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Summary 

Polylactide microspheres containing vitamin D, CD,) as a model drug were prepared by solvent evaporation, solvent extraction 
and spray drying. In this work, these three different preparation methods were compared and the extent to which each can affect 

the properties and characteristics of microspheres was identified. The experimental conditions yielding the best results were chosen 

within each method. Solvent extraction proved to be the better of the two traditional methods. It resulted in particles that were 

more regular in shape, smaller, with a narrower size distribution and higher porosity. Spray drying yields results equivalent to those 

of solvent extraction with the advantage of a higher encapsulation efficiency and shorter duration for the process of preparation. 

Moreover, the dissolution profile of microspheres prepared by spray drying demonstrated that more gradual release of drug was 

promoted. 

Introduction 

Microspheres are defined as porous micropar- 
ticulate drug delivery systems promoting the con- 
trolled release of drugs. They represent a poly- 
meric matrix system containing the drug uni- 
formly distributed throughout the polymer matrix 
(Wheatley and Langer, 1987). 

Several methods have been used in the prepa- 
ration of microspheres of different biodegradable 
polymers (Beck et al., 1979; Leong et al., 1986; 
Sato et al., 1988; Okada, 1989; Morimoto and 
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Fujimoto, 1985), including both natural and syn- 
thetic polymers. The selection of a suitable 
method of preparation depends on the properties 
of both polymer and drug and can affect the 
characteristics of microspheres (Jalil and Nixon, 
1989; Sato et al., 1988). 

The main purpose of this paper was to com- 
pare three different techniques used for the 
preparation of polylactide microspheres loaded 
with a lipophilic drug. The three methods se- 
lected for our investigation were: emulsification 
by solvent evaporation, emulsification by solvent 
extraction and spray drying. 

The first technique is the most widely used for 
the preparation of polylactide microspheres (Beck 
et al., 1979) and involves the emulsification of an 
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organic solvent solution of poly(oi_-lactide) 
(PDLLA) and drug in an aqueous medium con- 
taining an emulsifier. Subsequent evaporation of 
the solvent leads to the formation of micro- 
spheres. 

Solvent extraction (Sate et al., 1988) is a modi- 
fication of the first technique where the emul- 
sion, consisting of an organic solution of polymer 
and drug in an aqueous medium, is poured into a 
diluent phase which is miscible with the polymer 
solvent but immiscible with the polymer. As a 
consequence, the solvent migrates from the poly- 
mer microdroplets into the diluent phase produc- 
ing solid microspheres. 

The spray drying technique has seldom been 
used in the preparation of microparticles (Cady 
et al., 1989; Wang et al., 1990). A solution of 
polymer and drug in a solvent is sprayed through 
the nozzle of the spray-drier apparatus. The sol- 
vent evaporates very quickly leaving solid mi- 
croparticles. 

Each method necessitates particular experi- 
mental conditions to be met. PDLLA of a high 
molecular weight racemic variety was used to 
prepare microspheres in the three methods. This 
polymer is a non-toxic, non-tissue reactive 
biodegradable material that has been used for 
surgical sutures (Wise et al., 19791, prosthetic 
devices (Albizzati et al., 19891, and in controlled 
release drug delivery systems (Beck et al., 1979; 
Jalil and Nixon, 1989; Conti et al., 1990) precisely 
because of these advantageous characteristics. 

Vitamin D, CD,) was chosen as a lipophilic 
model drug (Conti et al., 1990). D, and its 
metabolites and synthetic derivatives are effective 
in the therapy of a number of chronic bone 
diseases such as osteoporosis (Slovik et al., 1981; 
Gallagher et al., 1982). Furthermore, recent in- 
vestigations have highlighted the antitumoral ac- 
tivity of its fluorinated synthetic derivatives (Abe 
et al., 1981; Tanaka et al., 1982; Eisman and 
Frampton, 1984). 

Materials and Methods 

Poly(oi_-lactide) (PDLLA) (Res 206R Mol. Wt 
109000, i.v. 1) was supplied by Boehringer Ingel- 

heim. Vitamin D, crystals for biochemistry, 
methanol, ethanol and methylene chloride HPLC 
grade, were supplied by Merck-Bracco. All other 
chemicals used were of reagent grade. Millipore 
membrane filters of 1.2 and 0.2 pm pore size 
were employed. The bi-distilled water used was 
filtered through 0.22 Frn Millipore membrane 
filters. 

Microsphere preparation 
Microspheres were prepared using the three 

different methods. The process conditions fol- 
lowed in each of the three were assessed experi- 
mentally. 

Solvent evaporation Solutions of 5% PDLLA 
and different amounts of D, (5, 10, 20 and 30% 
of PDLLA weight) in a mixture of CH,Cl, and 
CHCI, (1: 1 w/w) were prepared at room tem- 
perature to form the dispersed phase. Glycerol 
with 0.02% Tween 20 was used as the continuous 
phase. The dispersed phase was added dropwise 
to the continuous phase at a ratio of 1: 20 and 
emulsified using an Ultraturrax model T25 
equipped with an S25N dispersing tool, at 13500 
rpm. The emulsion was stirred for 3 min starting 
at 0°C and ending at 35°C. The manner of agita- 
tion was changed after 3 min, the emulsion being 
stirred, using a nitrogen impeller, for 2 h at 38°C 
to allow the evaporation of organic solvents. The 
suspension obtained was filtered through a 1.2 
pm Millipore membrane, then rinsed twice with a 
solution of 15% isopropanol in water to remove 
solvent and surfactant residues. The micro- 
spheres collected by filtration were dried and 
stored under vacuum. 

Solvent extraction The same procedure as that 
of the preceding section was followed until the 
emulsion had been formed. The emulsion ob- 
tained was poured into a 15% isopropanol solu- 
tion in water (diluent phase) at a 1: 1 ratio be- 
tween the continuous and diluent phases. This 
mixture was stirred using a nitrogen impeller for 
2 h at 35°C in order to allow the extraction of 
solvents from the polymer droplets. Microspheres 
were collected by filtration through a 1.2 pm 
Millipore membrane, rinsed twice with a solution 
of 15% isopropanol in water and dried under 
vacuum. 
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Fig. 1. Photomicrographs of PDLLA microspheres prepared by (a) solvent evaporation; (b) solvent extraction; (c) spray drying. 
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Fig. 1. (12. 

Spray drying Solutions containing 0.75% of 
PDLLA and different amounts of D, (5, 10, 20 
and 30% of PDLLA weight) in a mixture of 
CH,Cl,/CHCl, 0: 1 w/w) were prepared at 
room temperature. They were sprayed through 
the nozzle of a mini spray dryer model BUCHI 
190 with an inlet temperature of 51°C and a 
spray-flow pressure of 5 bar. The solid micro- 
spheres that had precipitated into the bottom 
collector (34°C outlet temperature) were har- 
vested and kept under vacuum. 

Microsphere characterisation 
Optical microscopy The shape and size of all 

batches of microspheres were monitored during 
the process under an optical microscope (Labor- 
lux Leitz model K) with transmitted light at a 
magnification of 500 X . 

Scanning electron microscopy The micro- 
spheres were characterized by scanning electron 
microscopy. A Cambridge Stereoscan 200 elec- 
tron microscope was used. A small amount of 
microspheres was suspended in ethanol, soni- 

cated for 15 min and a drop of the resulting 
suspension was placed on the sample holder, 
dried and observed under the electron micro- 
scope. 

Particle size analysis by instrumental methods 
A small amount of microspheres was suspended 
in 50 ml of bi-distilled water, sonicated for 15 
min, and analyzed, under continuous stirring, by 
using a light blockage instrument (HIAC/ 
ROYCO Model 3000) equipped with an HR60HC 
sensor (l-60 pm analysis range) and a small- 
volume sampling probe, and by employing a 
Coulter Multisizer (Coulter Electronics, Ltd, Lu- 
ton, U.K.) fitted with a 70 pm orifice tube. The 
analyses were carried out at six size levels 
(1.5, 2, 4, 5, 10 and 20 pm) with the HIAC/ 
ROYCO apparatus and at 16 size levels, between 
1.4 and 42 pm, with the Coulter Multisizer. The 
results are the averages of five withdrawals. 

Surface area Surface area was determined on 
a FlowSorb II 2300 (Micromeritics). The analyses 
were performed on three batches of microspheres 
for each preparation method used. 
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Differential scanning calorimetry (DSC) DSC 
analysis of polymer, drug, microspheres and 
drug-loaded microspheres was performed oh a 
DSC Mettler Model TA 3000 equipped with a 
DSC 20 cell. Samples Q-6 mg) were scanned in 
pierced aluminium pans, at a heating rate of 5 
k/min, in the temperature range 40-250°C under 
a nitrogen atmosphere. 

Drug loading The D,-loaded microspheres 
were dissolved in CH,Cl, and, after filtration 
through a 0.22 pm Millipore membrane, directly 
analysed by HPLC Warian Model 9010). A mo- 
bile phase comprising methanol/water/ethanol 
(90 : 5 : 5) and a Lichrosorb RP8 Column 250 x 4 
(Merck) were used in conjunction with 
detector at 264 nm (Varichrom U.V.2550, 
Instrument). 

a UV 
Varian 

Dissolution tests 
Dissolution tests were carried out in a Dif- 

futest Eurand apparatus (Eurand Microencapsu- 
lation SPA). Amounts of microspheres, equiva- 
lent to a total D, concentration of 4 pg/ml, were 
weighed out in triplicate for each preparation 
method used, as well as a reference sample con- 
sisting of the same amount of D,. Drug loading, 
previously measured by HPLC, was almost identi- 
cal for all samples used in dissolution tests. Mi- 
crospheres and the reference sample were placed 
in 100 ml saline phosphate buffer solutions (pH 
7.4) and rotated at 37°C for 96 h. A small amount 

of surfactant (0.2% Tween 20) was added to the 
buffer to improve the wettability of microspheres. 
Release patterns were constructed from the D, 
concentrations determined via HPLC assay. 

Results and Discussion 

Characterization of microspheres 
The microspheres detected by scanning elec- 

tron microscopy were essentially spherical in 
shape (Fig. 1). The microspheres produced by 
spray drying revealed a more pronounced spheri- 
cal shape and greater homogeneity in the size 
distribution than those produced by solvent evap- 
oration and solvent extraction. Moreover, pho- 
tomicrographs of microspheres prepared by sol- 
vent evaporation demonstrated particles with a 
rough surface and very large pores. 

Table 1 lists the particle size distributions for 
microspheres prepared by the three methods. 
Particle counts as determined on both the HIAC 
and Coulter instruments are expressed as under- 
size cumulative percentages. The apparently dif- 
ferent results obtained using the two instrumental 
methods, for the same sample, at the lowest size 
level, depend on the counting characteristics of 
the instrument employed. 

Both instrumental methods emphasize the fact 
that microspheres produced by solvent evapora- 
tion are larger than those prepared via other 

TABLE 1 

Particle size distribution of PDLLA microspheres 

Method Undersize cumulative distribution (%) 

1.2-2 pm <5pm <lOpm <20fim <42fim 

Solvent evaporation 
HR 

CM 

Solvent extraction 

HR 

CM 

Spray drying 
HR 

CM 

18.2 68.0 96.4 99.7 _ 

30.5 85.7 97.9 99.8 100 

26.8 98.8 99.6 99.9 

55.2 96.4 99.7 99.9 100 

18.1 64.7 95.4 99.9 _ 

32.2 90.2 99.5 99.9 100 

Data obtained on (HR) HIAC/ROYCO and (CM) Coulter Multisizer. 
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Fig. 2. Particle size distribution by volume, determined using a 

Coulter Multisizer for PDLLA microspheres prepared by the 

three different methods. 

-- 

methods. With the HIAC instrument, only 68% 
of the particles produced by solvent evaporation 
are G 5 pm, while 98.8% of those prepared by 
solvent extraction are ~-5 pm. Spray-dried mi- 
crospheres showed the best particle size distribu- 
tion to be between 5 and 10 pm, as demonstrated 
by the distribution-by-volume measurements with 
the Coulter Multisizer (Fig. 2). The experimen- 
tally determined specific surface areas of PDLLA 
microspheres prepared using the three methods 
are listed in Table 2. 

The values obtained are greater compared to 
those of non-porous solid spheres of approxi- 

J 

00 

Fig. 3. Thermal behaviour of: (a) PDLLA (Mol. Wt 109000); 

(b) vitamin D,; (cl physical mixture; (d) blank PDLLA micro- 

spheres; (e) vitamin D,-loaded PDLLA microspheres. 

TABLE 2 

Specific surface area of PDLLA microspheres 

Microsphere preparation Surface area 

method (m’/g) 

Solvent evaporation 

Solvent extraction 

Spray drying 

Nonporous microparticles 

(2.5 pm diameter) 

5.44 
9.85 

6.33 

2.4 

mately equivalent mean diameter. The results 
suggest the porous nature of microspheres pre- 
pared by the evaluated methods. 

DSC showed no differences between the poly- 
mer (Fig. 3a) and the blank microspheres (Fig. 
3d). The drug’s melting peak present in the DSC 
scan for the physical mixture (Fig. 3~) no longer 
appears in that for the drug-loaded microspheres 
(Fig. 3e). This suggests that the drug becomes 
physically dispersed in an amorphous form inside 
the polymeric matrix structure. 

Yields and drug loading 
Table 3 lists the production yield and encapsu- 

lation efficiency of each process. The three meth- 
ods assessed differ greatly in the final production 
yields. The best yields were obtained via solvent 
evaporation, whilst considerable loss of material 
occurs during’spray drying. This factor probably 
depends on the technical characteristics of the 
apparatus used: much of the powder adhering to 
the cyclone walls is lost during spray drying. This 
preparation method proved to be the fastest: in 1 
h, approx. 1 g of product can be prepared by 
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TABLE 3 

Production yield and encapsulation efficiency of PDLLA micro- 
spheres produced by three different methods (each sample repre- 
sents the average of three batches) 

Method and Yield Theoretical Encapsulation 

sample no. (%) drug content efficiency (%) 

(%) 

Solvent evaporation 
1 92.2 

2 94.8 

3 96.5 

4 88.0 

Solvent extraction 

1 53.1 

2 69.3 

3 69.3 

4 82.1 

Spray drying 
1 38.9 

2 40.3 

3 45.7 

4 34.2 

4.7 20.2 

9.0 10.6 

16.6 5.5 

22.6 14.2 

4.7 20.2 

9.0 12.9 

16.6 6.9 

22.6 11.4 

4.7 58.3 

9.0 26.7 

16.6 14.3 

22.6 22.0 

spray drying, whereas a period of at least 4 h is 
required to yield an equal amount of product 
with the other methods under our experimental 
conditions. 

Table 3 lists the data obtained on four differ- 
ent concentrations of drug added to the polymer 
for each preparation method. The amount of 
drug loaded appears to be affected by the prepa- 

,~~..““““““““““I 
0 4 8 12162024283236404448525660646872768084889296100 

HOW-S 

-3 SOIV evap + SOIV extr X Spray drying 

Fig. 4. In vitro dissolution of vitamin D, from PDLLA micro- 

spheres. 

ration method. Without exception, the highest 
encapsulation efficiencies were achieved via the 
spray drying method, with which a maximum en- 
capsulation efficiency of 58.3% is reached, as 
compared with 20% for the other methods. En- 
capsulation efficiencies within each method are 
not significantly correlated with the amount of D, 
added during the preparation process (theoretical 
drug loading). In contrast, the lowest theoretical 
drug loadings usually correspond to the highest 
level of encapsulation efficiency. Theoretical drug 
loadings above 22.6% always resulted in lower 
encapsulation efficiencies and in considerable loss 
of drug. 

TABLE 4 

Characteristics of microspheres prepared by three different preparation methods 

Characteristic Solvent evaporation Solvent extraction Spray drying 

Shape Irregular Spherical Spherical 
Median diameter (pm) 2.9 2 2.6 
Surface area (m*/g) 5.44 9.85 6.33 
Average yield of production (%) 92.8 68.6 39.7 

Average encapsulation 
efficiency (%o) 12.6 12.8 30.3 

Time for preparation (h) 4 4 1 
Relative proportion (o/o) 

8h 5 32 20 
24 h 22 36 40 
96 h 29 39 49 
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Dissolution tests 
The dissolution profiles of microspheres pro- 

duced by the three different methods (Fig. 4) 
demonstrate a difference in the behaviour of 
each sample analyzed. Greater initial release is 
observed for microspheres prepared by solvent 
extraction (32% of drug released in the first 4 h), 
while almost no burst effect and a more gradual 
release, over 96 h, was found in the case of 
spray-dried and solvent-evaporated microspheres. 
In all cases, D, release exceeded 96 h in dura- 
tion. These data are consistent with the higher 
porosity of the microspheres by emulsion solvent 
extraction. 

Conclusion 

Table 4 summarizes the characteristics of mi- 
crospheres obtained by the three different prepa- 
ration methods. Between the two traditional 
methods, solvent evaporation and solvent extrac- 
tion, the latter results in microspheres with better 
morphological characteristics. Both methods 
achieve the same encapsulation efficiency and 
require the same processing time, however, mi- 
crospheres prepared by solvent extraction are 
more regular in shape, smaller, with a narrower 
size distribution and greater porosity. 

Spray drying gives results equivalent to those 
of solvent extraction, with respect to particle 
shape, size and size distribution, nevertheless, it 
attains the highest encapsulation efficiency and 
requires the shortest duration of the preparation 
procedure. Taking all of the above factors into 
account, it was concluded that spray drying is a 
very satisfactory technique for the preparation of 
vitamin D,-loaded polylactide microspheres. 

The different characteristics of the micro- 
spheres produced by the three methods described 
in this investigation influence the dissolution be- 
haviour of the microspheres. The greater surface 
area of the solvent-extracted microspheres leads 
to a rapid initial rate of release of drug, while 
more gradual release is observed for micro- 
spheres prepared via the other two methods. The 
low rate of degradation of high molecular weight 

PDLLA contributes to the slow release of drug 
over a period of 96 h. 

Acknowledgements 

This research was supported by a Grant of 
M.U.R.S.T. (Minister0 Universith Ricerca Scien- 
tifica e Tecnologica - Italy). 

References 

Abe, E., Miyaura, C., Sakagami, H., Takeda, M., Konno, K., 
Yamasaki, T., Yoshiki, S. and Suda, T., Differentiation of 

mouse myeloid leukemia cells induced by la,25dihydroxy- 

vitamin D,. Proc. Natl. Acad. Sci. USA, 78 (1981) 4990- 
4993. 

Albizzati, E., Cella, G.D., Maestri, M., Alessiani, M. and 

Dionigi, P., Homo/copolymers of lactic acid for prosthetic 

devices. Proceedings of USA-Italy joint workshop on poly- 

mers for biomedical applications, Capri (Italy), 11-16 June 

1989. [Published as: Alessiani, M. et al., Histological and 

chemical local reaction to implantable lactic and glycolic 

and polymers. Eur. J. Surg. Res., 21 (1989) 47-48.1 

Beck, L.R., Cowsar, D.R., Lewis, D.H., Cosgrave, R.J., Rid- 

dle, CT., Lowry, S.L. and Epperly, T.E., A new long 

acting injectable microcapsules system for the administra- 

tion of progesterone. Fertil. Steril., 5 (1979) 545-551. 
Cady, S.M., Staber, W.D. and Fishbein, R., Development of a 

sustained release delivery system for bovine Somatotropin. 

Proc. Int. Symp. Contr. Rel. Bioact. Mater., 16 (1989) 22-23. 
Conti, B., Pavanetto, F., Genta, I. and Gandini, C., Micros- 

fere biodegradabili per la somministrazione parenterale 

della vitamina D,. Acta Technol. Legis Medicamenti, 1 

(1990) 101-112. 

Eisman, J.A. and Frampton, R.J., Effects of 1,25dihydroxy- 

vitamin D, metabolites and analogues on human breast 

cancer and malignant melanoma cells. In Colin, C.V., 

Potts, J.T. and Fujita, T. (Eds), Endocrine Control of Bone 
and Calcium Metabolism, Elsevier, Amsterdam, 1984, pp. 

237-238. 

Gallagher, J.C., Jerpbak, CM., Jee, W.S.S., Johnson, K.A., 

DeLuca, H.F. and Riggs, B.L., 1,25Dihydroxyvitamin D,: 
short- and long-term effects on bone and calcium 

metabolism in patients with postmenopausal osteoporosis. 

Proc. Natl. Acad. Sci. USA, 79 (1982) 3325-3329. 
Jalil, R. and Nixon, J.R., Microencapsulation using poly(~- 

lactic acid): I. Microcapsule properties affected by the 

preparative technique. J. Microencapsulation, 6 (1989) 
473-484. 

Leong, K.W., Kost, J., Mathiowitz, K. and Langer, R., Polyan- 
hydrides for controlled release of bioactive agents. Bioma- 
terials, 7 (1986) 364-371. 



159 

Morimoto, Y. and Fujimoto, S., Albumin microspheres as 

drug carrier. Critical reviews in therapeutical drug carrier 

systems. CRC Press, 2 (1985) 19-63. 

Okada, H., One-month release injectable microspheres of 

leuprolide acetate, a superactive agonist of LHRH. Proc. 
Int. Symp. Contr. Ret’. Bioact. Mater., 16 (1989) 12-13. 

Sato, T., Kanke, M., Schroeder, H.G. and DeLuca, P.P., 

Porous biodegradable microspheres for controlled drug 

delivery: I. Assessment of process conditions and solvent 

removal techniques. Pharm. Rex, 5 (1988) 21-30. 

Slovik, D.M., Adams, J.S., Neei, R.M., Holick, M.F. and 

Potts, J.T., Deficient production of 1,25_dihydroxyvitamin 

D in elderly osteoporotic patients. N. Engl. J. Med., 305 

(1981) 372-375. 

Tanaka, H., Abe, E., Miyaura, C., Kuribayashi, T., Konno, K., 

Nishii, Y., and Suds, T., la,25-Dihydroxycholecalciferol 

and a human myeloid leukaemia cell line (HL-60). The 

presence of a cytosol receptor and induction of differentia- 

tion. Biochem. J., 204 (1982) 713-719. 

Wang, H.T., Palmer, H., Lindhart, R.J., Flanagan, D.R. and 

Schmidt, E., Degradation of polytester) microspheres. Bio- 

materials, 11 (1990) 679-685. 

Wheatley, M. and Langer, R., Particles as drug delivery 

systems. Particulate Sci. Technol., 5 (1987) 53-64. 
Wise, D.L., Fellmann, T.D., Sanderson, J.E. and Wentworth, 

R.L., Lactic/glycolic acid polymers. Description of the 

polymers used as surgical suture material, raw material for 

osteosynthesis and in sustained release forms of drugs. In 

Gregoriadis, G. (Ed.) Drug Carriers in Medicine, Academic 

Press, London, 1979, pp. 237-270. 


