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Abstract. The present study was performed to investigate potential of Eudragit RLPO-based nano-
suspension of glimepiride (Biopharmaceutical Classification System class II drug), for the improvement
of its solubility and overall therapeutic efficacy, suitable for peroral administration. Nanoprecipitation
method being simple and less sophisticated was optimized for the preparation of nanosuspension.
Physicochemical characteristics of nanosuspension in terms of size, zeta potential, polydispersity index,
entrapment efficiency (% EE) and in vitro drug release were found within their acceptable ranges. The
size of the nanoparticles was most strongly affected by agitation time while % EE was more influenced by
the drug/polymer ratio. Differential scanning calorimetry and X-ray diffraction studies provided evidence
that enhancement in solubility of drug resulted due to change in crystallinity of drug within the formula-
tion. Stability study revealed that nanosuspension was more stable at refrigerated condition with no
significant changes in particle size distribution, % EE, and release characteristics for 3 months. In vivo
studies were performed on nicotinamide–streptozotocin-induced diabetic rat models for pharmacokinetic
and antihyperglycaemic activity. Nanosuspension increased maximum plasma concentration, area under
the curve, and mean residence time values significantly as compared to aqueous suspension. Oral glucose
tolerance test and antihyperglycaemic studies demonstrated plasma glucose levels were efficiently con-
trolled in case of nanosuspension than glimepiride suspension. Briefly, sustained and prolonged activity of
nanosuspensions could reduce dose frequency, decrease drug side effects, and improve patient compli-
ance. Therefore, glimepiride nanosuspensions can be expected to gain considerable attention in the
treatment of type 2 diabetes mellitus due to its improved therapeutic activity.
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INTRODUCTION

With the advances in pharmaceutical research, there are
thousands of new compounds getting synthesized every year
and out of these, 40% show solubility problem which further
makes their processing difficult. Poor aqueous solubility not
only produces irreproducible therapeutic response but also
leads to the wastage of large amount of drugs (1,2). Also, it
may lead to unpredicted and uncontrolled precipitation of
drugs in aqueous biological fluid which is accompanied with
bioavailability problems.

Glimepiride (GLM) is an oral sulfonylurea derivative and
has been in use for the treatment of diabetes mellitus type 2
since many years ago. It is practically insoluble in water and
belongs to the class II drugs of Biopharmaceutical Classifica-
tion System (BCS). The reported solubility of GLM in aque-
ous media having pH 7.0 is 0.0012 mg/ml (2) and that in buffer

of pH 6.8 is 0.00087 mg/ml (3). Thus, it shows pH-dependent
solubility behavior. Due to limited aqueous solubility of class
II drugs, dissolution in gastric media acts as rate-limiting step
for absorption (2,4). Solubility improvement is the major chal-
lenge for formulating such drugs. It is reported in previous
literatures that cyclodextrin inclusion complexes improved the
solubility of GLM (1). With a view to enhance solubility,
Reven et al. (5) investigated solid dispersions of GLM by using
commercially available poly(ester amide) hyperbranched pol-
ymers, linear polymer poly(ethylene glycol), and stearoylpo-
lyethyleneglycerides (5). Size reduction to micro/nano range is
gaining more attention over the previous approaches of solid
dispersion, cosolvent addition, and cyclodextrin complexation
method for solubility enhancement. In this regard, Ilic et al.
developed microspheres by spray congealing method for en-
hancing the solubility of GLM (3). Micronisation does change
saturation (equilibrium) solubility, but in most cases the
change is not significant. Therefore, improved saturation sol-
ubility of such compounds can be obtained by dramatic size
reduction to nanoparticles (6,7). The superiority of nanopar-
ticles over microparticle systems is attributed to their in-
creased dissolution velocity as well as saturation solubility,
especially when formulated below particle size of 1–2 μm
(8). Hence, nanoparticles by virtue of their large surface area
to volume ratio provide an alternative method to formulate

1Department of Pharmaceutics, Indian Institute of Technology
(Banaras Hindu University), Varanasi 221005( Uttar Pradesh,
India.

2 College of Pharmaceutical Sciences, Raj Kumar Goel Institute of
Technology, Gaziabad 201001( Uttar Pradesh, India.

3 To whom correspondence should be addressed. (e-mail:
bmishrabhu@rediffmail.com)

AAPS PharmSciTech, Vol. 13, No. 4, December 2012 (# 2012)
DOI: 10.1208/s12249-012-9833-0

1031 1530-9932/12/0400-1031/0 # 2012 American Association of Pharmaceutical Scientists



poorly water-soluble compounds. Therefore, in this study, we
are moving from micro to nanotechnology to further improve
GLM saturation solubility.

Nowadays, nanoparticle technology is being exploited on
commercial scale in drug delivery to overcome solubility problems.
Nanoparticles, in pharmaceuticals, are generally defined as par-
ticles having size below 1 μm (6,9,10). Nanosuspensions are sub-
micron colloidal dispersions of discrete particles that have been
stabilized using surfactants, polymers, or mixture of both (11).

In addition to the improvement in the saturation solubil-
ity, nanoparticles also show increased adhesiveness to the gut
wall by virtue of their small size and high surface energy,
which causes enhancement of gastric residence time (8). The
inherent mucoadhesive nature of nanosuspensions plays an
important role in the passive absorption of drugs through
gastro-intestinal tract (GIT; 6,12). Diabetic condition is asso-
ciated with changes in gastric emptying time which certainly
affects the absorption of drugs. GLM shows incomplete ab-
sorption in diabetic condition because of decreased gastric
residence time (13). In such situations, nanoparticles are sup-
posed to improve GLM absorption by virtue of its mucoadhe-
sive nature and increased gastric residence time.

Nanoprecipitation method is quite simple and more eco-
nomical method of preparation of nanosuspension. This meth-
od is also known as bottom-up approach as it involves
controlled precipitation of drug molecules to form nanopar-
ticles (7,11). This method was developed by Fessi et al. for the
preparation of biodegradable nanoparticles (14). Similarly,
Guterres et al. prepared biodegradable nanocapsules of diclo-
fenac by utilizing above technique (15).

Since polymeric nanoparticles are considered to be more
stable than solid lipid nanoparticles (16), Eudragit RLPO
(ERLPO) was selected based on its capability to form nano-
dispersions with submicron particle size, positive surface
charge, and good stability. The positive surface charge is de-
sired for imparting mucoadhesive properties to the nanosus-
pension. ERLPO is an acrylic and methacrylic acid-based
polymer having hydrophilic properties due to the presence
of quaternary ammonium groups (QAGs). It is insoluble in
water but swells in the digestive fluid, independent of the pH
and become permeable. It is used mainly in film coating of
tablets, granules, and other small particles and could be used
in matrix formulation as well (17). Eudragit nanoparticles
appear as suitable inert carriers for oral drug delivery.

Marketed formulations of GLM provide an immediate
release with peak serum concentrations achieved 2–3 h after
oral administration, resulting into a fluctuating release profile.
Such fluctuations can be minimized by preparing its sustained
and prolonged delivery systems which will be able to maintain
steady state drug level in plasma. Such drugs necessitate the
preparation of suitable dosage forms which can improve solu-
bility as well as therapeutic efficacy. Thus, this study was
undertaken to formulate and evaluate ERLPO-based nano-
suspensions of GLM in order to improve its solubility and
overall therapeutic efficacy by attaining sustained release pro-
file, making it suitable for per oral administration.

The effects of formulation variables on the physical char-
acteristics of the prepared nanosuspensions and the in vitro drug
release characteristics were studied. Variables such as drug/
polymer ratio and agitation time were considered during formu-
lation. Moreover, in vivo kinetics and antihyperglycaemic

activity of drug on diabetic rat model were investigated. Oral
glucose tolerance test was also carried out by loading nondia-
betic rats with glucose.

MATERIALS AND METHODS

Materials

GLM and ERLPO were obtained as gift samples from
Alkem Laboratories (Gujarat, India) and Lupin Pharma Lab.
(Pune, India), respectively. Poloxamer 188 (P-188) was pro-
vided by Ranbaxy Laboratories (Gurgaon, India). Streptozo-
tocin and nicotinamide were purchased from Sigma-Aldrich,
USA. High-performance liquid chromatography (HPLC)-
grade acetonitrile and glacial acetic acid were procured from
Spectrochem Private Limited (Mumbai, India). All other sol-
vents and chemicals used were of analytical grade and
obtained from S.D Fine Chemicals (Mumbai, India).

Preparation of Nanosuspension

Nanosuspensions were prepared according to nanoprecipi-
tation method given by Fessi et al. with slight modification (14).
ERLPO polymer and specified quantity of drug were dissolved
in acetone at 40°C to form uniform organic solution. The pre-
pared organic solution was then injected slowly dropwise with
the help of a syringe into an aqueous phase containing 2% (w/v)
P-188 kept under high-speed mechanical agitation of 8,000 rpm
to get desired nanodispersion (Fig. 1a). Prepared nanosuspen-
sion was then stirred magnetically at 500 rpm at room temper-
ature for 12 h to evaporate organic solvent. Complete
evaporation of acetone was determined by spectrophotometric

Fig. 1. a Setup used for the preparation of nanosuspension and; b
milky white appearance of prepared formulations
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method using vanillin (18). The volume was then adjusted with
the addition of triple distilled water to recover loss in volume.
All samples were prepared in triplicate. Drug/polymer ratio and
agitation time was varied keeping other parameters constant.
The batches were prepared according to the formulation design
given in Table I.

Lyophilization and Redispersibility of Nanosuspension

Prepared nanosuspensions were frozen and lyophi-
lized using lyophillizer (Decibel digital, India) for 24 h
at −40°C. The freeze-dried samples were diluted to orig-
inal volume with triple distilled-water, and redispersibility
was observed. Freeze-dried samples were further used for
solid state characterization. Calculation of the percentage
nanoparticle recovery (% NR) was performed in triplicate
using Eq. 1.

% NR ¼ mass of nanoparticles recovered=mass of drug

and polymer taken� 100

: ð1Þ

% NR refers to the percentage of nanoparticles recov-
ered from the preparation process after lyophilization.

Characterization of Nanosuspension

Particle Size, Polydispersity Index, and Zeta Potential

All these parameters were estimated by particle size an-
alyzer (Delsa Nano C, Beckman Coulter Counter, USA)
equipped with software N4 Plus and was performed at 90°
with respect to the incident beam. Nanosuspensions were
analyzed for particle size and polydispersity index. Zeta po-
tential was determined by measuring the electrophoretic mo-
bility of particles in the electrical field using same instrument.
All samples were analyzed in triplicate.

Total Drug Content and Entrapment Efficiency

An aliquot (0.5 ml) was evaporated to dryness. The
residue was then dissolved in acetone and filtered with
0.45 μm filter paper. The samples were analyzed using UV
spectrophotometer (Shimadzu-1700, Japan) at λmax of

227 nm. Total drug content (TDC) and % TDC were
calculated from Eqs. 2 and 3.

TDC ¼ Vol: total Vol: aliquot=ð Þ �Drug amount in aliquot

� 100

ð2Þ

% TDC ¼ TDC TAD� 100= ð3Þ
where, vol. total/vol. aliquot is the ratio of total nanosuspen-
sion volume to the volume of aliquot taken and the total
amount of drug (TAD) is the total amount of drug taken for
the formulation of nanosuspension (19).

For determination of entrapment efficiency (% EE),
2 ml of sample was ultracentrifuged at 15,000 rpm at 4°C
(Remi Instruments, Mumbai, India) for 30 min. The su-
pernatant was immediately analyzed for free drug content
(FDC). The sediment was then washed with 0.1 N NaOH.
The washings were then further analyzed for surface
adsorbed drug (SAD). All drug solutions were quantified
spectrophotometrically at 227 nm. All samples were eval-
uated in triplicate.

% EE is defined as the percentage of the drug that gets
entrapped into the nanoparticles w.r.t, the TAD taken for the
formulation of nanosuspension, and calculated using Eq. 4.
(20).

% EE ¼ TDC� FDCþ SADð Þ TAD� 100= ð4Þ

In Vitro Drug Release

The release of GLM from nanosuspensions was evalu-
ated over 24 h by using dialysis bag (Himedia labs, cutoff
weight 12,000–14,000 Da) diffusion technique. In this tech-
nique, each bag was loaded with the formulation (equiva-
lent to 2 mg of GLM), hermetically sealed and dialyzed
against 200 ml phosphate buffer solution (pH 6.8) contained
in 500 ml beaker kept on a thermostatically controlled
magnetic stirrer maintaining temperature of 37±0.5°C and
stirring at 500 rpm. Samples (2 ml) were collected at pre-
determined time intervals till 24 h, and immediately
replaced with 2 ml of fresh buffer to maintain sink condi-

Table I. Formulation Design and Formulation Variables

Formulation batches Drug (mg) ERLPO (mg) Drug/polymer ratio Agitation time (min)

GNS1 20 200 1:10 15
GNS2 20 200 1:10 30
GNS3 20 400 1:20 15
GNS4 20 400 1:20 30
GNS5 20 800 1:40 15
GNS6 20 800 1:40 30
GNS7 40 200 1:5 15
GNS8 40 200 1:5 30
GNS9 40 400 1:10 15
GNS10 40 400 1:10 30
GNS11 40 800 1:20 15
GNS12 40 800 1:20 30
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tion. The cumulative percent release of GLM was calculated
by analyzing the samples on UV spectrophotometer at
227 nm. Microsoft Excel 2007 was used for the calculation
of the release rate constants (kx) and the determination of
the correlation coefficients (R2) for various models (zero
order, first order, Higuchi model, and Korsemeyer peppas
model) to understand the mechanism of drug release. The
release model having R2 value close to one was considered
as best fit model.

Fourier Transform Infrared Spectroscopic Studies

Drug–polymer compatibility study is an important pa-
rameter in the development of stable solid dosage form. Com-
patibility of GLM, GLM-ERLPO physical mixture and
nanosuspension were analyzed by using Fourier-transform
infrared spectra (FTIR, SCHIMADZU, Model 8400, Japan)
with Pressed pellet technique using potassium bromide. Sam-
ples were scanned in the region of 4,000–400 cm−1 with a
resolution of 4 cm−1 for 20 scans.

Differential Scanning Calorimetry and X-Ray Diffraction
Studies

Solid-state interaction of physical mixture of drug and
excipients was studied using differential scanning calorim-
etry (DSC) and X-ray diffraction (XRD). DSC thermo-
grams of GLM, ERLPO, GLM-ERLPO physical mixture,
and freeze-dried nanosuspension were recorded using si-
multaneous differential scanning calorimeter (Mettler DSC
25, India). Each sample was scanned in hermetic pan
made of aluminum at a heating rate of 10°C/min over
the range of 25–300°C using empty aluminum pan as
reference. Samples were heated under nitrogen atmo-
sphere (flow rate of N2−50 ml/min). XRD pattern of
GLM, ERLPO, and freeze-dried nanosuspensions were
traced by employing X-ray diffractometer (Rigaku powder
X-ray diffractometer, Japan) connected to Cu-rotating an-
ode (radiation, λ=1.54 nm) generated at 18 kW.

Microscopic Studies

Freshly prepared nanosuspensions were studied for par-
ticle size and shape by using high-resolution microscope
(Nikon Eclipse e-200, Japan). Shape and surface morphology
of freeze-dried nanoparticles was studied by field emission
scanning electron microscopy (SEM; S-4700, Hitachi, Japan).

Stability Studies

Stability studies were carried out according to ICH guide-
lines Q1A (R2), by storing formulated nanosuspensions at low
temperature of 5±3°C (in refrigerator) and high temperature
of 40±2°C/75±5% RH (in humidity controlled oven) for
3 months. Physicochemical parameters (particle size, zeta po-
tential, % EE, and cumulative percent release) were analyzed
after storage. Freshly prepared nanosuspensions were used as
controls.

In Vivo Evaluation

Validation of HPLC Method

The concentration of GLM in rat plasma was determined
by the method described with modifications (21). Stock solu-
tions of GLM (1 mg/ml) were prepared by dissolving in meth-
anol. All stock solutions were protected from light and kept at
4°C. Calibration curve in plasma was prepared by spiking
stock solution of GLM with drug-free plasma and then
extracting it. Extraction of drug from plasma was done by
liquid–liquid extraction method using dichloromethane on
vortexing for 10 s. It was then centrifuged for 20 min at
3,000 rpm and 4°C. The supernatant was withdrawn and di-
luted with methanol.

The supernatant was then analyzed by using HPLC meth-
od (Cecil CE4201, Cambridge, UK). Isocratic separation was
achieved by injecting 20 μl of the supernatant samples in to
HPLC C-18 column (Phonomenex, 250×4.60 mm, particles
size 5 μm) with UV-visible detector connected to power
stream software. The mobile phase consisted of 70% acetoni-
trile and 30% water acidified with glacial acetic acid (0.1 mM,
pH 2.5). Mobile phase was deaerated by sonicator bath then
filtered through 0.22 μm membrane filter. The flow rate was
optimized to 1 ml/min and UV detection was done at 227 nm.

Experimental Induction of Diabetes in Rat Model

Adult Charles Foster rats of either sex weighing (150±
10 g) were used throughout the study. Rats were obtained
from central animal house of Institute of Medical Sciences,
Banaras Hindu University, India. The animals were housed in
groups of six in polypropylene cages at an ambient tempera-
ture of 25±1°C and 45–55% relative humidity, with a 12:12 h
light/dark cycle. Rats were provided with commercial food
pellets and water ad libitum, unless stated otherwise. Rats
were acclimatized to laboratory conditions for at least 1 week
before using them for experiments. Body weight of rats was
measured periodically. Principles of laboratory animal care
guidelines (NIH publication number 85–23, revised 1985)
were followed. Protocols of the study were approved by Cen-
tral Animal Ethical Committee of Banaras Hindu University
(approval no. Dean/2010-11/62).

Type 2 diabetes mellitus was induced in overnight fasted
rats by a single intraperitoneal (i.p.) injection of 65 mg/kg
streptozotocin, 15 min after the i.p. administration of
120 mg/kg nicotinamide (22). Hyperglycaemia was confirmed
by the elevated glucose level in the blood, determined at 72 h
and then on day 7 after injection (23,24). Rats with consistent
hyperglycaemia on the seventh day (fasting blood glucose
levels, >250 mg/dl) were considered diabetic and were used
for in vivo studies. All the rats were kept fasting before 24 h of
the experiment with water ad libitum.

Pharmacokinetic Study

Pharmacokinetic studies were performed on a well-vali-
dated nicotinamide–streptozotocin-induced diabetic rat mod-
el. Overnight-fasted rats were randomly assigned into
different treatment groups (n=6) as follows: group I, diabetic
control (1 ml distilled water); group II, diabetic+suspension
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(equivalent dose, ∼2.5 mg/kg/day of GLM) (25); group
III, diabetic+nanosuspension (equivalent dose, ∼2.5 mg/
kg/day of GLM). The samples were administered to the
above groups using oral gavages followed by sufficient
volume of drinking water. Blood samples were collected
from retro-orbital venous plexus under light ether anes-
thesia using heparinised capillaries at 0, 0.5, 1, 2, 4, 6, 8,
12, and 24 h after dosing. Plasma was separated by cen-
trifugation at 5,000 rpm for 10 min, and stored at −70°C
until analysis. After drug extraction from plasma, samples
were analyzed by HPLC. Noncompartmental pharmacoki-
netic parameters were calculated by using Kinetica 5.0
(Thermo kinetic, trial version). Maximum plasma concen-
tration (Cmax), time to reach Cmax (Tmax), elimination rate
constant (k), and mean residence time (MRT) were de-
termined. The area under the plasma concentration–time
curve [AUC]0–24 and [AUC]0–∞ were determined by linear
trapezoidal rule until last measurement point. The relative
bioavailability of nanosuspension to the suspension was
calculated by using Eq. 5.

% F ¼ AUC½ �0�24nanosuspension AUC½ �0�24suspension� 100
�

ð5Þ
Antihyperglycaemic Study

For antihyperglycaemic activity, the rats were divided
into three groups (n=6; same as pharmacokinetic study)
and then dosed for 7 days. Hyperglycaemia was confirmed
from fasting blood glucose level measurement at 505 nm
by glucose oxidase–peroxidase (GOD–POD) UV method
(24) using glucose estimation kit (Accurex Biomedical Pvt.
Ltd). Blood glucose level was measured on days 1 and 7
similar as above. Concentration of glucose was determined
by Eq. 6.

Glucose ðmg =dlÞ ¼ absorbance of sample = absorbance of standard

�concentration of standard ðmg = dlÞ
ð6Þ

Oral Glucose Tolerance Test

Oral glucose tolerance test was performed in glucose-
loaded rats. Three different treatment groups represented
as nondiabetic rats (n=6), fasted overnight, and adminis-
tered with distilled water (nondiabetic control), GLM
suspension (nondiabetic+suspension), and GLM nanosus-
pensions (nondiabetic+nanosuspension). Glucose (2 g/kg
body weight) was orally administered 30 min before
various treatments. Blood samples were collected just prior
to glucose administration followed by 30, 60, and 120 min
after drug administration (23). Fasting blood glucose levels
were estimated by using GOD–POD UV method at
505 nm.

Statistical Analysis

Data from different experimental groups were compared
by using one-way analysis of variance (ANOVA) followed by
Newman–Keuls multiple comparison test. GraphPad Prism 5
and GraphPad InStat (version 3.06) software were used for
statistical analysis.

RESULTS AND DISCUSSION

Formulation of Nanosuspensions

Nanosuspension technology appears to be an attractive
formulation approach, especially for GLM like poorly water-
soluble drugs. Nanoprecipitation method is the commonly
used method for the preparation of nanosuspensions at lab
scale. As it requires, minimal equipments and fewer amounts
of additives it is regarded as more economical method for
preparation of nanoparticles. Also, undesired adverse effects
caused due to unnecessary excipients are prevented in this
method. Method requires preparation of two phases: one in
which drug is soluble (solvent phase) and other in which drug
is insoluble (antisolvent phase). Mechanism of formation of
nanosuspension involves precipitation of drug and polymer
from a solvent phase (commonly organic phase) when added
to antisolvent phase (aqueous phase) in a controlled manner
in the presence of stabilizing agent (11). With slow addition of
organic phase to aqueous phase, a quick gradient driven dif-
fusion of acetone out of organic droplets into aqueous phase
takes place. Since, polymer and drug both are insoluble in
aqueous phase, they get spontaneously precipitated and forms
nanosphere matrix. Supersaturated solution of drug and poly-
mer in acetone was prepared to achieve enhanced precipita-
tion. Final solidification into nanosphere was achieved by
evaporating the organic solvent under magnetic agitation
(19). Acetone (ICH class 3 solvent) was selected for the
preparation of organic phase as it is less toxic in comparison
to chlorinated solvents and methanol according to ICH Q3C
(R4) guidelines. Also, GLM and ERLPO showed good solu-
bility in it. In addition to this, it is volatile enough and does not
form azeotropic mixture with water; hence, gets easily evapo-
rated (boiling point −56°C) causing minimum contamination
to the formulation. Therefore, formulations can be safely used
for in vivo studies.

Figure 2 shows schematic representation of nanosuspen-
sion formation. Prepared nanosuspensions appeared translu-
cent milky white in appearance without any visible signs of
particulate matter (Fig. 1b). The degree of milky white ap-
pearance was higher in the batches containing high drug/poly-
mer ratio which is quite obvious.

Formulated nanosuspensions were evaluated for physico-
chemical characteristics such as particle size, size distribution,
surface charge, drug content, entrapment efficiency, release
profile, solid state characterization, morphology and in vivo
activity.

Particle Size

Particle size of prepared batches was observed in the
range of 342–648 nm (Fig. 3). The smallest particle size was
observed with GNS2 and largest with GNS11. Particle size was
observed as a function of processing variables such as agita-
tion time and drug/polymer ratio.

Effect of Agitation Time

Agitation time had an immense effect on particle size and
its distribution, followed a proportional relation. Batches
(GNS1, GNS3, GNS5, GNS7, GNS9, and GNS11) when
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agitated for 15 min during preparation resulted in formation
of nanoparticles of larger size than those obtained at agitation
of 30 min (GNS2, GNS4, GNS6, GNS8, GNS10, and GNS12).
Agitation was done in order to cause dispersion of the organic
phase droplets in equilibrium with the continuous phase.
Results indicated that agitation for longer time produces
smaller particles by imparting higher energy to break. An
alternative explanation of the above results could be, longer
agitation time made the solvent evaporation easier from the
surface which leads to shrinkage of droplets and spontaneous
rapid precipitation of polymer and drug into smaller mean
sizes. These results were consistent with reported studies in-
dicating an important role of agitation time and solvent evap-
oration in regulating the particle size (26).

Effect of Drug/Polymer Ratio

Although drug/polymer ratio had affected the particle
size it was not the primary influencing factor. Batches
(GNS3, GNS4, GNS11, and GNS12) with similar drug/poly-
mer ratio of 1:20 had shown significant differences in their

particle sizes. These differences were caused by high solid
content (including both drug and polymer) of the batches
GNS11 and GNS12 as compared to GNS3 and GNS4. An
increase in particle size could be attributed to disperse phase
viscosity as the supplied energy in the form of agitation was
not able to overcome viscous forces produced by high solid
content of the formulation (27). Also, high solid content pro-
motes aggregation of particles by increasing the probability of
collision between particles present in the aqueous phase (28).
As a result, greater viscosity resulted into larger mean particle
sizes. Overall the observed particle size data showed more
correlation with agitation time than drug/polymer ratio.

Polydispersity Index and Zeta Potential

Polydispersity and zeta potential are important charac-
terization parameters responsible for stability of nanosuspen-
sions. Polydispersity index gives degree of particle size
distribution. It ranged from 0.211 to 0.671 depending on the
formulation variables (Table II). Higher value of polydisper-
sity index indicates broad particle size distribution. A narrow

Fig. 2. Schematic representation of mechanism of formation of nanosuspension

Fig. 3. Observed mean particle size of different batches. Vertical bar represents mean±SD (n=3)
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size distribution is essential to prevent particle growth due to
Ostwald ripening and maintaining stability of nanosuspen-
sions (12). Batches having lower polydispersity values showed
long-term stability and were preferred for studies.

Zeta potential was observed between +13.60 and
+24.32 mV (Table II). High zeta potential indicates high
charge on the surface of nanoparticles. This positive high
surface charge produces repulsion between particles and

prevents their aggregation. Apart from stability, zeta potential
also gives information about mucoadhesive nature of par-
ticles. The observed positive zeta potential was based on the
presence of QAGs in the backbone of Eudragit polymer. This
positive zeta potential imparts mucoadhesive property to the
nanosuspension as gastrointestinal mucosal layer holds anion-
ic nature at neutral pH and therefore holds affinity for cationic
molecules like Eudragit polymers (29,30). Consequently,

Table II. Physicochemical Characteristics of Nanosuspensions

Batch code Polydispersity Zeta potential (mV) Total drug content (%) Entrapment efficiency (%) Nanoparticle recovery (%)

GNS1 0.432±0.21 17.92±0.87 96.32±0.98 68.12±2.03 95.61±0.23
GNS2 0.563±1.05 15.82±2.08 95.38±1.73 66.35±3.68 98.41±0.62
GNS3 0.381±0.22 24.32±0.54 98.77±1.21 76.78±3.22 96.82±0.27
GNS4 0.258±0.24 19.43±0.86 95.71±1.32 76.29±1.67 96.31±0.51
GNS5 0.350±0.08 21.66±0.02 97.62±2.43 81.45±3.44 97.28±0.49
GNS6 0.211±0.07 20.79±0.08 98.28±3.25 79.37±5.23 95.56±1.20
GNS7 0.287±0.025 21.97±2.59 96.36±2.87 66.56±2.43 94.89±0.87
GNS8 0.513±0.15 16.98±1.69 97.45±3.64 63.13±1.56 97.77±0.39
GNS9 0.470±0.014 14.68±0.26 99.31±1.29 74.32±2.43 96.91±0.97
GNS10 0.506±2.83 13.60±0.008 96.26±1.23 71.34±3.22 98.59±0.84
GNS11 0.442±0.67 14.32±0.52 97.38±2.38 79.36±2.34 96.45±1.32
GNS12 0.671±0.23 12.37±0.045 96.56±1.36 78.34±2.64 97.63±1.18

Values are mean±SD (n=3)

Fig. 4. a, b In vitro release profile of different batches in pH 6.8 buffer. Vertical bars
represents mean±SD (n=3)
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mucoadhesion would promote prolonged absorption and en-
hanced systemic action of drug.

Total Drug Content and Entrapment Efficiency

Table II shows TDC and % EE for the prepared
batches. TDC for all batches was satisfactory and was more
than 95% which indicates that loss of drug was lower
during preparation process. Drug entrapment efficiency var-
ied from 60% to 81%. Like particle size, % EE was also
affected by drug/polymer ratio and agitation time. On in-
creasing polymer concentration, viscosity of organic phase
increases which further increases the thickness of droplet
coming out of syringe. With this increase diffusional resis-
tance to drug molecules moving from organic phase to
aqueous phase also increases and hence more and more
drug gets entrapped (27,31,32). Batches prepared with high
polymer content showed more % EE as compared to
batches with low polymer content. It is reported that acidic
compounds such as ciprofloxacin HCl has affinity with
Eudragit polymers and hence showed high entrapment ef-
ficiency (27). These findings also suggested that beyond
certain concentration of drug, saturation of the polymer
by drug molecule may occur. Therefore, with the increase
in concentration of polymer entrapment efficiency increases
but with the increase in concentration of drug it further

decreases, due to saturation of polymer with drug as in-
crease in concentration of drug is beyond the entrapment
capacity of polymer. % EE can indirectly be correlated to
agitation time via particle size. Longer agitation produces
smaller particles containing lower entrapped drug and freer
drug in comparison to larger particles. Therefore it can be
concluded that with the increase in particle sizes % EE
also increases.

Release Studies and Kinetic Analysis

Drug-loaded NPs showed a biphasic release pattern: burst
release followed by a slow release (Fig. 4a, b). The first phase
(burst release) was observed initially due to presence of un-
entrapped drug in the form of SAD and FDC, and the second
phase (slow release) was due to slow diffusion (release) of GLM
out of the polymeric matrix. In addition, the release during
second phase was due to enhanced permeability of ERLPO
matrix as it shows pH independent swelling in aqueous media.
The batches were optimized and selected on the basis of mini-
mized burst release andmaintained controlled release profile in a
time-dependent manner. High burst effect observed in the sam-
ples with smaller particle size and lower entrapped drug. It may
be because of longer agitation time which breaks the particles
and increases the free drug content. Batches with drug/polymer

Fig. 5. a, b Mmicroscopic photographs of prepared nanosuspension; c, d phase contrast images of
particles appearing bright in dark background indicating crystalline deposit on the surface of nano-
particles; e, f SEM images of lyophilized nanoparticles without cryoprotectant and with cryoprotec-
tant, respectively
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ratio 1:5 (GNS7 and GNS8) and 1:10 (GNS1, GNS2, GNS9, and
GNS10) showed high burst release of about 60% within 1 h as
compared to the batches with higher drug/polymer ratio (1:20
and 1:40). Formulations GNS7 and GNS8 were not considered
relevant for further studies as very high burst release of 50–80%
occurred within 5 h. Batches (GNS5 and GNS6) with high drug
to polymer ratio of 1:40 showed sustained release profile with
95% and 96% drug release in 24 h, respectively; hence, based on
more sustained profile and higher entrapped drug (81%) GNS5
was chosen for in vivo studies. From the above observations it
can be concluded that a more sustained effect is attained with
increase in concentration of polymer. In vitro kinetic analysis
showed that drug release was best explained by Korsmeyer–
Peppas equation than other models, with highest value of linear-
ity (R2>0.9) for all formulations (data not shown). Diffusion
coefficient (n) was calculated from the Korsmeyer–Peppas
model to evaluate overall mechanism of release. “n” value of
all tested formulation were >0.241 and <0.518, indicating drug
release following Fickian kinetics. Briefly, drug release from
polymer matrix was diffusion controlled process rather than
polymer erosion.

Lyophilization of Nanosuspension

Lyophilized samples without cryoprotectants appeared as
off-white fluffy, sheet-like materials in aggregated form when
observed by SEM (Fig. 5e). On redispersion it showed aggre-
gations. This aggregation problem can be overcome by addi-
tion of cryoprotectants (mannitol) during lyophilization which
forms white spongy, cotton-like material, having easy redis-
persibility in water after manual shaking (Fig. 5f). Cryopro-
tectants are added to improve the stability and integrity of the
particles. The aggregation of nanoparticles could be attributed
to an increase in the solubility of poloxamer in the bulk

solution during lyophilization process (16). Enhanced solubil-
ity of poloxamer may lead to removal of protective coating
layer of surfactants formed on the surface of nanoparticles
causing instability of nanosuspensions. % NR indicates the
efficiency of lyophilization process. More than 94% of formu-
lation was recovered after purification and lyophilization pro-
cess (Table II).

FTIR Spectra

FTIR spectra of GLM, GLM-ERLPO physical mixture,
poloxamer 188 and nanosuspension are shown in Fig. 6. The
IR spectra of physical mixture matched with those of GLM
and ERLPO polymer when superimposed. Physical mixture
spectra did not show any changes in characteristic peaks of
drug. FTIR spectra of nanosuspensions showed characteristic
peaks for drug in the region 2,550–1,500 cm−1 indicating that
drug had been incorporated into nanosuspension. FTIR
spectra demonstrated that no compatibility problem exists
between GLM and ERLPO. These findings were further
confirmed by DSC and XRD studies.

DSC and XRD Studies

Overlay of DSC thermograms (Fig. 7a, b) and XRD
diffraction spectra (Fig. 8a, c) indicates GLM is crystalline
(mp=212°C) in nature but ERLPO polymer exists in com-
pletely amorphous form. DSC of physical mixture of drug
and polymer did not show any drug melting peak or crys-
tallization peak (Fig. 7c). No drug peaks were observed in
case of freeze-dried nanosuspension in DSC plot but a
sharp peak at 58.5°C was observed (Fig. 7d). This obser-
vation can be explained by the presence of poloxamer on
the surface of nanoparticles, as it exhibits a melting peak at

Fig. 6. FTIR spectra, a GLM, b GLM-ERLPO physical mixture, c poloxamer 188, and d
nanosuspension
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58.5°C (33,34). Although DSC studies do not give exact
nature of interaction, but gives more valuable information
on potential drug–polymer interactions. Drug–polymer
interactions can be determined by changes in glass transi-
tion temperature of the polymer (35). Here, ERLPO
showed flat curve (Fig. 7b) due to its amorphous nature,
which can be superimposed on freeze dried nanosuspen-
sion curve (except for the presence of P-188 peak; Fig. 7d).
Since there were no observable changes in transition pat-
tern of ERLPO when compared with that of drug–polymer
mixture and nanosuspension, ERLPO polymer is consid-
ered compatible with drug.

XRD studies further supported the results obtained
from DSC data, considerable reduction in drug crystallinity
can be observed on comparing the XRD peaks of GLM and
that of nanosuspension (Fig. 8a, b). The progressive disap-
pearance of X-ray drug signals in nanosuspension indicated
a decrease in overall crystallinity of GLM. Broadening and
reduction in intensity of the two major peaks (at 19.06° and
23.24°) were more likely due to reduction in crystallite size
of GLM (Fig. 8b). The enhanced dissolution of GLM can be
attributed to its decreased crystallinity when formulated
into nanoparticles.

Microscopic Studies

Microscopic examination of the prepared nanosuspen-
sion illustrates, nanoparticles were more or less uniformly
distributed in the formulation with no signs of aggregation
(Fig. 5a–d). They were not completely spherical but slightly
elongated in shape. When observed in phase-contrast micro-
scope, they appeared bright, this may be due to the presence
of small crystalline drug particles deposited on the surface.
SEM surface studies showed elongated nanoparticles (Fig. 5f)
with porous surface. Pores were necessarily associated with
evaporation of solvent from the surface.

Stability Study of Nanosuspension

Stability studies were performed to investigate the effect
of storage conditions on the physicochemical characteristics of
nanosuspensions and also to find out most suitable storage
condition. More significant (p<0.05) changes in physicochem-
ical properties was found in case of high temperature storage
(40±2°C/75±5%) than refrigerated samples (refrigerated at 5
±3°C; Table III). On storage for 3 months, particle size in-
creased at both storage conditions, but larger particles were

Fig. 8. XRD spectra, a GLM, b nanosuspension, and c ERLPO

Fig. 7. Comparative DSC plot of a GLM, b ERLPO, c GLM-ERLPO physical mixture, and d
nanosuspension
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observed in case of high temperature (658±2.21 nm) than low
temperature (562±1.65 nm) storage. Slight reduction in % EE
was observed at low temperature than high temperature stor-
age. Stored batches showed slightly higher burst release as
compared to freshly prepared batches (Fig. 9). The release
was, however, sustained thereafter for the whole period of the
study. Reduced % EE and enhanced burst release can be
attributed to leaching of drug from the polymer and increase
in free drug content during. Erosion of nanoparticle may be
another reason for enhanced burst release, which needs to be
further, investigated (36). Deposits on the base of container
formed during storage were easily redispersible on manual
shaking. No changes in macroscopic properties were ob-
served. Above results indicated that NPs showed good stabil-
ity at refrigerated conditions than at higher temperature.
Therefore, it is strongly recommended to store nanosuspen-
sion at refrigerated condition for maintaining the integrity of
particles, safe and effective long-term use.

In Vivo Studies

Pharmacokinetic Study

GLM was detected and quantified in plasma by using
HPLC method with retention time of 6.10±0.421 min (n=6).
No other plasma components were eluted at the retention time
of GLM. Standard calibration curve in rat plasma was found to
be linear at concentrations ranging from 0 to 5,000 ng/ml (Y=
0.0318x+1.4027) with correlation coefficient of 0.9968. For
intra-day precision and accuracy, three replicate samples at each
concentration were assayed on the same day. The inter-day

precision and accuracy were evaluated on three different days.
The results were found within limits (data not shown).

For pharmacokinetic evaluation, plasma drug concentra-
tion time profile (Fig. 10) and pharmacokinetic parameters
related with GLM nanosuspension were compared to suspen-
sion following oral administration (Table IV). Nanosuspen-
sion and suspension of GLM showed significantly different
(p<0.05) Cmax of about 405.32 and 251.25 ng/ml, respectively,
after 3 h of dosing. Achievement of higher Cmax by nano-
suspension can be explained by increase in saturation solubil-
ity of nanoparticles as they are absorbed without initial time
consuming dissolution step. Above results are supported by
Xie and Wang (37). Observed mean plasma [AUC]0–24 h value
(6,460.80 ng/ml h) for nanosuspension was significantly (p<
0.01) higher than drug suspension (3,172.3 ng/ml h) which
indicates nearly twofold improvement in relative bioavailabil-
ity of nanosuspension. Observed higher values of AUC and
MRT of nanosuspension can be credited to its mucoadhesive
nature imparted by positive zeta potential, hence provided
longer gastric residence and extent of release (38). Plasma
concentration profile of nanosuspension showed more sus-
tained plasma drug level than suspension for 24 h. In summa-
ry, orally administered nanosuspension provided sustained
and prolonged effect, which may subsequently improve pa-
tient compliance by reduction in dose and dosing frequency to
a remarkable level.

Antihyperglycaemic Study

In this study, rats subjected to nicotinamide–streptozotocin
challenge showed increase in plasma glucose level.

Fig. 9. In vitro release profile of freshly prepared and stored batches of nanosuspension.
Vertical bars represents mean±SD (n=3)

Table III. Stability Testing Parameters of Prepared Formulation at Different Storage Conditions

Evaluation parameters (after 3 months) Fresh formulation

Storage condition

Low temperature (5±3°C) High temperature (40±2°C/75±5%)

Particle Size (nm) 531±1.26 562±1.65 658±2.21
% Entrapment efficiency 80±2.34 79.11±1.43 76.56±3.16
Cumulative % release 92.11±2.11 94.88±4.35 98±3.68

Values are mean±SD (n=3)
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Nanosuspension-treated diabetic rats significantly reduced the
elevated fasting blood glucose level on single-dose treatment for
1 day (Fig. 11a) and single-dose treatment for 7 days (Fig. 11b).
The diabetic rats treated with nanosuspension demonstrated
statistically significant (p<0.01) reduction in blood glucose lev-
els as compared to diabetic control rats. Also, diabetic rats
treated with nanosuspension demonstrated statistically signifi-
cant difference (p<0.01 and p<0.001) in blood glucose levels as
compared to diabetic rats treated with suspension. Hence, GLM
nanosuspension showed surpassing behavior over suspension in
lowering the blood glucose level and maintaining it for 7 days.

Throughout the study, body weight of animals was mon-
itored as diabetes was found to be associated with a charac-
teristic loss of body weight in animals. Several hypotheses
have been proposed for the body weight loss in diabetic
animals most important is increased muscle wasting (39,40).
A significant weight loss was observed in all groups after 7 days
(Fig. 12). Diabetic rats treated with suspension showed signif-
icant less weight loss than that of diabetic rats treated with
nanosuspension (p<0.01) compared to diabetic control rats (p
<0.001, and p<0.05), respectively. Overweight is a side effect
of sulfonylurea drugs used in the treatment of type 2 diabetes
mellitus. Less weight loss on day 7 was observed in case of
suspension-treated groups as compared to nanosuspension of
GLM (p<0.01), which may be due to GLM causing weight
gain in type 2 diabetics. Here, from this observation, it can be
concluded that, treatment of diabetic rats with nanosuspen-
sion of GLM demonstrated lower incidence of side effect than
suspension of GLM.

Oral Glucose Tolerance Test

Oral glucose tolerance test was performed to measure the
ability of prepared formulations to lower the blood glucose
level. The test was performed on glucose loaded normal rats
or nondiabetic rats. Statistical analysis observed a significant
decrease in blood glucose level 60 min after glucose adminis-
tration in case of non-diabetic+suspension (p<0.05) and non-
diabetic + nanosuspension (p<0.001) as compared to
nondiabetic control (Fig. 13). On the other hand, no signifi-
cant changes in blood glucose level were observed between
GLM suspension-treated and nondiabetic control rats after
120 min of glucose administration. Groups treated with nano-
suspension group showed significant lowering of blood glu-
cose levels after 30 min (p<0.05), 60 min (p<0.001), and
120 min (p<0.01) of GLM treatment in comparison to nondi-
abetic control. These results reveal that nanosuspension have

Table IV. Comparative Illustration of Pharmacokinetic Parameters of
GLM Nanosuspension vs. Suspension

Pharmacokinetic parameters Suspension Nanosuspension

Tmax (h) 3.0±0.52 3.0±0.23
Cmax (ng/ml) 251.25±0.76 405.32±0.05
[AUC]0–24 (ng h/ml) 3,172.34±1.05 6,460.79±0.97
[AUC]0–∞ (ng h/ml) 4,459.82±1.30 9,034.39±1.21
MRT0−t(h) 18.65±0.78 23.54±1.02
T1/2 (h) 11.75±1.52 16.19±1.34
% F – 203.66

Values are mean±SD (n=6)

Fig. 10. Plasma concentration vs. time profile of GLM suspension and
nanosuspension after oral administration into diabetic rats. Vertical
bars represents mean±SD (n=6)

Fig. 11. a Showing blood glucose level different groups of rats on
single dose (day 1). b Bar graph represents blood glucose level of rats
as observed on days 1 and 7. Vertical bars represents mean±SEM, n=
6. Superscripted asterisk and dollar sign denotes statistical significant
difference between treatment groups. *p<0.05, **p<0.01, and ***p<
0.001 vs. diabetic control; $$p<0.01 and $$$p<0.001 vs. diabetic+
suspension (one-way ANOVA followed by Newman–Keuls multiple
comparison test)
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longer duration of action and facilitate efficient glucose utili-
zation by significant (p<0.05) lowering the blood glucose level
as compared to suspension.

CONCLUSION

From the above study, it is evident that ERLPO polymer
successfully retarded the release of GLM, a model poorly water
soluble antidiabetic drug and provided sustained and prolonged
effect over 24 h. Subsequently, above results propose improved
patient compliance by reducing therapeutic dose, dosing interval
and systemic side effects which further needs to be established in

clinical trials. The polymer was proved to be capable of entrap-
ping high quantities of drug (up to 81%) depending on drug/
polymer ratio and agitation time. DSC and XRD studies
revealed that enhanced solubility of drug can be attributed to
loss in crystallinity of drug. High stability was observed when
nanosuspensions were stored at refrigerated condition. Pro-
longed GIT residence due to unique particle size and positive
zeta potential was evident. In vivo studies showed that nano-
suspensions exhibited better pharmacokinetic profile, efficiently
reduced blood glucose level and maintained it to desirable level
as compared to GLM suspension. In vivo studies showed a good
correlation with in vitro studies. Therefore, GLM nanosuspen-
sion can be expected to gain considerable attention for im-
proved therapeutic activity for the treatment of diabetes
mellitus. Moreover, for BCS class II drugs, nanosuspensions
appear as a very promising approach for enhancing solubility
as well as oral bioavailability.
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