthan gum tablets [60].

To investigate the effect of AI** jons on the paracetamol release
behaviour, cross-linked matrix tablets containing various ratios of co-
polymer/Al(OH)3 were prepared. The formulations are represented as
F3, F4, F5, F6, and F7. Drug release in 2 h of different formulations were
90.647% (F3), 51.710% (F4), 21.742% (F5), 42.543% (F6) and 41.568%
(F7) (p < 0.05) (Fig. 11), respectively. Drug release in 8 h of different
formulations was 67.338% (F5), 95.101% (F6), and 76.849% (F7) (p <
0.05), respectively. F3 and F4 disintegrated after 2 h and 7 h, respec-
tively. Hence, paracetamol release could not be obtained for these for-
mulations. It was observed that paracetamol release in pH 1.2 solutions
was slower as compared to pH 7.4 buffer solution.

At alkaline pH, faster drug release occurs due to higher swelling of the
hydrogel matrix. The paracetamol release study indicated that when the
concentration of AI(OH)3 was increased from 50 mg to 100 mg (F3, F4,
F5) the release rate gradually became slower. The cross-link inhibits
polymer chain mobility, causing the development of a real gel layer
around the matrix tablet surface. An increased amount of cross-linker
results in increased cross-link density, which increases the gel strength,
thereby reducing the diffusion of the paracetamol through the matrix gel
layer. Similar findings were reported from AI** ion cross-linked sodium
carboxymethyl cellulose matrix tablets [61]. Again, when the

concentration of AI(OH)3 was further increased from 100 mg to 150 mg,
it resulted in an increase in swelling of the matrix tablets, thereby causing
faster drug release due to the formation of a non-homogenous matrix.
Thus, F5 (Al(OH)3: TKP-g-MAA = 1:1) released the total drug in 10 h
while the release of drug from F3 (Al(OH)3: TKP-g-MAA = 0.3:1) was
almost complete at 3 h and that from F6 (Al(OH)3: TKP-g-MAA = 1.6:1)
occurred in 8 h.

Table 2 shows that the MDT increased significantly with an increased
concentration of AI(OH)3, and after a certain amount of AI(OH)3 (i.e.,
100 mg), MDT decreased. The diffusion coefficients for the different
formulations were determined using Eq. (2), and the results have been
shown in Table 2. Accentuation in the Al(OH); amount up to 100 mg
decreased the diffusion coefficient of paracetamol (as observed in the
case of F3, F4 and F5), and a further increase in the AI(OH)3 amount
increased the diffusion coefficient (F6 and F7). A greater cross-linking
results in the formation of a gel-like network of higher viscosity where
the drug gets firmly entangled. A more viscous gel would thus decrease
the drug diffusion from the matrix. Thus, the diffusion coefficient de-
creases (F3, F4, F5). F5, containing an equal amount of grafted polymer
and cross-linker (1: 1), thus showed the most sustained release of the
drug extending up to 10 h due to the formation of a highly viscous gel
network.

Formulations F3 exhibited Fickian diffusion and were characterized
by a diffusive regime with hampered drug release since the n value was
found to be 0.3602 (Table 3). In this case, the water diffusion into the
polymeric network was much faster, as compared to its chain relaxation
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Table 2
Mean dissolution time and diffusion coefficient of paracetamol from matrix
tablets.

Formulation Mean Dissolution Time (min) Diffusion Coefficient (cm?/s)
code (Mean + SD),n = 3 (Mean + SD),n = 3

F3 23.27 6.80 x 1077

F4 42.67 3.17 x 1077

F5 209.91 1.87 x 1077

F6 85.23 2.69 x 1077

F7 96.94 2.19 x 1077

process due to the presence of low cross-link density. This led to the
formation of a weak gel where the process of polymer relaxation and
restrictions imposed by the swelling capability of the polymeric network
served as limiting factors to water movement. For formulations such as
F4, F5, F6 and F7, the values of n varied between 0.45 and 0.89 (Table 3)
indicating that drug release followed anomalous diffusion, i.e., the drug
release was driven by both swelling of matrix and diffusion of drug. Such
observations were found to be coherent with the erosion, swelling as well
as paracetamol release from the prepared formulations. It can thus be
concluded that as the cross-linking density increases (maximum for F5),
lower swelling of the gel matrix occurs leading to slower dissolution of
the drug through the polymeric chains. According to reports, a similar
type of result was obtained during the determination of drug release from
polyvinyl alcohol and poly (2-hydroxyethyl methacrylate) hydrogels
[62]. The cross-linking reaction allows the formation of a more cohesive
matrix, thereby preventing the erosion of the system. The values of the
diffusion exponents indicate that an increase in the proportion of
cross-linker changes the mechanism that drives the process of drug
release, thus causing the system to erode [63,64].

Table 3

Representation of diffusion exponents ‘n’.
Formulation code n value
F3 0.3602
F4 0.5
F5 0.633
F6 0.488
F7 0.477

10

4. Conclusion

Grafting of TKP with MAA was performed by the conventional
method to yield a new versatile excipient that could be employed for the
preparation of matrix tablets. Optimized %G and %GE were found to be
1284.67% and 56.279% at 60°C in 2 h in the presence of 20 mmol APS,
0.08 mol MAA and 1% TKP. FTIR study confirmed that grafting was
successful. TKP-g-MAA and Al(OH)3; were then used in various combi-
nations to prepare cross-linked matrix tablets by direct compression. DSC
and XRD studies demonstrated the reduced crystallinity of paracetamol
in the formulation. According to the in vitro drug release study, the AI>*
ions cross-linked hydrogel matrices showed an extended drug release for
10 h in comparison to the tablet formulations prepared with only TKP
(F1) and only grafted TKP (F2) which disintegrated within 5 min in pH
1.2 buffer solution. Crosslinking with AI** could thus form a stable
matrix that could provide the desired sustained release action. The
hydrogel matrix tablets showed a slow release of drugs in an acidic
medium and a relatively faster drug release in an alkaline medium. F5
formulation, having a co-polymer/Al(OH)3 ratio of 1:1, exhibited sus-
tained drug release action with lower erosion and swelling of the gel
matrix. From the above findings, it was possible to conclude that graft
modification of TKP with MAA and subsequent cross-linking with AI**
ions could serve as a suitable method for minimizing drug release at the
gastric mucosa and targeting it in the small intestine. We further
conclude that AI** ion cross-linked grafted TKP is an excellent matrix
material for sustained delivery of drugs in the gastrointestinal milieu.
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