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A B S T R A C T

Spray dried dispersions (SDDs) of glipizide, a BCS Class II model drug, were prepared using various grades
of hydroxypropyl methylcellulose acetate succinate (HPMCAS) and copovidone S-630 as carriers. The
SDDs appeared as a single amorphous phase with up to 60% drug loading level as revealed by X-ray
powder diffraction (XRPD), modulated differential scanning calorimetry (mDSC) and scanning electron
microscopy (SEM). Supersaturated micro-dissolution testing of various SDDs in fasted state simulated
intestinal fluid showed prolonged supersaturation state (up to 180 min) with solubility increases of 5.2–
13.9 fold relative to crystalline drug under similar conditions. Solubility and stability characteristics of the
most desirable SDDs in terms of relative dissolution AUCs (AUC(SDD)/AUC(crystalline)) and supersaturated
concentration ratios (C180/Cmax) were determined. Results show that HPMCAS-based SDDs achieve a
higher degree of supersaturation compared to Copovidone S-630 and that SDDs comprising HPMCAS-M
and HPMCAS-H maintained stable supersaturated concentration. Dissolution data showed that SDD-
loaded CR tablets provide stable supersaturated concentration within the hydrated matrix with increased
rate and extent of drug dissolution over 24 h. Co-existence of HPMCAS and HPMC within the hydrating
matrix showed strong suppression of drug crystallization and allowed achievement of zero-order and
slow-first order release kinetics.
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1. Introduction

The main emphasis during the drug synthesis process is to
ensure production of a well-defined solid form of the drug
substance having high purity and degree of crystallinity, although
many compounds may exist in different polymorphic forms,
hydrates (solvate), desolvated solvate or in an amorphous state.
Each of these forms has different thermodynamic properties that
will impact its melting points, solubility, stability, X-ray diffraction
profiles as well as bioavailability and may undergo spontaneous
changes during manufacturing, processing, and compression stage
or even during storage. 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
class II and IV respectively (Di et al., 2012; Williams et al., 2013).
Among many solubilization methods documented amorphous
systems have proven to enhance both solubilization and
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bioavailability of poorly soluble compounds due to their higher
enthalpy, entropy and free energy relative to crystalline structures
(Leuner and Dressman, 2000). The solubility advantage of
amorphous systems versus their crystalline counter parts has
been found to be between 10 and 1600 fold (Hancock and Parks,
2000). Multiple important drug products are marketed in
amorphous forms for immediate release and absorption, including
Accolate1 (zafirlukast), Ceftin1 (cefuroxime axetil), Accupril1

(quinapril HCl), and Viracept1 (nelfinavir mesylate). However
enhanced solubilization of poorly soluble compounds based on
amorphous property of the drug-carrier for inclusion into a
controlled release delivery system remains a challenge. Problems
such as dissolution stability and potential precipitation from a
supersaturated state to equilibrium solubility level within the
delivery system itself as well as during prolonged dissolution,
transit in the GI tract and exposure to GI milieu are of chief
concerns during delivery system development and evaluation.
Drug dissolved within the hydrated matrix can reach supersatu-
rated state and in-situ precipitation to crystalline state results in
suppression of solubility over prolonged release period.
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Amorphous systems can be produced in the presence of a
polymeric carrier or suitable excipients by any one of the methods
such as spray drying (Caron et al., 2011; Dontireddy and Crean,
2011; Haque and Roos, 2005; Ueno et al., 1998; Yonemochi et al.,
1999), freeze drying (Dontireddy and Crean, 2011; Haque and Roos,
2005; Ihli et al., 2013; Imamura et al., 2008), melt extrusion
(Lakshman et al., 2008), vapor condensation, casting, super-
cooling of melt, milling (Caron et al., 2013; Caron et al., 2011; Gupta
et al., 2003; Mallick et al., 2008), co-grinding, compaction of
crystals and during manufacturing processes (Hancock and
Zografi, 1997). The choice of polymer is a critical factor when
developing amorphous solid dispersion. Various water-soluble
polymers such as polyvinylpyrrolidone (PVP) and poly (vinyl-
pyrrolidone-co-vinyl-acetate) (PVP-VA) (Martinez-Oharriz et al.,
2002; Matsumoto and Zografi, 1999; Weuts et al., 2005), poly
(ethylene glycol) (PEG) (Law et al., 2004; Verheyen et al., 2002) and
hydroxypropyl methylcellulose (HPMC) (Kushida and Gotoda,
2013; Miyazaki et al., 2011) or enteric polymers such as
hydroxypropyl methylcellulose phthalate (HPMCP) (Miyazaki
et al., 2011) and hydroxypropyl methylcellulose acetate succinate
(HPMCAS) (Friesen et al., 2008; Tanno et al., 2004) have
demonstrated use in application of amorphous solid dispersions.
HPMCAS is an enteric polymer with a Tg around 120 �C and
solubility above pH 5. The amphiphilic nature of HPMCAS allows it
to interact with water-insoluble drug through its hydrophobic
regions whereas its hydrophilic groups can interact with aqueous
environments and form stable colloidal species maintaining the
supersaturated state. When HPMCAS is ionized (pH > 5), the
negative charges on its succinate groups can minimize the
formation of large polymer aggregates through electrostatic
repulsion and stabilize drug-polymer colloids (Friesen et al.,
2008). HPMCAS can provide different solubility and dissolution
profiles as the ratio of succinoyl and acetyl substitutions changes.
These unique properties of HPMCAS relative to many other
polymers make it an ideal candidate for solid dispersion
preparation. Its ability to dissolve in a wide range of organic
solvents also contributes to its processability and feasibility when
using spray-drying technique. Copovidone S-630 (copolymer of 1-
vinyl-2-pyrrolidone and vinyl acetate in a ratio of 3:2 by mass) is
another polymeric candidate that can be used in spray-dried
dispersion. The combination of vinyl pyrrolidone and vinyl acetate
monomers in a single polymer chain makes copovidone possessing
both hydrophilic and hydrophobic properties. This amphiphilic
nature makes it a highly effective polymeric carrier with stabilizing
potential for solid dispersion application.

Hence, the aim of this study was to develop spray-dried
amorphous dispersion (SDD)-loaded controlled release matrix
tablets using automated spray dryer and compaction simulator
with optimized process parameters. Two types of SDD carriers,
Table 1
Properties of polymers used for solid dispersion preparation.

HPMCAS-H 

Appearance White to off-white powde
or granules (G type)

Weight average molecular weight (g/mol) 75,100 

Average particle size
(microns)

�10 (F type) 

Viscosity 2.4–3.6a

Glass transition temperature, Tg (�C) 122 

Acetyl content 10–14% 

Succinoyl content 4–8% 

a NF/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
namely HPMCAS and Copovidone, were used in order to enhance
both solubility and dissolution rate of poorly water-soluble
compounds while maintaining the stability of the supersaturated
state after dissolution. The unique features of the hydrating CR
matrix system consisting of amorphous drug dispersion and
potential precipitation inhibition mechanisms are investigated.
The drug glipizide a weak acid which tends to have limited
solubility and dissolution rate (pKa = 5.9) was chosen as a poorly
soluble model compound representing Class-II drug according to
the FDA adopted Biopharmaceutics Classification Scheme (CDER,
2015).

2. Materials and methods

2.1. Materials

Glipizide was purchased from RIA International LLC (East
Hanover, NJ). HPMCAS (AquaSolveTM, H, M and L grades),
Copovidone (PlasdoneTM S-630) and hydroxypropyl methylcellu-
lose (BenecelTM, HPMC K100M, K15M and K4M) from Ashland
Specialty Ingredient (Wilmington, DE) were used in this study.
Anhydrous lactose (Kerry Bio-science, Norwich NY), microcrystal-
line cellulose (Avicel1 PH 102, FMC BioPolymer, Newark DE) and
magnesium stearate were used for matrix tablet preparation. The
properties of polymers used for preparation of spray-dried
dispersion are summarized in Table 1.

2.2. Preparation of spray-dried dispersions (SDDs)

Solid dispersions of glipizide were prepared by spray drying
method. 20%, 40% and 60% (w/w) drug loads were used to
represent low, medium and high drug content solid dispersions.
Briefly, glipizide powder and polymers (HPMCAS-H, M and L or
Copovidone S-630) with defined ratios were dissolved in the
mixture of dichloromethane: methanol (DCM:MeOH, 2:1 w/w) at
total solid content of 3.75% (w/w). The solutions were spray-dried
using GEA Niro A/S spray dryer (SD MicroTM, Denmark) equipped
with a 1.0 mm two-fluid nozzle and operated in an open cycle
configuration under pre-determined process conditions. The inlet
and outlet temperature of drying chamber were controlled within
90–96 �C and 55–60 �C, respectively. The feed solution was
pumped at a rate of 16–18 g/min with atomizing gas flow rate of
1.5–1.7 kg/h. The overall process gas flow rate was maintained at
25.4–-25.6 kg/h. The resultant solid dispersions were dried in the
vacuum for 16 h (40 �C). SDD compositions were expressed in
terms of the weight percentage (wt%) of drug in the spray-dried
dispersion. For example, 20% glipizide:HPMCAS-H SDD consists of
1 part (by weight) glipizide and 4 parts (by weight) HPMCAS-H
polymer.
HPMCAS-M HPMCAS-L Copovidone S-630

r (F type) White powder

103,200 114,700 47,000
�10 (F type) �10 (F type) 65–75

2.4–3.6a 2.4–3.6a 25.0–31.0b

120 119 109
7–11% 5–9%
10–14% 14–18%

.
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2.3. Characterization of spray-dried dispersion

2.3.1. X-ray powder diffraction (XRPD)
The X-ray diffraction profiles for the raw glipizide as received

and different SDDs were determined by XRPD and examined using
a Bruker D8 Focus X-ray diffractometer operated at voltage of 40 kV
and a current of 40 mA. Powder of glipizide or SDDs was packed
into the sample holder. Data for each sample were collected in the
2u 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�

(2u) and scan-step time of 0.3 s.

2.3.2. Modulated differential scanning calorimetry (mDSC)
Thermal properties of crystalline glipizide and different SDDs

were investigated using a Thermal Analysis Q2000 differential
scanning calorimeter equipped with an auto-sampler. The sample
equivalent to 2–5 mg was hermetically sealed in aluminum pan.
The temperature ramping rate was 5 �C/min from �20 to 250 �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.

2.3.3. Scanning electron microscopy (SEM)
The powder morphology of crystalline glipizide, HPMCAS,

Copovidone and different 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 SEI (Secondary
Electron Imaging) mode. SEI records the topographical features of
the sample surface. Representative photomicrographs were
digitally captured at 2048 � 1594 pixel resolution.
Fig. 1. X-ray diffraction patterns of crystalline glipizide and spray-dried dispersions (SDD
polymeric carriers at 20%, 40% and 60% drug loading levels.
2.4. Supersaturated solubility and dissolution rate determination
using a micro-dissolution system

The dissolution profiles and supersaturated solubility of
amorphous glipizide solid dispersion (SDDs) and crystalline
glipizide were obtained by non-sink dissolution tests in 20 ml
fasted state simulated intestine fluid (FaSSIF, pH 6.5) at 37 �C using
micro-dissolution tester (mDiss ProfilerTM, Pion Inc.) with cross
stirrer speed of 300 rpm. An excess amount of sample (about 22
times of equilibrium solubility of crystalline glipizide in FaSSIF)
was added to the media. Dissolution tests were performed for 3 h.
The dissolved glipizide concentration was detected in-situ with an
integrated fiber-optic UV dip probe. Each data point represent 3
replicates (n = 3) and expressed as mean � S.D.

2.5. Preparation of controlled release matrix tablets

Tablets containing 10 mg glipizide or SDD with equivalent API
contents were dry blended with other excipients (Table 3) and
directly compressed using Compaction Simulator (Stylcam 200R,
AC Compacting LLC) equipped with 0.375 inch flat faced beveled
edged punches and die. The compaction simulator was computer-
ized to mimic the rotary BetaPress at speed of 36 RPM and
compaction force of 20 kN.

2.6. In vitro dissolution study of matrix tablets

Dissolution studies were carried out using standard USP 34
apparatus 2 (paddle) at stirring speed of 50 rpm in 900 mL of pH 6.5
phosphate buffer at 37 � 0.5 �C. At predetermined time interval,
the samples were withdrawn and then assayed for the glipizide
s) using (A) HPMCAS-H, (B) HPMCAS-M, (C) HPMCAS-L and (D) copovidone S-630 as
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content by measuring the absorbance at 276 nm using a UV–vis
spectrophotometer. Each point represent 3 replicates (n = 3) and
expressed as mean � S.D.

Release profiles obtained for different formulations were
compared by calculating a statistically derived mathematical
parameter, “similarity factor” (f2) (CDER, 1995):

f 2 ¼ 50 � log10 1 þ 1
n

Xn
t¼1

wt Rt � Ttð Þ2
" #�0:5

� 100

8<
:

9=
;

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, 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.
Fig. 2. Scanning electron micrographs of (A) crystalline glipizide, (B1) HPMCAS-HG, (C1)
(SDDs) using different polymeric carriers at 20%, 40% and 60% drug loading levels: (B2–B
HPMCAS-L SDD and (E2-E4) glipizide:Copovidone S-630 SDD.
3. Results and discussion

3.1. Physicochemical properties of glipizide spray-dried dispersion

3.1.1. X-ray powder diffraction (XRPD)
Powder X-ray patterns of raw crystalline glipizide and spray-

dried dispersions (SDDs) are shown in Fig. 1. The crystalline nature
of pure glipizide shows sharp diffraction peaks. On the other hand
the X-ray patterns of glipizide-SDDs with HPMCAS and Copovi-
done S-630 shows broad, featureless scattering profiles indicating
strong evidence that the drug in the SDDs is amorphous and there
is no long-range structure associated with the system consistent
with the published literature (Hancock and Zografi, 1997). The
same trend is apparent even at 60% drug loading level, suggesting
that glipizide in these polymeric matrix systems (SDDs) is mainly
presented in amorphous state. This may be due to the prevention of
phase separation of drug and polymer (HPMCAS and copovidone)
 HPMCAS-MG, (D1) HPMCAS-LF, (E1) Copovidone S-630 and spray-dried dispersions
4) glipizide:HPMCAS-H SDD, (C2–C4) glipizide:HPMCAS-M SDD, (D2-D4) glipizide:
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during spray-drying process where high ratio of gas flow to liquid
flow and high drying gas inlet temperature results in rapid solvent
removal and rapid droplet solidification. In the current study at all
drug loading levels (i.e. 20%, 40% and 60% w/w), existence of
amorphous state was evident confirming favorable qualities of
both polymer carriers (i.e. HPMCAS and copovidone).

3.1.2. Scanning electron microscopy (SEM)
SEM images of pure glipizide, HPMCAS (HG, MG and LF),

Copovidone S-630 and amorphous solid dispersions are shown in
Fig. 2. Glipizide appeared as needle-like crystals. HPMCAS-HG and
MG are rod-like while HPMCAS-LF is fine particle. Copovidone S-
630 appears as spherical hollow particles. During spray drying of
the drug-polymer solution, the solvent is rapidly removed from the
surface of droplets resulting in high viscosity entity with formation
Fig. 3. DSC thermograms of (A) crystalline glipizide and (B-E) spray-dried dispersions (SD
as matrix polymer with numbers on each thermogram representing (1) 20%, (2) 40% a
of a film on the particle surface due to the film forming properties
of the polymers. As the solvent is further migrated from the core,
the surface film collapses yielding SDD particles with morphologi-
cal structures shown in Fig. 2.

3.1.3. Thermal analysis
A key parameter used to characterize amorphous drug

dispersions and mixtures is the temperature at which the
molecular mobility of the components changes significantly,
known as the glass transition temperature (Tg). The DSC
thermogram for the crystalline glipizide is shown in Fig. 3A.
One may observe a sharp endothermic peak at 212.1 �C,
corresponding to the melting temperature (Tm) of the drug. It is
known that Tg of amorphous glipizide is 53.3 �C, as determined by
heat/flash cool/reheat method (data not shown). Slight shift in
Ds) using (B) HPMCAS-H, (C) HPMCAS-M, (D) HPMCAS-L and (E) copovidone S-630
nd (3) 60% drug loading levels.



Fig. 4. Comparison of dissolution profiles of crystalline glipizide and spray-dried dispersions (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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base line observed around 100 �C in the thermogram (Fig. 3A)
might be associated with surface water evaporation or mobility.
The Tg of HPMCAS and Copovidone S-630 are about 120 �C and
109 �C respectively as reported by the manufacturer. An analysis of
the DSC thermograms of the drug-polymer mixtures produced
(Fig. 3B–E) reveals that all SDDs exhibit a well-defined, single Tg,
indicating a perfect compatibility of the drug with the two types of
polymeric materials. Tg was dependent on the type of polymer
used and on the percentage of drug in the formulation. Thus, the Tg
of glipizide-HPMCAS SDDs and glipizide-copovidone SDDs ranged
from 65.3 �C to 87.8 �C and from 68.35 �C to 102.35 �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. One can also
observe that an exothermal transition occurred at intermediate
temperatures within 40% and 60% drug loaded samples, indicating
that the glipizide in the sample undergoes some degree of
crystallization as the SDD is heated up in the DSC pan, followed by
melting of crystallized drug at higher temperature. The crystalli-
zation temperature (Tc) decreases with the increase of the drug
percentage in the SDD irrespective of the type of the polymer used.
This was expected, since the probability of the drug molecules to
coalesce and form a crystal lattice increases. Importantly, no
recrystallization or melting peak was observed for HPMCAS- or
copovidone-based formulations at 20% drug loading, revealing that
only amorphous glipizide was present in these spray-dried
dispersions.

3.2. Supersaturated micro-dissolution studies of SDDs

Amorphous spray-dried dispersions (SDDs) of different drug:
polymer ratios were produced and supersaturated solubility and
dissolution rate of SDDs containing 10 mg API was determined
using a micro-dissolution tester under non-sink condition in 20 mL
fasted state simulated intestine fluid (FaSSIF, pH 6.5). In order to
prevent any pH effect on rate of drug dissolution from the SDDs, pH
6.5 which is well above the pKa of the drug was the most
appropriate pH in this study (Jamzad and Fassihi, 2006). It should
be noted that in previous studies standard volume of dissolution
medium, for example 500 mL–1000 mL, were used to examine the
performance of amorphous solid dispersion (Jondhale et al., 2012;
Mahmoudi et al., 2014). The small dissolution volume (20 mL) used
in our work more closely resembles the environment of the GI tract
Table 2
Solubility characterization of various SDDs with different drug loadings and polymeric

Cmax (mg/mL) Cmax ratioa

Glipizide 22.2 – 

20% GLP:AS-H 246.6 11.1 

40% GLP:AS-H 279.6 12.6 

60% GLP:AS-H 237.2 10.7 

20% GLP:AS-M 308.4 13.9 

40% GLP:AS-M 299.3 13.5 

60% GLP:AS-M 262.0 11.8 

20% GLP:AS-L 293.4 13.2 

40% GLP:AS-L 281.9 12.7 

60% GLP:AS-L 231.9 10.4 

20% GLP:S630 233.6 10.5 

40% GLP:S630 139.1 6.3 

60% GLP:S630 115.4 5.2 

GLP = glipizide; AS = HPMCAS type H, M or L; S630 = copovidone S-630.
a Cmax ratio is defined as Cmax of selected SDD divided by Cmax of crystalline glipizid
b C180 is defined as drug concentration at the end of the dissolution test (180 min).
where supersaturation can easily result in precipitation with no
opportunity for re-dissolution due to the limited media volume.
With respect to SDD-based CR matrix tablets developed in this
work, studying under non-sink micro-dissolution conditions bear
a resemblance to the limited availability of water environment
present within the gel layer and periphery of hydrated matrix
tablet where drug dissolution and supersaturation can easily
prevail. Fig. 4 shows the dissolution profiles of glipizide spray-
dried dispersion compared with that of crystalline drug. Results of
dissolution profiles show presence of “stable supersaturated state,
unstable precipitating state and drug crystalline state”.

As shown in Fig. 4, all SDDs dissolved quickly in the FaSSIF and
showed considerable improvement in dissolution rate of glipizide
in the initial stage. However the supersaturated solubility state and
the maximum concentration (Cmax) were not maintained for all
SDDs and some of the dissolved systems reverted to the crystalline
state. The improvement of glipizide solubility (Cmax) with different
carriers and drug loads derived from micro-dissolution testing
(Fig. 4) are shown in Table 2. The solubility of glipizide was
enhanced nearly 13.9 times its equilibrium solubility when using
HPMCAS-M as SDD carrier. The HPMCAS-based SDDs achieve a
higher degree of supersaturation compared to Copovidone S-630.
Various degrees of succinoyl substitution (hydrophilic group)
present in different HPMCAS polymers appear to play a role in
potentially enhancing solubility of the poorly soluble compounds.
Solubility characteristics of the most desirable SDDs in terms of
relative dissolution AUCs (AUC(SDD)/AUC(crystalline)) and stable
supersaturated concentration ratios (C180/Cmax) are provided in
Table 2. Relative AUC is defined as the dissolution curve AUCs of
selected SDDs over the reference (i.e. crystalline glipizide) during
the 180 min dissolution studies. While C180/Cmax ratio is calculated
as drug concentration at the end of test (180 min) divided by the
maximum concentration levels (Cmax) during the test. When C180/
Cmax ratio is 1 and AUC ratio (AUC(SDD)/AUC(crystalline)) is greater
than 1, it reflects absence of any precipitation or recrystallization
with increased solubility, whereas C180/Cmax values < 1 designate
some degree of precipitation.

Fig. 4 and Table 2 also show that SDDs comprising HPMCAS-H
and HPMCAS-M were able to maintain the supersaturated
concentration of the drug for extended period of time and did
not support conversion of the drug into its crystalline form over the
180 min duration of micro-dissolution experiments. However,
significant recrystallization or precipitation was found with
HPMCAS-L- and copovidone-based SDDs. The superior precipita-
tion inhibitor effect associated with HPMCAS-H and M grades is
likely due to two properties of HPMCAS: first above pH 5, the
 carriers.

C180 (mg/mL)b C180/Cmax AUC(SDD)/AUC(crystalline)

22.2 1.000 –

226.1 0.917 13.7
278.9 0.998 16.3
237.2 1.000 13.9
307.0 0.996 18.2
296.8 0.992 17.7
259.7 0.991 15.4
26.1 0.089 6.0
194.7 0.691 15.0
224.1 0.966 13.5
135.5 0.580 9.8
98.3 0.707 6.7
101.3 0.878 6.1

e.



Table 3
Compositions of studied glipizide matrix tablets.

Formulation F1 F2 F3 F4 F5 F6 F7 C1

% mg % mg % mg % mg % mg % mg % mg % mg

20% GLP:AS-M SDD 16.67 50 16.67 50 16.67 50 16.67 50 16.67 50
20% GLP:AS-L SDD 16.67 50
40% GLP:AS-M SDD 8.33 25
Crystalline glipizide 3.33 10
HPMCAS-M 13.33 40
HPMC K100M 25 75
HPMC K15M 25 75
HPMC K4M 25 75 15 45
HPMC K1500 15 45 15 45 15 45 15 45
Lactose 10 30 10 30 10 30 20 60 20 60 20 60 20 60 20 60
Microcrystalline cellulose 47.83 143.5 47.83 143.5 47.83 143.5 47.83 143.5 47.83 143.5 47.83 143.5 56.17 168.5 47.83 143.5
Magnesium Stearate 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5 0.5 1.5
Total tablet weight 300 300 300 300 300 300 300 300

GLP: glipizide, AS-M: HPMCAS-M, AS-L: HPMCAS-L, SDD: spray-dried dispersion.

Fig. 5. Dissolution profiles of glipizide from matrix tablet containing 20% glipizide:
HPMCAS-M SDD and HPMC with various molecular weights and percentages using
standard USP 34 paddle method at 50 rpm in 900 mL pH 6.5 phosphate buffer at
37 �C (n = 3).
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polymer is partially ionized, supporting stabilized nanosized
amorphous drug–polymer aggregates through electrostatic repul-
sion; and second it contains higher degree of hydrophobic
substitution (higher acetyl content), providing sites for drug
molecule association and this may sustains the supersaturation via
hydrophobic interactions. The generation and maintenance of
nanosized drug–polymer aggregates has been identified as one of
key factor, providing a reservoir from which the drug can
continuously dissolve and maintain the supersaturated free-drug
concentration (Friesen et al., 2008). When SDDs are exposed to the
simulated intestinal fluid they rapidly dissolve and produce free
drug, drug in the micelles through interaction with FaSSIF
components, amorphous drug-polymer nanostructures, small
and large aggregates and dispersion. Schematic representations
of the spray-drying process, different stages and potential
solubilization mechanisms, structural transformation from free-
state to a more ordered crystalline state with significant
suppression of drug concentration during micro-dissolution
testing perceived in this study is shown in Appendix A.

3.3. Release of glipizide from matrix tablet

Matrix tablets were prepared by dry blending of selected SDDs
and other excipients including HPMC as tablet forming matrix
followed by direct compression on a compaction simulator. The
influences of HPMC, % drug loading within SDDs and types of SDD
carrier on the dissolution rate and extent of drug release were
studied. The compositions of glipizide matrix tablets are shown in
Table 3. The amount of glipizide based on different SDDs was kept
constant as 10 mg in all formulations.

3.3.1. Influence of HPMC grades and percentage on the release rate of
amorphous glipizide from matrix tablet

To study the effect of HPMC on the dissolution rate of
amorphous glipizide, matrix tablets were prepared using glipi-
zide-SDD with best dissolution outcome and HPMC with various
molecular weights and percentages (Table 3, Formulation F1–F5).
SDD of 20% glipizide:HPMCAS-M, which exhibits highest super-
saturated concentration and sustainability (see Table 2) was used
for this study. Fig. 5 shows the release profile of glipizide from
matrix tablets containing HPMC with different MWs and
percentages. It was found that the release rate of glipizide
increases as HPMC molecular weight decreases. Further decrease
of HPMC percentages in the matrix resulted in a significant
increase in dissolution rate of glipizide (Formulations F4 and F5).
3.3.2. Dissolution rate of glipizide from matrix tablet containing SDD
versus crystalline drug

Dissolution rate of glipizide from matrix tablets containing
equal amounts of HPMC K1500 and either dry blend of crystalline
glipizide and HPMCAS-M polymer (20:80) or the corresponding
SDD (i.e. 20% glipizide:HPMCAS-M SDD) were compared (Table 3,
Formulation F5 versus C1). Results shown in Fig. 6, confirm that
SDD-loaded tablets have significantly greater rate and extent of
dissolution as compared with tablets made of crystalline drug. SEM
photomicrographs in Fig. 6 designated as “A” and “B” show the
cross section of the fractured CR tablets. One can observe that SDD
particles are present within the fractured SDD-based tablet
showing similar morphology as free SDD powder (see Fig. 2).
This indicates that the SDD particles remain intact and maintain
their physical properties after compression into tablets. The
similarity factor (f2) between SDD-formulation (F5) and formula-
tion of crystalline glipizide (C1) was 42 indicating dissimilar
dissolution profiles.



Fig. 6. Comparison of dissolution profiles of tablet containing glipizide spray-dried dispersion (F5) versus dry blended mixture of crystalline glipizide with polymer (C1) (left)
and scanning electron microscopy of the cross section of CR tablets made of (A) glipizide-SDD and (B) crystalline glipizide (right) (n = 3).

Fig. 7. Comparison of dissolution profiles of glipizide (GLP) from matrix tablet
containing SDDs based on different polymeric carrier (HPMCAS-M and HPMCAS-L)
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The significant enhancement in dissolution rate of glipizide
from SDD-based tablets is attributed to the enhanced solubility of
amorphous glipizide associated with the SDD system. The
presence of HPMC and HPMCAS in the matrix is believed to be
complimentary in inhibiting potential drug precipitation or
crystallization within the matrix during prolonged dissolution
period. Thus the free drug diffuses out of the gel-layer surrounding
the hydrated and swollen tablet matrix. It should be noted that in
non-disintegrating hydrophilic matrix systems as water infiltrates
the matrix various fronts within the matrix are identifiable (Dürig
and Fassihi, 2002). Once the gel layer is formed the drug dissolves
and in-situ drug concentration reach the supersaturated state
within the gel layer. The schematic representations demonstrating
the dynamics of hydration, formation of various fronts, attainment
of supersaturated matrix, possible mechanisms by which trans-
formations into other forms, and diffusion and dissolution over the
entire dissolution period is presented in Appendix B. We assume
that HPMC, which is rich in hydroxyl group (H-bond donor), is able
to interact with dissolved glipizide (contains 6 H-bond receptors)
through hydrogen bonding and stabilize the supersaturated state.
In addition, viscosity increases within the stagnant layer in the
presence of HPMC is also a factor to limit drug-drug molecules
association and inhibit crystallization. The polymeric carrier
HPMCAS used in the preparation of SDD also contribute to inhibit
crystallization inside the tablet as described in supersaturated
micro-dissolution test of SDD (Section 3.2). The ability to maintain
supersaturation state inside the delivery system itself is of
significant importance especially in development of controlled
release systems. In the presence of polymeric precipitation
inhibitors, in this case HPMC and HPMCAS, supersaturated drug
concentration was maintained for an extended period of time (e.g.
24 h). This permits attaining predictable controlled drug release
and absorption, potentially improving the bioavailability of BCS
Class-II compounds.

3.3.3. Influence of SDD compositions on the dissolution rate of
amorphous glipizide from matrix tablet

In order to study the effect of SDD compositions on the
dissolution rate of glipizide from the matrix tablets, SDDs with
similar maximum solubility (Cmax) in the supersaturated micro-
dissolution test were selected and used for further studies. SDDs of
20% glipizide:HPMCAS-M, 20% glipizide:HPMCAS-L and 40%
glipizide:HPMCAS-M have maximum solubility of 308.4 mg/mL,
293.4 mg/mL and 299.3 mg/mL respectively.
3.3.3.1. Influence of types of SDD carrier on the dissolution rate of
amorphous glipizide from matrix tablet. To study the effect of
different solid dispersion carriers on the release rate of glipizide,
matrix tablet containing 20% glipizide:HPMCAS-M SDD and 20%
glipizide:HPMCAS-L SDD were compared (Formulations F5 and F6
in Table 3). As shown in Fig. 7, SDD of HPMCAS-M showed slightly
faster release rate compared to HPMCAS-L when formulated into
matrix tablet. The calculated similarity factor (f2) between F5 and
F6 was 51. This can be explained by the higher supersaturated
solubility of SDD with HPMCAS-M (308.4 mg/mL) as compared
with HPMCAS-L (293.4 mg/mL). Based on the micro-dissolution
results, SDD of 20% glipizide:HPMCAS-L exhibits quick
precipitation after initial supersaturation as previously shown in
Fig. 4. However, when formulated with HPMC, the resultant SDD-
loaded matrix tablets (Formulation-F6) could achieve linear drug
release over 24 h with maximum drug liberation from the matrix
system (i.e.100%; Fig. 7) as opposed to crystalline drug (C1) shown
in Fig. 6. Therefore, it is conceivable that drug remained in its
amorphous state within the SDD-HPMC matrices. These results
and different drug loading levels (20% and 40%).
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further confirmed the presence of HPMC K1500 in the matrix plays
a major role in inhibiting possible precipitation from
supersaturated state while controlling the rate of drug release
from the system in a zero-order manner. In review of past
literature, it has been reported that the supersaturated drug
concentration generated within the gel layer of solid dispersion
loaded-matrix tablet could result in recrystallization of amorphous
drug when using polyethylene glycol (PEG 4 �103) as dispersion
carrier and polyethylene oxide (PEO 5 �106) as tablet matrix
(Tajarobi et al., 2011). In the current study use of HPMC as matrix
forming polymer together with the SDDs is capable of maintaining
supersaturation state and controlled release of drug over a
prolonged time period.

3.3.3.2. Influence of drug loading levels of SDD on the dissolution rate
of amorphous glipizide from the matrix tablet. SDDs with same
polymeric carrier, HPMCAS-M, but different drug loading levels
(20% versus 40%) exhibit similar release profile in supersaturated
micro-dissolution test. However, when formulated into matrix
tablets, SDD of 40% drug showed slower dissolution rate from the
matrix tablet (Formulation F5 versus F7) (see Fig. 7). The
calculated similarity factor (f2) between F5 and F7 was 52. The
slowness of drug release from formulation F7 relative to F5 can be
attributed to the higher levels of microcrystalline cellulose (MCC)
in F7 which tends to be fibrous and insoluble thus affect the
erosional aspect of the matrix while controlling zero-order rate of
drug release.

4. Conclusions

HPMCAS (H, M and L grades) and copovidone S-630 based
SDDs have been produced to achieve single phase amorphous
form of poorly water-soluble drug glipizide as revealed by XRPD,
MDSC and micro-dissolution results. Supersaturated micro-
dissolution testing of SDD powders in fasted state simulated
intestinal fluid (FaSSIF, pH 6.5) showed prolonged dissolution
stability with 5.2–13.9 fold increase in solubility. In general SDDs
produced from HPMCAS-H and HPMCAS-M demonstrated
superior inhibitory effect on drug crystallization relative to
HPMCAS-L and copovidone S-630 based on stable supersaturated
concentration ratios (C180/Cmax). Moreover calculated relative
AUC ratios (AUC(SDD)/AUC(crys talline)) was used to identify the most
desirable SDD amorphous system for inclusion into a HPMC-
based controlled-release (CR) matrix tablets. SDD-loaded CR
tablets showed greater rate and extent of drug release versus
crystalline drug in identical CR matrices. Dissolution data further
confirms absence of transformation of the dissolved drug and/or
amorphous system into other forms within the CR matrix as drug
was completely released in a controlled manner. It appears that
co-existence of HPMCAS and HPMC in the hydrating matrix have
the ability to strongly suppress drug crystallization and allowed
achievement of well-controlled drug release. Our results further
indicate that use of various HPMCAS as drug carrier in
development of amorphous forms (SDDs) of insoluble com-
pounds for inclusion into CR systems is feasible and can be
considered in development of CR dosage forms of poorly water-
soluble drugs.
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Appendix A.

Schematic representation of the spray-drying process, different stages
and potential solubilization mechanisms, structural transformation
from free state to a more ordered crystalline state with significant
suppression of drug concentration during micro-dissolution testing.
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Appendix B.

Schematic representation of supersaturated hydrated matrix (A),
potential structural transformation of amorphous system (SDD) to
stable, unstable or crystalline forms within the matrix during
dissolution (B), and corresponding dissolution outlines (C).
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