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a b s t r a c t

The purpose of this study was to form indomethacin (IND)-loaded poly(methyl methacrylate) (PMMA)
microspheres having an extended drug release profile over a period of 24 h. Microspheres were prepared
by solvent evaporation method using sucrose stearate as a droplet stabilizer. When PMMA was used
alone for the preparation of microspheres, only 44% of IND could be released at the end of 8 h. Triacetin
was added to PMMA, as a minor phase, and the obtained microspheres showed a high yield process
eywords:
ndomethacin
xtended release
oly(methyl methacrylate)
riacetin
icrospheres

with recovery of 89.82% and incorporation efficiency of 102.3%. A desired release profile lasting 24 h
was achieved. Differential scanning calorimetry (DSC) analysis showed that IND was found to be in an
amorphous state in the microspheres. Fourier transform infrared (FT-IR) and nuclear magnetic resonance
(1H NMR) spectra suggested that there might be a hydrogen bond present between the IND hydroxyl
group and PMMA. No interaction between triacetin and IND or PMMA as the formation of secondary
bonds was observed. The release enhancement of IND from microspheres was attributed to the physical

acetin
morphous plasticization effect of tri

. Introduction

The oral route of drug delivery is still the easiest and most conve-
ient resource for drug administration, especially when repeated or
outine administration is necessary. Nevertheless, there are some
ncome limitations leading to either partial or ineffective absorp-
ion of the drugs initiating from the physicochemical properties,
uch as solubility and permeability of a drug and the physiological
haracteristics of the gastrointestinal (GI) system (Chen and Langer,
998; Ping-Yang et al., 1998; Amidon et al., 1995). Modified-release
ormulation technologies present an effective means to optimize
he bioavailability and resulting blood concentration-time profiles
f drugs that are subject to such limitations (Charman and Charman,
003). Modified-release products include delayed-release prod-
cts, extended- (prolonged, sustained) products, and pulsatile-
elease products. Extended-release drug products reduce dosing
requency, and the contained drug is released for an extended

eriod of time following peroral administration (EP 6.0, 2008; USP
0, 2007). Approaches for improving the solubility of poorly solu-
le drugs and fast-dissolving dosage forms might also be included

n the context of modified release (Charman and Charman, 2003).

∗ Corresponding author. Tel.: +90 312 302 3155; fax: +90 312 213 1081.
E-mail address: nyuksel@pharmacy.ankara.edu.tr (N. Yuksel).
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on PMMA and, to some extent, the amorphous state of the drug.
© 2010 Elsevier B.V. All rights reserved.

Among the modified-release dosage forms, polymeric micro-
spheres have potential advantages of better dispersibility in the
GI system, predictable GI transit time, more reproducible drug
absorption, and reduced risk for gastric irritation caused by drugs
such as nonsteroidal anti-inflammatory drugs (NSAIDs) (Yuksel
et al., 1996; Yuksel and Beba, 2009; Akhgari et al., 2005; Charman
and Charman, 2003). Synthetic biodegradable polymers includ-
ing poly(lactic acid), poly(lactide-co-glycolide), polycaprolactone,
etc.; natural biodegradable polymers including chitosan, albu-
min, alginate, and collagen; and non-biodegradable polymers such
as polyacrylates and their copolymers and blends are widely
employed for the preparation of microspheres. The role of the
polymers is to carry drugs while modifying their release char-
acteristics (Rastogi et al., 2007; Govender et al., 2005; Uhrich
et al., 1999; Sokolsky-Papkov et al., 2007; Freiberg and Zhu,
2004).

Poly(methyl methacrylate) (PMMA) in the group of polyacry-
lates is a biocompatible non-biodegradable material that has been
employed in industrial and medical fields. PMMA can be used alone
as a matrix material or as a minor phase to improve some properties

of biodegradable matrices (Gutierrez-Villarreal and Rodriguez-
Velazquez, 2007; Ahlin et al., 2002; Ladron de Guevara-Fernandez
et al., 2003; Elvira et al., 2004). PMMA is also used for the prepara-
tion of artificial joints, dental prostheses, implants, contact lenses,
and bone cements with or without drug (Freitag et al., 2009; Ladron

dx.doi.org/10.1016/j.ijpharm.2010.11.011
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:nyuksel@pharmacy.ankara.edu.tr
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e Guevara-Fernandez et al., 2003; Virtoa et al., 2003; Sugino et al.,
008).

Indomethacin (IND) is a non-steroidal drug with anti-
nflammatory, antipyretic and analgesic properties. Serious GI
oxicity such as bleeding, ulceration and perforation can occur in
atients treated chronically with NSAID therapy (PDR, 2005). The
uccessful formulation of poorly water soluble drugs is one of the
ajor problems in pharmaceutical manufacturing. IND shows low

ral bioavailability due to poor dissolution of the drug in the fluids
f the GI tract and is practically insoluble in water (0.02 mg/mL)
Jain, 2008). This physical property may increase the incidence of
rritating side effects on the GI tract because of a prolonged contact
ime with the mucosa (Bajdik et al., 2004; Nokhodchi et al., 2005;
ogdanova et al., 2007). Extended-release formulations of NSAIDs
ave been developed in order to reduce their contraindications on
he GI system (Lu et al., 2007; Gong et al., 2006, 2007).

The rationale of this study was to prepare microspheres that
ould have an extended-release profile of IND over a period of 24 h
sing PMMA. The pharmacopoeia monograph of IND (USP 30) was
sed to establish the best microsphere formulation. When PMMA
as used alone for the preparation of microspheres, only 44% of

ND could be released at the end of 8 h. Other polymers were added
o PMMA as a minor phase in order to increase the dissolution
ate of IND from the microspheres, as follows: a swellable polymer
Eudragit RS), a polymer soluble above pH 6 (Eudragit L), a water-
oluble polymer (polyethylene glycol 4000), and a hydrophilic
olymer (poly(2-hydroxypropyl methacrylate)). A plasticizer, tri-
cetin, was also used for the same purpose. Solvent evaporation
echnique was applied for the preparation of IND-containing micro-
pheres. After testing the different formulations mentioned above,
he most suitable was found to be a triacetin-containing formula-
ion to study for 24 h-release of IND. The use of triacetin in acrylic

icrospheres produced by solvent evaporation method is a less
ommonly applied approach. In the present study, we prepared and
haracterized the formulation containing triacetin and investigated
he possible interactions between IND and PMMA-triacetin by dif-
erential scanning calorimetry (DSC), Fourier transform infrared
pectroscopy (FT-IR), and 1H nuclear magnetic resonance spec-
roscopy (NMR).

. Materials and methods

.1. Materials

IND was kindly supplied by Nobel Ilac (Istanbul, Turkey).
MMA (M.A. 350,000), triacetin, dimethylsulfoxide (DMSO)-d6 and
otassium bromide (KBr) were purchased from Sigma–Aldrich
Milwaukee, WI, USA). Sucrose stearate (Crodesta F160) was pro-
ided by Croda GmbH (Mettelal, Germany).

.2. Preparation of microspheres

The solvent evaporation method was used for preparing micro-
pheres (Yuksel et al., 1996; Yuksel and Baykara, 1997). The
ormulation for the preparation of microspheres is tabulated in
able 1. IND and then PMMA with or without triacetin were dis-
olved in acetone. To this mixture, sucrose stearate was added and
he mixture was agitated at 500 rpm in a water bath on a magnetic
tirrer at 10 ◦C for 20 min. This inner phase was emulsified in liquid
araffin previously cooled to 10 ◦C as it was stirred at 500 rpm using

n overhead stirrer (Model RZR-2000; Heidolph Elektro GmbH, Kel-
eim, Germany). The temperature of the resulting emulsion was

ncreased to room temperature and the emulsion was agitated for
h to remove the acetone by evaporation. The solidified inner phase
roplets in the form of microspheres were separated by vacuum
harmaceutics 404 (2011) 102–109 103

filtration, washed with n-hexane and stored in a desiccator after
drying in an oven at 40 ◦C overnight.

2.3. Characterization of microspheres

2.3.1. Entrapment efficiency and recovery
Microspheres containing theoretically 10 mg IND were accu-

rately weighed and dissolved in chloroform. After dilution with
chloroform, drug concentration was determined by UV spectropho-
tometry at 242.5 nm (Shimadzu UV-1202, Tokyo, Japan) (n = 3).
Entrapment efficiency was calculated as:

Entrapment efficiency (%) = calculated drug content
theoretical drug content

× 100 (1)

Recovery was calculated as the ratio of the amount of microspheres
obtained to the solid content used for the preparation of micro-
spheres, multiplied by 100.

2.3.2. Surface morphology and particle size analysis of
microspheres

The shape and surface characteristics of microspheres were
examined by a scanning electron microscope (SEM) (JSM 6400,
JEOL Ltd., Tokyo, Japan). Microspheres were dusted onto double-
sided carbon tape on an aluminum stub. The stubs were coated
with gold using a cool sputter coater to a thickness of 400 Å. The
samples were imaged using a 20-kV electron beam. Particle sizes
of the microspheres were measured as volume diameter by laser
diffraction technique (HELOS-SympaTec GmbH, Germany).

2.3.3. In vitro drug release studies
Drug release studies were performed in USP apparatus 1 (SOTAX

AT 7smart; Sotax AG, Basel, Switzerland) (basket method) accord-
ing to the USP monograph for Indomethacin Extended-Release
Capsules-Test 3 (USP 30). The microspheres (containing 75 mg of
IND) were filled into transparent hard gelatin capsules (number
1) and put into the baskets and placed in 750 mL of dissolution
medium (pH 6.8 phosphate buffer) thermostated at 37 ◦C. The bas-
ket rotation rate was kept at 75 rpm. At determined intervals, the
samples (5 mL) were withdrawn and replaced with an equal volume
of the fresh medium. After filtering the samples through Whatman
No. 42 filter paper, drug content was determined by UV spec-
trophotometry at 263 nm (n = 3). Cumulative percentages of the
drug released from micromatrices were calculated.

2.4. Investigation of the interaction between IND and excipients
used in microspheres

2.4.1. Preparation of dispersions
Dispersions, the formulations of which are given in Table 1,

were prepared in order to comparatively elucidate the interaction
between IND and other ingredients in the microspheres. The ingre-
dients of dispersion I were dissolved in acetone and then the solvent
was evaporated on a water bath thermostated at 50 ◦C. Dispersion
II was prepared by dissolving PMMA and triacetin in acetone and
adding water as a non-solvent at room temperature. The precipi-
tate was separated. The dispersions obtained were dried in an oven
at 40 ◦C overnight.

2.4.2. Differential scanning calorimetry (DSC)
Thermal analysis was conducted on the drug, PMMA, sucrose
stearate, microspheres, and dispersions (Table 1) using a DSC
(DSC-60 Shimadzu, Tokyo, Japan). Samples (5 mg) were accurately
weighed into aluminum pans and then sealed. The thermograms
of the samples were taken at a scanning rate of 10 ◦C/min over a
temperature from 30 ◦C to 220 ◦C.
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Table 1
Compositions and characterization of the formulations.

Ingredients Microsphere formulations Dispersions

I II I II

IND 0.750 g 0.750 g 0.750 g –
PMMA 3.000 g 2.400 g 2.400 g 2.400 g
Triacetin – 0.600 g 0.600 g 0.600 g
Sucrose stearate 0.425 g 0.425 g 0.425 g –
Aceton (inner phase) 50 mL 50 mL 50 mL 50 mL
Liquid paraffin (outer phase) 200 mL 200 mL – –
Water (non-solvent) – – – 50 mL

Entrapment efficiency (%) 75.06 102.3
Calculated drug content (mg) 7.550 ± 0.039 10.29 ± 0.048
Theoretical drug content (mg) 10 10

Recovery (%) 93.17 89.82

Particle size (d) and distribution
d50% (�m) 398.3 309.8
d10% (�m) 70.41 161.3
d90% (�m) 815.9 546.5
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a (d90% − d10%)/d50%.

.4.3. Fourier transform infrared (FT-IR) analysis
FT-IR is the preferred method of infrared spectroscopy. The

esulting spectrum represents the molecular absorption and trans-
ission, creating a molecular fingerprint of the sample. Like a

ngerprint, no two unique molecular structures produce the same
nfrared spectrum. This makes infrared spectroscopy useful for sev-
ral types of analysis including drug formulations.

IND, PMMA, sucrose stearate, microspheres, and dispersions
Table 1) were milled with KBr to form a very fine powder. This
owder was then compressed into a thin pellet for analysis. The
easurements were attempted over the range of 400–4000 cm−1.

T-IR spectra were recorded on a FT-IR spectrometer (Jasco, Model
20, Japan). By monitoring the peak frequencies and places of cer-
ain bands, all possible chemical changes and interactions were
etermined.

.4.4. 1H Nuclear magnetic resonance (NMR) analysis
NMR spectroscopy is one of the principal techniques

sed to obtain physical, chemical, electronic and struc-
ural information about molecules due to the chemical shift
ttp://en.wikipedia.org/wiki/Zeeman effect on the resonant

requencies of the nuclei present in the sample. Thus, NMR is
powerful tool for the identification of drug molecules and

uantitative applications valuable to pharmaceutical analysis.
IND, PMMA, sucrose stearate, microspheres, and dispersions

amples were prepared using deuterated DMSO. TMS (tetramethyl
ilane) was used as internal standard for each sample. 1H NMR
pectra were measured over the range of 0–14 ppm with a Varian
00 MHz instrument (Agilent, Avondale, USA). From the obtained
pectra, peak integrals and places of certain signals, all possible
hemical changes and interactions were determined.

. Results and discussion

.1. Characterization of microspheres

.1.1. Entrapment efficiency and recovery
Solvent evaporation method is the most widely used method
or the preparation of microspheres. It is feasible to obtain the
icrospheres with uniform size and shape, which have high values

f recovery and drug entrapment efficiency (Yuksel et al., 1996;
uksel and Baykara, 1997). The method depends on the forma-
ion of an emulsion system initially and then the evaporation of
1.243

the solvent used in the inner phase. Considering the solubility
of the drug and polymer, there are principally two systems from
which to choose: water-in-oil (w/o) or oil-in-water (o/w) (Huang
and Ghebre-Sellassie, 1989; Jalil and Nixon, 1989). In the present
study, w/o system was chosen since IND and PMMA are soluble in
acetone, a water-miscible solvent. Recoveries of the microspheres
were high, ranging from 90% to 93% (Table 1). The drug entrapment
efficiency of microspheres containing PMMA alone (formulation I)
was 75.06%, while it was 102.3% in the microspheres containing a
plasticizer, triacetin (formulation II), as shown in Table 1.

Plasticizers are important ingredients in the formulation of
polymers for film and implant preparation, coatings and hot-melt
extrusion. They increase the flexibility and workability of the poly-
mers and degradability of the biodegradable polymers (Zhu et al.,
2006; Gutierrez-Villarreal and Rodriguez-Velazquez, 2007; Pietro
et al., 2006). While a solid polymer dissolves in a solvent, plas-
ticizers weaken the intermolecular forces between the polymer
macromolecules and cause the polymer relaxation, hence increas-
ing the free volume in the polymer matrix (Gutierrez-Villarreal and
Rodriguez-Velazquez, 2007). After IND was dissolved in acetone,
PMMA and triacetin were added to this solution. The increasing
drug entrapment efficiency in the microspheres of formulation II
might be attributed to the fact that the drug molecules and tri-
acetin together with the solvent are easily diffused into the polymer
matrix in the presence of a plasticizer.

3.1.2. Surface morphology and particle size analysis of
microspheres

The mean particle size (d50) of the microspheres prepared from
formulation I was 398.3 �m and the value of span was 1.872. The
value of span shows the width of distribution. In the presence of
triacetin, the mean particle size of the microspheres was 309.8 and
the value of span was 1.243, indicating a more uniform particle size
distribution when compared to that of the microspheres prepared
from PMMA alone (Table 1).

The shape and surface characteristics of microspheres prepared
from formulation II are shown in Fig. 1. Polymeric fibers in lengths of

about 100 �m surrounded the surfaces of microspheres and numer-
ous cracks were observed in the structure of micromatrices. It has
been thought that polymer chains of PMMA solidify in the form
of polymeric fibers during solvent evaporation by stirring, since
triacetin increased the mobility of individual polymer chains.

http://en.wikipedia.org/wiki/Zeeman_effect


N. Yuksel et al. / International Journal of Pharmaceutics 404 (2011) 102–109 105

d from

3

s
c
o
d
m
f
B
a
c
a
h
t
v

a
R
e
p
h
i
e

4
r
s
A
r
t
b
t
d

b
r
w
t
o
r
i
t
r
l
g

at 152.3 ◦C, corresponding to the flash point of triacetin.
Dispersion II was prepared to determine any possible interac-

tion between PMMA and triacetin. In the thermogram of dispersion
II, the flash point of triacetin was shifted to a higher temperature,
160.1 ◦C, while the glass transition peak of PMMA disappeared due
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Fig. 1. Scanning electron micrographs of microspheres prepare

.1.3. In vitro drug release studies
In solvent evaporation method, a small percentage of droplet

tabilizers (or dispersing agents) are used to overcome the droplet
oalescent during the solvent evaporation from the inner phase
f the emulsion. In w/o emulsion systems, the substances used as
ispersing agents include metallic soaps (magnesium stearate, alu-
inum tristearate), sorbitan fatty esters (Spans, Arlacels), sucrose

atty esters, and polyoxyethylene fatty ethers (Brijs) (see Yuksel and
aykara, 1997). In the present study, sucrose stearate was chosen as
dispersing agent in order to prevent incompatibility between the
arboxylic acid group on the IND molecule and metallic stearates,
nd any possible negative effect on the dissolution rate of IND. It
as been reported that sucrose stearate might increase the dissolu-
ion rate of the drugs due to its high hydrophilic–lipophilic balance
alue (HLB = 15) (Ntawukulilyayo et al., 1993).

In vitro release tests of the microspheres were performed
ccording to the USP monograph for Indomethacin Extended-
elease Capsules-Test 3 (USP 30). Orally administered IND is
specially retained in the small intestines, and thus pH 6.8 phos-
hate buffer is used as dissolution medium. Additionally, the drug
as a pKa value of 4.5 and is dissolved at higher pH values due to ion-

zation of its carboxylic acid group (Akhgari et al., 2005; Nokhodchi
t al., 2005).

IND release from the microspheres of formulation I was about
4% at the end of 8 h. The release profile was biphasic. An initial
apid drug release (burst effect) from the surfaces of the micro-
pheres was followed by a slower drug release phase (Fig. 2).
ccording to the USP monograph, the lower limit value of IND
elease at the 6th hour is 65%; thus, the release test of the formula-
ion I was not further examined. PMMA-based microparticles have
een reported to show an incomplete drug release due, possibly, to
he hydrophobic property of PMMA and a lower diffusivity of the
rug through this polymer (Streubel et al., 2003).

The release of IND from the microspheres could be surmounted
y addition of a plasticizer to formulation II, as seen in Fig. 2. The
elease profile was biphasic. About 31% of IND was initially released
ithin 30 min but the release in the second phase was faster than

hat of the microspheres prepared from formulation I, and 72.91%
f IND was released at the end of 8 h. The released amount of IND
eached 85.85% at the end of 24 h. This value meets the limit given

n the USP monograph of IND. The release of the drug is understood
o be controlled by diffusion through the polymeric micromatrices
ather than through the water-filled channels and pores due to the
ow water solubility of IND (Zhu et al., 2006). Triacetin decreases the
lass transition temperature of PMMA and increases the mobility of
formulation II (left: magnified 150×; right: magnified 2000×).

polymer chains, and thus the free volume available for diffusion. In
this case, the diffusion of the drug within the polymer is facilitated
as stated by Streubel et al. (2003). This finding may indicate that
the drug is dissolved in PMMA containing triacetin, and the further
investigation of the microspheres prepared from formulation II is
given below.

3.2. Investigation of the interaction between IND and excipients
used in microspheres

3.2.1. Differential scanning calorimetry (DSC)
DSC analysis was conducted to examine the thermal behavior

of microsphere formulation II. Fig. 3 shows the DSC data of formu-
lation II and dispersions, and their ingredients are given in Table 1.
A sharp endothermic peak corresponding to the melting of crys-
talline IND was seen at 161.7 ◦C (Fujii et al., 2005). The melting
peak of sucrose stearate was located at 53 ◦C. The transition peak
at 129.5 ◦C in the thermogram of PMMA was attributed to the glass
transition temperature (Tg) of polymer. Triacetin is a liquid with a
negative Tg value of −68 ◦C and thus, a broad peak only occurred
Time (hour)

242220181614121086420
0

Fig. 2. Release profiles of IND from the microspheres.
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Table 2
FT-IR results of dispersion I and microspheres prepared from formulation II.

FT-IR results (KBr disk, cm−1)

Acid C O Ketone C O OH

Indomethacine 1715 1691 3420
Dispersion I
ig. 3. DSC thermograms of the ingredients in the formulations, microspheres (for-
ulation II), and dispersions (scanning rate: 10 ◦C/min between 30 ◦C and 220 ◦C).

o the effect of the plasticizer, triacetin. The increasing flash point of
riacetin might have resulted from the placement of the molecules
f triacetin into the PMMA macromolecules. Dispersion I is a phys-
cal mixture containing all ingredients used for the preparation of

icrospheres of formulation I. The peak at 54.5 ◦C corresponded
o the melting point of crystalline sucrose stearate. The peak for
he flash point of triacetin was depressed to a lower temperature,
42.7 ◦C, because of the presence of other ingredients, IND and
ucrose stearate. The crystalline melting peak of IND was absent.

In the thermogram of microspheres, a peak related to the melt-
ng of sucrose stearate, a shoulder next to it at 70.50 ◦C, and a
mall broad peak at 135.5 ◦C, possibly showing a further depressed
ash point of triacetin, were observed. The decreasing flash point
f triacetin in the presence of IND and sucrose stearate indicated
hat IND and sucrose stearate could also behave as a plasticizer
nd cause the displacement of triacetin molecules into the PMMA

acromolecules (Blasi et al., 2007). The peak at 70.50 ◦C possibly

orresponded to the Tg of PMMA. This transition was shifted from
29.5 ◦C to 70.50 ◦C due to the plasticizer, triacetin, and to some
xtent, IND and sucrose stearate. These substances reduced the

Fig. 4. Chemical formula of (a) indomethacin, (b) t
Indomethacine 1750 1692 Not observed
Microspheres (formulation II)
Indomethacine 1750 1692 Not observed

secondary intermolecular forces between the polymer chains by
separating them, and hence, the mobility of the chains increased. A
sharp endothermic peak confirming crystalline drug did not occur.
The results of DSC analysis revealed that IND was in an amorphous
state and most likely to be dissolved in the PMMA matrix form-
ing a solid solution, i.e. the drug molecules are uniformly dispersed
between the macromolecular chains of the polymer within micro-
spheres (formulation II) and dispersion I.

3.2.2. Fourier transform infrared (FT-IR) analysis
Dispersion I: The FT-IR spectrum showed that there might be a

hydrogen bond interaction between IND COOH and PMMA (Table 2,
Figs. 4 and 5). The acidic carbonyl absorption band of IND was
found to have a slightly higher (1750 cm−1) wavelength than the
one present in the IND pure spectrum (1715 cm−1). This could be
due to the result of the hydrogen bond. The wavelength of ketonic
carbonyl of IND was found in exactly the same place (1691 cm−1)
in IND and physical mixture spectra. PMMA bands were present
at expected wavelengths. This clearly indicates the absence of any
interaction between ketonic C O of IND and PMMA in the physi-
cal mixture. Investigation of the stretch band of OH group that is
observed in 3400 cm−1 of IND was found to have disappeared or to
be very broad in the dispersion spectrum. This finding also shows
an interaction of the OH group of IND with PMMA.

Microspheres of formulation II: The FT-IR spectra of the micro-
sphere formulation of IND were similar to the physical mixture
spectrum (Table 2, Figs. 4 and 5). The main observation was found
as shifting the acid C O starching band of IND at 1715 cm−1 to

1750 cm−1, which clearly shows an interaction between IND acidic
C O and PMMA. This shift or new peak appearance may be due to
the hydrogen bond formation, which causes shifting of the starch-
ing band of C O to higher wavelengths.

riacetin, (c) PMMA and (d) sucrose stearate.
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ig. 5. FT-IR spectra of the ingredients in the formulations, microspheres (formula-
ion II), and dispersion I (400–4000 cm−1; KBr discs).

The microspheres and dispersion I spectra showed a peak at
692 cm−1 and this was attributed to ketonic IND C O stretching
and that was observed in pure IND IR spectrum at 1691 cm−1.
hese bands showed that the ketonic C O group of IND did not
ake a role in causing any interaction with PMMA. The OH stretching

and of IND was found as a very broad (almost flat) band. This may
e explained by a hydrogen bonding between IND OH and PMMA.
ne of the most identifiable peaks in an FT-IR spectrum is the broad
H absorption. However, in most cases, the peak may not have

able 3
H NMR results of dispersion I and microspheres prepared from formulation II.

–CH– –CH2– –CH3

1H NMR results (DMSO-d6, ı, ppm)
IND – 3.67, s 2.21, s
Triacetin 5.16, m 4.11–4.16, dd

4.21–4.25, dd –
PMMA – – –
Sucrose stearate 1.23, broad s

Dispersion I
IND – 3.66, s 2.21, s
Triacetin 5.15, m 4.11–4.15, dd

4.20–4.24, dd –
PMMA – – –
Sucrose stearate 1.24, broad s

Microspheres (formulation II)
IND – 3.65, s 2.21, s
Triacetin 5.15, m 4.11–4.15, dd

4.20–4.24, dd
–

PMMA – – –
Sucrose stearate 1.23, broad s

: singlet; m: multiplet; d: doublet; dd: double doublet.
Fig. 6. 1H NMR spectra of the ingredients in the formulations, microspheres (for-
mulation II), and dispersion I (0–14 ppm; in DMSO).

a characteristic shape. OH may be hydrogen bonded to a slightly
different extent and FT-IR peak appears broadened. Furthermore,
the greater the masses of molecules, the lower the FT-IR frequency
at which the bond will absorb. For this reason, 1H NMR was used
to confirm the results of FT-IR.

3.2.3. 1H Nuclear magnetic resonance (NMR) analysis
Investigation of the 1H NMR spectrum of dispersion I and micro-
sphere formulation (II) of IND (Table 3, Fig. 6) showed that the
OH signal of IND that was present at 12.4 ppm was not observed.
Although it is possible to not observe the OH signal in certain cases,
one possible explanation could be the interaction of the OH group

–OCH3 Ar–H OH

3.76, s 6.72, dd 6.93, d 7.05, d 7.66, dd 12.4, broad s

2.03, s – –
3.56, sharp s – –

3.76, s 6.71, dd 6.92, d 7.04, d 7.66, dd Not observed

2.03, s – –
3.57, broad s – –

3.75, s 6.72, dd 6.93, d 7.03, d 7.66, dd Not observed
2.03, s – –

3.57, broad s – –
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ith the other chemicals in the physical mixture and microsphere
ormulation. For H-bonding to an electronegative acceptor atom
uch as oxygen, there might be a change in the chemical shift of the
-bonded hydrogen nucleus to higher frequencies (downfield shift)
r the hydrogen signal appears broadened (difficult to observe). In
he spectrum of the physical mixture and microsphere formulation
f IND, non-observation of the OH signal may be explained by a
ydrogen bonding between the IND OH and PMMA.

Amorphous forms of the drugs are metastable since these forms
ay crystallize after long term standing. This transition from
etastable amorphous form to stable crystalline form can cause

he dramatic changes in the dissolution behavior of drugs. There-
ore, formation a hydrogen bond between the drug and the polymer

ay prevent the transition between the forms.

. Conclusion

The extended-release microspheres of IND, which would offer
he possibility of once-a-day administration to patients, were suc-
essfully produced by a w/o solvent evaporation method using
MMA as a micromatrix material. Triacetin, which was used in
he internal phase, modified the release of IND according to the
ntended release profile. The results of DSC have shown that IND

as found to be in an amorphous state in the PMMA microspheres.
T-IR and 1H NMR spectra have suggested that there might be a
ydrogen bond present between IND OH and PMMA. Hence, the
morphous form of IND could be stabilized as a molecular dis-
ersion contributing to the release of the drug from polymeric
icromatrix (Gong et al., 2006). The plasticization effect of triacetin

n PMMA increased the diffusivity of IND from PMMA. However,
his effect was not dependent on the formation of secondary bonds
etween triacetin and PMMA as determined by 1H NMR and FT-IR
nalysis. This result indicates that the triacetin molecules physi-
ally separate the PMMA chains by locating between them.

As a result, the extended-release microspheres of IND, which
ould offer the possibility of once-a-day administration to patients,
ere successfully produced by a w/o solvent evaporation method
sing PMMA as a micromatrix material. The microspheres can be
lled into hard gelatin capsules as an oral dosage form which
ill not affect the established release behavior of IND from
icrospheres. Additionally, the microspheres would present the

dvantages of multiparticulate systems.

cknowledgements

All spectral analysis was performed at the Central Laboratory
f the School of Pharmacy, Ankara University. The authors wish
o thank Prof. Tuncer Degim (PhD) and Sibel İlbasmış (MSc) (Gazi
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