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Abstract. The aim of this study was to develop a hydrophilic oral controlled release
system (CRS) using the amorphous form of gliclazide, a BCS class II compound, listed on the
WHO list of essential medicines. For this purpose, spray-dried dispersions (SDDs) of
gliclazide were produced using various grades of hydroxypropyl methylcellulose acetate
succinate (HPMCAS) or copovidone as carrier under fully automated conditions. The solid-
state properties of prepared SDDs were characterized using X-ray powder diffraction
(XRPD), scanning electron microscopy (SEM), modulated differential scanning calorimetry
(MDSC), and Fourier transform infrared spectroscopy (FTIR). Supersaturated micro-
dissolution testing of SDDs in fasted state-simulated intestinal fluid showed prolonged
supersaturation state, with solubility increases of 1.5- to 4.0-fold. Solubility and stability
characteristics of the most desirable SDDs in terms of relative dissolution area under the
curves (AUCs) (AUC(SDD)/AUC(crystalline)) and stable supersaturated state concentration
ratio up to 180 min (C180/Cmax) were determined. The optimized gliclazide-SDD amorphous
forms were included into matrix tablets with HPMC blends using compaction simulator.
Developed matrix systems were subjected to standard USP dissolution testing. Dissolution
profiles obtained were linear with different slopes indicating varying rates of dissolution. Six-
month storage stability testing was performed, and dissolution profiles remained stable with
Bsimilarity factor^ (f2 = 85). Results show that the use of various HPMCAS as a drug carrier
in the spray-drying process produces homogeneous single-phase SDDs which are stable and
promising for inclusion into HPMC-based hydrophilic matrix systems.

KEY WORDS: controlled-release matrix tablet; copovidone; gliclazide; HPMCAS; spray-dried
dispersion.

INTRODUCTION

Gliclazide is an orally administrated second-generation
sulfonylurea drug used for the treatment of type 2 diabetes.
Patients given gliclazide show good tolerability and low
incidence of hypoglycemia, as well as a low rate of secondary
failure and diabetic retinopathy (1). These advantages make
gliclazide as an ultimate choice for the long-term treatment of
diabetes mellitus for some patients, and for the same reasons,
it is registered on the WHO list of essential medicines.
However, single oral administration of immediate-release
gliclazide tablets are associated with slow and variable
absorption among subjects due to the poor water solubility
and rate-limiting dissolution (1,2). Gliclazide is a Biopharma-
ceutical Classification System (BCS) class II drug and shows a
pH-dependent solubility profile while it has high permeability.

It is a weak acid with pKa of 5.8 and is poorly soluble in acidic
pH; however, its solubility increases as the media pH
increases. Several attempts have been made at the laboratory
scale in order to improve its solubility in the pH range of 1–
7.5 as required by BCS classification, including complexation
with cyclodextrin (3,4), co-grinding with polymers (5),
preparation of amorphous forms via melt quench method
(6), and use of solvent- or heat-treated solid dispersion with
polyvinylpyrrolidone (PVP) (6,7) and polyethylene glycol
(PEG) (8,9), as well as co-milling with amorphous silica or
cross-linked polyvinylpyrrolidone (10).

Most of crystalline compounds under development are
classified as BCS class II (70%) and BCS class IV (20%),
while 30% and 10% of marketed drugs are classified as BCS
classes II and IV, respectively (11,12). Increasing the bio-
availability of poorly soluble compounds via enhancement of
the solubility and dissolution rate is extremely important to
the pharmaceutical industry especially for large-scale produc-
tion. Amorphous systems produced via spray-dried dispersion
(SDD) technologies are remarkable for solubility enhance-
ment since they can be reliably manufactured and can create
solution concentrations several times greater than their
crystalline equivalents. When the drug-polymer solution is
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sprayed into the hot-air drying chamber, the dissolved drug
rapidly transforms to an amorphous state and stabilizes
through interactions with the polymeric chains. Spray-drying
technology as compared with some of the aforementioned
methods offers a more superior alternative in terms of short
time of execution and high level of automation with
predictability of the processing steps (13). Multiple important
drug products approved by the FDA are marketed in
amorphous forms for rapid disintegration and immediate
release (IR) followed by absorption, including Accolate®
(zafirlukast), Ceftin® (cefuroxime axetil), Accupril®
(quinapril HCl), and Viracept® (nelfinavir mesylate). Al-
though there has been a significant amount of research
conducted on the physical stability of amorphous pharma-
ceuticals under storage conditions, very little information is
available on the dissolution stability and in vitro and in vivo
(IVIVC) behavior of amorphous systems in the field of oral
controlled release drug delivery systems. Challenges such as
dissolution stability and potential precipitation from the
supersaturated state to equilibrium solubility during
prolonged in vitro dissolution studies and many hours of
in vivo transit and drug release within the GI tract upon oral
administration are of chief concerns.

In the amorphous state, the solubility of the drug substance
is increased via disruption of the crystalline lattice, resulting in a
higher energy state referred to as the metastable form (14).
However, the presence of excess free energy in the amorphous
systems (metastable form) can promote drug crystallization
back to its low soluble crystalline state, during processing, upon
storage, and minimal exposure to moisture as well as during
prolonged drug dissolution both in vitro and in vivo. Jondhale
et al. (6) reported that the use of pure amorphous gliclazide was
unable to improve the dissolution rate of gliclazide when
compared with crystalline drug over a 90-min dissolution study
in pH 6.8 phosphate buffer. This was attributed to the formation
of cohesive supercooled liquid state with gradual loss of energy
during the structural relaxation (6). As an alternative, the stable
forms of amorphous drugs can be produced in the presence of a
high Tg polymer via formation of homogeneous dispersed drug-
carrier mixture. The polymeric carriers involved can help to
improve solubility and dissolution of drug by (1) disrupting
intermolecular interaction in the drug crystal lattice to produce a
higher energy disordered amorphous form, (2) increasing the
wettability of the drug, and (3) greatly enhancing surface area
through production process and spray-drying approach. The
polymermatrix can also improve the solid-state physical stability
of the amorphous drug by forming drug-polymer interaction,
reducing its molecular mobility and increasing the glass
transition temperature (Tg) (15).

Various hydrophilic polymers have been used in the past
to produce amorphous solid dispersion of gliclazide; however,
solid dispersions based on spray-drying of gliclazide with more
promising polymers such as various grades of hydroxypropyl
methylcellulose acetate succinate (HPMCAS) and poly(vinyl-
pyrrolidone-co-vinyl-acetate) (copovidone S-630) has not
been systematically investigated. HPMCAS is an enteric
polymer with amphiphilic character to it, having Tg of around
120°C and soluble above pH 5. The hydrophobic region (acetyl
substitutions) of HPMCAS can interact with water-insoluble
drug and stabilize the amorphous state whereas its hydrophilic
groups (succinoyl substitutions) can interact with an aqueous

environment and form stable colloidal species (16). HPMCAS
can provide different solubility and dissolution profiles as the
ratio of succinoyl and acetyl substitutions changes.
Copovidone S-630 is another polymeric carrier that can be
used in the production of amorphous solid dispersion similar to
HPMCAS described above. The combination of vinyl pyrrol-
idone and vinyl acetate monomer in a single polymer chain of
copovidone renders both hydrophilic and hydrophobic prop-
erties. This amphiphilic nature makes it a highly effective
carrier and stabilizing agent for solid dispersion application
especially when dealing with more lipophilic and poorly
soluble compounds.

Hence, the aim of this study was to develop spray-dried
dispersions (SDDs) of low-solubility drug gliclazide using
HPMCAS (H, M, and L grades) and copovidone as
amorphous matrix-forming polymer in order to improve the
solubility and dissolution rate of the drug. The solid-state
properties of prepared SDDs were characterized using X-ray
diffraction (XRD) analysis, scanning electron microscopy
(SEM), and modulated differential scanning calorimetry
(MDSC). The possible interactions between the drug and
the polymer in the solid state were investigated using Fourier
transform infrared spectroscopy (FTIR). The solubility and
dissolution rate of SDD and crystalline drug were compared
via supersaturated micro-dissolution testing. Furthermore, the
optimized gliclazide-SDDs were formulated into controlled-
release (CR) matrix tablets and evaluated in terms of their
in vitro dissolution performance and stability over a period of
6 months. The SDD-loaded CR matrix tablets prepared in
this study were based on the use of an automated spray dryer
and compaction simulator with optimized process parameters
in order to control the critical quality attributes (CQAs) of
the final formulation.

MATERIALS AND METHODS

Materials

Glic laz ide (1 - (2 -azab icyc lo [3 .3 .0 ]oc t -3 -y l ) -3 -
ptolylsulphonylurea) was purchased from RIA International
LLC (East Hanover, NJ). Its molecular formula is
C15H21N3O3S with a molecular weight of 323.41. Gliclazide
is a white, crystalline, odorless powder and practically
insoluble in water. The pKa of gliclazide is 5.8, and its
melting point is 170.5°C. HPMCAS (AquaSolve™, H, M, and
L grades), copovidone (Plasdone™ S-630) and hydroxypro-
pyl methylcellulose (Benecel™, HPMC K250) are from
Ashland Specialty Ingredient (Wilmington, DE). Anhydrous
lactose (Kerry Bio-science, Norwich NY), microcrystalline
cellulose (Avicel® PH 102, FMC BioPolymer, Newark DE),
and magnesium stearate were used for matrix tablet prepa-
ration. The properties of polymers used for the preparation of
spray-dried dispersion are summarized in Table I.

Preparation of Spray-Dried Dispersions (SDDs)

Solid dispersions of gliclazide were prepared by spray-
drying method. Drug:polymer ratios of 1:4, 2:3, and 3:2 were
used to represent low, medium, and high drug load SDDs.
Gliclazide and polymers (HPMCAS-H, HPMCAS-M, and
HPMCAS-L or copovidone S-630) with a defined ratio were
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dissolved in acetone at a total solid content of 4.29% (w/w).
The solutions were spray-dried using GEA Niro A/S spray
dryer (SD Micro™, Denmark) with a 1.0-mm two-fluid nozzle
and operated in an open-cycle configuration under pre-
determined process conditions. The inlet and outlet temper-
atures of the drying chamber were controlled within 80–85
and 50–55°C, respectively. The feed solution was pumped at a
rate of 22–24 g/min with atomizing gas flow rate of 1.5–1.7 kg/
h. The overall process gas flow rate was maintained at 24.7–
25.0 kg/h. The resultant solid dispersions were dried in the
vacuum (40°C) for 16 h. SDD compositions were expressed in
terms of the weight percentage (wt%) of drug in the spray-
dried dispersion. For example, 20% gliclazide:HPMCAS-H
SDD consists of one part (by weight) gliclazide and four parts
(by weight) HPMCAS-H polymer.

Characterization of SDDs

X-ray Powder Diffraction (XRPD)

The X-ray diffraction profiles for the raw material
(gliclazide) and prepared SDDs were examined using a
Bruker D8 Focus X-ray diffractometer operated at a voltage
of 40 kV and a current of 40 mA. Data for each sample were
collected in the 2θ angle range of 4–40° over 10 min in
continuous detector scan mode. The process parameters were
set as scan-step size of 0.02° (2θ) and scan-step time of 0.3 s.

Modulated Differential Scanning Calorimetry (MDSC)

Thermal properties of crystalline gliclazide and prepared
SDDs were investigated using a differential scanning calo-
rimeter (Thermal Analysis Q2000). Sample equivalent to 2–
5 mg was hermetically sealed in an aluminum pan. The
temperature ramping rate was 5°C/min from −20 to 240°C
with heat modulation of ±1.5°C every 40 s. The nitrogen gas
was flowing at a pressure of 20 psi to provide inert
atmosphere during the measurement. An empty aluminum
pan was used as reference.

Scanning Electron Microscopy (SEM)

The powder morphology of raw materials (gliclazide)
and prepared SDDs were obtained using scanning electron
microscopy (Hitachi S-4000). The sample was mounted on a

sample stub, coated with a thin layer of Au/Pd to make the
sample surface conductive and then examined in Secondary
Electron Imaging (SEI) mode. SEI records the topographical
features of the sample surface. Representative photomicro-
graphs were digitally captured at 2048 × 1594 pixel resolution.

Fourier Transform Infrared Spectroscopy (FTIR)

The infrared spectra of samples were collected
employing an iS50 diamond ATR (single reflectance) acces-
sory mounted in a Nicolet iS50 FTIR spectrometer (Thermo
Scientific, USA). Quantitative parameters were used for
spectrum collection: 4 cm−1 resolution, 150 co-added scans
(3 min 45 s collection time), 0.4747 mirror velocity, one level
of zero filling and DTGS detector.

Supersaturated Solubility and Dissolution Rate of SDDs

The dissolution profiles and supersaturated solubility of
prepared SDDs and crystalline gliclazide were compared
under non-sink dissolution condition in 20 mL fasted state-
simulated intestine fluid (FaSSIF, pH 6.5) at 37°C. An excess
amount of sample (30 mg gliclazide or SDD contains
equivalent active pharmaceutical ingredient (API)) was
added to the media. Dissolution tests were performed using
a micro-dissolution tester (μDiss Profiler™, Pion Inc.) with
cross-stirrer speed of 300 rpm for 180 min. The dissolved
gliclazide concentration was detected in situ with an inte-
grated fiber-optic UV dip probe. Each data point represents
three replicates (n = 3) and expressed as mean ± S.D..

Preparation of Controlled Release Matrix Tablets

Tablets containing 60 mg of raw gliclazide or SDDs with
equivalent API contents were dry blended with other
excipients and directly compressed on a compaction simulator
(Stylcam 200R, AC Compacting LLC) equipped with 0.375-
in. flat-faced beveled-edged punches and die. The compaction
simulator was computerized to mimic the rotary Beta-Press at
a speed of 36 rpm and compaction force of 20 kN.

In vitro Dissolution Study of Matrix Tablets

Dissolution studies were carried out using a standard
USP 34 apparatus 1 (basket) at stirring speed of 100 rpm in

Table I. Properties of Polymeric Carriers Used for Solid Dispersion

HPMCAS-H HPMCAS-M HPMCAS-L Copovidone S-630

Appearance White to off-white powder (F type) or granules (G type) White powder
Weight average molecular weight 75,100 103,200 114,700 47,000
Average particle size (microns) ≤10 (F type) ≤10 (F type) ≤10 (F type) 65–75
Viscosity 2.4–3.6a 2.4–3.6a 2.4–3.6a 25.0–31.0b

Glass transition temperature, Tg (°C) 122 120 119 109
Acetyl content 10–14% 7–11% 5–9%
Succinoyl content 4–8% 10–14% 14–18%

aNF/EP/JP viscosity method, measured for a 2% solution at 20°C, unit: mPa s
b K-value viscosity, calculated from the kinematic viscosity of a 1% aqueous solution
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900 mL of pH 6.8 phosphate buffer at 37 ± 0.5°C. At a
predetermined time interval, the samples were withdrawn
and then assayed for the gliclazide content by measuring the
absorbance at 226 nm using a UV-vis spectrophotometer.
Each point represents three replicates (n = 3) and expressed
as mean ± S.D.. Release rates appeared to be linear, and for
this reason, dissolution results were analyzed in accordance
with zero-order kinetic model:

Mt

M∞
¼ kt ð1Þ

where Mt and M∞ are the amounts of drug released at time t
and the overall released amount, respectively, and k is the
release rate constant.

Stability Studies of Matrix Tablet

Matrix tablets exhibiting a linear release rate over 12 h
were subjected to stability testing for a period of 6 months in
a well-closed high-density polyethylene (HDPE) bottle stored
at 25°C and 60% relative humidity. Periodically and at the
end of 6 months, tablets were subjected to an in vitro
dissolution test in accordance with the method described
above (BIn vitro Dissolution Study of Matrix Tablets^
section).

Release profiles of selected formulation obtained imme-
diately after manufacturing and after 6 months of storage
were compared by calculating a statistically derived mathe-
matical parameter, Bsimilarity factor^ (f2) (17):

f 2 ¼ 50⋅log10 1þ 1
n

Xn

t¼1
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" #−0:5

% 100

8
<

:

9
=
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where Rt and Tt are the percent drug dissolved at each time
point for reference and test formulation, respectively, n the
number of dissolution sample times, and t the time sample
index, and Wt is an optional weight factor (in the current
work Wt = 1). If the two profiles are identical, f2 is 100. Values
of f2 ≥ 50 indicate overall similarity of two dissolution
profiles.

RESULTS AND DISCUSSION

Physicochemical Properties of Gliclazide-SDDs

X-ray Powder Diffraction (XRPD)

XRPD is a powerful tool to identify the long-range
three-dimensional molecular orders and distinguish between
polymorphs in any system (14). Powder X-ray patterns of raw

Fig. 1. X-ray diffraction patterns of raw material (gliclazide) and spray-dried dispersions (SDDs) based on different polymeric carriers: a
HPMCAS-H, b HPMCAS-M, c HPMCAS-L, and d copovidone S-630, at 20%, 40%, and 60% drug-loading levels
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material (gliclazide) and prepared SDDs are shown in Fig. 1.
The crystalline nature of pure gliclazide was characterized by
sharp diffraction peaks in the X-ray patterns. On the other
hand, the gliclazide-SDD with HPMCAS and copovidone S-
630 shows broad, featureless scattering profiles indicating
strong evidence that the drug is presented in an amorphous
state in these SDDs and there is no long-range structure
associated with the system. The same trend is apparent even
at 60% drug load, suggesting a strong stabilizing effect of
HPMCAS and copovidone on the formation of amorphous
gliclazide. In reviewing the past literature, it has been
reported that when using solvent evaporation method (rotary
evaporator), gliclazide is still present as a partially crystalline
or microcrystalline form within both PEG 6000 and PVP K90
solid dispersions as revealed by XRPD (7,8). In the current
study, the use of a spray-drying technique in combination with

HPMCAS or copovidone as a polymeric matrix is demon-
strated as a more efficient and reliable way to produce
amorphous solid dispersions with up to 60% drug-loading
level of gliclazide. It is assumed that the high ratio of gas flow
to liquid flow and high drying gas inlet temperature during
spray-drying process results in rapid solvent removal and
particle solidification and prevents phase separation of the
drug and polymer (13).

Scanning Electron Microscopy (SEM)

SEM images of raw gliclazide, HPMCAS, copovidone,
and prepared gliclazide-SDDs are shown in Fig. 2. Gliclazide
is an irregular-shaped crystal with fractured edges (Fig. 2a).
HPMCAS-H and HPMCAS-M are large granules while
HPMCAS-L is fine powder. Copovidone S-630 is generally

Fig. 2. Scanning electron micrographs of a crystalline gliclazide, b1 HPMCAS-HG, c1 HPMCAS-MG, d1 HPMCAS-LF, e1 copovidone S-630,
and spray-dried dispersions (SDDs) using different polymeric carriers at 20%, 40%, and 60% drug-loading levels: b2–b4 gliclazide:HPMCAS-
H SDD, c2–c4 gliclazide:HPMCAS-M SDD, d2–d4 gliclazide:HPMCAS-L SDD, and e2–e4 gliclazide:copovidone S-630 SDD
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appearing as spherical hollow particles. SDDs appeared as
uniformly dispersed smooth spheres (i.e., copovidone formu-
lations) and collapsed spheres in case of HPMCAS and
absence of any crystalline structure. The HPMCAS-based
SDD particles show collapsed surface due to the film-forming
properties of the polymer (16). It has been found that when a
solvent is rapidly removed from the droplets, a high-viscosity
film can form on the particle surface. As the solvent is further
migrated from the core, the surface film collapses yielding
particles with the shape shown in Fig. 2b–d. The copovidone-

based SDDs show more spherical morphology compared to
HPMCAS at the same drug-loading level. The original
morphological features of gliclazide have changed during
the spray drying indicating the formation of a new drug-
carrier solid dispersion system.

Thermal Analysis

Modulated differential scanning calorimetry (MDSC) is
the most widely used thermal analytical technique applied to

Fig. 3. DSC thermograms of a crystalline gliclazide and b–e spray-dried dispersions (SDDs) using b HPMCAS-H, c HPMCAS-M, d HPMCAS-
L, and e copovidone S-630 as a matrix polymer with numbers on each thermogram representing (1) 20%, (2) 40%, and (3) 60% drug-loading
levels
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the characterization of amorphous solid dispersion and easily
measures the glass transition temperature (Tg) of the system.
The DSC thermogram of crystalline gliclazide (Fig. 3a) shows
a sharp endothermic peak at 170.5°C, corresponding to the
melting temperature (Tm) of the drug. The Tg of amorphous
gliclazide is 30.4°C as determined by heat/flash cool/reheat
method (data not shown). The Tg of HPMCAS and
copovidone S-630 are about 120°C and 109°C, respectively,
as reported by the manufacturer. It is known that glass
transition temperature (Tg) is the key parameter used to
characterize the stability of amorphous drug dispersions and
having higher Tg in the system is more desirable. DSC
thermograms of all SDDs (Fig. 3b–e) exhibit a well-defined,
single Tg, indicating high miscibility and compatibility of the
drug with the two types of polymeric materials with no phase
separation up to 60% drug load. It is also found that Tg was
dependent on the type of polymer used and on the
percentage of drug in the formulation. Thus, the Tg of
HPMCAS-based SDDs and copovidone-based SDDs ranged
from 47.53°C to 85.84°C and from 56.68°C to 64.97°C,
respectively, as the drug content decreased (Fig. 3b–e). For
all drug-polymer mixtures, the determined Tg was found to
be intermediate between the Tg of the amorphous drug and
Tg of pure polymer, indicating a homogeneous dispersion of
the drug in the polymer matrix that forms a single-phase
system, with different properties from pure amorphous drug
and pure polymer starting materials.

In addition, an exothermal transition was observed at
intermediate temperatures within 60% drug-loaded samples
and 40% drug-loaded samples of HPMCAS-M and HPMCAS-
L polymers, followed by an endothermal peak similar to the Tm
of the drug. This result indicates that the gliclazide in those
samples undergoes some degree of crystallization as the SDD is
heated up in the DSC pan, followed by melting of the
crystallized drug at a higher temperature. The crystallization
temperature (Tc) decreases with the increase of the drug
percentage in the SDD of the HPMCAS-M and HPMCAS-L
polymers. This was expected, since the probability of the drug
molecules to coalesce and form a crystal lattice increases.
Importantly, no exothermal transition and melting peak was
observed for formulations at 20% drug loading and HPMCAS-
H or copovidone-based formulations at 40% drug loading,
indicating strong thermal stability of these samples.

Fourier Transform Infrared Spectroscopy (FTIR)

The potential interactions between gliclazide and poly-
meric carriers within SDDs were investigated using FTIR.
Absence or shift in characteristic peaks for gliclazide in the
spectrum after spray drying would indicate changes in the
drug characteristics or possibilities of drug-polymer interac-
tions. FTIR spectra of gliclazide, polymers, and typical 40%
drug-loaded SDDs selected as an example are illustrated in
Fig. 4. The spectrum of pure gliclazide shows well-defined

Fig. 4. FTIR spectra of gliclazide, HPMCAS, copovidone, and 40% drug-loaded SDDs
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characteristic peaks at 1706 (C=O carbonyl sulfonylurea),
1345, and 1162 cm−1 (S=O sulfonyl stretch). The FTIR
spectra for 40% drug-loaded SDDs showed a slight shift in
few characteristic peaks with no major difference in the
overall spectrum. In case of 40% gliclazide:HPMCAS-M
SDDs, the 1706 cm−1 carbonyl sulfonylurea band of
gliclazide shows up as a shoulder on the 1734 cm−1 band of
HPMCAS (C=O carbonyl from acetate). However, the
1706 cm−1 band is not easily observed in the copovidone
samples because of the C=O carbonyls near 1729 and
1660 cm−1. Additionally, in the HPMCAS-M SDDs, the
asymmetric vibration of the sulfonyl band (1345 cm−1) of
gliclazide shifts to a higher wave number, which potentially
indicates the formation of a hydrogen bond with HPMCAS.
A similar interaction of the sulfonyl group with the hydrogen
atoms of PEG 6000 has been reported (8). However, absence
of any additional peak(s) in SDDs indicates that no further
interaction between gliclazide and polymeric structures is
detectable. Similar results were also observed for 20% and
60% drug loading (data not shown).

Supersaturated Micro-Dissolution Studies of SDDs

Supersaturated solubility and dissolution rate of SDDs and
crystalline gliclazide were determined using a micro-dissolution
tester. It is noteworthy that in previous studies standard volumes

of dissolution medium, for example, 500 to 1000 mL, were used
to examine the performance of amorphous solid dispersion (18).
In our work, however, the supersaturated drug concentration of
SDDswere determined under non-sink condition by using 20mL
fasted state-simulated intestine fluid (FaSSIF, pH 6.5, non-sink).
The small dissolution volume can mimic the microenvironment
of the GI tract where supersaturation can easily result in
precipitation with no opportunity for re-dissolution as opposed
to the use of large media volumes. With respect to SDD-loaded
CR matrix tablet developed in this work, studying under non-
sink micro-dissolution condition resembles the limited availabil-
ity of water within the gel layer and periphery of hydratedmatrix
tablet where drug dissolution and supersaturation can easily
prevail. Figure 5 shows the dissolution profiles of gliclazide-
SDDs in comparison with crystalline drug. Pure gliclazide
exhibited slow dissolution with a maximum solubility of about
312.12 μg/mL.All SDDs dissolved quickly in FaSSIF and showed
considerable improvement in dissolution rate and extent of
gliclazide at the initial stage. The improvement of gliclazide
solubility (Cmax) with different carriers and drug loads derived
from the micro-dissolution testing are summarized in Table II.
However, the supersaturated solubility state and the maximum
concentration (Cmax) were not maintained for all gliclazide-
SDDs, and some of the dissolved systems reverted to the
crystalline state. Solubility and stability characteristics of SDDs
in terms of relative dissolution AUCs (AUC(SDD)/

Fig. 5. Comparison of dissolution profiles of crystalline gliclazide and SDDs with a 20%, b 40%, and c 60% drug loading in
20 mL FaSSIF (pH 6.5, non-sink) at stirrer speed of 300 rpm (n = 3)
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AUC(crystalline)) and supersaturation sustainability (C180/Cmax)
were used to identify the most desired SDD relevant to the
design of the controlled-release (CR) matrix tablet (Table II).
Relative AUC is defined as the dissolution curve AUCs of
selected SDDs over the reference (i.e., crystalline drug). C180/
Cmax is calculated as the drug concentration at the end of test
(180 min) divided by the maximum solubility during the test
reflecting the degree of precipitation or recrystallization. When
the C180/Cmax ratio is 1 and the AUC ratio (AUC(SDD)/
AUC(crystalline)) is greater than 1, it reflects the absence of any
precipitation or recrystallization with increased solubility. The
HPMCAS-based SDDs achieve a higher degree of supersatura-
tion compared to copovidone S-630 (Fig. 5 and Table II).
Primarily, the improvement of gliclazide solubility at the initial
stage follows the order HPMCAS-M > HPMCAS-L >
copovidone S-630. Themore balanced and amphiphilic character
associated with HPMCAS-M appears to increase its affinity to

aqueous media, thus contributing to higher supersaturation at
the initial stage. HPMCAS-H is not effective in improving
gliclazide solubility at a low drug-loading level (e.g., 20%);
however, as the drug load increases to 60%, HPMCAS-H
polymer surpasses HPMCAS-M in increasing both the supersat-
uration concentration and sustainability of gliclazide. It is known
that HPMCAS-H contains the highest acetyl content among
three grades of HPMCAS. Increases in solubility at high drug
loadings (40% and 60%) can be the result of greater hydropho-
bic interactions between drug and polymer. This leaves the
hydrophilic sites free to easily interact with aqueous dissolution
media allowing greater solubility and sustainability of the
dissolved drug.

The C180/Cmax values of SDDs made of HPMCAS-H and
HPMCAS-M are closer to 1 relative to HPMCAS-L- and
copovidone-based formulations, revealing that HPMCAS-H
and HPMCAS-M are able to maintain the supersaturated

Table II. Solubility and Stability Characterization of SDDs with Different Drug Loadings and Polymeric Carriers

Cmax (μg/mL) Cmax ratioa C180 (μg/mL)b C180/Cmax AUC ratioc

Gliclazide 312.12 – 298.56 – –
20% GLC:AS-H 539.23 1.7 402.82 0.747 1.5
40% GLC:AS-H 1089.59 3.5 1047.63 0.961 3.6
60% GLC:AS-H 1002.11 3.2 917.60 0.916 3.2
20% GLC:AS-M 1263.53 4.0 1211.43 0.959 4.2
40% GLC:AS-M 1262.96 4.0 1255.81 0.994 4.1
60% GLC:AS-M 884.75 2.8 871.81 0.985 2.8
20% GLC:AS-L 1217.22 3.9 523.57 0.430 2.7
40% GLC:AS-L 1127.14 3.6 648.71 0.576 3.0
60% GLC:AS-L 717.5 2.3 622.71 0.868 2.3
20% GLC:S-630 777.3 2.5 455.29 0.586 2.0
40% GLC:S-630 561.73 1.8 379.97 0.676 1.5
60% GLC:S-630 462.03 1.5 346.83 0.751 1.3

GLC gliclazide, AS-H (M or L) HPMCAS-H (M or L), S-630 copovidone S-630
aCmax ratio is defined as Cmax of selected SDD divided by Cmax of crystalline drug
bC180 is defined as drug concentration at the end of the micro-dissolution test (180 min)
cAUC ratio is defined as dissolution AUC of selected SDD divided by AUC of crystalline drug

Fig. 6. Comparison of dissolution profiles of SDD-loaded CR matrix
tablets in 900 mL phosphate buffer pH 6.8, 37°C using USP apparatus
I (basket) at 100 rpm (n = 3)

Fig. 7. Comparison of dissolution profiles of matrix tablets containing
40% gliclazide:HPMCAS-M SDD before and after 6 months stability
test in a closed container at 25°C and 60% relative humidity (f2 = 85)
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concentration of the drug for an extended period of time as
compared with HPMCAS-L and copovidone (Table II). The
superior inhibition of precipitation associated with
HPMCAS-H and HPMCAS-M grades is likely due to the
partial ionization and higher acetyl content of the polymer.
When pH is greater than 5, HPMCAS is partially ionized and
swelled and the surface negative charges and steric hindrance
of surrounded aqueous layer can stabilize nanosized amor-
phous drug-polymer aggregates (16). In addition, the higher
degree of hydrophobic substitution (higher acetyl content) of
HPMCAS-M and HPMCAS-H grades provide sites for
association with lipophilic drugs and prohibit drug nucleation.
The generation and maintenance of nanosized drug-polymer
aggregates has been identified as one of the key factors,
providing a reservoir from which the drug can continuously
dissolve and maintain the supersaturated free-drug concen-
tration (16).

Release of Gliclazide from Matrix Tablet

Matrix tablets were prepared by dry blending of
selected SDDs with HPMC and other excipients followed
by direct compression on a compaction simulator. The
influence of types of SDD carrier on the prolonged
dissolution rate from matrix tablets was investigated. The
compositions of gliclazide matrix tablets are shown in
Table III. Each tablet contains 60 mg gliclazide.
HPMCAS-based SDDs with 40% drug load were chosen
for inclusion into the matrix tablet due to their high
supersaturated concentration and superior sustainability in
the micro-dissolution testing. Tablets loaded with SDD
based on HPMCAS-M and HPMCAS-L polymers showed
a similar dissolution profile in accordance with zero-order
kinetics. Release profile from the matrix tablet containing
HPMCAS-H SDD was slow and incomplete although
linear (Fig. 6). The calculated dissolution rate constant
(k) for each profile follows the order of HPMCAS-M
SDD (k = 0.0784 h−1) > HPMCAS-L SDD (k = 0.0743 h−1)
> HPMCAS-H SDD (k = 0.0423 h−1). The differences
observed among HPMCAS grades are affected by the
compositions of polymers and dissolution pH. It is known
that HPMCAS-H dissolve at higher pH (pH > 6.5) as
compared with HPMCAS-M and HPMCAS-L grades
(i.e., they dissolve at pH 6 and 5.5, respectively). In the
current study, the pH of the dissolution medium is 6.8;
thus, the slowness of dissolution rate of HPMCAS-H
formulation is attributed to the limited solubility of this
polymer under studied condition.

Dissolution Stability of Matrix Tablet During Storage

Matrix tablet formulation with 40% gliclazide:HPMCAS-
M-SDD (Table III formulation F2) was chosen for further
stability testing due to its linearity and greater release rate
constant and more desirable pH solubility. The samples were
stored in a well-closed HDPE bottle at 25°C/60% RH. The
dissolution profiles of studied formulation F2 before and after
6 months stability testing are shown in Fig. 7. The calculated
similarity factors (f2) between t = 0 and t = 6 months is 85,
indicating sufficient stability of SDD-loaded tablet during
storage. This result also implies that the drug remained in the

amorphous state within the matrix system. Further long-term
stability studies are currently underway.

CONCLUSIONS

Successful application of HPMCAS and copovidone
polymers in the production of spray-dried dispersions
(SDDs) having a wide range of physicochemical properties
for a poorly water-soluble drug gliclazide was accom-
plished. SDDs prepared with HPMCAS-M as a carrier
showed significant improvement in drug solubility and
achievement of stable supersaturation state under non-
sink dissolution testing. The improvement in the solubility
and dissolution rate of gliclazide is attributed to the
formation of amorphous drug within the SDDs, supported
by the results of XRPD, SEM, and MDSC analyses.
Results of the relative dissolution AUCs, namely
AUC(SDD)/AUC(crystalline), and stable supersaturated con-
centration ratio (C180/Cmax) based on micro-dissolution
testing revealed the greater solubilization and stability
effect of HPMCAS over copovidone. The optimized SDDs
based on HPMCAS-M and HPMCAS-L polymer types
were successfully formulated into CR matrix tablets
demonstrating zero-order release kinetics over 12-h disso-
lution study. The HPMCAS-M SDD-loaded CR tablets
exhibited sufficient stability with no phase transformation
over 6-month dissolution stability studies under ambient
storage condition (25°C/60% RH). To summarize, a
schematic representation of various steps involved in the
development of SDDs, micro-dissolution and standard
USP dissolution testing is shown in Appendix 1. Our
findings indicate that the use of various HPMCAS as a
drug carrier in spray-drying process produces homoge-
neous single-phase SDDs which are stable and promising
for inclusion into CR systems in the development of CR
dosage forms of poorly water-soluble drugs.
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Table III. Compositions of Studied Gliclazide Matrix Tablets

Formulation F1 F2 F3

% mg % mg % mg

40% GLC:AS-H SDD 37.5 150
40% GLC:AS-M SDD 37.5 150
40% GLC:AS-L SDD 37.5 150
HPMC K250 15 60 15 60 15 60
Lactose 20 80 20 80 20 80
MCC 27 108 27 108 27 108
MgSt 0.5 2 0.5 2 0.5 2
Total tablet weight 400 400 400

GLC gliclazide, AS-H (M or L) HPMCAS-H (M or L), SDD spray-
dried dispersion, HPMC hydroxypropyl methylcellulose, MCC mi-
crocrystalline cellulose, MgSt magnesium stearate
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