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Several compounds such as caffeine, diazepam, hydrocortisone, progesterone, quinidine, quinidine
hydrochloride, quinidine sulfate, and theophylline were evaluated for incorporation into poly(di-lac-
tide) (PLA) microspheres using the solvent evaporation technique. The process is generally limited to
the entrapment of water-insoluble drugs. Adjustment of the pH of the aqueous phase to minimize drug
solubility resulted in increased drug contents within the microspheres in the case of ionizable drugs.
The release profile of quinidine from the microspheres was characterized by three different release
phases, a lag time with no drug release, a burst effect of rapid drug release within a short period of
time, and a slow release phase, respectively. The structure of the microsphere surface layer, which
was a function of the pH of the aqueous phase at preparation, strongly influenced the rate and amount
of drug released. Thermal analysis of quinidine-loaded microspheres revealed three thermal events,
corresponding to the glass transition temperature of the polymer and to the recrystallization and
melting of quinidine.
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INTRODUCTION

The biocompatibility and biodegradability of polyesters
such as polylactic and polyglycolic acid have been exten-
sively studied. Since the mid 1970s, considerable interest
has evolved in the use of these polymers as drug carrier ma-
terials. The early applications of poly(di-lactide) (PLA) and
other polyesters as biodegradable drug carriers included a
wide range of polymer/drug composites of different sizes
and shapes. Various techniques such as film casting (1,2),
molding (3,4), air suspension (5), and extrusion (6) were
used in the preparation of these systems. However, most of
these devices required surgery at the site of administration.
This drawback has led to the development of biodegradable
microparticulate drug delivery systems. Phase separation
techniques such as nonsolvent addition and the solvent
evaporation method have been successfully applied to the
preparation of biodegradable microcapsules or micro-
spheres.

In the solvent evaporation process, the active ingre-
dient is dissolved or dispersed in a solution of the polymer in
a suitable water-immiscible and volatile organic solvent.
This solution or dispersion is emulsified in an aqueous me-
dium to form microdroplets. The organic solvent then dif-
fuses into the aqueous phase and evaporates at the water/air
interface. The microdroplets solidify and solid, free-flowing
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microspheres are obtained after complete organic solvent
evaporation, filtration, and drying. Many variables can influ-
ence the preparation and properties of the microspheres
(7-11). The solvent evaporation method works best for
water-insoluble drugs. Water-soluble drugs will favorably
partition into the aqueous medium, resulting in low core
loadings. Nonaqueous phase separation techniques using
nonsolvent addition have been used for the preparation of
PLA microcapsules containing water-soluble compounds
(12,13).

The objective of the present study was to evaluate the
suitability of the solvent evaporation process for the entrap-
ment of active compounds with different physicochemical
properties and to investigate the structure, thermal proper-
ties, and in vitro release characteristics of the resulting mi-
crospheres.

MATERIALS AND METHODS

Poly(dl-lactide) (Southern Research Institute, Bir-
mingham, Ala.) had an inherent viscosity of 1.2 dl/g in chlo-
roform at a concentration of 5 mg/ml. The following chem-
icals were obtained from commercial suppliers and used
without further purification: caffeine (MCB Manufacturing
Chemist, Inc., Gibbstown, N.J.), diazepam (Hoffman-La
Roche, Inc., Nutley, N.J.), hydrocortisone, progesterone,
quinidine, quinidine hydrochloride, quinidine sulfate, the-
ophylline (Sigma Chemical Co., St. Louis, Mo.), methanol,
methylene chloride, and salicylic acid (Fisher Scientific Co.,
Fair Lawn, N.J.).
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Microspheres were prepared by the solvent evaporation
process as previously described (14). The drugs were dis-
solved or, in the case of insoluble drugs, dispersed in a solu-
tion of PLLA in methylene chloride. The organic solution was
poured into the agitated aqueous phase. The resulting emul-
sion was stirred continuously at room temperature and
under ambient pressure until the solvent evaporation was
completed. The microspheres were collected by filtration,
washed with deionized water, and dried in a desiccator. The
dried spheres were screened through stainless-steel sieves
into the desired size fractions and stored at room tempera-
ture.

The drug content of the microspheres was determined
after extracting the microspheres with methanol or chloro-
form by ultraviolet spectroscopy at the wavelength of max-
imum absorbance. The theoretical drug content within the
microspheres was 30%, unless otherwise mentioned.

Scanning electron microscopy (SEM) was used to char-
acterize the microsphere structure. The dried microspheres
were coated for 70 sec under an argon atmosphere with
gold~palladium (Pelco Model 3 sputter coater). The surface
morphology of the microspheres was examined with a scan-
ning electron microscope (Jeol JSM 35C).

Thermograms of the drugs, polymers, and microspheres
were obtained by using a computer-interfaced Perkin—Elmer
differential scanning calorimeter, Model DSC 2. An en-
closed, air-cooled refrigeration unit (Perkin—Elmer Intra-
cooler II) was attached to the DSC cell for controlled
cooling to subambient temperatures. The temperature cali-
bration was accomplished with the melting transition of in-
dium. The samples (4—-7 mg, 8—70 um), which were stored
in a desiccator prior to the analysis, were sealed in alu-
minum pans. The scanning rate throughout the investigation
was 20°C/min for heating and 320°C/min for cooling. All tests
were run in a nitrogen atmosphere.

In vitro release profiles of the drugs from the micro-
spheres were obtained by the rotating bottle method at 37°C.
Triplicate samples of microspheres (20-30 mg, 8~70 pm)
were suspended in test tubes containing 50 ml of prewarmed
medium (phosphate buffer, pH 7). The flasks were sealed
and rotated at 26 rpm. Agitation was stopped and samples of
the medium (1 ml) were withdrawn at predetermined time
intervals after the microspheres had settled. The samples
were assayed spectrophotometrically either directly or after
appropriate dilution with the release medium. The sample
volumes were immediately replaced with fresh medium kept
at 37°C to maintain the original volume. The maximum con-
centration of the drug in the release medium was below 1%
of the saturation concentration.

RESULTS AND DISCUSSION

Several drugs with different solubility characteristics
were chosen as model compounds. The drugs are listed in
Table 1 together with the resulting drug content within the
microspheres. Quinidine, caffeine, progesterone, salicylic
acid, and diazepam were completely soluble in the polymer
solution. Quinidine sulfate dissolved in methylene chloride
only under moderate heat. Microspheres could thus be pre-
pared from a homogeneous quinidine sulfate—polymer solu-
tion or from a quinidine sulfate suspension prepared without
heating the organic phase. Theophylline and hydrocortisone
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Table I. Drug Entrapment in the Microspheres as a Function of
Drug and of Different pH Values of the Aqueous Phase

Drug content (wt%)?

Drug pH?2 pH 7 pH 12
Quinidine — 5.09 23.76
Quinidine sulfate — — 23.93
Quinidine hydrochloride — — 24.36
Salicylic acid — — —
Diazepam 14.51 21.10 20.96
Hydrocortisone 12.22 12.41 13.06
Progesterone 20.62 20.79 20.46
Theophylline — — —
Caffeine — — —

a Thirty percent theoretical drug content.

were insoluble and they were emulsified as suspensions.
The successful entrapment of drug within the micro-
spheres was highly dependent on the solubility of the drug in
the aqueous phase (15). Partitioning of drug was expected to
take place between the organic and the aqueous phase.
Water-soluble drugs such as theophylline, caffeine, and sali-
cylic acid could not be entrapped within the spheres because
of complete partitioning into the aqueous phase. Con-
versely, drugs with low water solubility were successfully
retained within the microspheres. Diffusion and loss of ion-
izable drugs such as quinidine and diazepam into the
aqueous phase could be minimized by adjusting the pH to
values of low drug ionization. Only minor differences in
drug content were observed between samples prepared from
a quinidine sulfate solution or a suspension. Progesterone
precipitated in the aqueous phase after approximately 35
min. Methylene chloride diffused into the agueous phase
and then evaporated at the air/water interface. Once the
level of organic solvent dropped below a critical concentra-
tion in the aqueous phase, progesterone crystals appeared in
the aqueous phase. The progesterone crystals could not be
washed off the microspheres during the regular washing
step. However, an additional wash with a 75 wt% aqueous
ethanol solution rapidly removed the crystals without ex-
tracting progesterone from the microspheres. The other

80_
X 60
£
2
[=
8
i
£ 40+
£
& -
= pH12
2 = pH10
© 20 -~ pHSB
o i T T 1
0 20 40 60 80

theoretical quinidine content (%)

Fig. 1. Effect of quinidine payload on the actual quinidine
content in the microspheres.
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Fig. 2. Scanning electron micrographs of quinidine-loaded micro-
spheres prepared at pH 12.

drugs did not precipitate in the aqueous phase at the drug
concentrations tested.

The effect of drug loading on the quinidine content in
the resulting microspheres was studied at three pH levels,
pH 8, 10, and 12 (Fig. 1). With an increase in the quinidine
content in the organic phase at preparation, the drug content
in the microspheres was increased, also on the basis of the
percentage drug content of the theoretical value. This was
indicated in the increasing positive slope of the curves. The
effect was more pronounced at pH values of higher drug sol-
ubility (pH 8). No differences in drug content were observed
between microspheres prepared at pH 10 and those pre-
pared at pH 12, corresponding to the same solubility of
quinidine in the two buffer solutions.

Distinct differences in the surface structure of the mi-
crospheres at different drug contents and pH values can be
seen in Figs. 2 and 3. The surface changed from a virtually
smooth texture at low drug loadings to a honeycomb-like
structure containing small holes at high loadings at pH 12
(Fig. 2). The number and size of pores increased accord-
ingly. Structural changes in the microsphere surface pre-
pared at different pH values were reported earlier. The sur-
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24% 7%
Fig. 3. Scanning electron micrographs of quinidine-loaded micro-
spheres prepared at pH 8.

face layer or skin peeled off at high pH values, revealing the
subsurface or porous substructure (15). Actual degradation
of the polymer via hydrolytic cleavage of the ester links
probably contributed significantly to the changes in surface
structure under these extreme pH conditions. A partition
method which circumvented the surface degradation ob-
served at high pH values was developed to load the drug into
the microspheres at pH values of high drug solubility (16).
Free drug crystals appeared on the surface at a theoretical
drug loading of 70%. Precipitation of quinidine occurred
after evaporation of methylene chloride from the aqueous
phase, once its saturation solubility in the aqueous medium
was exceeded. The drug crystals could be removed by
washing the microspheres in an acidified medium to give
crystal free surfaces. SEM pictures of microspheres pre-
pared at pH 8 reveal the same substructure under the skin
(Fig. 3). The top polymer layer was not removed at this pH
value.

The effect of drug loading on the release pattern is
shown in Fig. 4. Three different release phases were distin-
guishable. A lag time with no drug release was followed by
an apparent burst effect of rapid drug release within a short
period of time, followed again by a slow release phase. The
lag time was caused by the time required for water to pene-
trate into the polymer matrix. The long lag time confirmed
that no free drug crystals on the surface were available for
rapid dissolution. The in vitro drug release from the drug-
containing PLA microspheres could be explained by two
diffusional processes. In the first process, the aqueous dis-
solution medium will diffuse into the polymer matrix and
dissolve the drug, which will then diffuse directly through
channels or pores formed within the matrix to the external
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Fig. 4. Effect of quinidine loading in the microspheres on drug
release.

medium. The initial burst was attributed to the rapid
leaching of the drug through pores and channels, which rep-
resented the second phase of release. In the second process,
the active compound dissolves in the polymer and passes by
diffusion through the polymer matrix to the external fluid.
The second process could be equated to the third phase of
slow release. Both diffusional processes will contribute to
the overall release of drug, the extent of each depending on
parameters such as drug loading, matrix porosity, and drug
solubility in the polymer.

Microspheres of equivalent size released the drug at a
faster rate with increasing payloads. The duration of drug
delivery was inversely proportional to the drug loading level
and the total percentage of drug released increased with in-
creasing payloads. Leaching and pore diffusion as expressed
in the burst effect became more dominant at higher drug
concentrations. In highly loaded microspheres, the drug will
diffuse into the release medium, leaving empty pores or in-
terconnected channels. When all drug within the pores was
dissolved, drug release continued from the remaining less
accessible drug, which was either finely dispersed or dis-
solved in the PLA matrix. Drug release was small after the
initial burst, suggesting that drug diffusion in the polymeric
matrix was very slow. The burst effect was eliminated at
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Fig. 5. Effect of the pH of the aqueous phase during micro-
sphere preparation on drug release.
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Fig. 6. Scanning electron micrographs of quinidine-loaded
microspheres prepared at (a) pH 10 and (b) pH 12.

lower drug levels (6.25%). A payload below the concentra-
tion where leaching occurs is desirable to obtain very slow
release rates. The release might become erosion-controlled
in vivo if the polymer exhibits a very low permeability for
the drug (17). The distribution of drug between the polymer
and the pores during microsphere formation will influence
the amount of drug available for rapid pore diffusion. No
structural changes in the microsphere surface were observed
during the course of the dissolution study by SEM.

Figure 5 shows the effect of surface structure of micro-
spheres containing quinidine prepared at different pH levels
on drug release. Dramatic differences were seen in the re-
lease rates from microspheres prepared at pH 10 and pH 12
containing quinidine. The drug release was slower from mi-
crospheres containing 24 and 43% quinidine prepared in an
aqueous phase of pH 10, the difference in release rates being
more pronounced at the lower drug loading. These differ-
ences could be explained by observing the surface structure
of the microspheres (Fig. 6). As mentioned earlier (15),
skinning occurred at high pH values in the aqueous phase,
revealing a pore containing surface at pH 12. These pores
provided sites for accelerated drug transport into the release
medium by increasing the accessible surface for water pene-
tration. The presence of an intact surface layer or the ab-
sence of pores at pH 10 explained the retardation in drug
release. The lag time was approximately the same, while the
burst was less dramatic at pH 10.
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Fig. 7. DSC thermograms of quinidine (a) first run and (b) second run and (c) a melt-
quenched sample of di-PLA.

DSC analysis of the polymers, drugs, and drug-loaded
microspheres was performed in order to characterize the
physical state of the polymer and drug before and after mi-
crosphere preparation. A sharp endotherm was observed for
quinidine at 171°C, corresponding to its melting phase tran-
sition, and the T, of PLA could be clearly detected at 55°C
after melt-quenching the sample (Fig. 7).

Three thermal events, which were reasonably sharp and

well separated, were detectable in thermograms of drug-
loaded microspheres (Fig. 8). These events corresponded to
the T, of the polymer, to the recrystallization of quinidine,
and to the melting of quinidine. The melting point of quini-
dine was depressed and the melting range broadened with
increasing PLLA concentrations in the microspheres, while
the recrystallization exothermic peaks were relatively insen-
sitive to variations in drug content. The thermogram of a
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Fig. 8. DSC thermograms of d/-PL.A microspheres containing different amounts of quini-
dine.
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Fig. 9. Effect of the physical state of quinidine sulfate in the
organic phase at preparation on drug release.

melt-quenched quinidine sample also exhibited a recrystalli-
zation peak (Fig. 7). Placebo microspheres containing no
drug showed only one thermal event corresponding to the 7,
of the PLA. This would indicate that the drug in the micro-
spheres was at least partially in a noncrystalline state and
that the crystalline phase developed during the test run. A
dispersion of precipitated drug particles in the polymeric
matrix was formed during microsphere preparation. The
drug molecules had insufficient time to nucleate to form
crystalline domains.

The recrystallization and melting peaks of the drug dis-
appeared completely after melt-quenching microspheres at
320°C/min (Fig. 8). This suggested the formation of a glass
solution. Heating the microspheres above the melting point
of quinidine resulted in an extremely viscous melt. Super-
saturation of the drug in the polymer glass was likely to
occur due to the difficult growth of crystals in the viscous
melt (18). Additionally, the crystallite size of the drug may
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also be very fine if the drug greatly exceeds its solubility in
the polymer.

Quinidine sulfate-loaded microspheres could be pre-
pared either from a homogeneous drug—polymer solution or
from a drug suspension prepared without heating the organic
phase. The emulsification of a drug solution results in a
more homogeneous drug distribution within the micro-
spheres, especially at low drug contents. However, micro-
spheres prepared from a drug suspension tend to be more
stable. Quinidine sulfate was released faster during the ini-
tial period or drug burst from microspheres prepared from
the clear solution (Fig. 9). The actual particle size of quini-
dine sulfate within the polymer matrix as well as its physical
form will greatly influence the drug release. The physical
state of the drug in the microspheres prepared from the sus-
pension should be the same as the form being added to the
polymer solution in addition to the drug fraction which dis-
solved in the polymer solution. If the drug dissolved com-
pletely in the PLA solution, either it could precipitate within
the microspheres during polymer precipitation in a crystal-
line or amorphous form or it could be present in a molecular
dispersed state within the PLA matrix. DSC studies re-
vealed a noncrystalline form of the drug within the micro-
spheres, as represented by the recrystallization peak, with
the amount being higher in the microspheres prepared from
the quinidine sulfate solution (Fig. 10). The recrystallization
peak was smaller for microspheres prepared from the sus-
pension. This was expected since more quinidine sulfate was
in the crystalline state when added as a suspension. Recrys-
tallization could stem only from the drug fraction that dis-
solved in the polymer solution. This would explain the initial
faster release from the microspheres which were prepared
from the solution and thus contained the higher fraction of
noncrystalline drug. Additionally, the drug might precipitate
into smaller particles within the polymer matrix from the so-
lution, also enhancing drug dissolution.
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Fig. 10. DSC thermograms of di-PLA microspheres containing 24% quinidine sulfate pre-
pared from (a) a drug suspension and (b) a drug solution.
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