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graft copolymer: a plausible
platform for pH-controlled delivery of antidiabetic
drugs

Rohit R. Bhosale,a Riyaz Ali M. Osmani,b Amr S. Abu Lila, cd El-Sayed Khafagy,ef

Hany H. Arab,g Devegowda V. Gowda,h Mohamed Rahamathulla,i Umme Hani,i

Mohd Adnanj and Hosahalli V. Gangadharappa *h

In the present study, we aimed to develop a novel pH-sensitive polymeric delivery system (GG-g-PMMA) for

antidiabetic therapy via grafting ghatti gum (GG) with methyl methacrylate (MMA) chains. The free radical

polymerization technique was adopted to graft ghatti gum with methyl methacrylate, using ceric

ammonium nitrate (CAN) as a redox initiator. The impact on grafting parameters such as grafting

percentage (G%) and grafting efficiency (GE), of monomer and initiator concentrations was evaluated.

The batch with higher grafting efficiency and percentage grafting was selected and characterized by

elemental analysis (C, H and N), DSC, FT-IR spectroscopy, XRD, 1H-NMR and SEM morphology study. In

addition, the efficacy of GG-g-PMMA-based pellets loaded with the hypoglycemic agent, metformin

hydrochloride, to sustain drug release was investigated. In vitro release studies demonstrated a pH-

dependent sustained release of the drug from GG-g-PMMA pellets. In addition, acute oral toxicity studies

and histopathological analysis suggested the safety and biocompatibility of the grafted gum. Most

importantly, in vivo efficacy studies underscored the efficient hypoglycemic potential of the prepared

formulation, which was comparable to that of a sustained release marketed formulation. These results

suggest that the developed pH-sensitive polymeric delivery system (GG-g-PMMA) might represent

a promising delivery vehicle for facilitated antidiabetic therapy.
1. Introduction

Natural polymers have been extensively utilized as vehicles for
the entrapment and delivery of drugs.1,2 Compared to synthetic
polymers, natural polymers show superiority in the
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biocompatibility, biodegradability and easy accessibility.1,3

Furthermore, the presence of reactive groups on the native
natural polymers enables the interaction with other functional
groups. Such modication bestows the newly obtained polymer
with tremendous functions and/or alters their physical and
chemical properties.4,5

Gum ghatti (GG) or Indian gum is an example of natural
polymers that that has been extensively used in food, pharma-
ceuticals and other industries due to its superior thickening
and emulsication properties.6,7 GG is a translucent amorphous
exudate of Anogeissus latifolia tree; a large deciduous tree grown
in dry areas. It is a complex non-starch polysaccharide
composing of D-mannose, D-galactose, L-arabinose, and D-glu-
curonic acid.6 Recently, GG has been investigated as a new
release modier in the formulation of matrix tablets.

Modication of natural polymers by gra copolymerization
techniques has received tremendous attention.8–10 This method
allows the graing of one or more blocks of homopolymer with
a variety of functional groups onto the backbone of the main
chain, thus altering the physical and chemical properties of
original graed polymer.9,11 There are three main approaches
for gra polymerization; graing to, graing from, and graing
through methods. The “graing to” approach comprises the
coupling of pre-formed polymer onto the surface by exploiting
RSC Adv., 2021, 11, 14871–14882 | 14871
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the functional groups of both the surface and pre-formed
polymer. The “graing from” approach utilizes pre-attached
precursors/initiators on the surface, which are subsequently
used in polymerization reaction. In “graing through”
approach, a monomer of a lower molecular weight is radically
copolymerized with an acrylate functionalized
macromonomer.8–10

Generally, gra copolymerization process involves the use of
an external agent capable of generating free radical sites on the
backbone of the main polymer chains. Aer creation of free
radical sites, one or more blocks of homopolymer are attached
through chain propagation to the polymer backbone, thus
forming the graed chains.11 Free radicals can be produced in
a number of ways, usually involving separate initiator mole-
cules. Ceric ammonium nitrate (CAN)-mediated free radical
polymerization reaction is one of the most efficient, reproduc-
ible and less time-consuming methods for the synthesis of gra
copolymers, which can be used in the formulation of sustained
release as well as pH-sensitive drug delivery systems.10,12

pH-Sensitive drug delivery systems represent one of the most
widely investigated stimuli-responsive drug delivery systems.
They are designed to respond to a specic pH range at the site of
action and to deliver the payload at specic time, resulting in
enhanced therapeutic efficacy and patient compliance.13,14 pH-
Sensitive drug delivery systems showed favorable efficacies in
certain disease conditions including peptic ulcers, diabetes,
asthma, cardiovascular diseases and cancer.15–19 Recently, many
polymers/gra copolymers with pH responsiveness were
successfully employed for the development of pH-sensitive drug
delivery systems.

Metformin HCl, a biguanide derivative, represents the
preferred rst-line oral blood glucose-lowering agent to manage
type 2 diabetes. It plays three primary roles: slowing the
absorption of sugar into the small intestine, preventing the liver
from dumping more glucose into the blood, and ultimately
assisting the body to use natural insulin efficiently. Conse-
quently, it lowers endogenous glucose production and does not
cause overt hypoglycemia.20,21 However, due to its hydrophilic
nature, it is absorbed partially and slowly by the gastrointestinal
tract, resulting in a relatively low bioavailability (50–60%).22 In
addition, metformin HCl has a very short half-life (2–4 h);
therefore, frequent drug dosing are necessary for effective
therapy. Furthermore, metformin HCl treatment could increase
the incidence of gastrointestinal symptoms such as increased
atulence, abdominal pain, anorexia, cramps, nausea, vomit-
ing, diarrhea and weight loss, which collectively result in
patient non-compliance.23,24 The development of a sustained
release formulation of metformin HCl might represent a solu-
tion for the abovementioned drawbacks via improving gastro-
intestinal tolerability, allowing once-daily dosing and thereby
enhancing patient compliance.

In the current study, therefore, we aimed at developing
a novel pH-sensitive formulation based on poly(methyl meth-
acrylate)-graed-ghatti gum copolymer (GG-g-PMMA), which
could help improve the bioavailability of drug product, reduce
the dosing frequency and decrease the gastrointestinal toxicity.
14872 | RSC Adv., 2021, 11, 14871–14882
2. Materials and methods
2.1. Materials

Metformin hydrochloride was provided as a gi from Salius
Pharma, Mumbai, India. Ghatti gum (GG) was purchased from
Sigma-Aldrich, MO, USA. Ceric ammonium nitrate (CAN) was
purchased from the Merck Specialties Pvt. Ltd., Mumbai, India.
Methyl methacrylate (MMA) was procured from Rankem India
Pvt. Ltd., Mumbai, India. Chitosan (CAS Number 9012-76-4,
50 000–190 000 Da, 75–85% deacetylated) was purchased from
Merk Ltd., Mumbai, India. Hypromellose (CAS 9004-65-3,
HPMC E 15 LV Premium, apparent viscosity 12–18 cps),
microcrystalline cellulose (MCC; CAS 9004-34-6; Avicel® PH-
101; �50 mm particle size), and talc were procured from the
Merk Ltd., Mumbai, India. All other solvents, reagents and
chemicals used were of analytical grade.
2.2. Synthesis of poly(methyl methacrylate)-graed-ghatti
gum (GG-g-PMMA)

Free radical polymerization reaction was adopted to synthesize
GG-g-PMMA using various ratios of ghatti gum (GG) : methyl
methacrylate (MMA) and different amounts of ceric ammonium
nitrate (CAN; a redox initiator)25 (Table 1). Briey, accurately
weighed 1 g of GG was dispersed in 50 ml of double distilled
water and heated for 30 min. To initiate polymerization reac-
tion, denite quantities of MMA and CAN were added to GG
aqueous solution and polymerization reaction was continued at
80 �C for 1 h. The resultant solution was cooled to room
temperature and then poured into excess of methanol and kept
overnight. The resultant copolymer was ltered, rinsed with
methanol, and nally dried at 55 �C in a hot air oven for 12 h.
The obtained GG-g-PMMA copolymer was subjected to alkaline
hydrolysis using 1 M NaOH solution with stirring for 1 h at
75 �C. The hydrolyzed copolymer was then collected via ltra-
tion, rinsed with methanol repeatedly, and dried in a hot air
oven at 55 �C overnight. The percent graing (% G) and percent
graing efficiency (% GE) were calculated using the following
equations.25,26

% Grafting ð% GÞ ¼

weight of graft copolymer� weight of native gum

weight of native gum
� 100

% Grafting efficiency ð% GEÞ ¼

weight of graft copolymer� weight of native gum

weight of monomer
� 100

2.3. Characterization of ghatti gum graed copolymer

2.3.1. Elemental analysis. Elemental analysis of GG, MMA,
and GG-g-PMMA was performed using FlashSmart™ elemental
analyzer (Thermo Fisher Scientics, MA, USA) for estimating
hydrogen, carbon and nitrogen content.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthetic details of polymethyl methacrylate-grafted-ghatti
gum (GG-g-PMMA)a

Batch GG (g) CAN (mg) MMA (g) G (%) GE (%)

G1 1 100 2 12.3 � 1.1 6.15 � 0.52
G2 1 100 6 31.4 � 2.5 5.23 � 0.36
G3 1 100 10 51.2 � 2.3 5.12 � 0.41
G4 1 100 14 41.2 � 1.9 2.94 � 0.32
G5 1 200 2 13.3 � 1.2 6.65 � 0.78
G6 1 200 6 39.9 � 2.8 6.65 � 0.77
G7 1 200 10 62.6 � 2.2 6.26 � 0.63
G8 1 200 14 43.4 � 1.8 3.1 � 0.41
G9 1 300 2 16.1 � 0.9 8.05 � 0.54
G10 1 300 6 91.6 � 3.3 15.26 � 0.82
G11 1 300 10 77.3 � 2.6 7.73 � 0.63
G12 1 300 14 60.9 � 1.7 4.35 � 0.37
G13 1 400 2 15.8 � 0.8 7.9 � 0.61
G14 1 400 6 45.5 � 2.3 7.5 � 0.54
G15 1 400 10 63.3 � 3.5 6.3 � 0.43
G16 1 400 14 51.2 � 2.8 3.65 � 0.21

a Data represents mean � SD where n ¼ 3.
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2.3.2. Proton nuclear magnetic resonance analysis (1H-
NMR). Structural characterization of GG-g-PMMA was con-
ducting using 1H-NMR spectroscopy. The native gum was dis-
solved in deuterium oxide (D2O), while the gra copolymer (GG-
g-PMMA) was dissolved in dimethyl sulfoxide (DMSO). The
NMR spectra of GG and GG-g-PMMA were taken using Agilent
NMR spectrophotometer (Santa Clara, CA, USA) at 400 MHz at
room temperature.

2.3.3. Scanning electron microscopy (SEM). The
morphology of the samples was observed using EVO LS scan-
ning electron microscope (Smart SEM, Zeiss EVO LS, Frankfurt,
Germany). The samples were coated by gold to improve electron
beams conductivity and SEM images were obtained at an
accelerating voltage of 15 kV with a working distance of 10 mm
and an energy dispersive X-ray (EDX) detector.27

2.3.4. Acute oral toxicity. The acute oral toxicity test was
conducted according to the guidelines of the Organization for
Economic Cooperation and Development. Briey, six nullipa-
rous and non-pregnant female albino mice were randomly
selected for acute oral toxicity study. Animals were kept under
standard conditions of temperature (25 � 1 �C) and relative
humidity (60� 10%), and had free access to water and standard
chow diet. One animal was randomly chosen and was kept as
a control without any treatment. A single dose of GG-g-PMMA
Table 2 Formulation chart for metformin HCl-loaded pellets prepared b

Batch Metformin HCl (mg) MCC (mg) Hypromellose (mg)

F1 500 550 40
F2 500 540 40
F3 500 530 40
F4 500 520 40
F5 500 510 40
F6 500 500 40

© 2021 The Author(s). Published by the Royal Society of Chemistry
(2000 mg kg�1) was orally administered via an oral gavage to
a single female mice and the animal was examined cautiously
for the rst 30 minutes, then for 4 hours. Aer the survival of
a handled mouse, 4 additional mice were treated with the same
dose under similar conditions. The animals were closely
monitored for any toxic effect during the rst 4 h and then at
daily intervals for a period of 14 days for any toxic effect.
Mortality was detected by visual observation.28,29

2.3.5. Histopathological examination. The liver, kidney,
lung, brain and heart from one mouse that survived the toxicity
test, were xed in 10% buffered formalin for 24 h. The dissected
tissues were subjected to dehydration in a graded series of 50,
70 and 100% ethyl alcohol. The tissues were embedded in
paraffin blocks and sectioned at approximately 5–7 mm thick-
ness and were then stained with hematoxylin and eosin (H&E).
Stained sections were examined adopting bright eld contrast
enhancing approach using a light microscope (Motic, B1 series
System Microscope, India) tted with camera (Magnus, MITS,
India) at �40 magnication.
2.4. Preparation of metformin HCl pellets

The composition of metformin HCl pellet formulations was
summarized in Table 2. A matrix pellet formulations consisting
of metformin HCl, GG-g-PMMA, hypromellose (binder), micro-
crystalline cellulose (pelletization aid), and talc (glidant/
lubricant) were prepared by extrusion/spheronization. Briey,
drug, GG-g-PMMA and other excipients were mixed together at
room temperature for 15 min. Then a mixture of water-
: isopropyl alcohol (H2O : IPA) was added slowly to agglomerate
the powder mixture into a wet mass. The wet mass was then
processed in a rotating roller extruder (EXT 65/037, R. R.
Enterprises, India). The collected extrudates were transferred
into a spheronizer (SPH 150/010, R. R. Enterprises, India) and
were spheronized for 10 min at a spheronization speed of
1600 rpm. The resulting pellets were collected and were dried
overnight at 40 �C in a hot air oven. In order to prevent pellet
aggregation, surface erosion and burst drug release in the
stomach, the resulting drug loaded pellets were eventually lm-
coated with chitosan (50 000–190 000 Da, 75–85% deacety-
lated). Chitosan was selected as a coating polymer considering
its resistance to be digested by digestive enzymes in the upper
gastrointestinal tract,30,31 however, being hydrolyzed by micro-
bial enzymes inside the colon.32 Pellets were lm coated using
a uidized bed coater (Jiangsu Jiafa granulating drying
y using GG-g-PMMA

Talc (mg) GG-g-PMMA (mg) H2O : IPA (5 : 3) Total (mg)

50 10 0.8 1150
50 20 0.8 1150
50 30 0.8 1150
50 40 0.8 1150
50 50 0.8 1150
50 60 0.8 1150

RSC Adv., 2021, 11, 14871–14882 | 14873
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equipment, Changzhou, China) with spraying rate of 1 g min�1,
inlet temperature of 55 �C and atomizing pressure of 0.8–1.0
bars.33
2.5. Characterization of metformin HCl pellets

2.5.1. Fourier transform infrared spectroscopy (FTIR).
FTIR spectroscopy was utilized to assess drug–polymer inter-
actions. FTIR spectra of pure drug, GG, GG-g-PMMA, physical
mixture of pure drug + GG-g-PMMA, and metformin loaded GG-
g-PMMA pellets were recorded using FTIR spectrometer (8400S,
Shimadzu, Japan). The sample to be analyzed was compressed
with KBr into a thin lm pellet. The scanning range was 500–
4000 cm�1.34

2.5.2. Differential scanning calorimetry (DSC). DSC studies
for pure drug, GG, GG-g-PMMA, physical mixture of pure drug +
GG-g-PMMA, and metformin loaded GG-g-PMMA pellets was
conducted using differential scanning calorimeter (DSC-60,
Shimadzu, Japan).35 DSC thermograms were recorded in the
temperature range of 20–350 �C, at a heating rate of
10 �C min�1.

2.5.3. X-ray diffraction (XRD). XRD of pure drug, GG, GG-g-
PMMA, physical mixture of pure drug + GG-g-PMMA, and met-
formin loaded GG-g-PMMA pellets was conducted using
Benchtop Advance X-ray powder diffractometer (Bruker AXS
GmbH, Karlsruhe, Germany).
2.6. Evaluation of prepared pellets

2.6.1. Particle size. Particle size of metformin HCl pellets
was determined using polarized light microscopy (Zeiss, Me
63C, Frankfurt, Germany) tted with a calibrated ocular
micrometer.36

2.6.2. Microscopic analysis. Microscopic photographs of
prepared metformin HCl pellets were taken at 100� magni-
cation by EVO LS scanning electron microscope (Smart SEM,
Zeiss EVO LS, Frankfurt, Germany) at room temperature. For
this analysis, samples were coated by gold for enhancing elec-
tron beams conductivity and an accelerating voltage of 5.0 kV
with a working distance of 10 mm in line with energy dispersive
X-ray (EDX) detector was implied. Microscopic photographs
obtained were observed to analyze the shape of metformin HCl
pellets.37

2.6.3. Determination of drug loading and drug entrapment
efficiency. 50 mg of drug loaded pellets were grounded and kept
suspended in 100 ml phosphate buffer saline (pH 6.8) at room
temperature for 24 h with constant agitation. The drug solution
was ltered and the drug content was analyzed spectrophoto-
metrically at lmax of 232 nm. Drug loading and entrapment
efficiency were determined using the following equations:

Drug loading ð%Þ ¼ weight of drug in pellets

weight of pellets
� 100

Drug entrapment ð%Þ ¼ actual drug loading

theoretical drug loading
� 100
14874 | RSC Adv., 2021, 11, 14871–14882
2.6.4. Micromeritic studies. The Carr's compressibility
index and the Hausner's ratio were determined to provide an
insight onto the ow properties. The Hausner's ratio and Carr's
index were determined as follows:

Carr’s index ¼ tapped density� bulk density

tapped density
� 100

Hausner’s ratio ¼ tapped density

bulk density

Angle of repose method34 was also conducted by pouring
pellets through a funnel on the horizontal surface. The height
and the diameter of powder cone formed upon passage of the
pellets through the funnel were measured. The angle of repose
was then determined using the following equation:

Angle of repose ðqÞ ¼ tan�1height of powder cone

radius of powder cone
2.7. In vitro drug release and release kinetics

The in vitro release of metformin HCl from optimized GG-g-
PMMA-based formulation was conducted using USP Type-II
apparatus (Electrolab, Mumbai, India) assembled with
paddles. Briey, denite weight of pellets (equivalent to 500 mg
of metformin HCl) were lled in size 00 hard gelatin capsules.
Dissolution study was conducted at gastric pH (0.1 N HCl; pH
1.2) and intestinal pH (PBS; pH 6.8) for 2 and 10 h, respectively,
at 37 � 0.5 �C and paddle speed was set at 50 rpm. At denite
time intervals (0.5, 1, 2, 3, 4, 6, 8, 10 and 12 h), 3 ml aliquot
samples were withdrawn from the dissolution medium and
replaced with an equal volume of fresh medium to maintain
sink conditions. The drug concentration in each sample was
quantied spectrophotometrically at lmax of 232 nm. Drug
release data was tted in different kinetic models to determine
the release kinetics.
2.8. In vivo antidiabetic activity

For induction of diabetes, Wistar albino rats (male; weighing
250–300 g) were intraperitoneally (i.p.) treated with a single
dose of nicotinamide in physiological saline (110 mg kg�1)
followed by an i.p. injection of streptozotocin (STZ; 60 mg kg�1)
15 min later. At 4 days post nicotinamide–STZ treatment, blood
glucose levels were determined to assess the extent of diabetes
induction. Rats with a basal blood glucose level above 200 mg
dl�1 were considered diabetic.38 To assess the hypoglycemic
activity of different formulations, rats were randomly catego-
rized into four groups (n ¼ 6); one non-diabetic control group
and three diabetic groups. The non-diabetic control group was
orally treated with sodium carboxymethyl cellulose (sodium
CMC; 0.5% w/v) and served as negative controls. The other three
diabetic groups were treated with sodium CMC (positive
control), marketed formulation (Glycomet® SR 500 mg tablet)
in sodium CMC solution at a dose of 500 mg kg�1 (diabetic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Elemental analysis of optimized GG-g-PMMA

Polymer % C % H % N

GG 38.24 6.43 0.00
MMA 60.04 8.01 0.00
GG-g-PMMA 42.47 6.71 0.00
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standard), and optimized formula of GG-g-PMMA metformin
pellets in sodium CMC solution at a dose of 500 mg kg�1 (dia-
betic test), respectively. Food was withdrawn from the rats 12 h
before drug administration. All rats had free access to water
throughout the study. The study protocol was approved by the
Ethical Committee of JSS College of Pharmacy, Mysuru, India
(CPCSEA Approval No. P17248/2017). At predetermined time
points post drug administration (0, 2, 4, 6, 8, 10 and 12 h), blood
samples were withdrawn from the retro-orbital plexus of each
rat and blood glucose levels were measured using glucometer
(an Accu-Check® Roche Diagnostic Corporation, USA). 14 days
later, blood samples were collected and centrifuged at 3000 rpm
for 15 min. The obtained serum samples were assayed for the
following parameters: total cholesterol, triglyceride, and total
protein levels.

2.9. Statistical analysis

All values are expressed as the mean � SD. Statistical analysis
was performed using ANOVA test (SPSS soware version 16;
SPSS Inc., Chicago, USA). The level of signicance was set at p <
0.05.

3. Results and discussion
3.1. Synthesis of polymethylmethacrylate-graed-ghatti
gum (GG-g-PMMA)

Various grades of the gra copolymer were synthesized by
varying methyl methacrylate (MMA; monomer) and ceric
ammonium nitrate (CAN) concentrations (Table 1). Synthesis of
GG-g-PMMA was conducted via free radical polymerization
reaction using CAN as reaction initiator.25 CAN is an electron
decient molecules; it can attract electrons from alcoholic
oxygen in ghatti gum (GG) to form a new Ce–O bond. This Ce–O
bond is more polar than O–H bond and, thereby, is easily
cleaved to form free radical site on GG backbone. The resulting
free radicals on GG backbone initiate the gra copolymerization
of MMA onto GG backbone via covalent coupling of GG free
radicals with MMA monomer units, resulting into chain prop-
agation with subsequent production of polymethyl methacry-
late gra chains.28,29

3.2. Effect of polymerization parameters on GG-g-PMMA
synthesis

3.2.1. Effect of monomer (MMA) concentration on graing.
The impact of monomer concentration on both percentage
graing (% G) and percentage graing efficiency (% GE) was
investigated. As shown in Table 1, % G was found to be
increased with increase in monomer concentration up to
GG : monomer ratio of 1 : 10. This can be ascribed to the fact
that as the concentration of monomers (MMA) increases, more
and more of the monomers become available for attachment to
the initiated backbone, which in turn, resulted in a steady
increase in percentage graing. Nevertheless, raising the
monomer concentration behind such ratio was found to
compromise graing percentage. This might be attributed to
the higher solution viscosity at higher monomer concentration,
© 2021 The Author(s). Published by the Royal Society of Chemistry
which in turn, might hinder the diffusion of monomers from
bulk solution to GG surface, resulting in a decrease in
percentage graing. These ndings are in agreement with those
of Gowrav et al.39 By contrary, with the exception of G10,
percentage graing efficiency (% GE) remarkably decreased
with increase in monomer concentration. Such nding might
be attributed to the possible steric hindrance encountered by
the graed chains, which may act as diffusion barriers against
the efficient diffusion of monomer to the polymer backbone.40,41

3.2.2. Effect of initiator concentration on graing. To study
the effect of initiator concentration, the concentration of CAN
was changed from 100 to 400 mg, and its effect on the graing
was investigated. As shown in Table 1, both % G and % GE were
increased signicantly by increasing CAN concentrations up to
300 mg and then decreased upon further increase in initiator
concentration. With increasing CAN concentration, the active
sites on the GG backbone increase, which results in an increase
in both the percentage graing and percentage graing effi-
ciency. However, at higher CAN concentration (>300 mg), the
extra free radicals remain in the polymerization medium and
therefore the monomers get polymerized, which result in
increase in the homopolymerization concentration. In addition,
excessive radical concentration present in polymerization
medium might also enhance the termination rate of the
growing graed chains resulting in lower graing.41,42

3.3. Selection of optimized gra copolymer (GG-g-PMMA)

The optimized gra copolymer (GG-g-PMMA) was selected on
the basis of higher percentage graing and efficiency. From
Table 1, it was evident that G10 formula, obtained at a mono-
mer (MMA) concentration of 6 g and an initiator (CAN)
concentration of 0.3 g, exhibited highest percentage graing (%
G of 91.6 � 3.3) and superior percentage graing efficiency (%
GE of 15.26 � 0.82). Consequently, G10 formula was selected as
an optimized formula and was subjected for further
investigations.

3.4. Characterization of optimized GG-g-PMMA

3.4.1. Elemental analysis. In order to assess the efficacy of
graing reaction, elemental analysis study was conducted. The
results of elemental analysis of GG and optimized gra copol-
ymer (G10) are summarized in Table 3. A remarkably higher
percentage of hydrogen and carbon was observed in the graed
copolymer (G10), compared to the native GG, indicating
successful graing of MMA monomers onto the GG backbone.

3.4.2. Proton nuclear magnetic resonance analysis (1H-
NMR). To further conrm the efficient graing of MMA on the
GG backbone, 1H-NMR spectra of both graed copolymer (GG-g-
RSC Adv., 2021, 11, 14871–14882 | 14875
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Fig. 1 1H-NMR spectra of purified ghatti gum (GG) and ghatti gum grafted copolymer (GG-g-PMMA).

Fig. 2 SEM images of (A) purified ghatti gum (GG) and (B) ghatti gum grafted copolymer (GG-g-PMMA) at magnification 1000�.
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PMMA) and puried GG were recorded and analyzed (Fig. 1).
1H-NMR spectrum of GG shows a characteristic peaks at 1.3
d and 2.2 d, corresponding to the protons of –CH3 and CH3COO
groups of GG, respectively. The 1H-NMR spectrum of GG-g-
PMMA shows distinct peaks of –CH2 and –OCH3 of MMA
appeared at 2.47 d, and 3.52 d, respectively. 1H-NMR spectros-
copy results were consistent with elemental analysis ndings,
verifying the efficient graing of MMA on GG.

3.4.3. Scanning electron microscopy (SEM). SEM analysis
of GG (Fig. 2A) and its graed copolymer GG-g-PMMA (Fig. 2B)
evidently reect morphological changes from aky structure of
GG to porous spongy structure, presumably, due to the graing
of GG backbone by PMMA chains.
3.5. Acute oral toxicity

To assess the oral toxicity of graed copolymer, non pregnant
nulliparous female mice were orally administered a single dose
of GG-g-PMMA (2000 mg kg�1) and the animals were observed
for mortality. No mortalities were observed among tested
animals up to 14 days post graed copolymer administration.
14876 | RSC Adv., 2021, 11, 14871–14882
Furthermore, the LD50 of GG-g-PMMA was found to be greater
than 2000 mg kg�1, consequently, GG-g-PMMA can be classied
under category 5 “with zero toxicity rating” according to Glob-
ally Harmonized System of Classication and Labelling of
Chemicals (GHS).25,28
3.6. Histopathological analysis

Histological examination of liver tissues in both control and test
animals showed normal hepatocytes, Kupffer cells and large
polygonal cells (Fig. 3A). Light microscopy examination of
kidney tissues demonstrated similar morphology for the
cuboidal epithelial cells of loop of Henle and collecting tubules
(Fig. 3B). Micrograph of heart tissue of both control and test
animals showed homogenous cardiomyocytes connected by
intercalated discs (Fig. 3C). Histological examination of lung
tissues of both control and test animals showed no sign of
morphological changes (Fig. 3D). Finally, brain tissue showed
similar granular cells morphology in both control and test
animals (Fig. 3E).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Histological micrographs of (A) liver, (B) kidney, (C) heart, (D) lung and (E) brain of mice upon treatment with GG-g-PMMA (magnification
40�).
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3.7. Preparation of metformin HCl-loaded pellets

A matrix pellet formulations consisting of metformin HCl, GG-
g-PMMA, hypromellose (binder), microcrystalline cellulose
(pelletization aid), and talc (glidant/lubricant) were prepared by
extrusion/spheronization.43,44

3.7.1. Characterization of metformin HCl-loaded pellets
3.7.1.1. Surface morphology and particle size analysis of met-

formin HCl pellets. The surface morphology and shape of met-
formin HCl pellets were inspected under scanning electron
microscopy (SEM). SEM analysis showed that the prepared
pellets have a spheroidal shape with smooth surfaces (Fig. 4).
Particle size analysis of different batches was performed using
polarized light microscopy tted with a calibrated ocular
micrometer. All pellet batches showed a narrow particle size
distribution ranging from 1178 � 166 to 1386 � 157 mm.

3.7.1.2. Micromeritic properties. Good ow properties play
an important role in further processing of pellets such as lling
in capsules or compressing into tablets. In this study, ow
properties of different pellet batches were evaluated in terms of
Carr's index, Hausner's ratio and angle of repose (Table 4). It
was evident that all batches showed good ow properties.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Furthermore, no signicant differences in the evaluated
parameters were observed within the different batches.

3.7.1.3. Drug loading and entrapment efficiency. Drug loading
and entrapment efficiency of pellets are reported in Table 4.
Fig. 4 Microscopic photograph of metformin HCl pellets prepared by
using GG-g-PMMA.
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Table 4 Characterization parameters of GG-g-PMMA-based metformin HCl pelletsa

Batch Angle of repose (�) Carr's index (%) Hausner's ratio Particle size (mm) Drug loading (%) Entrapment efficiency (%)

F1 22.69 � 0.63 9.87 � 0.23 1.11 � 0.16 1269 � 129 54.47 � 0.48 91.25 � 0.52
F2 21.53 � 0.39 7.96 � 0.73 1.09 � 0.02 1195 � 142 52.14 � 0.11 89.53 � 0.32
F3 23.34 � 0.44 8.12 � 0.39 1.08 � 0.19 1386 � 157 57.64 � 0.74 94.97 � 0.53
F4 25.41 � 0.09 8.73 � 0.18 1.10 � 0.29 1253 � 114 53.89 � 0.29 87.32 � 1.12
F5 25.83 � 0.72 8.92 � 0.47 1.10 � 0.02 1217 � 173 54.31 � 0.46 90.74 � 0.19
F6 26.37 � 0.35 9.57 � 0.59 1.11 � 0.14 1178 � 166 55.72 � 0.63 88.63 � 0.44

a Data represent mean � SD where n ¼ 3.
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Percentage drug loading for different metformin HCl pellet
formulations was in the range of 52.14 � 0.11% to 57.64 �
0.74%, while entrapment efficiency percentage ranged from
87.32 � 1.12 to 94.97 � 0.53. The drug loading and entrapment
efficiency of batch F3 was noted to be higher than those of other
batches (57.64 � 0.74% and 94.97 � 0.53%, respectively).
Consequently, batch F3 was selected for further investigations.
3.8. Drug–polymer interaction studies

3.8.1. Fourier transform infrared spectroscopy (FTIR).
FTIR spectra of pure drug, graed copolymer (GG-g-PMMA),
physical mixture and optimized pellet formulation are depicted
in Fig. 5. FTIR spectra of metformin HCl (Fig. 5A) shows the
existence of characteristic absorption peaks at 3372 cm�1 for
N–H (stretching), 2800–3050 cm�1 for CH3 (aliphatic, stretch-
ing), 1584 cm�1 for C]N (stretching), and 1477 cm�1 for N–H
(bending). The spectrum of GG-g-PMMA (Fig. 5B) showed
characteristic peaks at 3443 cm�1 for O–H (stretching),
1667 cm�1 for C]O (stretching), and 1032 cm�1 for C–O
(stretching). Of interest, the characteristic absorption peaks of
both metformin HCl and graed copolymer (GG-g-PMMA) were
retained in the FTIR spectra of both physical mixture (Fig. 5C)
Fig. 5 Fourier transform infrared spectra of (A) metformin HCl, (B) GG-
g-PMMA copolymer, (C) physical mixture of metformin HCl and GG-
g-PMMA copolymer and (D) optimized metformin HCl pellet
formulation.

14878 | RSC Adv., 2021, 11, 14871–14882
and optimized pellet formulation (Fig. 5D) without the disap-
pearance of existing peaks or the appearance of new peaks.
These results suggest the absence of any pronounced interac-
tion and/or incompatibilities between the drug and the gra
copolymer.

3.8.2. Differential scanning calorimetry (DSC). To conrm
the compatibility of metformin HCl and gra copolymer (GG-g-
PMMA), DSC studies were conducted. DSC thermograms of
pure drug, GG-g-PMMA, physical mixture, and prepared
formulation are represented in Fig. 6. The thermogram of
metformin HCl showed a sharp endothermic peak at 230.86 �C
corresponding to the melting point of the pure drug in the
crystalline form (Fig. 6A). The thermogram of GG-g-PMMA
showed an endothermic peak at 116.83 �C (Fig. 6B). Of interest,
no shi in the endothermic peak of metformin HCl was
observed in either the physical mixture (Fig. 6C) or the opti-
mized pellet formulation (Fig. 6D). This suggested the absence
of any change in drug crystallinity, conrming drug–polymer
compatibility.

3.8.3. X-ray diffraction (XRD). Powder X-ray diffraction
(XRD) analysis was performed to address any possible changes
Fig. 6 Differential scanning calorimetry thermograms of (A) metfor-
min HCl, (B) GG-g-PMMA copolymer, (C) physical mixture of met-
formin HCl and GG-g-PMMA copolymer and (D) optimized metformin
HCl pellet formulation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Powder XRD diffractogram of (A) metformin HCl, (B) GG-g-PMMA, (C) physical mixture of metformin HCl and GG-g-PMMA copolymer
and (D) optimized metformin HCl pellet formulation.
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in the crystallinity due to drug–polymer interaction. The X-ray
diffractogram of pure drug, GG-g-PMMA, physical mixture and
optimized pellet formulation are depicted in Fig. 7. The PXRD
spectrum of pure metformin HCl showed sharp crystalline
peaks, indicating the crystallinity of the drug (Fig. 7A). On the
other hand, the XRD spectrum of graed copolymer (GG-g-
PMMA) showed broad bands located at low diffraction angle
(2q) values, demonstrating the amorphous nature of the gra
copolymer (Fig. 7B). Of interest, X-ray diffractogram of physical
mixture (Fig. 7C) and optimized pellet formulation (Fig. 7D)
suggest that the drug retained its crystalline nature as indicated
by the presence of several sharp peaks with less noise. In
addition, intensities at the different 2q values for metformin
HCl were maintained in the optimized pellet formulation,
indicating the compatibility between the drug and formulation
components.
Fig. 8 In vitro release profiles of plain metformin HCl and optimized
metformin HCl pellets prepared using GG-g-PMMA and in pH 1.2 and
pH 6.8 buffer media.
3.9. In vitro drug release and release kinetics

The in vitro release of metformin HCl from the optimized pellet
formulation was carried out using buffer change method to
mimic the gastrointestinal tract (GIT) environment. As shown in
Fig. 8, negligible drug release was observed at the initial 2 h in
0.1 N HCl solution (pH 1.2), where only 2.07 � 1.55% of the
loaded drug was release at the end of 2 h. On the other hand, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
drug was readily released at higher pH (pH 6.8); with up to 93.86
� 2.16% of the loaded drug was released at the end of 12 h. The
pH-dependent release of metformin HCl from GG-g-PMMA
based matrix pellets might be ascribed to the fact that, at acidic
pH, the carboxyl groups of gra copolymer (GG-g-PMMA), used
RSC Adv., 2021, 11, 14871–14882 | 14879
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Fig. 9 Blood glucose levels in nicotinamide–STZ induced diabetic rats
treated with marketed formulation and optimized metformin HCl
formulation.
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for the formulation of pellets, remain unionized and favor the
formation of hydrogen bonding between carboxyl groups of GG-
g-PMMA in acidic solution. This makes the polymer segments
rigid, which in turn, hampers water absorption, minimizes
swelling and hinders drug release. On the other hand, at alka-
line pH, carboxyl groups of GG-g-PMMA become ionized, and
thereby, increase the repulsion between resultant carboxylate
ions (COO�), resulting in relaxation of copolymer chains with
subsequent pellet swelling and remarkable drug release.45,46 The
fractions of glucuronic acid, galacturonic acid and uronic acid
present in pristine GG contribute towards carboxyl groups in
graed copolymer. Nonetheless, the methyl ester of methacrylic
acid (MMA) also gets ionized at basic pH to give more carbox-
ylate ions (COO�); augmenting pH sensitivity of graed copol-
ymer. Similar ndings were reported by Gowrav et al. who
demonstrated that the hypoglycemic agent, glimepiride,
showed a pH dependent release from pellets formulated with
the pH-sensitive polacrylamide graed guar gum copolymer.39

To address the mechanism of metformin HCl release from
the prepared drug-loaded pellets, the obtained in vitro release
data were tted to different kinetic models.36 From the kinetic
modeling data, drug release from pellet formulation was found
to follow Korsmeyer–Peppas model with r2 value 0.980. This
suggests that drug release from pellets is mainly driven by
Fickian diffusion and/or polymeric matrix erosion.
Table 5 Biochemical parameters and bodyweight in nicotinamide–STZ i
and optimized metformin HCl formulation

Group(s) Cholesterol (mg dl�1) Triglycerid

Non-diabetic control 112.28 � 3.96 81.44 � 2.
Diabetic control 145.62 � 3.02 106.7 � 3.
Diabetic + marketed formula 107.92 � 5.23 83.79 � 0.
Diabetic + optimized formula 116.27 � 4.59 86.93 � 1.

14880 | RSC Adv., 2021, 11, 14871–14882
3.10. In vivo antidiabetic activity

Administration of both nicotinamide (NA) and streptozotocin
(STZ) has been adopted to induce experimental diabetes in the
rats. It is well recognized that STZ does damage to pancreatic B-
cells, while NA is given to rats to partially protect insulin-
secreting cells against STZ.47 The induction of diabetes in
experimental rats was assessed 2–4 days post NA/STZ treatment
via measuring blood glucose levels in rats. Rats with a basal
blood glucose level above 200 mg dl�1 were considered dia-
betic.38 In this study, the hypoglycemic activity of an optimized
GG-g-PMMA-based metformin HCl pellet formulation was
evaluated in rats with streptozotocin-induced diabetes, and
compared with that of a marketed formulation (Glycomet® SR
500 mg tablet). As shown in Fig. 9, treatment with NA and STZ
efficiently induced diabetes in rats. The blood glucose levels in
diabetic control group were signicantly higher than that in
non-diabetic control group (249.87 � 3.82 mg dl�1 to 263.74 �
2.5 mg dl�1 vs. 68.48 � 2.84 mg dl�1 to 72.52 � 3.2 mg dl�1,
respectively). Rats treated with either a marketed formulation
(diabetic standard group) or optimized metformin HCl formu-
lation (diabetic test group) showed a signicant decrease in
blood glucose levels, compared to diabetic control group. Of
interest, the blood glucose lowering activity of optimized met-
formin HCl formulation was sustained for a prolonged period of
time (up to 12 h post administration), compared to marketed
formulation. These results conrm the potent hypoglycemic
efficacy of the optimized metformin HCl formulation.

It is worth noting that diabetes is associated with various
metabolic deviations in animals such as changes in lipid prole
and protein content.48 Accordingly, various biochemical
parameters such as total cholesterol, triglyceride, and total
protein levels were estimated following treatment with opti-
mized metformin formulation. As depicted in Table 5, diabetes
induction causes a signicant increase in total cholesterol and
triglycerides levels and decrease total protein levels, which was
accompanied with a signicant reduction in body weight. On
the other hand, treatment with either a marketed formulation
or optimizedmetformin HCl formulation was able to correct the
metabolic disturbances observed in diabetic control group. The
biochemical parameter values obtained for the marketed
formulation as well as the optimized formulation were
comparable to those observed with non-diabetic control group.

4. Conclusions

In this study, a novel poly(methyl methacrylate)-graed-ghatti
gum (GG-g-PMMA) copolymer was fabricated and challenged
nduced diabetic rats 14 days post-treatment withmarketed formulation

e (mg dl�1) Total protein (g dl�1) Change in body weight (g)

05 7.84 � 0.64 +20.84
62 4.37 � 0.43 �33.71
05 6.78 � 0.49 +28.15
03 5.12 � 0.57 +9.97

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01536b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
0/

20
26

 5
:2

0:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
for its efficacy as a pH sensitive drug delivery system for anti-
diabetic therapy. GG-g-PMMA copolymer was produced by free
radical polymerization technique using ceric ammonium
nitrate as a redox initiator. The fabricated gra copolymer was
characterized chemically, morphologically and biologically. In
addition, the optimized gra copolymer was formulated into
pellets by extrusion/spheronization technique and was loaded
with the hypoglycemic agent, metformin HCl. The prepared
metformin HCl pellet formulation showed a pH-dependent
sustained drug release. In addition, metformin HCl-loaded
pellets have elicited promising hypoglycemic efficacy in
streptozotocin-induced diabetic rats. To sum up, the free
radical polymerization technique is an effective, reproducible
and less time-consuming method for the synthesis of gra
copolymers that can be used for the manufacturing of pH-
sensitive and/or sustained release drug delivery systems.
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