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ABSTRACT

Biodegradable microcapsules of four water-soluble drugs (pentamidine, captopril,
diltiazem, and metoprolol) were prepared using a novel phase separation tech-
nique. The microcapsules prepared by this method were irregular in shape. Par-
ticle size of the microcapsules was between 60 and 500 um. The efficiency of en-
capsulation for all four drugs was more than 40% at 20% drug loading. The
encapsulation increased up to 75% or higher when the drug loading was reduced
to 5%. The in vitro dissolution was drug dependent. The microcapsules prepared
with 5% drug loading showed the minimum dissolution at the end of 24 hr. The
initial drug release increased significantly when the drug loading was increased
up to 20%. Although the formulations containing 5% drug maintained a sustained-
release profile up to 45 days, the formulations containing 10 and 20% drug re-
leased move than 50% drug within the first 2 days.

INTRODUCTION

Sustained-release formulations using biodegradable
polymers have been developed for numerous therapeu-
tic agents (1). One of the advantages of these formula-
tions is that no followup surgical removal is required
once the drug supply is depleted. The most widely in-
vestigated polymers are the aliphatic polyesters based on
lactic acid and glycolic acid. These copolymers have
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attracted much attention because the biodegradation rate
of the copolymer is easily controlled by altering the
copolymer’s composition. These polymers have been
used with numerous drugs for parenteral delivery and
have been shown to be biocompatible (2,3). A wide va-
riety of drugs have been successfully encapsulated into
poly(lactide/glycolide) (PLGA) for a sustained release
(1,4). Once-a-month injectable microcapsules of
leuprolide acetate using PLGA have been developed (5—
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7). This product is now commercially available under the
trade name Lupron-Depot®. Another commercially avail-
able similar product is Zoladez®, which contains
goserelin acetate—PLGA (4,8).

Several methods have been developed for the mi-
croencapsulation of a wide variety of drugs (9—11). The
double water-in-oil-in-water (w/o/w) emulsion method
has been widely accepted for the encapsulation of a
number of water-soluble drugs (2,12,13). The use of this
double-emulsion method to encapsulate zidovudine
(AZT) (water solubility 25 mg/ml) in PLGA resulted in
less than 6% efficiency of encapsulation (14). The effi-
ciency of encapsulation of AZT was increased up to
94% by using a novel phase separation technique (14—
16).

The objective of this present investigation was to dev-
elop biodegradable delivery systems for water-soluble
drugs. Four model drugs were used for this study: pen-
tamidine, captopril, diltiazem, and metoprolol. Pentami-
dine is known to have activity against Pneumocystis
carinii. It is available commercially as inhalation solu-
tion and injectable (17). Captopril is used for the treat-
ment of hypertension. It is available commercially as a
regular tablet (17). Diltiazem is a calcium channel
blocker. It is available commercially in both oral and
parenteral formulations. Currently, sustained-release oral
formulations of diltiazem are dosed either twice daily or
once daily (17). Metoprolol is a cardioselective B,-
blocker. It is available in both oral and parenteral formu-
lations. Currently, a sustained-release oral formulation is
dosed once daily (17).

MATERIALS AND METHODS

Materials

The copolymer poly(pr-lactic/glycolic acid), PLGA
50:50 (RG 506; inherent viscosity 0.8 dl/g), was ob-
tained from Boehringer Ingelheim, Ingelheim, Germany.
The surfactant L-o. phosphatidylcholine was obtained
from Avanti Polar-lipids, Inc., Albaster, AL Penta-
midine, captopril, diltiazem, and metoprolol were ob-
tained from Sigma Chemical Co., St. Louis, MO. Silicon
oil, petroleum ether, polyvinyl alcohol (PVA), chloro-
form, and dichloromethane were also obtained from
Sigma Chemical Co.

Experimental Methods
Preparation of Biodegradable Microcapsules

A specific amount of drug (as listed in Tables 1-4)
was added to 5 ml of methylene chloride containing 500
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mg of PLGA and sonicated for 30 sec. The polymer—
drug mixture was added dropwise to a silicon oil/meth-
ylene chloride solution (20 ml; 1:6) while the solution
was stirred continuously using a magnetic stirrer. Bath
temperature was maintained at 8—10°C to control the
evaporation rate. Five milliliters of petroleum ether was
added slowly in portions (0.5 ml every 10 min). Stirring
was maintained until the methylene chloride had com-
pletely evaporated. Microcapsules were then washed
with cold petroleum ether, filtered, and freeze-dried to
obtain a free-flowing powder.

Determination of Total Content

For each formulation, a 20-mg sample was dissolved
in 1 ml of dichloromethane. Four milliliters of methanol
was added to the solution followed by ultracentrifugation
(35,000 rpm at 15°C) to completely separate the precipi-
tated copolymer. The amount of drug in each sample
was determined by measuring the absorbance of clear
supernatant in a spectrophotometer (DU 640, Beckman,
Fullerton, CA) at A, (pentamidine: 266 nm; captopril:
212 nm; diltiazem: 240 nm; metoprolol: 223 nm). Each
experiment was performed in triplicate.

In Vitro Dissolution Studies

For each formulation, a 40-mg sample was placed in
a 10-ml tube and incubated in 5 ml of double-distilled
water with constant shaking (20 rpm) at 37°C. Samples
(600 pl) were collected at scheduled times using a filter
pipet and centrifuged for 10 min at 10,000 rpm. The
sample was spectrophotometrically analyzed for drug
content. Fresh double-distilled water was added to the
incubated sample (600 pl) to maintain sink conditions.
Dissolution studies were performed independently in
triplicate.

Particle Size and Morphology

Size, morphology, and surface appearance of
microcapsules were examined by scanning electron mi-
croscopy (SEM) (Amray AMR 1000A, Bedford, MA).
Samples for SEM were mounted on metal stubs and
coated with gold to a thickness of 200-500 A. Pictures
were taken and the microcapsule sizes were determined
according to a reference scale.

Statistical Analysis

The efficiency of drug encapsulation and the amount
of drug released from the different formulations of
microcapsules during the in vitro study were compared
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using the SAS software package. A p value of <0.05 was
considered as evidence of a significant difference.

RESULTS AND DISCUSSION

Pentamidine Microcapsules

Three different batches (batches A, B, and C) of
pentamidine microcapsules were prepared to study the
effect of pentamidine loading on the characteristics of
the microcapsules. These microcapsules were evaluated
and the results are listed in Table 1. A comparison of
particle size reveals a similar average particle size in all
three batches. The particles were all larger than 160 pm
with a range of average sizes from 252 to 345 um in di-
ameter. This observation shows that the phase separation
method used for the encapsulation of pentamidine in
PLGA generally produced larger particles irrespective of
the drug loading. The efficiency of encapsulation of
pentamidine was determined by measuring the total
amount of pentamidine present in each 20-mg sample of
the microcapsules, i.e., core loading experimental, and
comparing this value with the expected amount of pen-
tamidine in each of the samples based on the drug load-
ing during the preparation, i.e., core loading theoretical.
The efficiency of encapsulation of pentamidine was high
(75%) at 5% drug loading. The efficiency of encapsula-
tion decreased significantly to 45% when the drug load-
ing was increased to 20%. This observation shows that
the phase separation method is more effective in the
encapsulation of pentamidine when the drug loading is
low.

The dissolution of pentamidine was compared to cal-
culating the cumulative percentage of the drug released
at a specific sampling time. Figure 1 shows the dissolu-
tion profiles of the pentamidine microcapsules. The
amount of drug released from these microcapsules was
at least 80% within the first 24 hr. This significantly high
burst effect was due to the presence of unencapsulated
drug on the surface of the microcapsules. During the
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Figure 1. Dissolution profiles of pentamidine microcapsules:
batch A (5% loading), batch B (10% loading), and baich C
(20% loading).

process of phase separation, pentamidine precipitated on
the surface of the preformed PLGA microparticles. A
comparison of the scanning electron micrographs of the
microcapsules (Fig. 2) also showed the presence of free
pentamidine crystals on the surface, irrespective of the
drug loading. However, the surface the microcapsules
was smooth at 5 and 10% (batches A and B) drug load-
ing. When the drug loading was increased to 20% (batch
C), the microcapsules lost the smooth appearance com-
pletely and the surface was coated with free crystals.
These unencapsulated free pentamidne crystals released
immediately and produced a significantly high burst ef-
fect.

Captopril Microcapsules

Three different batches (batches D, E, and F) of
captopril microcapsules were prepared to study the effect
of captopril loading on the characteristics of the
microcapsules. These microcapsules were evaluated and
the results are listed in Table 2. A comparison of particle

Table 1

Description of Pentamidine Microcapsules

Amount of Particle Size Encapsulation® (%)
Batch Drug (mg) % Loading (Range) (um) (£SD)
A 25 5 345 (204-500) 75.4 (3.13)
B 50 10 252 (167-418) 53.5 (0.94)
C 100 20 297 (238-400) 455 (2.71)

*Efficiency of encapsulation = (core loading experimental)/(core loading theoretical) x 100,
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Figure 2. Typical SEM photographs of pentamidine and
captopril microcapsules. Pentamidine: batch A (5% loading),
batch B (10% loading), and batch C (20% loading); captopril:
batch D (5% loading), batch E (10% loading), and batch F
(20% loading).

size reveals a similar particle size in all three batches.
The particles are all larger than 60 um with a range of
average sizes from 152 to 233 pm in diameter. This
observation shows that the phase separation method used
for the encapsulation of captopril in PLGA generally
produced larger particles irrespective of the drug load-
ing. The efficiency of encapsulation of captopril was
more than 99% at 5% drug loading. The efficiency of
encapsulation decreased to 73% when the drug loading
was increased to 20%. However, the efficiency of encap-
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sulation was still significantly high, more than 92%, at
10% drug loading.

Figure 3 shows the dissolution profiles of captopril
microcapsules. The amount of drug released from these
microcapsules was between 45 and 60% within the first
24 hr. However, no rank-order correlation was observed
between the drug loading and initial drug release. The
batch prepared with 20% captopril (batch F) showed the
least initial burst effect, followed by a second burst ef-
fect between 6 and 10 days of dissolution. The initial
slow release from this batch (batch F), compared with
the other two batches (batches D and E), was due to the
relatively smaller surface area, because of the agglomer-
ated microcapsules (batch F) exposed to the dissolution
media. However, the presence of high drug concentra-
tions in these microcapsules initiates a second burst ef-
fect. The drug release continued up to 45 days. A com-
parison of the scanning electron micrographs (Fig. 2)
showed that the microcapsules prepared with 5% drug
loading were mixtures of spherical and irregularly
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Figure 3. Dissolution profiles of captopril microcapsules:
batch D (5% loading), batch E (10% loading), and batch F
(20% loading).

Table 2

Description of Captopril Microcapsules

Amount of Particle Size Encapsulation® (%)
Batch Drug (mg) % Loading (Range) (um) (£SD)
D 25 5 152 (67-266) 99.3 (0.48)
E 50 10 233 (133-355) 92.8 (0.52)
F 100 20 182 (80-320) 73.7 (0.09)

*Efficiency of encapsulation = (core loading experimental)/(core loading theoretical) x 100.
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shaped agglomerated particles. The relative proportion of
spherical particles decreased as the drug loading was
increased to 10%. The surface of the microcapsules also
contained a few crystals at 10% drug loading. When the
drug loading was increased to 20%, the surface of the
microcapsules was covered with free crystals and the
microcapsules were mostly irregularly shaped, agglom-
erated particles.

Diltiazem Microcapsules

Three different batches (batches G, H, and I) of
diltiazem microcapsules were prepared to study the ef-
fect of diltiazem loading on the characteristics of the
microcapsules. These microcapsules were evaluated and
the results are listed in Table 3. A comparison of particle
size reveals a similar particle size in all three batches.
The particles are all larger than 60 um with a range of
average sizes from 123 to 180 um in diameter. This
observation shows that the phase separation method used
for the encapsulation of diltiazem in PLGA generally
produced larger particles irrespective of the drug load-
ing. The efficiency of encapsulation of captopril was
more than 90% at 5% drug loading. The efficiency of
encapsulation did not change when the drug loading was
increased to 10%. The efficiency of encapsulation de-
creased to 63% when the drug loading was increased to
20%. However, the efficiency of encapsulation was still
significantly high.

Figure 4 shows the dissolution profiles of diltiazem
microcapsules. The drug loading significantly influenced
the initial burst effect. The amount of drug released from
these microcapsules was between 8 and 60% within the
first 24 hr. The microcapsules prepared with 5% drug
(batch G) showed the minimum dissolution at the end of
24 hr. The initial drug release increased more than three-
fold when the drug loading was increased to 10% (batch
H). The initial release increased further to 60% when the
drug loading was increased to 20% (batch I). Practically,
the microcapsules prepared with 20% drug loading
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Figure 4. Dissolution profiles of diltiazem microcapsules:
batch G (5% loading), batch H (10% loading), and batch I
(20% loading).

showed very poor sustained effect. However, drug re-
lease from all three batches continued up to 45 days. A
comparison of the scanning electron micrographs (Fig.
5) showed that the surfaces of the microcapsules pre-
pared with 5% drug loading were very smooth and the
microcapsules were all spherical shaped. A few of the
microcapsules formed irregularly shaped particles be-
cause of agglomeration as the drug loading was in-
creased to 10%. As the drug loading was increased fur-
ther to 20%, the microcapsules lost their spherical shape
completely. These microcapsules were all irregularly
shaped particles and the surface was coated with free
crystals.

Metoprolol Microcapsules

Three different batches (batches J, K, and L) of
metoprolol microcapsules were prepared to study the
effect of metoprolol loading on the characteristics of the
microcapsules. These microcapsules were evaluated and

Table 3

Description of Diltiazem Microcapsules

Amount of Particle Size Encapsulation® (%)
Batch Drug (mg) % Loading (Range) (um) (£SD)
G 25 5 125 (67-160) 90.8 (1.63)
H 50 10 123 (86-157) 90.2 (1.95)
1 100 20 180 (100-272) 63.4 (2.56)

2Efficiency of encapsulation = (core loading experimental)/(core loading theoretical) x 100.
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Figure 5. Typical SEM photographs of diltiazem and
metoprolo! microcapsules. Diltiazem: batch G (5% loading),
batch H (10% loading), and batch I (20% loading); metoprolol:
batch J (5% loading), batch K (10% loading), and batch L
(20% loading).

the results are listed in Table 4. A comparison of particle
size shows a significant effect of drug loading on the
size of the microcapsules. The average particle size in-
creases from 150 to 357 um as the drug loading was
increased from 5 to 20%. The sizes of the microcapsules
prepared with 5% drug loading were between 72 and
229 um in diameter. A comparison of the efficiency of
encapsulation showed a significant effect of drug load-
ing on the total amount of metoprolol encapsulated. The
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efficiency of encapsulation decreased from 99 to 87%
when the drug loading was increased frdm 5 to 10%.
The efficiency of encapsulation continued to decrease to
52% when the drug loading was increased to 20%.
Figure 6 shows the dissolution profiles of metoprolol
microcapsules. The drug loading significantly influenced
the initial burst effect. The amount of drug released from
these microcapsules was between 26 and 50% within the
first 24 hr. The microcapsules prepared with 5% drug
(batch J) showed 26% dissolution at the end of 24 hr.
The initial drug release increased to 32% when the drug
loading was increased to 10% (batch K). The initial re-
lease increased further to 50% when the drug loading
was increased to 20% (batch L). A rank-order correlation
was observed between the cumulative percent drug dis-
solved at any time and the drug loading throughout the
dissolution. The microcapsules prepared with a higher
amount of metoprolol always showed higher dissolution
at any sampling time. A comparison of the scanning
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Figure 6. Dissolution profiles of metoprolol microcapsules:
batch J (5% loading), batch K (10% loading), and batch L
(20% loading).

Table 4

Description of Metoprolol Microcapsules

Amount of Particle Size Encapsulation® (%)
Batch Drug (mg) % Loading (Range) (um) (£SD)
J 25 5 150 (72-229) 99.4 (0.95)
K 50 10 307 (167-500) 87.4 (7.10)
L 100 20 357 (167-800) 52.0 (4.55)

“Efficiency of encapsulation = (core loading experimental)/(core loading theoretical) x 100.
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electron micrographs (Fig. 5) showed that a change in
the drug loading did not change the surface morphology
of the microcapsules. All three batches of the micro-
capsules were a mixture of agglomerated, irregular, and
spherical particles with a smooth surface.

In conclusion, the novel phase separation technique
was highly efficient for the encapsulation of the four
highly water-soluble drugs: pentamidine, captopril,
diltiazem, and metoprolol. In general, the efficiency of
encapsulation decreased significantly when the drug
loading was increased from 5 to 20%. However, the ef-
ficiency of encapsulation was drug dependent. Scanning
electron micrographs of the microcapsules showed that
the surface of the particles was coated with free crystals
at higher drug loading. The microcapsules prepared by
this method were mostly irregular in shape. The phase
separation method produced relatively larger micro-
capsules. The average particle size of the microcapsules
was between 123 and 357 um. The release profiles of the
microcapsules were dependent on the drug loading. In
general, the initial drug release increased significantly
when the drug loading was increased to 20%. Pentami-
dine microcapsules failed to maintain a sustained drug
release. More than 80% drug released within the first 24
hr, irrespective of the drug loading. However, the
microcapsules of the other three drugs (captopril, dilt-
tazem, and metoprolol) maintained a sustained drug re-
lease up to 45 days.
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