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Abstract
The objective of the present study was to develop a pH-sensitive drug delivery system by using polymethylmethacrylate-grafted
gellan gum (PMMA-g-GG). PMMA-g-GGwas synthesized by free radical polymerization reaction by using redox initiator ceric
ammonium nitrate (CAN), and a series of graft copolymers were prepared with varying concentrations of methylmethacrylate
(MMA) and CAN. Grafting parameters such as the percentage and efficiency of grafting were calculated, and the effect of
monomer as well as initiator concentration was studied on the grafting yield. Optimization was done by one optimal response
surface methodology. The batch with a better percentage grafting and grafting efficiency was selected and characterized by
elemental analysis (CHN), FT-IR, DSC, PXRD, 1H-NMR, and SEM. Furthermore, acute oral toxicity study and histopatholog-
ical analysis suggested non-toxic and biocompatible nature of the grafted gum. Metformin hydrochloride pellets were prepared
using PMMA-g-GG, characterized in detail, and assessed for biocompatibility and efficacy. PMMA-g-GG-based formulation
(M4) exhibited a pH-sensitive as well as sustained release of the drug over the period of 12 h and the release profile followed
Peppas model. In vivo efficacy studies indicated a promising antidiabetic potential of the prepared formulation. Thus, PMMA-g-
GG-based formulations can be implicated as novel drug delivery systems for facilitated antidiabetic therapy in the near future.

Keywords Gellan gum . Grafting . pH-sensitive drug delivery . Free radical polymerization . Antidiabetic therapy . Metformin
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Introduction

Biodegradability, easy availability, low cost, and non-toxicity
are the factors which make natural polymers more preferable
over the synthetic ones and are attracting great deal of interest
in research in recent time [1]. However, they have certain
disadvantages such as uncontrolled hydration rate, microbial
load or contamination, and also the viscosity reduction
throughout the storage, and their amalgamation with the syn-
thetic monomers (or polymers) modifies their properties.
Recently, polymers and their applications in controlled and/
or sustained drug delivery systems have become sophisticated
by overextending the period for effective drug release for any
particular drug. As an instance, smart polymers not only de-
termine where the drug is to be delivered but also provide the
information regarding when and at which time interval it will
be released [2–5]. The graft copolymer possesses macromo-
lecular chain with the single or more species of the block as a
side chain(s) attached to the main chain, and hence, it can be
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known to have the general structure, wherein polymer back-
bone (main chain) has branches of other polymeric chain (side
chains) originating from diverse points along its length [6–8].
In simple words, modification by graft copolymerization,
which is also referred to as grafting, is an irreversible process
which involves covalent attachment of monomer to the poly-
mer backbone [5, 6]. Grafting introduces specific characteris-
tics such as hydrophobicity, enhanced stability, and the steric
bulkiness that significantly protects the matrix as well as poly-
mer backbone to hold up the release of drug [7–9].

Gellan gum (hereafter referred to as GG) is one of the
natural polymers which has recently attracted a huge interest
of researchers, and has been used in diverse drug delivery
systems including oral, opthalmic, controlled, sustained, and
floating drug delivery. GG is an anionic, deacetylated
exopolysaccharide having a high molecular weight
(1,000,000–2,000,000) and is generally produced by
fermenting species Sphingomonas elodea (formerly
Pseudomonas elodea, Gram negative, aerobic, and non-
pathogenic bacterium). It is composed of the tetrasaccharide
repeating unit of the one α-L,1,3-rhamnose and one β-1,4,D-
glucuronic acid along with the two β-1,4,D-glucose units
[10–17]. Despite being of bacterial origin, GG is commercial-
ly supplied, endotoxin free, and is extensively used for appli-
cations in drug delivery and therapeutics.

By definition, the graft copolymers possess the long se-
quence of polymer backbone along with the single or more
branches (also called as grafts) of other monomer or polymer.
The graft copolymer synthesis process begins with the
preformed polymer, where the external agent may be used
for creating free radical sites on the backbone of preformed
polymer. For this process, the external agent to be used should
be capable of creating the necessary free radical sites without
disrupting the structural integrity of preformed polymer back-
bone. After formation of free radical sites, other monomer or
polymer can be attached to the polymer backbone via chain
propagation, thereby forming the grafted chains. Diverse
methods for synthesizing the graft copolymers differ in the
mechanism required for generating free radical sites on
preformed polymer backbone. Ceric ammonium nitrate
(CAN)-induced free radical polymerization reaction is an ef-
ficient, less time consuming, and reproducible synthesis meth-
od for developing graft copolymers, which can be used to
fabricate pH-sensitive as well as sustained release polymers
for desired drug delivery systems [5–8].

The pH-sensitive drug delivery systems propose an elevat-
ed therapeutic effectiveness along with patient compliance
and are gaining importance with passing days as they are
promising for various conditions like diabetes [18–20], fungal
infections [21, 22], peptic ulcers [23, 24], asthma [25–27],
hypertension [28, 29], cardiovascular diseases [30, 31], and
cancer [32–35], to list a few. For the treatment involving an
adequate dose, the variations not only in disease state but also

in plasma drug concentration must be considered at the time of
designing the drug delivery systems, as drug pharmacokinet-
ics may also be pH sensitive [36].

Pellets are meant to be administered orally and can be de-
fined as the agglomerates of bulk drugs along with the excip-
ients, consisting small, solid, and free flowing spherical units,
which characteristically vary from 0.5 to 1.5 mm. This
multiparticulate dosage form consists of small independent
subunits with active ingredient. Pellets being free flowing in
nature, easy to pack, and resulting in reproducible as well as
uniform fill weight of capsules are preferred over tablets. The
technique primarily used for developing the pellets with
spherical shape and homogenous surface is the extrusion-
spheronization pelletization (ESP) which involves five unit
operations starting from blending followed by wet massing,
extrusion, spheronization, and drying [37, 38].

Metformin HCl is the most widely used biguanide deriva-
tive and is prescribed to nearly 120 million people globally for
managing the type 2 diabetes as a first-line therapy. The drug
plays three main different roles such as slowing down the
sugar absorption into small intestine, stopping liver to convert
stored sugar into the blood sugar, and finally helping the body
to utilize the natural insulin in an extra efficient manner. As a
result, it reduces the blood glucose levels and does not induce
overt hypoglycemia. Being hydrophilic in nature, it gets
absorbed slowly and partially from the gastrointestinal tract.
Post oral administration of a single dose of 500 mg, it is pri-
marily absorbed from the small intestine and has a relatively
low bioavailability (absolute bioavailability is 50–60%). In
addition, this drug has comparatively short plasma elimination
half-life (2–4 h) and thus multiple doses are required for effec-
tive treatment which leads to non-compliance in patients.
Metformin HCl formulation with sustained release drug deliv-
ery, maintaining the plasma levels of drug for at least 8–12 h,
may be adequate for once a day dosing. Metformin HCl de-
velops the hepatic as well as peripheral tissue sensitivity for the
insulin. The major barrier for successful exploitation of met-
formin HCl therapy is higher frequency of gastrointestinal-
associated symptoms like abdominal discomfort, increased
flatulence, anorexia, diarrhea, cramps, nausea, vomiting,
weight loss, and gustatory disturbances [39, 40]. Thus, metfor-
min HCl formulations wherein release can be sustained are
required to extend and enhance its duration of action as well
as the patient compliance.

Therefore, for designing such formulations, the polymer
modification or grafting could be insightful. Hence, in the
present research vocation, we have attempted to develop a
novel pH-sensitive polymethylmethacrylate-grafted gellan
gum (PMMA-g-GG)-based formulation that would be use-
ful to improve drug bioavailability, reduce the dosing fre-
quency, enhance patient compliance, and decrease gastro-
intestinal side effects and toxicity. Additionally, the pro-
posed system may be helpful for an effective combination

Drug Deliv. and Transl. Res.



therapy and management of type 2 diabetes in the near
future.

Materials

Metformin HCl was received from Salius Pharma, Mumbai,
India. Gellan gum was a kind gift by Sigma-Aldrich, USA.
Methylmethacrylate (MMA) was bought from Rankem India
Pvt. Ltd.,Mumbai, India. Ceric ammonium nitrate (CAN) was
obtained from theMerck Specialties Pvt. Ltd., Mumbai, India.
Hypromellose, microcrystalline cellulose, and talc were pro-
cured from the Loba Chemie Pvt. Ltd., Mumbai, India.
Methacrylic acid copolymer (Eudragit® NE30D) was gifted
by RohmGmbHChemische Fabrik, Darmstadt, Germany. All
chemicals were of reagent grade and were used as procured.

Methods

Synthesis of polymethylmethacrylate-grafted gellan
gum

To synthesize PMMA-g-GG by free radical polymerization
reaction, various ratios of gellan gum:methylmethacrylate
were used. Two grams of GG was taken and dissolved in a
beaker containing 100 ml of double distilled water and trans-
ferred into the flask. The flask was heated at 80 °C and re-
quired quantity of methylmethacrylate (MMA) and ceric am-
monium nitrate (CAN) was added to the flask containing GG
solution. Polymerization for about 1 h was carried out and
resulting solution was cooled at an ambient temperature. The
product was poured and kept in the excess amount of metha-
nol for 24 h. The obtained copolymer was filtered, washed by
methanol repetitively, and finally dried at 50 °C overnight in a
hot air oven (UNB400, Memmert Pvt. Ltd., India). Alkaline
hydrolysis of PMMA-g-gellan copolymer was carried out by
dissolving the required amount in 100 ml solution of 0.9 M
NaOH, followed by stirring for 60 min at 75 °C in a thermo-
static water bath. At the termination of reaction, the solution
was kept for cooling and then poured in an excess of metha-
nol. Hydrolyzed copolymer was then separated via filtration
and washed by methanol repeatedly, followed by drying in a
hot air oven at 50 °C overnight [17, 38–40]. The percent
grafting (% G) and percent grafting efficiency (% GE) for
PMMA-g-GG were calculated using respective equations
[22–24]. Table 1 represents the details of synthesis for the
preparation of PMMA-g-GG.

%grafting %Gð Þ ¼ W1−W0

W0
� 100⋯ ð1Þ

%grafting efficiency %GEð Þ ¼ W1−W0

W2
� 100⋯ ð2Þ

W0, W1, and W2 respectively represent weight of native
gum, grafted copolymer, and MMA.

Characterization of PMMA-g-GG

Elemental analysis

Elemental analysis for GG, MMA, and PMMA-g-GG was
done using elemental analyzer (Thermo Finnigan, FLASH
EA 1112 Series, Italy) for determining carbon, hydrogen,
and nitrogen content [41, 42].

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR) analysis of
GG and PMMA-g-GG was carried out using FT-IR spectro-
photometer (8400S, Shimadzu, Japan) for analyzing probable
alterations in functional groups of native gum with respect to
its grafted product. The material to be analyzed was mixed
with KBr in a small amount to compress into a thin film pellet
and was scanned in the range 500–4000 cm−1.

Differential scanning calorimetry

Thermal analysis of GG and PMMA-g-GG was done using
differential scanning calorimeter (DSC-60, Shimadzu, Japan)
under the N2 at a flow rate of 50mL/min, at 10 °C/min heating
rate.

Table 1 Synthesis details of PMMA-g-GG

Batch Gellan gum (gm) CAN (mg) MMA (gm)

G1 1 100 2

G2 1 100 6

G3 1 100 10

G4 1 100 14

G5 1 200 2

G6 1 200 6

G7 1 200 10

G8 1 200 14

G9 1 300 2

G10 1 300 6

G11 1 300 10

G12 1 300 14

G13 1 400 2

G14 1 400 6

G15 1 400 10

G16 1 400 14
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Powder X-ray diffraction

Powder X-ray diffraction (PXRD) of GG and PMMA-g-GG
was carried out via bench top X-ray diffractometer (Rigaku,
Bruker AXS D8 Advance; Germany).

Proton nuclear magnetic resonance analysis

Proton nuclear magnetic resonance (1H-NMR) analysis of GG
and PMMA-g-GG was performed to confirm the grafting by
using NMR spectrophotometer (Agilent 400MHz FT-NMR
spectrophotometer, CA, USA). The spectra recorded were in
the chemical shift (δ) range 0–7 ppm. Solvents used were
deuterium oxide (D2O) for native gum and dimethyl sulfoxide
(DMSO) for PMMA-g-GG [43–45].

Scanning electron microscopy

Morphology of GG and PMMA-g-GG was examined via
scanning electron microscopy (SEM) system (Smart SEM
5.05, Zeiss EVO LS 15; Germany). For this study, samples
were coated by gold for enhancing electron beams conductiv-
ity. An accelerating voltage of 15 kV with a working distance
of 9 mm was implied for the analysis [46].

Effect of monomer (MMA) concentration on grafting

Effect of MMA concentration on grafting (% G and % GE)
was evaluated by varying the MMA concentration ratios from
1:2 to 1:14 at different CAN concentrations.

Effect of initiator (CAN) concentration on grafting

Effect of redox initiator (CAN) concentration on grafting
(% G and % GE) was studied by varying the CAN concentra-
tion in range of 100–400 mg [47, 48].

Acute oral toxicity

This study was carried out for synthesized PMMA-g-GG ac-
cording to the Guidelines of Organization of Economic Co-
operation and Development (OECD). OECD 425 Guidelines
adopted onDecember 17, 2001, for testing the chemicals were
followed for this study. The protocol was approved in advance
by Institutional Animal Ethics Committee (IAEC) of JSS
College of Pharmacy, Mysuru, India (CPCSEA Approval
No. P17247/2017).

Six nulliparous, non-pregnant female mice (Swiss albino
species) of 8 weeks age were selected for the toxicity study.
Mice were kept for housing with provision of adequate food
and mineral free water at a temperature of 19–25 °C with a
relative humidity of 40–70% and a 12-h light on/off cycle.
One animal was selected randomly and kept as control with

no dose administration or treatment. Single 2000 mg/kg body
weight dose of PMMA-g-GG was administered to first test
animal from the set via gavage using stomach tube. The same
dose of PMMA-g-GG was administered to the four test ani-
mals remaining in the set, after survival of first test animal.
Post dosing, all the test animals were observed occasionally
for almost 4 h, followed by inspection at predetermined inter-
vals that continued up to 14 days. Any sign, symptoms of
toxicity and mortality rate was reported visually [17, 39, 40].

Histopathological analysis

One random control animal which survived the toxicity test
was taken, euthanized by diethyl ether, and subsequently
sacrificed. Brain, kidney, lung, liver, and heart were then iso-
lated and cleaned with 0.9% (w/v) NaCl, followed by fixation
in 10% formalin. Each isolated organ was dehydrated serially
with 50% and 80% followed by absolute alcohol, and then
blocked in paraffin. Thin sections of isolated organs were
obtained by cutting the fixed block with microtome and
mounted on the glass slides for staining with hematoxylin-
eosin. At last, examination of permanent slides was done via
light microscope (Motic, B1 Series, India) with a camera
(Magnus , MITS , Ind ia ) a t × 40 magn i f i ca t ion .
Photomicrographs of test organs were compared with control
organs [49, 50].

Preparation of metformin HCl pellets

For the preparation of pellets, various concentrations of opti-
mized PMMA-g-GG, microcrystalline cellulose (MCC) as
pelletization aid, hypromellose as binder, talc as glidant-
cum-lubricant, and drug (metformin HCl) were taken and ho-
mogeneously mixed together for 10 min. A total of 6 batches
were prepared (M1-M6), and the total bulk of each batch was
1150 mg, taken as 100%. All the six batches included 500 mg
drug, 550–500 mg MCC (with a difference of 10 mg per
batch), 40 mg hypromellose, 50 mg talc, and 10–60 mg
PMMA-grafted gum (with a difference of 10 mg per batch).
The required volume of mixture of water:isopropyl alcohol
was added in a dry blend of each batch for making wet mass
having appropriate consistency. Later, the wet mass was
passed through EXT 65/037 rotating roller extruder (R.R.
Enterprises, Thane, India) followed by SPH 150/010
spheronizer (R.R. Enterprises, Thane, India) at 1600 rpm in
order to get the pellets. Finally, the obtained pellets were col-
lected and dried in hot air oven at 40 °C (UNB400, Memmert
Pvt. Ltd., India) for 10 h. The obtained drug loaded pellets
were then film coated with a polymer blend (chitosan:
Eudragit® NE30D in 4:6 ratio, resulting in 10% coat loading)
to overcome any possibility of pellets aggregation, and surface
erosion and burst drug release in stomach. After coating, the
pellets were dried for 1 h in coating chamber to evaporate the
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residual solvent in polymeric coating and finally collected and
stored [38].

On the basis of the outcomes of various characterization
parameters such as angle of repose, tapped density, Carr’s
index, particle size, and friability, the batch M4 was found
to be superior, and hence, considered as an optimized and
selected for the further evaluation parameters. The composi-
tion of optimized batch M4 was 500 mg drug, 520 mg MCC,
40 mg hypromellose, 50 mg talc, and 40 mg PMMA-g-GG.

Evaluation of pellets

In vitro drug release and release kinetics

For obtaining in vitro dissolution profile, pellets sample equiv-
alent to 500 mg of metformin HCl was filled in the hard
gelatin capsule (size 00) and subjected to dissolution. The
USP- Method A was adopted and dissolution study was ini-
tially performed at the gastric pH using 0.1 N HCl pH 1.2 for
2 h, followed by dissolution at intestinal pH (in PBS pH 6.8)
for 10 h. The dissolution apparatus used for the study was
USP Type-II apparatus (Electrolab, Mumbai, India) assem-
bled with the paddles. Freshly prepared 0.1 N HCl and PBS
(as per the specifications of the USP Edition 36) were taken as
dissolution media and dissolution test was carried out at 37 ±
1 °C temperature with 50 rpm paddle rotation. For the acid
stage dissolution, 750 ml of 0.1 N HCl was placed in the
vessels and allowed to equilibrate to 37 ± 1 °C. Later, one
dosage unit (capsule) was placed in each vessel, covered with
polyacrylic lids, and operated. On predetermined specific time
intervals, 10-ml samples were withdrawn from the dissolution
jar (from a zone midway of the media surface and top of
rotating paddle blade by keeping > 1 cm distance from vessel
wall) and replaced immediately with an equal amount of fresh
media for retaining sink condition. For the buffer stage,
250 ml of 0.20 M tribasic sodium phosphate equilibrated to
37 ± 1 °Cwas added to each vessel (already containing 750ml
of acidic media) and pH of the dissolutionmedia was checked.
If needed, pHwas adjusted to 6.8 ± 0.05 using 2 N hydrochlo-
ric acid or 2 N sodium hydroxide solutions. All these buffer
additions and pH adjustments were done within 5 min and
apparatus operation was continued for further 10 h with in line
sampling. Finally, all the aliquots were filtered through 0.45 μ
membrane, and amount of drug released was quantified via
UV spectrophotometry at 232 nm. The cumulative drug re-
lease was calculated using the standard formula and drug re-
lease profile was plotted. Furthermore, drug release data was
fitted in diverse kinetic models to ascertain the release kinet-
ics. The release profile of prepared pellet formulation (opti-
mized batch) was compared with the release profile of
marketed formulation Glycomet SR 500 mg tablet as a prod-
uct performance assessment tool [51–53].

In vivo antidiabetic activity

For in vivo antidiabetic activity, the prepared study protocol
approved earlier by Institutional Animal Ethics Committee
(IAEC), JSS College of Pharmacy, Mysuru, India (CPCSEA
Approval No. P17247/2017) was followed. Wistar albino rats
(male) weighing in range 250–300 g were selected for the
study and maintained in the polypropylene cages at the con-
trolled room temperature. Rats were fed with normal labora-
tory food and water, but the food (except water) was taken out
24 h prior to experiment. For inducing diabetes, animal sub-
jects, i.e., rats, were initially injected with a single i.p. dose of
110 mg/kg body weight nicotinamide in physiological saline
and post 15 min streptozotocin (STZ) at 60 mg/kg i.p. dose
was injected. For the dosing purpose, nicotinamide and STZ
were dissolved in physiological saline and 0.5 ml of 0.1 M
citrate buffer of pH 4.5, respectively. After 2–4 days of
nicotinamide-STZ treatment, the extent of diabetic induction
was checked on the basis of blood glucose levels. The blood
glucose level higher than 250 mg/dl was taken as basal level
of diabetes [50–52]. The complete study procedure was car-
ried out by dividing the rats into four groups, each containing
six rats, and the treatment was as follows:

Group I: Normal control (non-diabetic): rats administered
p.o. with 0.5% sodium CMC.

Group II: Diabetic control: rats wherein hyperglycemia
was induced by nicotinamide-STZ method and vehicle was
administered i.p.

Group III: Diabetic standard: hyperglycemia was induced
by nicotinamide-STZ method, and marketed formulation
(Glycomet SR 500 mg tablet) equivalent to 500 mg/kg body
weight in sodium CMC solution was administered p.o.

Group IV: Diabetic + formulation: hyperglycemia was in-
duced via nicotinamide-STZ method, and metformin pellets
(optimized batchM4) prepared by using PMMA-g-GG equiv-
alent to 500 mg/kg body weight in sodium CMC solution
were administered p.o.

0.5% w/v sodium CMC solution was used as a suspending
agent to prepare the suspension of pellets for oral
administration.

After this treatment, under mild anesthesia, 0.2 ml samples
of blood were withdrawn from the retro-orbital plexus of each
rat, and blood glucose levels were checked on 0, 2, 4, 6, 8, 10,
and 12 h by using glucometer (Accu-Check Active
Glucometer, Roche Diabetes Care India Pvt. Ltd., Mumbai,
India). After 14 days, blood samples were collected in micro-
centrifuge tube presaturated with heparin, and subjected to
centrifugation for 20 min at 3000 rpm. The obtained serum
was separated and used immediately for the estimation of
biochemical parameters such as total cholesterol, total protein,
and triglyceride levels by using diagnostic kits (Merck Pvt.
Ltd., Mumbai, India).
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Results and discussion

Synthesis of polymethylmethacrylate-grafted gellan
gum

Synthesis of PMMA-g-GGwas done via free radical polymer-
ization reaction. CAN is generally used to initiate the free
radical graft copolymerization. Earlier, grafting of diverse
monomers excluding MMA onto gellan gum was done via
ceric (IV)-induced free radical graft copolymerization [23,
24, 26]. The general mechanism of reaction involves attack
of ceric ion of redox initiator CAN on gellan gum
macrochains, thereby forming gellan gum-ceric complex.
Later within the complex, these ceric (IV) ions are reduced
to ceric (III) ions via oxidizing hydrogen atom, which leads to
the generation of free radicals onto gellan gum backbone.
Hence, the redox initiator like CAN is required in a threshold
amount in order to form the free radical on polymer backbone.

The grafting of monomer, i.e., MMA, onto gellan gum
backbone was initiated by reaction between free radicals
formed and MMA. In the presence of MMA, gellan gum free
radical gets coupled covalently to monomer unit, resulting
into the chain propagation subsequently producing
polymethylmethacrylate (PMMA) graft chains [17, 39–41].
Figure 1 represents the schematic representation of the reac-
tion for synthesis of PMMA-g-GG. Table 2 covers synthesis
outcomes of ceric induced graft copolymerization, % G as
well as % GE of grafted gellan gum, and elemental analysis.

Characterization of PMMA-g-GG

Elemental analysis

On the basis of % G and % GE, batch G11 was selected for
elemental analysis to confirm the grafting reaction. The out-
comes of an elemental analysis are quoted in Table 2. In case
of batch G11, a relatively higher percentage of carbon and
hydrogen was observed as compared to the native GG. This
was possible only if MMA chains were successfully grafted
onto the gellan gum backbone to form PMMA-g-GG, thereby
confirming the successful grafting reaction. Hence, the select-
ed batch was subjected to further characterization.

Fourier transform infrared spectroscopy

Overlay FT-IR spectra of pure metformin HCl, GG, PMMA-
g-GG, physical mixtures, and prepared formulation, i.e., met-
formin HCl pellets prepared by using PMMA-g-GG, are
shown in Fig. 2. In the course of FT-IR studies, it has been
observed that all the characteristic peaks were present in FT-
IR spectra of metformin HCl (Fig. 2a) and GG (Fig. 2b),

which confirmed the purity of procured drug and polymer.
In case of pure metformin HCl, peaks were observed at
3371 cm−1 (N-H asymmetric stretching), 3155 to 3309 cm−1

(N-H symmetric stretching), 2938 cm−1 (CH3 asymmetric
stretching), 2816 cm−1 (CH3 symmetric stretching),
1581 cm−1 (C=N stretching), and 1473 cm−1 (CH3 asymmet-
ric deformation). In case of pure GG, peaks were observed at
1604 cm−1 (carbonyl group C-O stretching), 3425 cm−1 (O-H
stretching), 2924–3300 cm−1 (C-H stretching), 1411 cm−1

(methyl C-H bonding), and 810 cm−1 (C-O stretching for alkyl
ether). In case of PMMA-g-GG (Fig. 2d), peaks were ob-
served at 1612 cm−1 (C=O stretching), 1023 cm−1 (C–O
stretching), and 1005 cm−1 (O–H bending). Additional peaks
due to grafted PMMAchains were traced which confirmed the
grafting. Moreover, in the FT-IR spectrum of physical mix-
tures (Fig. 2c and e) and prepared pellet formulation (Fig. 2f),
characteristic peaks of drug and polymer (PMMA-g-GG)
were retained and there were no appearance of new peaks
and/or disappearance of the existing peaks thereby indicating
no interaction in between drug and polymer. All characteristic
peaks of metformin HCl were observed in the FT-IR spectrum
of physical mixture during the investigation of compatibility
study. Hence, FT-IR spectroscopy results showed that the
drug was compatible with native GG as well as grafted GG.

Differential scanning calorimetry

Differential scanning calorimetry (DSC) thermograms of pure
metformin HCl, GG, PMMA-g-GG, physical mixtures, and
prepared formulation were recorded as shown in Fig. 3.
DSC thermogram of pure metformin HCl (Fig. 3a) showed a
sharp melting endotherm at temperature 230.86 °C. However,
GG and PMMA-g-GG depicted exothermic peaks at
252.44 °C and 254.51 °C, respectively (Fig. 3b and d). The
melting endotherm of drug was also observed in thermograms
of physical mixtures at 231.78 °C and 228.62 °C (Fig. 3c and
e) thereby indicating the absence of any interaction between
drug and polymers. The melting endotherm of physical mix-
ture was not that sharp as of pure metformin HCl, which can
be attributed to the presence of GG. The endothermic drug
peak and exothermic PMMA-g-GG peak was traced in ther-
mogram of prepared pellet formulation (Fig. 3f).

Powder X-ray diffraction

Figure 4 depicts X-ray diffractogram of GG (Fig. 4b) and
PMMA-g-GG (Fig. 4c). The diffractogram of GG has exhib-
ited the broad band located at the low diffraction angle (2θ)
values, indicating the amorphous structure of the sample. In
PMMA-g-GG sample, an overall increase in the peak intensity
suggested the convergence of GG towards the more ordered
arrangement after graftingwith PMMA.Hence, the grafting of
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GG with PMMA resulted in transformation to crystalline na-
ture as expected and evident from earlier studies [39, 54].
Moreover, X-ray diffractograms of pure metformin HCl,
physical mixture, and prepared pellet formulation were also
represented. As per the diffractograms, drug was crystalline in
nature both in its pure form (Fig. 4a), in physical mixture
(Fig. 4d), and also in prepared pellet formulation (Fig. 4e),
as evident from several sharp peaks instead of humps and less
noise. Furthermore, intensities at the different 2θ values for the
pure drug were found to be retained in the prepared pellet
formulation, thereby indicating no incompatibility in between
the drug and formulation components.

Proton nuclear magnetic resonance analysis

In case of GG (Fig. 5a), the protons of tetrasaccharide repeat-
ing units formed by glucose, glucuronic acid, and rhamnose
units have appeared in the 3.16–3.91 δ region. –CH of rham-
nose appeared at 5.27 δ, –CH of glucuronic acid appeared at
4.99 δ, –CH of glucose appeared at 4.39 δ, and –CH3 of
rhamnose appeared at 1.16 δ. In case of 1H-NMR spectrum
of PMMA-g-GG (Fig. 5b), the distinctive peaks of –CH3,
–CH2, and –OCH3 of MMA appeared at 1.19 δ, 2.46 δ, and
3.37 δ, respectively. The signals traced in both the pure native
GG and PMMA-g-GG spectra were verified against formerly

Fig 1 Schematic hypothetical
presentation for the synthesis of
PMMA-g-GG
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published data and were found to be consistent with the liter-
ature [17, 38, 39]. Thus, 1H-NMR spectroscopy outcomes
were coherent with FT-IR spectroscopy findings, thereby tes-
tifying the grafting of MMA on GG [23–30].

Scanning electron microscopy

Grafting introduces morphological changes with respect to the
size and surface of polysaccharide particles. SEM analysis of
GG (Fig. 6a) and its grafted product PMMA-g-GG (Fig. 6b)
indicated the reflective morphological changes as a result of
the transition from granular to lobular aggregate structure with
higher heterogeneity owing to the grafting of PMMA chains
on the GG backbone. In a nutshell, as the result of grafting,
granular morphology of GG was lost and changed to lobular
morphology [39–43].

Effect of monomer (MMA) concentration on grafting

Effect of MMA concentration on grafting is reported in
Table 2. In case of % G, it was found that % G increased
with an increase in the MMA concentration up to a ratio of
1:10, ahead of which it leveled off. This outcome can be
attributed to the fact that, with an increase in the monomer
concentration, the complexation between monomer and ce-
ric (IV) of CAN is also increased. Moreover, a large num-
ber of grafting polymeric chains formed at higher concen-
tration of monomer are involved in the generation of

additional active sites onto grafted GG via chain transfer
reaction. Conversely, decreased % GE with an increased
MMA concentration can be attributed to the possibility that
the grafted chains may have acted as diffusion barriers
hindering the diffusion of monomer to the polymer back-
bone. This consequently leads to the poor availability of
monomer for the grafting and results in the homopolymer
(PMMA) formation [42, 43, 49].

Effect of initiator (CAN) concentration on grafting

By varying concentration of redox initiator, i.e., CAN from
100 to 400 mg, effect of CAN concentration on grafting
was studied, and the results are presented in Table 2. As
per the outcomes, % G and % GE were increased with
increasing concentration in ceric ion up to 300 mg and
reached the maximum values of 89.7% and 8.97%, respec-
tively. Above 300 mg of redox initiator concentration, the
values of % G and % GE were decreased. The preliminary
increase in the grafting with respect to the CAN concen-
tration was due to the availability of adequate number of
ceric (IV) ions in reaction mixture that had been consumed
ultimately for the generation of active sites onto GG back-
bone, thereby facilitating graft copolymerization of the
monomer (MMA) on GG backbone. The decrease ob-
served in grafting at higher concentration of CAN (i.e.,
above 300 mg) can be attributed to the excessive radical

Table 2 Synthesis outcomes of
PMMA-g-GG Batch Gellan gum (gm) CAN (mg) MMA (gm) % G % GE Elemental analysis

% C % H % N

Gellan gum – – – – – 36.20 5.88 0.00

MMA – – – – – 60.04 8.01 0.00

G1 1 100 2 12.5 6.25 – – –

G2 1 100 6 33.7 5.58 – – –

G3 1 100 10 54.8 5.48 – – –

G4 1 100 14 41.4 2.96 – – –

G5 1 200 2 15.3 7.75 – – –

G6 1 200 6 42.1 7.01 – – –

G7 1 200 10 63.9 6.39 – – –

G8 1 200 14 49.6 3.53 – – –

G9 1 300 2 17.6 8.75 – – –

G10 1 300 6 52.2 8.70 – – –

G11 1 300 10 89.7 8.97 40.43 6.16 0.00

G12 1 300 14 61.1 4.35 – – –

G13 1 400 2 16.8 8.39 – – –

G14 1 400 6 48.8 8.16 – – –

G15 1 400 10 69.2 6.9 – – –

G16 1 400 14 55.5 3.96 – – –
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concentration present in polymerization medium, which
may have enhanced the termination rate of the growing
grafted chains leading to the lower grafting. Moreover,
the formation of homopolymer (PMMA) at higher concen-
tration of redox initiator, which may compete with the re-
action of grafting for available monomer (MMA), could
also result in the decrease in % G and % GE [43, 49].

Acute oral toxicity

Post dosing no mortality was observed up to a period of
14 days. As per the Guidelines 425 of OECD, adopted on
December 17, 2001, for test of chemicals, the LD50 value

was found to be higher than 2000 mg/kg dose of PMMA-
g-GG. Moreover, according to Globally Harmonized
System (GHS), if the value is higher than 2000 mg/kg
dose, the test product falls under category 5 indicating
zero toxicity rating. Hence, our synthesized PMMA-g-
GG comes under category 5 with zero toxicity rating
[17, 39, 40].

Histopathological analysis

Figure 7 represents the micrographs (× 40) of different organs
of control and test animals. The micrographs of brain tissue
from both the control and test animals have depicted the

Fig. 2 Overlain FT-IR spectra of (a) metformin HCl, (b) gellan gum, (c) physical mixture 1 (metformin HCl and gellan gum), (d) PMMA-g-GG,
(e) physical mixture 2 (metformin HCl and PMMA-g-GG), and (f) formulation
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similar granular cells morphology. Additionally, both
the micrographs (control as well as test) of lung have
shown alveoli, inter-alveolar septa, and the connective
tissue sheets with capillary bed with no sign of morpho-
logical change. In case of heart morphology, the test
micrograph has shown the similar patterns as that of
the control micrograph by providing an overview of
cardiac myocytes with nucleus located at center, inter-
calated disks connecting further cardiac myocytes and
the Purkinje fibers. Furthermore, both the micrographs
of kidney have shown similar morphology for the cu-
boidal epithelial cells of loop of Henle as well as the
collecting tubules. In case of liver, both the micrographs
have shown normal hepatocytes, large polygonal cells,
and Kupffer cells. In conclusion, the histopathological
analysis has established the physiological compatibility
of synthesized PMMA-g-GG.

Preparation of metformin HCl pellets

Extrusion-spheronization technique has been carried out in
this study to formulate the metformin HCl-loaded pellets by
using PMMA-g-GG. The preliminary extrudates broke into
small particles of cylindrical shape as a result of friction from
spheronizer plate. The process further went through few shape
changing steps of broken extrudates, such as cylindrical with
round ends followed by dumbbells, ellipsoidal, and finally
spheroidal particles [38].

Evaluation of pellets

In vitro drug release and release kinetics

The drug dissolution profile of optimized pellet formulation
(batch M4) prepared by using PMMA-g-GG is shown in

Fig. 3 Overlain DSC
thermograms of (a) metformin
HCl, (b) gellan gum, (c) physical
mixture 1 (metformin HCl and
gellan gum), (d) PMMA-g-GG,
(e) physical mixture 2 (metformin
HCl and PMMA-g-GG), and (f)
formulation
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Fig. 8. It has been observed that increasing concentration
of polymer caused significant decrease in drug release.
Sustained drug release from PMMA-g-GG-based pellets
was observed, owing to hydrophobic barrier limiting the
access of water and thereby the drug dissolution.Moreover, as
reported in several former studies, drug release from dosage
form containing cellulosic and/or hydrophobic matrix follows
three steps: starting with penetration of dissolution medium
into dosage form, i.e., hydration, followed by matrix erosion,

and finally transportation of dissolved drug to surrounding
dissolution medium via eroded area of dosage form or from
the hydrated matrix [46].

Study outcomes have shown that optimized pellet formu-
lation (batchM4) did not release significant amount of drug in
acidic pH (1.2), while it has released the drug at a higher pH
(6.8). This could be attributed to the possibilities that lower pH
keeps the carboxyl groups of PMMA-g-GG-based metformin
HCl pellets almost in unionized state, and hydrogen bonding

Fig. 4 XRD diffractogram of (a) metformin HCl, (b) gellan gum, (c) PMMA-g-GG, (d) physical mixture of metformin HCl and PMMA-g-GG, and (e)
formulation
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can be formed between −COOH groups of PMMA-g-GG in
acidic environment, thereby making the polymer segments
rigid, which consequently hinders the water uptake and lowers
the swelling extent. At higher pH, carboxyl groups of PMMA-
g-GG-based metformin HCl pellets get ionized, thereby dis-
sociating hydrogen bonding between −OH and −COOH
groups. This fosters matrix erosion and loaded drug dissolu-
tion. Additionally, repulsion amongst the similarly charged
COO− group increases the chain relaxation that further
endorses the pellets to swell dramatically [49, 52, 53].

The drug release from batch M4 was enormously signif-
icant, and cumulative amount of drug released was 96.27 ±
2.86% at end of 12 h, whereas the drug release from

marketed formulation Glycomet SR 500 mg tablet was
97.52 ± 2.61% at the end of 12 h. However, it is worth
mentioning that marketed formulation (M) has shown drug
release in acidic pH 1.2 (11.23 ± 1.93%), with respect to
which, drug release from optimized M4 batch was noted to
be quite negligible (2.09 ± 1.57%). These outcomes can be
attributed to pH-dependent structural changes in the
PMMA-g-GG as aforementioned, and it testified our intent
of developing a pH-sensitive delivery system with advan-
tage over marketed formulation. The drug release data was
subjected to the diverse release kinetic models, which in-
dicated that both the formulations (optimized M4 as well as
marketed formulation M) followed the Peppas model with

Fig. 5 1H-NMR spectra of (a) gellan gum and (b) PMMA-g-GG
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r2 value of 0.982 and 0.974 for M4 and M formulation,
respectively.

In vivo antidiabetic activity

Inducing experimental diabetes in male adult rats was indeed
the first step to decrease nicotinamide-adenine dinucleotide in

pancreas islet beta cells, thereby causing histopathological
effects in beta cells probably intermediating diabetes induc-
tion [50, 51]. Nicotinamide at 110 mg/kg dose and
streptozotocin (STZ) at 60 mg/kg dose were injected intraper-
itoneally for inducing diabetes in rats. STZ was used as it is
claimed and reported to possess advantages of greater speci-
ficity and lower toxicity over alloxan [50].

Fig. 7 Micrographs of (a) control brain, (b) test brain, (c) control lung, (d) test lung, (e) control heart, (f) test heart, (g) control kidney, (h) test kidney,
(i) control liver, (j) test liver

Fig. 6 SEM images of (a) gellan
gum and (b) PMMA-g-GG

Drug Deliv. and Transl. Res.



After 2–4 days of nicotinamide-STZ treatment, the extent
of diabetic induction was checked on the basis of blood glu-
cose levels. The blood glucose level higher than 250 mg/dl
was taken as basal level of diabetes. Figure 9 shows the anti-
diabetic activity of marketed formulation Glycomet SR
500 mg tablet (diabetic standard) and optimized metformin
HCl pellet formulation (batch M4) prepared by using
PMMA-g-GG. The blood glucose levels in diabetic control
group were significantly elevated as compared to the normal
group. The normal group has shown the blood glucose levels
in the range of 68.48 ± 2.84 to 72.52 ± 3.2 mg/dl. The diabetic
control group has shown the blood glucose levels in the range
of 249.87 ± 3.82 to 263.74 ± 2.5 mg/dl. The diabetic standard
group, i.e., marketed formulation, has shown a significant de-
cline in blood glucose levels within 2–6 h owing to the higher

drug release as compared to the optimized formulation (M4)
which depicted comparatively less hypoglycemic effect. As a
conclusion, optimized formulation M4 was found to possess
notable antidiabetic efficacy.

Furthermore, diabetes leads to the various metabolic devi-
ations in animal such as increased blood glucose and choles-
terol level and decreased protein content. There was notewor-
thy decrease in plasma protein content of diabetic control
group as compared to the normal group. The optimized pellet
formulation (M4) and marketed formulation (M) were signif-
icantly able to correct the metabolic disturbances. As men-
tioned in Table 3, the values of biochemical parameters ob-
tained for optimized as well as marketed formulation were
found close to the values obtained for the normal group and
also were well within the normal range.

Fig. 8 In vitro dissolution profiles
of metformin HCl pellets (M4)
prepared by using PMMA-g-GG
and marketed formulation (M) in
pH 1.2 and pH 6.8 buffer media

Fig. 9 Blood glucose levels in
nicotinamide-STZ–induced
diabetic rats treated with
marketed formulation (M) and
optimized formulation (M4)
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Conclusions

Polymethylmethacrylate-grafted gellan gum (PMMA-g-GG)
was synthesized by using ceric ammonium nitrate (CAN)-
induced free radical polymerization reaction for the
grafting of methylmethacrylate (MMA) monomer on
gellan gum (GG) backbone. Higher levels of CAN and
MMA have shown higher grafting up to a certain concen-
tration. The grafting of MMA onto GG backbone was ev-
idenced by elemental analysis, FT-IR, DSC, PXRD, 1H-
NMR, and SEM analysis. Moreover, toxicity study of
PMMA-g-GG at 2000 mg/kg body weight dose was done
by following OECD 425 Guidelines, and there was no
mortality observed during the study period. Additionally,
histopathological examination in Swiss albino mice has
shown no significant differences when test photomicro-
graphs of different organs were compared with control
photomicrographs, thereby indicating biocompatibility of
synthesized PMMA-g-GG. Pellets of metformin HCl were
formulated (M4) by using PMMA-g-GG as a pH-sensitive
as well as sustained release polymer along with MCC as
pelletization aid. The prepared metformin HCl pellet for-
mulation exhibited sustained release over the period of
12 h and the release profile followed Peppas model.
Furthermore, metformin HCl pellets (M4) have shown
good antidiabetic efficacy. To conclude, ceric ammonium
nitrate (CAN)-induced free radical polymerization reaction
is an efficient, less time consuming, and reproducible syn-
thesis method for developing graft copolymers, which can
be used to fabricate pH-sensitive as well as sustained re-
lease polymers for desired drug delivery systems.
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