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Abstract. The purpose of this study was to investigate the effect of a hydrophilic polymer, hydroxypropyl
methylcellulose (HPMC), on the crystallinity and drug release of metronidazole (MNZ) in spray-
congealed polyethylene glycol (PEG) microparticles and to further modify the drug release using other
additives in the formulation. HPMC has been used in many pharmaceutical formulations and processes
but to date, it has not been employed as an additive in spray congealing. Crystallinity of a drug is especially
important to the development of pharmaceutical products as active pharmaceutical ingredients (APIs) are
mostly crystalline in nature. A combination of X-ray diffractometry, differential scanning calorimetry,
Raman spectroscopy and Fourier transform-infrared spectroscopy (FT-IR) spectroscopy was employed to
investigate the degree of crystallinity and possible solid-state structure of MNZ in the microparticles. The
microparticles with HPMC were generally spherical. Spray congealing decreased MNZ crystallinity, and
the presence of HPMC reduced the drug crystallinity further. The reduction in MNZ crystallinity was
dependent on the concentration of HPMC. Smaller HPMC particles also resulted in a greater percentage
reduction in MNZ crystallinity. Appreciable modification to MNZ release could be obtained with HPMC.
However, this was largely attributed to the role of HPMC in forming a diffusion barrier. Further
modification of drug release from spray-congealed PEG-HPMC microparticles was achieved with the
addition of 5% w/w dicalcium phosphate but not with magnesium stearate, methyl cellulose, polyvinyl-
pyrrolidone, silicon dioxide and sodium oleate/citric acid. Dicalcium phosphate facilitated formation of the
diffusion barrier.

KEY WORDS: crystallinity; drug release; hydroxypropyl methylcellulose; metronidazole; spray

congealing.

INTRODUCTION

The form of drug, amorphous or crystalline, is especially
important to the development of pharmaceutical products.
Varying degrees of drug amorphism can be generated through
pharmaceutical processes such as milling, wet granulation,
drying and compaction (1). The amorphous content of the
drug can affect the properties of the resultant product. For
example, it can confer advantages such as improvement in
dissolution where poor water solubility is a concern and
enhancement of bioavailability where drug absorption is the
rate limiting step (2,3). Many modern drug candidates are
hydrophobic in nature and therefore, utilising the amor-
phous form of drugs is a powerful approach in addressing
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the poor administration, distribution, metabolism and elimina-
tion (ADME) profiles of these drugs.

While amorphism of drugs can be induced during product
development, it is also important to inhibit crystallisation of
the amorphous drug upon dissolution. The higher dissolution
rate and apparent solubility of the amorphous drug may
cause supersaturation during in vivo dissolution, leading to
recrystallisation/precipitation in the gastrointestinal tract
and hence, compromise the bioavailability of the drug (1).
This is especially evident for BCS class IV substances. Any
improvement in dissolution can be masked as the low perme-
ation through the gut wall allows time for recrystallisation of the
drug to occur (4).

To understand the underlying mechanism of crystallisation
inhibition, the process of nucleation and crystal growth will be
discussed. Nucleation occurs when the activation energy of nu-
cleation in a supersaturated solution is surmounted (5). Surfaces
and particles will decrease the activation energy and therefore
facilitate the nucleation process. The nucleation rate increases
with increasing degree of supersaturation and with a decrease in
the interfacial energy between the nucleus and solvent. The
former factor can be influenced by formulation compounds
while the latter factor by the presence of surfactants. Crystal
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growth consists of two steps: (1) diffusion of molecules from the
bulk of the solution towards the crystal interface and (2) inte-
gration of the molecules into the crystal lattice. The nucleation
process and crystal growth can be delayed by drug—polymer
interactions, by altering the viscosity of the solution and by
adsorption of the polymer on the nucleus or the growing crystal,
thereby inhibiting drug crystallisation (1,6-8).

One study has shown that hydroxypropyl methylcellulose
(HPMC) is able to induce the amorphism of drugs (9). It
was found that HPMC could inhibit the crystallisation of
amorphous drugs, such as albendazole, by reducing the
nucleation rate (10). It also had the ability to stabilise
the amorphous drugs. It was speculated that HPMC af-
fected the nucleation kinetics by increasing the kinetic
barrier to nucleation. The effect was proportional to the
concentration of HPMC (11).

Many researchers have studied the use of HPMC as a
coating polymer in various processes, but little consideration
has been given to the use of HPMC as an additive in spray
congealing. Spray congealing is a process whereby a molten
mixture, at temperature above its melting point, is atomized
into fine droplets in a cooling chamber. Upon contact with
cool air, the droplets quickly solidify to form microparticles.
One of the advantages of spray congealing includes the pro-
duction of microparticles without the use of water or organic
solvents (12), making spray congealing an environmentally
friendly process that is attractive for the processing of
moisture-sensitive drugs. It also eliminates the drying step
and the risk associated with any residual organic solvent that
comes with the solvent evaporation method (13). Convention-
ally, the molten mixture consists of a drug melted, dissolved or
dispersed in a carrier material. Carrier materials can be hy-
drophilic such as polyethylene glycol (PEG) and stearoyl
polyoxylglycerides or lipophilic such as stearic acid, hydroge-
nated soybean oil and carnauba wax. Savolainen et al. have
found that the drug crystallinity of spray-congealed products
plays a more significant role in drug release than the matrix
lipophilicity (14). However, some studies have reported that
the spray congealing process does not affect the crystallinity of
the drug (15,16).

To date, no studies have investigated the effects of
HPMC as an additive in spray-congealed microparticles. The
use of HPMC in combination with various additives in the
modification of the drug release from the microparticles has
not been explored. Therefore, in this study, the influence of
HPMC on the crystallinity and drug release of metronidazole
in spray-congealed microparticles was investigated. The im-
pact of different particle size of HPMC on drug crystallinity
and their mechanism of inhibiting drug recrystallisation was
explored. The influence of various additives and their mecha-
nism of action on the drug release from these microparticles
were also investigated.

MATERIALS AND METHODS

Materials

Metronidazole (MNZ), a yellowish crystalline powder
(Sunward Pharmaceutical, Singapore), was used as a model
drug in this study. Polyethylene glycol 3350 (PEG 3350; m.p.
53-59°C) was supplied by Clariant GMBH (Germany) and
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hydroxypropyl methylcellulose K15M by Dow Chemical
(USA). Other additives used were polyvinylpyrrolidone K90
(PVP-K90; ISP Technologies, USA), methyl cellulose 13-18
cps (MC; Tokyo Chemical Industry, Japan), silicon dioxide
(SiO,; Fuji Chemical Industry, Japan), magnesium stearate
(MgSt; Productos Metalest, Spain), dicalcium phosphate
(DCP; Rhodia, USA), citric acid (Merck, Germany) and so-
dium oleate (BDH Chemicals, England). Hydrochloric acid
(HCI), potassium dihydrogen phosphate, sodium hydroxide
(Merck, Germany) and deionised water (Millipore, France)
were used to prepare the test media.

Preparation of Spray-Congealed Microparticles

Microparticles composed of PEG and HPMC were pre-
pared by spray congealing (Mobile Minor™ 2000, GEA Niro,
Soeborg, Denmark). PEG was weighed in a glass beaker and
melted in the oven (UL 40, Memmert, Schwabach, Germany)
before transferring to an oil bath kept at 80°C. The required
amount of MNZ and/or HPMC was then added to the molten
PEG and mixed using a magnetic stirrer. When required, the
various additives were added last to the molten mixture. The
molten mixture was fed through a peristaltic pump at a feed
rate of 20 mL/min and atomized counter-current as a fountain
of droplets in the cooling chamber of the spray congealer via a
two-fluid nozzle. The spray delivery system temperature was
set at 80°C to avoid the solidification of the molten mixture,
with atomisation pressure set at 2.5 bar. Upon contact with
cool air (5°C), the droplets solidified, and the microparticles
formed were collected by a base container while fines were
collected by a cyclone. The composition of different formula-
tions is shown in Table I.

Particle Size Analysis

Measurements of HPMC particle size were carried out
using laser diffractometry (LS230, Coulter, USA) with a dry
powder module. Size determinations were carried out in trip-
licates and the results averaged. The median particle size, dso,
was derived from the size distribution plots.

Morphology of Microparticles

The morphology of spray-congealed microparticles was
visualised using a scanning electron microscope (JSM-6010LV,
JEOL, Japan). The microparticles were mounted on aluminium
studs using conductive carbon tapes and observed at 1.5 kV
under vacuum.

Thermal Analysis

The thermal characteristics of the single components,
physical mixtures and spray-congealed microparticles were
determined using a differential scanning calorimeter (DSC-
60, Shimadzu, Japan). A sealed aluminium pan loaded with
sample was placed in a DSC furnace and heated from 20 to
200°C at a heating rate of 5°C/min. An empty sealed alumin-
ium pan was used as a reference. Measurements were carried
out in triplicates and the results averaged.
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Table I. Composition of Different Spray-Congealed Microparticles with Drug

Formulation code PEG (%, wiw) MNZ (%, wiw)

HPMC (%, wiw)

Drug content (%, w/w) Encapsulation efficiency (%)

P 100 0 0
PM 90 10 0
PMH; 85 10 5
PMH,, 80 10 10
PMH, 5 75 10 15

9.19+0.10 91.92+0.97

8.28+0.17 82.78+1.73
8.62+0.34 86.18+3.41
7.30+0.27 72.95+2.73

PEG polyethylene glycol, MNZ metronidazole, HPMC hydroxypropyl methylcellulose, P polyethylene glycol only, PM polyethylene glycol and
metronidazole, PMH polyethylene glycol, metronidazole and hydroxypropyl methylcellulose

X-ray Powder Diffraction Analysis

The single components, physical mixtures and spray-
congealed microparticles were analysed using an X-ray pow-
der diffractometer ()S(RD-6OOO, Shimadzu, Japan) with Cu Ka
radiation (1=1.5406A), voltage of 40 kV and current of 30 mA.
The scanning angle (260) ranged from 10 to 35° with a scanning
rate of 2°/min. Measurements were performed in triplicates
and the results averaged. The intensity of the peak obtained at
12.5° corresponded to the degree of MNZ crystallinity. The
percentage reduction in MNZ crystallinity was calculated
from the following equation:

Percentage reduction in MNZ crystallinity = (Py—Pr)/Pp x 100%

(1)

where P, and Py, are the peak intensity of the physical mixture
and the corresponding microparticles at 12.5°. Samples were
stored at 25°C and 30% relative humidity (RH). XRD spectra
of the samples were obtained periodically to monitor for
changes in drug crystallinity.

Raman Spectroscopy

The single components and microparticles were spread
on a glass slide and examined using a Raman spectrometer
(XploRA, Horiba Scientific, France), equipped with a 532-nm
He/Ne laser source (30 mW), 12001/nm grating and a micro-
scope system (BX 41, Olympus, Japan). Each spectrum rep-
resented the average of three measurements.

Fourier Transform-Infrared Spectroscopy (FI-IR)

Interaction among MNZ, HPMC and PEG in the micro-
particles was investigated using FT-IR spectroscopy (Spectrum
100, Perkin Elmer, USA). Samples of the single components,
physical mixtures and microparticles were each mixed with KBr
in the weight ratio of 1:99 and ground in a mortar before being
compressed into a tablet, using a manual hydraulic press (Atlas
Series, Specac, England) at 10,000 kg for 5 min. Infrared spectra
of the samples were obtained and analysed.

Determination of Drug Content and Encapsulation Efficiency

The drug-loaded microparticles were accurately weighed
and diluted with 0.1 M HCI to a specified volume in a flask.
The test mixture was agitated at 60 oscillations/min for 30 min
in a shaker bath (M20S, MT/2, Lauda, Germany) at 65°C. It

was then cooled to room temperature before an aliquot
sample was passed through a 0.45-um membrane filter
(Sartorius, Germany). The liquid sample was then diluted
appropriately for drug assay by UV spectrophotometry
(UV 1201, Shimadzu, Japan) at 277 nm. Drug content
was expressed as the amount of drug encapsulated per
unit weight of microparticles. The drug content was deter-
mined in triplicates and the results averaged. The encap-
sulation efficiency (EE) was calculated as follows:

EE(%) = W,/W, x 100 2)

where W, is the actual drug content and W, is the theoretical
drug content, obtained from the amount of drug employed in
the formulation.

Dissolution of Microparticles

Drug release studies for pure drug and spray-congealed
microparticles were carried out using the United States Phar-
macopeia (USP) dissolution test method (apparatus 2) with
paddles rotating at 50 rpm. The different batches of micropar-
ticles were sieved to obtain samples with similar particle size.
A dissolution test unit (Caleva 9ST Dissolution Tester, Frank-
furt, Germany) with an automated sampler (Caleva, England)
was used. The dissolution medium used was 900 ml of phos-
phate buffer (pH 7.4) at 37°C. Samples of dissolution medium
were withdrawn at specific time intervals from each dissolu-
tion vessel and analysed spectrophotometrically (UV 1201,
Shimadzu, Japan) at a wavelength of 319 nm. The percentage
of drug released with respect to the total drug content was
calculated. Dissolution test was carried out in triplicates and
the results averaged.

Statistical Analysis

The results were analysed using one-way analysis of var-
iance (ANOVA) at level of significance 0.05 with the aid of
statistical analysis software (SPSS, version 13.0, USA), where
appropriate.

RESULTS

Morphology of Spray-Congealed Microparticles
Spray-congealed microparticles of all the formulations

were examined under the light microscope. Microparticles

with and without HPMC were generally spherical and discrete
(Fig. 1). The molten mixture consisting of PEG and HPMC
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Fig. 1. Photomicrographs of microparticles a without HPMC and b with HPMC

appeared as a white, homogeneous suspension. Upon addition
of metronidazole, the mixture turned yellowish. Similarly,
microparticles containing MNZ appeared yellowish in colour
while those without MNZ were white.

X-ray Powder Diffraction

X-ray diffraction spectra of single components showed
the crystalline nature of PEG and MNZ, with major peaks at
19.3 and 23.4° for PEG and major peaks at 12.5, 14, 24.8, 29.4
and 33.3° for MNZ (Fig. 2a). HPMC had no distinct peaks
which reflected its amorphous nature. Figure 2b shows the
XRD spectra of the freshly spray-congealed microparticles
and their corresponding physical mixtures.

The different particle size of HPMC might influence the
nucleation and crystal growth of MNZ to varying extent in the

a
40000+
--- PEG
— MNZ
30000+
> ---- HPMC
)
c
K
£ 200004
4
2
s
]
©
10000+ I
/'\____l’\
:" l. ......... ; ----....--I- LJ LJ L L}
5 10 15 20 25 30 35 40
2 Theta angle
b Physical mixtures
— P*
8000+ PM*
= PMH;*
> 6000+ — PMH,,*
‘® ~— .
5 = —— PMH5
£ _ -
® 4000 j Microparticles
k- D e el aad == P
[
% 20004 e hroanns - —= PM
- [P
B | s —= PMH,
e T S \-aav\\oa--—s-
o == PMH,q
L L L L L L)

(3]
=d
=)

15 20 25 30 35 40
2 Theta angle

— = PMH;s

Fig. 2. X-ray diffraction spectra of a single components and b spray-
congealed microparticles and corresponding physical mixtures

spray congealing process. To study this effect, it is important to
ensure that MNZ was fully soluble in the molten PEG. The
solubility ratio of MNZ to PEG was determined to be 1:8 at
100°C. Therefore, the formulations in this study contained
10% MNZ and at least 80% PEG. HPMC K15M of various
mesh sizes was added at 5 or 10% to produce spray-congealed
microparticles (Table II).

The microparticles were stored at 25°C and 30% RH
and their MNZ crystallinity monitored over a period of
3 months. MNZ crystallinity was indicated by the peak
intensity at 12.5° (Fig. 3). No particular trend was ob-
served in the peak intensities of the formulations at the
various time intervals. Further analysis was carried out by
calculating the percentage reduction in MNZ crystallinity
of the microparticles with respect to the corresponding
physical mixture. To enable more meaningful data visual-
isation, a scatter plot of the data points was constructed
(Fig. 4).

Differential Scanning Calorimetry

Figure 5a shows the DSC curves of the single compo-
nents. PEG and MNZ showed a strong endothermic peak at
about 60°C and about 165°C, respectively. HPMC showed a
broad peak which reflected its amorphous nature. The physi-
cal mixtures and microparticles consisted of 10% MNZ. How-
ever, the physical mixtures of polyethylene glycol and
metronidazole (PM*) and polyethylene glycol, metronidazole
and hydroxypropyl methylcellulose (PMH;5*) did not show
any noticeable MNZ endothermic peak upon melting
(Fig. 5b). This could be attributed to the drug dissolving into
PEG when the sample was heated.

Table II. Formulations Containing HPMC K15M of Different Mesh
Sizes and Median Particle Size

Median HPMC
Formulation HPMC mesh size (um) particle size+SD (um)“
Control (no HPMC) - -
A 20-30 33+0.3
B 40-50 59+0.2
C 70-80 114+1.6
D 100-120 181+4.3
E 160-200 275+3.7

HPMC hydroxypropyl methylcellulose
“Median particle size determined experimentally by laser diffractometry
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Fig. 3. Peak intensities in XRD spectra of various formulations monitored over a period of

3 months at 25°C and 30% RH

Raman and FT-IR Spectroscopies

The Raman spectra of the single components are shown
in Fig. 6a—c, while those of PM, PMHs, PMH;, and PMH;5
microparticles are shown in Fig. 6d. Characteristic bands of
MNZ, PEG and HPMC are listed in Table III. Raman spectra
of MNZ (Fig. 6b) and HPMC (Fig. 6¢) exhibit a broad
peak at 3441 and 3220 cm ', respectively, indicative of
intermolecular hydrogen bonding of the OH group. The
spectra of PM, PMHs, PMH,, and PMH;s (Fig. 6d)
showed a shift of the NO, (N-O stretching) and OH
stretching to a lower wavenumber, indicating the presence
of hydrogen bonding among MNZ, PEG and HPMC. The
shift in the OH stretching was greater for PMHs, PMH;,
and PMH;5 compared to PM, indicating a larger extent of
hydrogen bonding when HPMC was added. FT-IR spectra
of MNZ, PEG and HPMC are shown in Fig. 7a-c.
Figure 7d-e demonstrates a slight broadening of the OH
stretching of MNZ in the microparticles compared to the
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Fig. 4. Scatter plot of drug crystallinity of various formulations.
(Asterisk) Points indicate measurements at different time intervals: week
0 (black), week 1 (red), week 4 (green) and week 12 (blue). Horizontal
bar indicates mean percentage reduction in drug crystallinity

physical mixtures, indicative of the formation of hydrogen
bonds among MNZ, PEG and HPMC.

Drug Content and Encapsulation Efficiency

All the formulations contained 10% MNZ, but the drug
contents of the various microparticles produced were not
similar. The drug content and encapsulation efficiency of the
microparticles are summarised in Table I. Formulation PM
without HPMC had the highest content of MNZ, followed
by PMH,,, PMHs and PMH;s. Encapsulation efficiency of
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Fig. 5. DSC curves of the a single components and b spray-congealed
microparticles and corresponding physical mixtures



1362

Oh et al.

Fig. 6. Raman spectra of a PEG, b MNZ, ¢ HPMC and d PM, PMHs, PMH;, and PMH;s microparticles. Note: The Raman spectrum of PM,
PMH;, PMH;, and PMH; 5 were similar, so only one was shown to avoid duplication

all formulations ranged from 73.0 to 91.9%. Formulations
containing HPMC (PMHs, PMH;, and PMH;5) demonstrated
a good, albeit lower, encapsulation efficiency of the drug. The
drug concentration was kept constant at 10%. Without the
addition of HPMC in the formulation, a larger proportion of
PEG was available to encapsulate which aptly accounted for
the higher encapsulation efficiency. Addition of HPMC to the
formulation reduced the proportion of PEG and thus reduced
the encapsulation efficiency. When a high concentration of
15% w/w HPMC was used (PMH;s), more HPMC and less
MNZ particles were encapsulated, resulting in reduced encap-
sulation efficiency.

Table III. Characteristic Bands of Single Components in Raman and
FT-IR Spectra

Single

component Characteristic bands Reference

PEG OH group stretching at 3600 to 3200 cm™*
R-CH, stretching at 3000 to 2850 cm
CH, twisting at 1242 cm ™

C-O stretching and CH, rocking at 1149 cm ™!
C-O-C stretching at 1116 cm ™

C-OH stretching at 1060 cm ™
CH,CH,OH end group vibration at
approximately 842 cm ™!

OH stretching at 3220 cm ™!

C=CH stretching at 3101 cm

NO, (N-O stretching) at 1528 cm ™
C-OH, C-O stretching at 1074 cm ™
C-NO, stretching at 864 cm ™'

OH stretching at 3441 cm™!

C-H stretching at 3000 to 2800 cm '
C-O-C stretching at 1300 to 900 cm ™

(17)

(18)

(19)

MNZ (19)

HPMC (20)

PEG polyethylene glycol, MNZ metronidazole, HPMC hydroxypro-
pyl methylcellulose

Dissolution of Spray-Congealed Microparticles

The different batches of microparticles and pure MNZ
were sieved to obtain samples with similar particle size range
(125 to 250 pm) for dissolution studies at pH 7.4. The disso-
lution of the pure MNZ was complete at 15 min (Fig. 8a). The
dissolution profiles were plotted as a function of log time to
better differentiate the early phase of dissolution (Fig. 8b).

Since PMH;s had the potential to modify the release of
MNZ from the microparticles, HPMC concentration of 15%
was selected for further studies with various additives.
Table IV lists the various additives employed in the formula-
tion and the reasons for their selection. Two different concen-
trations of additives, low (1%) and high (5%), were added to
the formulation PMH;s. The concentration used was limited
by the viscosity of the formulation. A high viscosity would
cause choking of the delivery tube of the spray congealer.

It should be recalled that PEG is hydrophilic, and it is
important that the PEG matrix did not disintegrate before HPMC
could hydrate to form the barrier. The modulation of drug release
can therefore be achieved by (1) decreasing the gelation time of
HPMC or (2) by providing sufficient time for HPMC to swell and
form a barrier. The former can be achieved by increasing the
speed of HPMC hydration by water while the latter by physically
retarding the water from over-hydrating the microparticles, there-
by preventing disintegration of PEG and providing more time for
HPMC particles to swell and form a barrier.

Figures 9 and 10 show the dissolution profiles of formu-
lations containing the various additives at a low and high
additive concentration, respectively.

DISCUSSION

Crystallinity of MNZ in Spray-Congealed Microparticles

The drug crystallinity and possible solid-state structrure
of MNZ present in the microparticles were investigated using
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a combination of XRD, DSC, Raman spectroscopy and FT-IR
spectroscopy.

The XRD spectrum of P microparticles, comprising solely
PEG (Table I), was similar to that of the raw PEG (P*),
indicating that any effect of the spray congealing process on
PEG was transitional. Upon melting, PEG molecules were
less organised, but upon solidification when the temperature
was lowered, the molecules rearranged themselves to form
helices that aligned in an orderly fashion, indicating that
PEG crystallised easily (21). The PM microparticles consisting
of MNZ showed lower MNZ peak intensity in comparison
with the corresponding physical mixture (PM*). There were
no new peaks observed, indicating the absence of MNZ poly-
morphic transition. This highlights the ability of the spray
congealing process in reducing the drug crystallinity, thereby
potentially enhancing dissolution of the drug. The reduction in
drug crystallinity was also affirmed in other studies using
olanzapine, felodipine, avobenzone and salbutamol sulphate
(22-25). However, there were also studies which showed that

the spray congealing process had little impact on drug crystal-
linity of carbamazepine, praziquantel, glimepiride, verapamil
or theophylline (15,16,26-28). Various factors can affect the
crystallinity of the drug such as the viscosity of the carrier used
and the cooling rate of the spray congealing process. Viscosity
of a formulation can retard the diffusion of the molecules
towards the crystal interface for crystal growth to occur, there-
by preventing the rearrangement of drug molecules and
resulting in lower drug crystallinity (5). Upon rapid cooling
in the spray congealer, the drug molecules, having little time to
rearrange themselves, would largely orientate in a haphazard
manner. Thus, most of the drug would become amorphous
particles or exist as a molecular dispersion, leading to a reduc-
tion in the drug crystallinity (29,30). Hence, the crystallinity of
a drug may be dependent on the process method besides the
formulation employed.

The MNZ peak intensity at 12.5° for PMHs (417), PMHy
(458) and PMH;5 (594) microparticles was significantly lower
(p<0.05) than that of the PM (901) microparticles with
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equivalent amount of MNZ but without HPMC. Compared to
the corresponding physical mixture, the percentage reduction
in MNZ crystallinity in microparticles of PM, PMHs, PMH;,,
and PMH;s was 75.3, 85.0, 83.5 and 78.6%, respectively.
Collectively, the results showed that the spray congealing
process reduced the MNZ crystallinity to a much greater
extent than HPMC. The reduction in MNZ crystallinity by
HPMC was dependent on the concentration of HPMC.
Several other studies have shown the ability of HPMC to
decrease the crystallinity of the drug such as albendazole,
felodipine, nicotinamide, acetaminophen, carbamazepine
and trans-resveratrol by incorporating into the drug crystal
lattice, having molecular interaction with the drug mole-
cules or adsorbing onto the surface of the drug, thereby
preventing crystal growth (9-11,31-33). However, the addi-
tion of HPMC into the formulation does not necessarily
lead to a reduction in drug crystallinity as seen in other
studies on omeprazole and prednisolone (34,35).
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The XRD data were further supported by the results of
the DSC studies. Small MNZ endothermic peaks were ob-
served for the physical mixtures PMH;y* and PMH,s*, with
enthalpy of 4.46 and 4.60 J/g, respectively. The higher concen-
tration of HPMC in the formulation prevented complete dis-
solution of the drug in PEG. The corresponding PMH;, and
PMH; 5 microparticles also showed very small MNZ endo-
thermic peaks, but their enthalpy of 3.21 and 3.64 J/g,
respectively, were significantly lower (p<0.05). This signifi-
cant reduction in enthalpy of fusion in the microparticles
compared to the corresponding physical mixture indicated
decrease in MNZ crystallinity (36,37).

The drug can be present as small crystalline particulates,
amorphous particulates or it may be molecularly dispersed
within the PEG matrix (38,39). Therefore, Raman spectrosco-
py was used to further elucidate the solid state structure of the
drug and the homogeneity of the drug distribution in the
microparticles. The characteristic peak of the NO, (N-O
stretching) of MNZ at 1528 cm™ ! was observed in the spectra
of microparticles with MNZ, indicating the presence of MNZ
on the microparticle surface. This suggests that the drug was
not totally embedded in the core of the microparticles when
spray-congealed and that the concentration of HPMC up to
15% was not sufficient to fully coat the microparticle surface.
Materials of crystalline structure are characterised by distinct
and well-defined peaks in the Raman spectrum. The presence
of drug peaks in the XRD and Raman spectra and endother-
mic peak in DSC curves indicate the presence of crystalline
MNZ in the microparticles. If the percentage of the drug is
high, it will form small crystals within the microparticles (40).
In light of this, solubility of MNZ in PEG was determined and
found to be 10.67% (w/w) at 80°C. The theoretical percentage
weight of the drug with respect to PEG in PM (11.11%),
PMH;s (11.76%), PMH; (12.50%) and PMH;s (13.33%) was
higher than the solubility limit. This aptly explains the pres-
ence of small crystals in those microparticles, accounting for
peaks in the Raman spectra. Taking into account that there
was a decrease in drug crystallinity, the remaining portion of
MNZ within the microparticles could exist in the amorphous
form and/or dispersed molecularly in PEG.

Drug-matrix interactions, such as hydrogen bonding, can
be used to demonstrate the existence of drug as a molecular
dispersion in the matrix (39). Both Raman spectroscopy and
FT-IR spectroscopy were used to investigate the possible in-
teractions of MNZ with PEG or HPMC. Collectively, the
MNZ-PEG interaction observed in PM indicates the existence
of MNZ as a molecular dispersion in the PEG matrix. Forma-
tion of hydrogen bonds between HPMC and MNZ further
hindered recrystallisation of the molecularly dispersed drug

Table IV. Reasons for Chosen Additives

Additives Reasons

Dicalcium phosphate (DCP)
Magnesium stearate (MgSt)
Methylcellulose (MC)
Polyvinylpyrrolidone (PVP)
Silicon dioxide (SiO,)
Sodium oleate/Citric acid

Insoluble in water; reduces the hydration of microparticles

Hydrophobic excipient; relatively more hydrophobic than DCP

Hydrophilic excipient; ability to swell and gel together with HPMC

Hydrophilic excipient; ability to swell, bind with the PEG matrix and gel together with HPMC
Hydrophilic excipient; Increases speed of hydration for faster swelling of HPMC and barrier formation
Formation of a coat by sodium oleate in an acidic environment

PEG polyethylene glycol, HPMC hydroxypropyl methylcellulose
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Fig. 9. Dissolution profiles of spray-congealed microparticles with various additives at 1%
concentration: a as a function of time and b as a function of log time
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Fig. 10. Dissolution profiles of spray-congealed microparticles with
various additives at 5% concentration: a as a function of time and b as
a function of log time. Note: Formulation with 5% PVP K90 was too
viscous to spray

as indicated by the reduction in MNZ crystallinity in the
earlier XRD and DSC studies (Figs. 2 and 5).

Impact of HPMC Particle Size on MNZ Crystallinity

Mean percentage reduction in MNZ crystallinity of fresh-
ly spray-congealed (week 0) microparticles without HPMC
(control) was approximately 75%. This demonstrates that
the spray congealing process was able to alter the solid state
of the drug, leading to a reduction in drug crystallinity. In
addition to MNZ-PEG interaction, the rapid cooling and
solidification of the molten droplets also hindered the drug
molecules from rearrangement into its crystalline form. Spray-
congealed microparticles were also stable over 3 months
(week 12) when stored at 25°C and 30% RH as the percentage
reduction in drug crystallinity at different time intervals did
not change significantly. Metronidazole largely remained in
the non-crystalline form after spray congealing.

Generally, all formulations containing HPMC exhibited a
greater reduction in drug crystallinity. As mentioned previous-
ly, the MNZ-PEG interaction enabled the drug to exist as a
molecular dispersion, reducing MNZ crystallinity of the spray-
congealed microparticles. The drug could also exist as amor-
phous particles. HPMC particles could serve as a nucleating
site, allowing MNZ molecules to deposit on the surface of the
particle and orientate in a random and haphazard manner,
leading to formation of amorphous particles. Formulations A-
5 and A-10% showed the greatest reduction in drug crystal-
linity (82.9 and 81.9%, respectively) compared to all other
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formulations. It could be postulated that smaller HPMC par-
ticles (33 um) delayed nucleation and crystal growth of MNZ
more than larger particles. At the same concentration, HPMC
with a smaller particle size would be present in a larger num-
ber leading to a higher probability of the MNZ molecules
adsorbing onto the surface of the particles. Hence, fewer
crystals were formed, resulting in lower drug crystallinity.
Larger HPMC particles of 59 um and above decreased the
crystallinity of MNZ to a similar extent. Therefore, there was
a critical HPMC particle size, beyond which changes in HPMC
particle size had little effect on MNZ crystallinity.

No significant differences in the percentage reduction in
drug crystallinity were observed between 5 and 10% HPMC
concentration of the same mesh size, leading to the inference
that particle size played a greater role in reduction of drug
crystallinity than the HPMC concentration studied.

Modification of MNZ Release Using Various Additives

Even though MNZ is poorly water soluble, the particles
dissolved rapidly due to the small particle size of the drug and
the sink condition of the dissolution medium. Therefore,
marked increase in dissolution rate of MNZ from the spray-
congealed microparticles would not be expected.

It was clearly seen that the PM, PMHs and PMH;, mi-
croparticles showed comparable dissolution rates which were
slightly greater than that of the pure MNZ. This shows that
spray congealing is able to enhance the dissolution of MNZ
through reduction in MNZ crystallinity to a certain extent.
HPMC is commonly used in preparations to modify drug
release. Addition of 5 or 10% w/w HPMC (PMHs and
PMH,() further reduced the MNZ crystallinity by 3 to 10%,
but this did not further enhance the release of MNZ.

Burst effect of drug was observed for all microparticles,
indicating that drug particles were present on the outer layer
of the microparticle, which dissolved rapidly upon contact
with the dissolution medium. The presence of MNZ on the
surface of the microparticles was previously indicated by Ra-
man spectroscopy. The results showed that the barrier to drug
release did not form spontaneously upon hydration. The
HPMC particles required time to hydrate and swell, to form
the barrier. Interestingly, PMH;5 was found to have a slower
dissolution than PM, PMHs and PMH;,,. It was possible that
the concentration of HPMC (15% w/w) in PMH;s was suffi-
cient to form a layer of gel that acted as a barrier to drug
release. Upon hydration, the individual HPMC particles
swelled to form clusters. These clusters would eventually
merge, forming a barrier surrounding the microparticle, there-
by modifying drug release.

When low additive concentration was used, formulations
with sodium oleate/citric acid or MgSt had the fastest drug
release. The coat layer formed by sodium oleate/citric and the
hydrophobic MgSt could have retarded the wetting of HPMC
particles by water. Without the wetting and swelling of HPMC
particles, no barrier could be formed. Formulations containing
PVP K90, MC or SiO, all showed faster drug release than
PMH; 5 while the formulation with DCP showed the opposite.
Being hydrophilic, PVP K90 attracted water into the PEG
matrix and the amount present was probably insufficient to
exact the desired binding and gelling effect. Similarly, the
hydrophilic SiO, and MC attracted water in the PEG matrix,
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causing it to disintegrate before the HPMC particles could
hydrate to form a barrier. On the other hand, the insoluble
DCP reduced the hydration of the PEG matrix to an appro-
priate degree to prevent its disintegration, which allowed the
HPMC particles to have sufficient time to hydrate, swell and
form the barrier.

At 5%, MgSt resulted in faster drug release than 1%. This
could be attributed to the greater hydrophobic effect of a higher
concentration of MgSt. Thus, the hydrophobicity of an additive
has to be carefully considered as it would affect the hydration of
HPMC and consequently the drug release rate. At 5%, the
hydrophilic SiO, attracted more water into the PEG matrix than
1%, causing the rapid disintegration of the PEG matrix and
resulted in even faster drug release. On the other hand, MC
produced a greater gelling effect at higher concentration, lead-
ing to slower drug release than 1% MC. More interestingly, the
addition of DCP at 5% markedly reduced the release of drug,
with 87.7% MNZ released at 60 min. The hydration and disin-
tegration of the PEG matrix was markedly retarded by the
higher concentration of DCP, allowing more HPMC to swell
and form a more effective barrier.

From the above results, hydrophilic non-gelling additives
could enhance the hydration rate of the microparticles, but
they were ineffective for decreasing the gellation time of
HPMC to form a barrier because of the rapid disintegration
of the PEG matrix. The latter could be achieved by employing
a high concentration of DCP. DCP reduced the hydration rate
and retarded the disintegration of the PEG matrix, thus
allowing sufficient time for HPMC to swell and form a barrier.

CONCLUSION

HPMC was successfully incorporated into spray-
congealed PEG-MNZ microparticles where it exerted a sig-
nificant effect on the crystallinity and release of MNZ. The
MNZ release was more affected by the ability of HPMC to
form a diffusion barrier than its ability to modifying MNZ
crystallinity. Generally, spherical and free flowing spray-
congealed microparticles with good drug encapsulation effi-
ciency were obtained. Spray congealing was found to decrease
MNZ crystallinity, and the incorporation of HPMC reduced
the crystallinity further. The MNZ in the microparticles
existed as crystalline particles, amorphous particles, as well
as a molecular dispersion. Particle size of HPMC played an
important role, with smaller HPMC particles (33 pm) produc-
ing greater percentage reduction in MNZ crystallinity. Spray-
congealed microparticles did not show any significant change
in drug crystallinity over 3 months of storage at 25°C and 30%
RH. Modified drug release of spray-congealed PEG-HPMC
microparticles was successfully achieved with the addition of
5% DCP. Other additives added, such as MgSt, MC, PVP,
SiO, and sodium oleate/citric acid did not sufficiently modify
the drug release from the microparticles.
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