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a b s t r a c t

The effect of ethanol, as an organic phase co-solvent, on the characteristics of dexamethasone
containing poly(lactide-co-glycolide) (PLGA) microspheres prepared via the emulsion–solvent evapora-
tion/extraction process has been evaluated. This study allowed determination of the maximum amount
of ethanol that can be used to prepare radio-labeled dexamethasone microspheres without affecting
their performance. Different ethanol co-solvent concentrations (0–43.75% (v/v)) were investigated and
changes in the physicochemical properties and in vitro release profiles were determined. A significant
decrease in particle size and drug loading was observed at 12.50% and 25% (v/v) ethanol concentrations,
respectively. Morphological evaluation revealed the presence of drug crystals on the microsphere sur-
faces prepared using ethanol co-solvent concentrations of 18.75% (v/v) and higher. A high burst release
was observed with these formulations due to the presence of drug crystals on microsphere surfaces.
Various competing factors such as interfacial tension between methylene chloride and water, solubility

of drug in the organic phase and the viscosity of the polymer phase contributed to the changes observed
in microspheres characteristics at different ethanol co-solvent concentrations. It was determined that
radio-labeled dexamethasone solution (in ethanol) can be used at concentrations up to 12.5% (v/v) of
organic phase without any significant change in microsphere characteristics.
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. Introduction

Poly(lactide-co-glycolide) (PLGA) microspheres are under
ntensive investigation as drug delivery systems, especially for con-
rolled and targeted parenteral drug delivery. There are currently
even FDA approved PLGA microsphere products and many oth-
rs are in the pipeline (Burgess and Hickey, 2005; Chaubal, 2002;
’Souza and DeLuca, 2006). Drug release profiles ranging from days

o months can be achieved with PLGA microspheres by modifying
arious parameters such as polymer molecular weight, copoly-
er ratio, particle size and preparation conditions (Igartua et al.,

997; Li et al., 1995; Mao et al., 2007; Soppimath and Aminabhavi,
002; Yang et al., 2001; Zolnik et al., 2006). The initial phase of
rug release from PLGA microspheres (also known as burst phase)

ccurs by diffusion of surface and pore associated drug. Once poly-
er degradation starts, both polymer erosion and drug diffusion

ontribute to drug release (Faisant et al., 2002; Yeo and Park,
004).
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PLGA microspheres are usually prepared using emulsion–
solvent evaporation/extraction method (Freitas et al., 2005; Yeo
and Park, 2004). The polymer is dissolved in an organic solvent
and the drug is either dissolved or dispersed in this organic phase,
which is then emulsified in an aqueous solution. The organic solvent
evaporates or partitions into the external aqueous phase, increas-
ing the concentration of the polymer and hence the viscosity of the
emulsified droplets, resulting in phase separation. Spherical poly-
meric particles entrapping the drug are formed when the entire
organic phase either partitions into the external aqueous phase or
evaporates. Various process parameters such as solvent–co-solvent
system, ratio of continuous and dispersed phase, polymer, drug
and surfactant concentrations can influence the characteristics
of microspheres prepared by the solvent evaporation/extraction
method (Jeyanthi et al., 1997; Mao et al., 2008; Yeo and Park,
2004).

Co-solvents have been reported to affect the rate of the organic
phase partitioning into the external aqueous phase and thus
influence the physicochemical properties and release kinetics of

PLGA microspheres (Al-Maaieh and Flanagan, 2001; Bodmeier and
McGinity, 1988; Graves et al., 2005; Mandal, 1999). Water mis-
cible co-solvents have been used to increase the encapsulation
efficiency of hydrophilic drugs when microspheres are prepared by
the o/w emulsion–solvent evaporation/extraction method. A water
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Table 1
Composition of organic phase used for microsphere preparation (n = 3).

% (v/v) ethanol Ethanol (ml) Methylene chloride (ml)

0 0 4.00
3.13 0.125 3.875
6.25 0.25 3.75

12.50 0.50 3.50
18.75 0.75 3.25
25.00 1.00 3.00
31.25 1.25 2.75
37.50 1.50 2.50
43.75 1.75 2.25
00 A. Rawat, D.J. Burgess / International J

iscible co-solvent in the polymer phase causes faster phase sep-
ration by increasing the rate of internal phase partitioning into
he external phase. Faster precipitation of polymer droplet results
n higher drug loading in this case because less time is available
or the hydrophilic drug to partition out into the external aqueous
hase. Al-Maaieh and Flanagan (2001) used ethanol as a co-
olvent to solubilize the drug quinidine sulfate in polymer/organic
hase and hence achieve a homogeneous drug distribution in the
icrospheres. As a result of homogeneous drug distribution in
icrospheres, the initial burst release was minimized and a near

ero order drug release profile obtained. In contrast, a biphasic
elease profile (high initial burst release) was obtained when drug
as dispersed in the polymer phase (in the absence of co-solvent)

Al-Maaieh and Flanagan, 2001). Therefore, the release kinetics of
icrospheres can be changed using appropriate co-solvents.
According to the literature, the effect of co-solvents has only

een studied for hydrophilic drugs in an attempt to increase their
rug loading. However, in the present study, we have evaluated the
ffect of ethanol as an organic phase co-solvent on the character-
stics of PLGA microspheres encapsulating the hydrophobic drug
examethasone.

Dexamethasone encapsulating PLGA microspheres have been
sed to control inflammation and fibrosis in response to sub-
utaneous implants such as biosensors (Bhardwaj et al., 2007;
ickey et al., 2002a,b; Patil et al., 2007). In vivo assessment of drug
harmacokinetics is often performed using radio-labeled drugs in
ormulations. Therefore, incorporation of radioactive dexametha-
one in the microspheres would be useful in understanding the
harmacokinetics of dexamethasone microspheres in vivo. Prepa-
ation of radio-labeled dexamethasone microspheres requires the
ddition of radio-labeled dexamethasone (1 mCi/ml solution in
thanol, Perkin Elmer) solution along with the non-radio-labeled
rug (Patil et al., 2007). As discussed before, the presence of the
o-solvent ‘ethanol’ in addition to the polymer (PLGA) solvent
methylene chloride’ and the non-solvent ‘water’ can affect the
hysicochemical characteristics of microspheres and could result

n a different release pattern. This might lead to a difference in in
ivo performance of formulations with and without radio-labeled
rugs.

Therefore, this study was carried out with the objectives of: (1)
nderstanding the effect of ethanol as organic phase co-solvent
n microspheres properties, and therefore exploring the possibil-
ty of designing microspheres with specific release kinetics using
ifferent amounts of co-solvent (ethanol); and (2) determining the
ptimum amount of organic solvents in radio-labeled drug solu-
ions (such as ethanol in radio-labeled dexamethasone solution)
hat can be used to prepare PLGA microspheres without affect-
ng their in vitro/in vivo performance. This will be useful for future

ork with PLGA microspheres encapsulating radio-labeled dexam-
thasone and the knowledge gained for dexamethasone containing
LGA microspheres will help in designing fabrication processes for
ther PLGA microsphere systems.

. Materials and methods

.1. Materials

Poly(d,l-lactic-co-glycolic acid) (PLGA) polymer, PLGA
esomer® RG503H 50:50 (MW: 25 kDa) was a gift from

oehringer–Ingelheim. Methylene chloride, tetrahydrofuran
optima grade), ethanol (ACS grade, 200 proof) and acetonitrile
HPLC grade) were purchased from Fisher Scientific (Pittsburg, PA).
examethasone and poly(vinyl alcohol) (PVA) (MW: 30–70 kDa)
ere obtained from Sigma–Aldrich (St. Louis, MO). NanopureTM

uality water (Barnstead, Dubuque, IA) was used for all studies.
Polymer: PLGA 50:50 (average molecular weight 25 kDa) 25% (w/v); solvent: methy-
lene chloride; co-solvent: ethanol; drug: dexamethasone 10% (w/w) of the polymer.

2.2. Methods

2.2.1. Preparation of microspheres
Dexamethasone encapsulating PLGA microspheres were

prepared by oil-in-water (o/w) emulsion–solvent extrac-
tion/evaporation technique (Zolnik et al., 2006). 1 g of PLGA
was dissolved in 4 ml methylene chloride (or methylene
chloride–ethanol combinations as indicated in Table 1). 100 mg
dexamethasone was dispersed in the PLGA solution using a
homogenizer (PowerGen 700 D, Fisher Scientific) at 10,000 rpm
for 30 s. This organic phase was then added slowly to 20 ml of
a 1% (w/v) aqueous poly(vinyl alcohol) (PVA) and homogenized
at 10,000 rpm for 2 min. This emulsion was added to 250 ml of
a 0.1% (w/v) aqueous PVA solution and stirred at 600 rpm under
vacuum for 4 h at 25 ◦C. The resulting microspheres were filtered
(Durapore® membrane filter, 0.45 �m, Fisher Scientific), washed
three times with de-ionized water and vacuum dried for 24 h. All
the formulations were prepared in triplicate.

2.2.2. Characterization of microspheres
2.2.2.1. High performance liquid chromatography (HPLC). The con-
centration of dexamethasone was determined using a Perkin
Elmer HPLC system (series 200) with a UV absorbance detector
(Perkin Elmer) set at 242 nm. The mobile phase was acetoni-
trile:water:phosphoric acid (30:70:0.5% (v/v/v)). A Zorbax® C18
(4.6 mm × 15 cm) analytical column was used with the flow
rate set at 1 ml/min. The chromatographs were analyzed using
PeakSimpleTM Chromatography System (SRI Instruments, Torrace,
CA). This method is a stability indicating HPLC assay.

2.2.2.2. Dexamethasone solubility. Dexamethasone solubility in
ethanol, methylene chloride and de-ionized water was determined.
Excess drug was added to 5 ml of solvent in 20 ml vials. The vials
were shaken at 200 rpm and 25 ◦C using a C76 water bath shaker
(New Brunswick Scientific) for 72 h. 1 ml of sample was withdrawn
at 24, 48 and 72 h using syringe filters (Millex® PVDF 0.45 �m).
The filtered samples were diluted with the respective solvents and
analyzed using the HPLC method described in Section 2.2.2.1. All
measurements were conducted in triplicate and the results are
reported as the mean ± SD (standard deviation).

2.2.2.3. Drug loading. 5 mg of dexamethasone encapsulating PLGA
microspheres were dissolved in 10 ml tetrahydrofuran (THF). The
solution was filtered (Millex® HV, PVDF 0.45 �m syringe filter)

and the dexamethasone concentration was determined via HPLC
as described before using an injection volume of 2.5 �l. Drug load-
ing was determined as: percent drug loading = (weight of drug
entrapped/weight of microspheres used) × 100. All measurements
were conducted in triplicate and the results are reported as the
mean ± SD.
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.2.2.4. Particle size. An AccuSizer 780A autodiluter particle sizing
ystem was used to determine the mean particle diameter. About
0 mg of microspheres was dispersed in 2 ml of 0.1% (w/v) PVA
olution. 200 �l of the dispersion was used for particle size analysis.
ll measurements were conducted in triplicate and the results are
eported as the mean ± SD.

.2.2.5. Interfacial tension. Interfacial tension between de-ionized
ater and methylene chloride was determined at various ethanol

oncentrations used for preparation of different microsphere
ormulations as shown in Table 1. A Kruss K12 tensiometer,
hich is based on DuNoy ring principle, was used to determine

he interfacial tension. 40 ml of water and 40 ml of methylene
hloride/ethanol solution were used for interfacial tension mea-
urement at 25 ◦C. Ethanol was added to the methylene chloride
maintaining a total volume of 40 ml) in the same concentration as
sed for the preparation of the various microsphere formulations.
ll measurements were conducted in triplicate and the results are
eported as the mean ± SD.

.2.2.6. Glass transition temperature. The glass transition temper-
ture of the prepared microspheres was analyzed using a TA
nstrument Q1000 differential scanning calorimeter (DSC). Samples

ere heated to 100 ◦C and cooled to −40 ◦C at a rate of 10 ◦C/min.
he first cycle of the thermograms was used to determine the glass
ransition temperature (Tg) of the microspheres. All measurements
ere conducted in triplicate and the results are reported as the
ean ± SD.

.2.2.7. Morphology. The morphology of the microspheres was
haracterized using scanning electron microscopy. Samples were
ounted on carbon taped aluminum stubs and gold coated in a

putter coater for 1 min at 6 mA. The samples were analyzed using
scanning electron microscope (DSM982 Gemini, Carl Zeiss, Inc.)

t an accelerating voltage of 2.0 kV.

.2.2.8. In vitro release. A modified USP apparatus 4 (Sotax CE7
mart with CY 7 piston pump, Sotax, Horsham, PA) was used for
n vitro release testing (Zolnik et al., 2005, 2006). Flow through
ells (12 mm diameter) packed with glass beads (1 mm diameter)
ere used in a closed system to achieve laminar flow of media

nd prevent microsphere agglomeration. The system was temper-
ture controlled at 37 ◦C. Approximately 40 mg of microspheres
ere dispersed in the flow through cells (fitted with fiberglass fil-

ers 0.7 �m) and 250 ml of 0.1 M phosphate buffer saline with 0.1%
odium azide was circulated. 1 ml samples were withdrawn and
eplaced with fresh media at suitable time intervals. The samples

ere analyzed using HPLC as described before using an injection

olume of 20 �l. 125 ml of the media was replaced when the drug
oncentration reached 10% (w/v) of dexamethasone saturation sol-
bility in water (i.e. 80 �g/ml) to maintain sink conditions. The
rug degradation and media replacement during the release study

able 2
rug loading, mean particle size and glass transition temperature of microspheres prepared

Microsphere formulations (% (v/v) ethanol) Drug loading (% (w/w))

0.0 6.93 ± 0.27
3.13 6.79 ± 0.22
6.25 6.87 ± 0.34

12.50 6.88 ± 0.38
18.75 6.16 ± 0.56
25.00 4.83 ± 0.67
31.25 4.51 ± 0.54
37.50 5.44 ± 0.22
43.75 5.38 ± 0.19
of Pharmaceutics 394 (2010) 99–105 101

was taken into account in the calculation of cumulative percentage
release.

2.2.2.9. Statistical analysis. Statistical analysis to evaluate signifi-
cant differences between different microsphere formulations was
performed using JMPIN® software. Results were analyzed using
one-way analysis of variance (ANOVA). Any significant difference
was further analyzed by Tukey–Kramer HSD (honestly significantly
different) post hoc test, a multiple range test to determine sig-
nificant difference between more than two groups. The level of
significance was accepted at p < 0.05.

3. Results

3.1. Solubility of dexamethasone

Dexamethasone solubility was determined in the solvents used
for microsphere preparation i.e. ethanol, methylene chloride and
de-ionized water. The saturation solubility of dexamethasone
was 12.00 ± 0.13, 0.30 ± 0.03 and 0.076 ± 0.001 mg/ml in ethanol,
methylene chloride and de-ionized water, respectively.

3.2. Drug loading

The mean drug loading of the microspheres prepared without
ethanol (as co-solvent) was 6.93% (w/w). There was no significant
change in the drug loading of the microspheres up to 18.75% (v/v)
ethanol concentration as shown in Table 2. At 25% (v/v) ethanol
concentration, there was a significant decrease in drug loading to
4.8% (w/w) (p < 0.05). Increase in ethanol concentration to 31.25%,
37.50% and 43.75% did not result in any further change in the drug
loading.

3.3. Particle size

The number average mean diameter was determined for all
microsphere formulations. The mean particle size of the micro-
spheres prepared with only methylene chloride as the organic
phase was approximately 7 �m (Table 2). The particle size did
not change significantly with the addition of ethanol as a co-
solvent up to a concentration of 6.25% (v/v) organic phase. A
significant decrease in mean particle diameter of the microspheres
was observed at 12.5% (v/v) and higher ethanol concentrations in
organic phase (e.g. particle size of 6.24 ± 0.27 �m at 12.5% (v/v)
ethanol concentration) (p < 0.05). The particle size stabilized at
ethanol co-solvent concentrations above 25% (v/v).
3.4. Interfacial tension

The interfacial tension between methylene chloride and water
was 26.68 ± 0.11 mN/m at 25 ◦C. The interfacial tension decreased
with increase in ethanol concentration (ethanol % (v/v) of methy-

with different concentrations of ethanol as an organic phase co-solvent (n = 3 ± SD).

Mean particle size (�m) Glass transition temperature (◦C)

7.00 ± 0.49 42.27 ± 1.76
6.94 ± 0.21 40.59 ± 1.78
6.94 ± 0.21 40.54 ± 1.50
6.24 ± 0.27 43.53 ± 0.56
5.82 ± 0.31 42.40 ± 1.11
5.31 ± 0.26 42.55 ± 1.44
5.30 ± 0.25 42.81 ± 0.20
5.18 ± 0.20 43.37 ± 0.37
5.35 ± 0.11 42.50 ± 0.34
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ig. 1. Microsphere particle size and interfacial tension between water and methy-
ene chloride at different ethanol concentrations (n = 3 ± SD) at 25 ◦C.

ene chloride) as shown in Fig. 1. The interfacial tension decreased
y approximately 2–2.5 mN/m with every 6.25% (v/v) increase

n ethanol concentration up to 18.75% (v/v). A sharp decrease
i.e. 5.1 mN/m) in the interfacial tension was observed when
he ethanol concentration was increased from 18.75% to 25%
v/v). With further increase in ethanol concentration, there was

1–3 mN/m decrease in interfacial tension. A similar trend
as observed in the microsphere particle size with decrease

n particle size occurring between 12.5% and 25% (v/v) ethanol
oncentration. However, the particle size remained relatively con-
tant as the ethanol concentration was increased beyond 25%
v/v).

.5. Glass transition temperature

The glass transition temperature of microspheres prepared
ithout ethanol was approximately 42 ◦C. There was no significant

hange in the glass transition temperature of the microspheres with
he addition of ethanol as an organic phase co-solvent at any of the
oncentrations studied (Table 2).

.6. Morphology

Fig. 2 shows SEM micrographs of microspheres prepared with
ifferent concentrations of ethanol as the organic phase co-solvent.
orphological analysis revealed that microspheres prepared with-

ut ethanol and with 3.13%, 6.25% and 12.5% (v/v) ethanol
oncentrations were smooth and spherical. Fig. 2a and b shows
EM pictures of the microspheres prepared without ethanol (only
ethylene chloride as organic phase) and with 12.5% (v/v) ethanol

oncentration.
Some surface imperfections were visible when the ethanol

oncentration was increased to 18.75% (v/v) (Fig. 2c). As the concen-
ration of ethanol was further increased to 25%, 31.25% and 37.5%
v/v), the surface imperfection of the microspheres became more
rominent as shown in Fig. 2d, f and g. These surface imperfections
ere speculated to be drug (dexamethasone) crystals. This was

onfirmed by preparing blank microspheres (without drug) with
5% (v/v) ethanol co-solvent. These microspheres were smooth

nd spherical (Fig. 2e). Fig. 2i is a magnification (10,000×) of the
icrosphere surface showing structures similar to dexamethasone

rystals (Fig. 2j). Dexamethasone crystals were prepared by vac-
um evaporation of dexamethasone solution in ethanol (Fig. 2j). At
3.75% (v/v) ethanol concentration irregular particles with rough
urface were formed (Fig. 2h).
of Pharmaceutics 394 (2010) 99–105

3.7. In vitro release

Fig. 3 shows the in vitro release profiles of microsphere formu-
lations prepared without ethanol and with 12.5%, 18.75%, 25% and
43.75% (v/v) ethanol concentrations. Formulations prepared with-
out ethanol and with 12.5% and 18.75% (v/v) ethanol exhibited
typical triphasic release profiles. The release profiles of micro-
spheres prepared with 12.5% (v/v) ethanol were similar to those
of microspheres prepared without ethanol. The burst release of
these formulations was approximately 40%. However, at 18.75%
(v/v) ethanol concentration, the burst release increased from 40%
to approximately 60% and the lag phase was prolonged. At 25% (v/v)
ethanol concentration there was a huge burst release of approxi-
mately 75%. A lag phase was not observed for this formulation and
complete release was achieved within 6 days. The release profiles
of microsphere formulations prepared with 31.25% and 37.5% (v/v)
ethanol were similar to that of the 25% (v/v) formulation and hence
only the 25% (v/v) release profile is shown in Fig. 3. The release
profile at 43.75% (v/v) ethanol was intermediate between formula-
tions containing 25% (v/v) and 12.5% (v/v) ethanol. At 43.75% (v/v)
ethanol concentration, the burst release was approximately 60%
which was similar to the 18.75% (v/v) formulation. While the micro-
sphere formulations prepared with 18.75% and 43.75% (v/v) ethanol
showed similar burst release phases, there was a difference in their
release patterns. At 18.75% (v/v) concentration, a typical tripha-
sic release pattern (i.e. burst release, lag phase and secondary zero
order release) was observed, whereas in the case of the formulation
prepared with 43.75% (v/v) ethanol, the burst release was followed
by zero order release kinetics.

4. Discussion

The characteristics of microspheres prepared using the solvent
evaporation/extraction method depend to a great extent on the
interaction between the drug, polymer and solvent system. The
presence of co-solvents can alter this interaction and influence
microspheres properties. Therefore, in order to determine the effect
of ethanol as a co-solvent, microsphere formulations were prepared
using different combinations of methylene chloride (solvent) and
ethanol (co-solvent) as the organic phase (Table 1). The formula-
tions were characterized for any change in their physicochemical
properties and in vitro performance.

4.1. Drug loading

The decrease in microsphere drug loading with increase in
ethanol concentration to 25% (v/v) is speculated to be related to
change in dexamethasone solubility in the organic phase. Dexam-
ethasone solubility is approximately 40 times higher in ethanol
compared to methylene chloride. The increased dexamethasone
solubility at 25% (v/v) ethanol co-solvent together with the water
miscibility of ethanol is likely to have resulted in a diffusional
loss of drug to the external aqueous phase (during the emulsi-
fication and/or solvent evaporation/extraction) giving a low drug
loading. Increase in ethanol concentration above 25% (v/v) ethanol
did not further change drug loading and this is considered to be due
to increased polymer phase viscosity. At ethanol concentrations
higher than 31.25% (v/v), rapid extraction of organic phase sol-
vents into the external aqueous phase occurs resulting in increased
viscosity of the polymer/organic phase. This in turn restrains the

movement of drug within the polymeric microsphere droplets,
therefore counteracting the diffusional loss of drug to the external
aqueous phase. Various studies have reported that faster particle
solidification rates increase microsphere drug loading which is in
agreement with the results reported here at high ethanol concen-
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Fig. 2. SEM pictures of microspheres prepared with (a) only methylene chloride, (b) 12.5% (v/v) ethanol, (c) 18.75% (v/v) ethanol, (d) 25% (v/v) ethanol, (e) 25% (v/v) ethanol
(blank), (f) 31.25% (v/v) ethanol, (g) 37.5% (v/v) ethanol and (h) 43.75% (v/v) ethanol. (i) Dexamethasone crystals on microsphere surface and (j) dexamethasone crystals
prepared by vacuum evaporation of dexamethasone solution in ethanol. (a–h) is 1000×, (i) is 10,000× and (j) is 5000×.
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ig. 3. In vitro release profiles of microsphere formulations prepared with different
thanol concentrations (n = 3 ± SD) using USP apparatus 4 in closed loop system
aintained at 37 ◦C and 20 ml/min flow rate.

rations (≥31.25% (v/v)) (Li et al., 1995; Rosca et al., 2004; Yeo and
ark, 2004). Similarly, attempts have been made to increase drug
oading of hydrophilic drugs using water miscible organic phase co-
olvents to increase partitioning of organic phase into the external
queous phase resulting in faster phase separation and entrapment
f the drug inside the viscous polymeric matrix (Al-Maaieh and
lanagan, 2001; Bodmeier and McGinity, 1988).

.2. Particle size

The decrease in microsphere particle size at ethanol co-solvent
oncentrations of 12.50%, 18.75% and 25% (v/v) correlates with
he decrease in interfacial tension between the organic (methy-
ene chloride) and aqueous phases (Fig. 1). Reduction in interfacial
ension favors formation of smaller droplets during emulsification
nd hence smaller sized microspheres. This observation is sup-
orted by the work of Ito et al. (2009) who formulated microspheres
sing various solvents (e.g. methylene chloride, chloroform and
thyl acetate) to dissolve PLGA and determined that those solvents
ith lower interfacial tension with water formed smaller sized
icrospheres. In the present study, the particle size did not change

ignificantly after 25% (v/v) ethanol concentration. This might be
ue to the increased viscosity of the polymer phase that counter-
cted the effect of interfacial tension. Thomasin et al. (1998) and
eyanthi et al. (1997) have observed an increase in particle size with
ncrease in polymer phase viscosity. A linear increase in particle size
f PLGA microspheres prepared with polymer phase viscosity in the
ange of 2–10 cps has been reported (Jeyanthi et al., 1997).

.3. Morphology

Partitioning of drug (dexamethasone) dissolved in ethanol from
he organic to the aqueous phase also resulted in microsphere mor-
hological changes. The microsphere surface roughness observed
t 18.75% (v/v) and higher ethanol concentrations were specu-
ated to be due to drug (dexamethasone) crystallization on the

icrosphere surfaces (Fig. 2). It is speculated that during par-
icle solidification, diffusion of ethanol from the organic to the
queous phase caused precipitation of dissolved dexamethasone
t the polymer–water interface due to the poor aqueous solu-
ility of dexamethasone (aqueous solubility of dexamethasone:

.076 ± 0.001 mg/ml). SEM micrographs of blank microspheres pre-
ared with 25% (v/v) ethanol revealed that these microspheres
ere smooth and spherical, confirming that the surface imperfec-

ions in the corresponding drug loaded microspheres were due to
examethasone crystals. In addition, the magnified SEM images
of Pharmaceutics 394 (2010) 99–105

of drug-containing microsphere prepared with 25% (v/v) ethanol
(10,000×) show similar structures to that of dexamethasone crys-
tals prepared separately by vacuum evaporation of dexamethasone
solution in ethanol (5000×) (Fig. 2i and j).

At 43.25% (v/v) ethanol concentration, irregular microsphere
aggregates were formed (Fig. 2h). This can be attributed to the
high viscosity of the polymer phase which hinders the formation
of smooth and spherical particles. Li et al. (1995) have reported
that sol–gel conversion during microsphere formation occurs at a
volume fraction of approximately 0.41 methylene chloride in the
polymer phase. At 43.25% (v/v) ethanol concentration in the organic
phase, the volume fraction of methylene chloride is approximately
0.57. This volume fraction (0.57) is close to the critical gelation
point (0.41) reported by Li et al. (1995). Therefore, it appears that
polymer solidification occurred rapidly preventing normal droplet
formation.

4.4. Glass transition temperature

The glass transition temperature (Tg) is an important feature
that helps in understanding the release pattern of PLGA micro-
spheres. Above the glass transition temperature, the polymer is in
a rubbery state and drug diffusion through the polymeric matrix is
faster than that in the glassy state (i.e. below glass transition tem-
perature). Solvents (such as ethanol, methylene chloride, etc.) used
in the fabrication of polymeric devices often have a plasticizing
effect on the polymer (lowering Tg of the polymer). However, in
the present study, the glass transition temperature of the micro-
spheres was not affected by the presence of ethanol as organic
phase co-solvent at any concentration (Table 2).

4.5. In vitro release

The in vitro release profiles reflected the trend observed with the
physicochemical properties i.e. particle size, drug loading and mor-
phology. The release profiles of all the formulations prepared with
ethanol up to 12.5% (v/v) concentration were similar which is in
accordance with other physicochemical properties. As evident from
the SEM micrographs, the drug crystals present on the microsphere
surface resulted in a higher burst release (approximately 60%) for
the formulation prepared with 18.75% (v/v) ethanol co-solvent con-
centration. The burst release further increased (approximately 75%)
at ethanol co-solvent concentrations of 25%, 31.25% and 37.5% (v/v)
due to an increase in drug crystals observed on the surface of
these microspheres. At 43.75% (v/v) ethanol co-solvent, the diffu-
sional loss of drug to the external aqueous phase during processing
is restricted by the higher polymer phase viscosity as explained
before. Accordingly, the release profile at 43.75% (v/v) ethanol co-
solvent was intermediate between the formulations containing 25%
(v/v) and lower ethanol concentrations i.e. 12.5% (v/v) (Fig. 3).

5. Conclusions

It is evident from results that the presence of ethanol as an
organic phase co-solvent affected the performance of dexametha-
sone containing PLGA microspheres. The changes in the in vitro
release profiles of these microspheres can be explained on the basis
of their physicochemical properties. The changes observed in drug
loading, particle size and morphology were dependent on many
competing factors such as interfacial tension between methylene

chloride and water, solubility of drug in the organic phase and the
viscosity of the polymer phase. The change in the in vitro release
profile observed was not due to any change in thermal behavior of
the microspheres as determined from Tg data. An understanding of
co-solvent effects is therefore critical in microsphere formulation
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nd process design as such physicochemical changes are likely to
ffect product performance.

This work also provides important information on the formu-
ation of microspheres using drug solutions such as solutions of
adioactive drugs in organic solvents. Based on the physicochemical
roperties and in vitro release profiles, it is speculated that radio-

abeled dexamethasone solution (1 mCi/ml solution in ethanol,
erkin Elmer) can be used at concentrations up to 12.5% (v/v) of the
rganic phase without changing the microsphere characteristics.
his information will be utilized for formulation of radio-labeled
examethasone encapsulating PLGA microspheres in future for in
ivo assessment of drug pharmacokinetics.
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