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Abstract-Submicron particles of L-polylactic acid (L-PLA) without residual solvent were prepared by a continu- 
ous superclitical altisolvent (SAS) mcrystallization process. Methylene chloride (CH,C1,) was used as a canier solvent 
of L-PLA. Expelilnealts were perfonned with changing process pwameters sudl as pressure and tempei-ature at constant 
concentration. Also, L-PLA initial concentrations in methylene chloride were varied from 0.3 to 4 wt%. The flow rates 
of CO, and solutiolL which were introduced into the precipitator, and nozzle diameter were kept unchanged in all of 
the e, cpelflnents. It was found that the SAS process gives fine tuning of paltide size and particle size distribution (PSD) 
by simple manipulations of the process parameters. In all cases of SAS recrystallization experiments, the formed spherical 
free particles with a smooth surface were non-agglomerated and free flowing. Mean particle size of the L-PLA 
micropartides formed was varied from 0.1 to 1 gm by means of adjusting the system pressure and/or temperature. 
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INTRODUCTION 

An increasing requirement for modulated delivery of both con- 
ventionally and biotechnologicaUy generated duags of a high mo- 
lecular weight and short half-life has generated considerable inter- 
est in the development of biodegradable polymers and their formu- 
lation into duag delivery systems. Bioclegmdable polymers used in 
drug delivery research may be broadly classified as of natural or 
synthetic origin. The most widely investigated and advanced syn- 
thetic polymers in terms of the available toxicological and clinical 
data are the linear aliphafic polyesters based on the hydroxyacids 
lactic acid and glycolic aci& Poly(lactic add~ (PLA ~, paly(glycolic 
acid) (PGAI, and polyllacfic-co-glycolidel (PLGAI display impor- 
tant advantages of biocompafibility, predictability of biodegmdation 
kinetics, ease of fa'_oficatioi~ regulatcry approval and commercial 
availability. They are used clinic@ as absorbable sutures and have 
been investigated for bone plates, implant materials, bone gl-aft sub- 
stitutes, and nerve graft substitutes. Yolles et al. [1975] were among 
the first to use PLA for parenteml drug delivery. In recent years, 
these palylners have been applied widely in microsphere/nlicro- 
capsule formulation and are already used clinically for drug deliv- 
ery in the form of implants. 

The biodegradable microparticles/microspheres can be prepared 
by different techniques recently reported in various articles, such as 
organic sohtion precipitation methods (polymer phase selml-ation, 
solvent evaporation or solvent extmctionl, spray drying methods, 
or machinery comminution methods I crushing, grinding, and ball 
milling etc I. 

Organic solution precipitation methods and machinery commi- 
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nntion methods suffer from some shortcomings such as wide par- 
ticle size distribution and environmental pollution problems assod- 
ated with the use of organic solvent that not only can adversely af- 
fect the crystallinity and chenfical stability of solutes, but also in- 
clude the use of high shearing forces, long exposure time of the bio- 
degradable polymers to organic solvents and the necessity of lyo- 
philizafion to obtain a stable powder. The spray-&yiIg process in- 
volves spraying a solntion containing the solute into a hot gas to 
remove the solvent. Tt~ tectmique requires the removal of organic 
solvent and involves the use of high temperature. In the manufac- 
ture of micropaI~dcles intended for in vivo use, the removal of re- 
sidual suffactants and solvents is a particularly hnpartant require- 
ment. Therefore, there is an increasing demand in developing tech- 
nology that allows microparticles with controlled particle size dis- 
tfibution and product quality (crystallinity, purity, morphology)to 
be produced under mild conditions. 

During the last ten years, the most inlportant nletllodologies using 
supercrifical fluid I SCF I for the production of microparticles with 
Rapid Expansion of Supercritical Solutions (RESSI [Tom et al., 
1993], Particles front Gas Saturated Solutions IPGSSI [Kere etaL 
1999], or Supercrifical Anti Solvent ( SAS I [Yeo et al., 1993; Rever- 
chon et al., 1998] have been developed The applicability of each 
technique @ e n d s  mainly on the solute solubility in the SCE 

All gases can form SCFs above specific sets of critical condi- 
tions, alfflough extrmlely high telnpel-atures and/or pressures may 
be required. The most widely used SCF is carbon dioxide ICOe I 
because of its low critical temperature ITc=31.1 ~ I, attractiveness 
for heat-sensitive materials including products sourced fionl biolog- 
icals, as wall as being non-flannnable, non-toxic, and inexpensive. 

hi general the SAS tect~lique has been developed in several dif- 
ferret modes. The fn-st mode (semi-batch operation) is kalown as 
the Gas Anti Solvent (GASI process in which the SCF is put into a 
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statioi~ly bulk liquid phase at tile operating pressure [Yeo et al., 
20(~)]. The second mode is continuous operation, in which a spray 
of liquid solution is fed tin-ough a capillary nozzle as fine droplets 
into a vessel contaitmg tile supercrifical fluid [Randolph et al., 1993]. 
When in contact with the supercritical fluid, the liquid solution in- 
cluding solute dissolves into tile superclitical fluid, so high super- 
saturation of solnte in the mNed solution canbe achieved and small 
particles of solute can be precipitated Tile second mode is ak~ lulown 
as Aerosol Spray Exa-action System (ASES) [Bleich and Muellen 
1996]. If  either liquid or high-pressure gas is employed as antisol- 
vent, tile alternative name of tilis second nlode is Precipitation with 
Compressed AntisolvenCs (PCAI [Dixon et al., 1993]. In addition, 
a new process, Solution Enhanced Dispersion by Supelvaitical Flu- 
ids (SEDSI [Palakodaty et al., 1998], has been proposed in which 
continuous injection with a coa,-dal nozzles takes place. All these 
methods have been successfully used to produce ula-aflne particles 
of high explosives and solid propallaIbs, ptkqmlaoeutical compounds, 
proteins, and polymers. 

A considerable amount of research has been done to detennme 
the effect of different process parameters on the ~ o l v e n t  precip- 
itation process, but as yet there is not much lulowledge on die quan- 
titative aspects of tile process. Contradictoly results have bern ob- 
tained by different authors regarding the influence of pressure and 
temperature on die particle size dining tile precipit:ation process. 
Sonle researchers found a decreasing trend m particle size with re- 
&acing pressures, others observed the process to independent of pres- 
sure mid yet others obtained particle size increases with pressure. 
Analogous discrepancy in the results was also observed with re- 
spect to tile temperature. Howevel; it was found ti~at tile particle size 
is strongly affected by tile concem'ation of solution m one set of 
experiments. 

Tile aim of tiffs work is to make a contribution by studying die 
use of carbon dioxide as antisolvent in an SAS process for tile pre- 

cipit:ation of poly(L-lactic acidl (L-PLA) fi-c~n nlethylene chloride 
(CH2CI, I solution. The specific goal is to determine critical process 
variables affecting izarticle size and Izarticle size distribution, as well 
as die reproducibility of these parmneters. Therefore, tile effects of 
the operalmg temperature, pressure, the concentration of solution, 
die flow rates of solution and COe, nozzle dianletel; nozzle geonle- 
try on the particle size, particle size distribution, and morphology 
of tile final product have been expemnentaUy investigated. 

EXPERIMENTAL 

1. Material 
Tile Poly(L-lactic acid) (M.WI: 85,(~XM6,1X)00, i.v.: 1.645 ) used 

here was supplied by SIGMA. Tile untreated L-PLA particles ringed 
from 50-100 gin, as shown in Fig. 2. Technical grade (99.0%) car- 
boil dio,,dde was supplied by a local gas company in Korea. Reagent 
grade nlethylene chlolide ( analytical reagenL Mallincl, a-cx_lt I was used 
as the solvent These materials were used without further pudficatiort 
2. Apparatus 

The experimental apparatus, shown in Fig. 1, consisted of CO2 
supplying systenl, L-PLA solution feeding system, a precipitator 
witi1 injectol; filters, a pressure regulatoi; and gas-liquid separation 
section. 

Methylene chloride solution containing L-PLA is sprayed by a 
high-pressure nleteiing purnp (Milton Roy) into tile precipitator ves- 
sel (Jelguson Gage, 34 ml)through a nozzle (stainless steel, fl.03"" 
I.D., 1/16"" O.D.I. Tile nozzle is nlounted onthe top of the precipi- 
tator to introduce the L-PLA solution as dispersed liquid droplets 
into tile anfisolvent. Carbon dioxide is compressed by another high- 
pressure ineteling punlp (Milton Roy) and fed into on tile side or 
top of the precipitator as a continuous phase. The carbon dioxide 
was controlled at a desired teanpea-ature by using a heat exchanger 
m fi-C~lt of tile precipitatol: Tile precipitator is placed m a thermo- 
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Fig. 1. Apparatus for recrystallization of mieropartides. 
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Fig. 2. SEM photographs of untreated L-PLA pal'tides. 

star air chanber r the t e m p ~  is maintained with a PID 
tempffature controller (I-Ian Young Co. ). The pressure of the pre- 
cipilator is conlrolled by abatis-pressure regulator ~reseom: 26-1721- 
~) .  Upon injection into the predpkator, L-PLA particles are formed 
and afluid mknae  of mabon dioxide and methylene chloride laden 
L-PLA particles leaves the vecipitator. L-PLA paltides are mllected 
on filters (Tee-Type filter, 0.5 pm) which are located between the 
precipitator and file back pressure regulator. These fdters were s~u- 
ated on both sizes by using atee-type union in order to avoid asud- 
den pre~a 'e  reduction in the precipitator as well as to investigate 
continuans experiments. The line fix~n the back pressure r%ml~or to 
the depressutizing tank is heated by eleclrical band heaters to pre- 
vent fi-eezing due to C Q  expansion. The eflhent mbaure is depres- 
sufized and eq~anded to atmospheric pressure as it passes through 
a depressurizing tank (SUS 316:300 ml). The instantaneous and 
the accumulated flow rate of  COn are measured with a mtameter 
(Metheson 604 SITS ball) and adry gas meter (Tackwwang Energy 
S/T-3 ), respectively. 
3. Procedure 

Carbon dioxide was fed to the precipitator, in which the temper- 
ature was maintained constant with a value ranging fi-om 25 ~ to 
50 ~ up to the desred pressure. Atler CO, flow rat~ which was 
controlled at a designated value (8 L/rain), was attained at a steady 
state condition, methylene chloride solution containing L-PLA was 
pumped into the precipitator through the nozzle (0.03") at a l low 
rate of 0.30mL/min. At each expmment, the L-PLA solution of 
0.30 mL was injected into the precipitator Under normal condi- 
tions, a white fog of particles formed in the precipitator Most of 
the partides formed were collected at the filter. Upon stopping in- 
jection, supercritical carbon dioxide continued to flow for several 
minutes to ucsh out any residual solvent fi-om the particles, until 
the precipitator became completely clean. After the valve between 
precipitator and filter was closed, the filter was gradually depres- 
surized by the back pressure regulator for the organic solvent to be 
condensed ~r ing  the depressurization. The fluid mixture left the 
filter for the depressxaization t~.k. Finally, the carbon dioxide was 
effluent up and the organic solvent was left down in the depressur- 
ization tank. 
4. Particle Morphology 

Morphological evaluation of the micropatticles was conducted 
by seaming e l~ron  mi~oscopy (SEMI (HITACHI S-4200). The 
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micropmticles were attached to the specimen holder with a double- 
coated adhesive tape. 
5. Particle Size Measurement 

The mean particle size of each sample was detmnined by using 
a laser ~ i o n  particle size analyzer (LS 230, Coulter Elec~on- 
ics, Hialeah, FL). The method of sizing and counting particles is 
based on measurable changes in electrical resistance produced by 
nonconductive particles suspended in an eledrolyte. 

RESULTS AND DISCUSSION 

In the continuous SAS process, there are two consecutive steps 
to form particles: ~x~plet formation and precipitation in the &qo- 
lets. The size of  droplets is described by the dimensionless Weber 
number ( N J  [Lefebvre, 1989]: 

. . . . . . .  ~. 
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. " ~ % '  r : . . . r  
. . . . , , . . . . . . . . ' . ' .  

Fig. 3. l~otographs ~ j e t  breMmp at different pre~'m'es (70 bin" 
and 150 bin-), 40 ~ and 0.01" nozzle dimneter hi the pre- 
dpitator. 
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uahere Pc~ is the anfisolvent density, V is the relative velocity, d is 
the ckoplet diametm and (~ is the interracial tension. The Weber 
number is defined as the ratio o f  the deforming forces to the re- 
forming surface forces. As the density of  carbon dioxide is increased, 
large deforming forces ,still break up the existing ckoplet further 
into smaller size. 

We observed how the solvent (methylene chloride) jet or solu- 
tion (methylene chloride+L-PLA)jet was atomized into very free 
droplets through the capillary nozzle For the pure methylene chlo- 
ride, it was sprayed into CO, at tempffature of 40 ~ and nozzle 
diameter of  0.01" I,D. urith increasing pressure fixxn 70 barto 150 
bar (Fig. 3). At low pressure of 70 bar, the methylene chloride jet 
was not atomized (Fig. 3a). However, the solvent jet broke up im- 
mediately into very free ~x~plets at a pressure of  80 bar or higher 
(Fig. 3b). These jet breakup phenomenawere also observed at dif- 
ferent temperatures (25, 31, 35, and 40 ~ When methylene chlo- 
ride solution, including L-PLA, was introduced into COn at the same 
condition (Fig. 3c and Fig. 3d), the polymer solution jet atomized 
to form title ~x)plets only at above 80bar (Fig. 3d). In this case, 
we observed that the solution jet was not atomized immediately 
and its breakup was delayed a few millimeters fi-om the nozzle tip 
(Fig. 3d). These results indicate that the large Weber number result- 
hag from the higher antisolvent density (continuous phase dense)  
leads to ~ p  breakup into smaller ~ple t .  In our experiments, the 
jet was not atomized at a COn density of below --0.3 g~rll, whereas 
the jet breakup occurred as C ~  densh~y increased above--0.3 g/ml. 
At the CO, density is --0.3 g/ml or below, no pastide were formed. 

All r were conducted with increase ofpresstrr firm 
80bar to 150bar at 31, 35, and40~ respectively. Other process 
paraneters such as concenlration, nozzle diameter, flowrate of COn 
and solution were fixed at 0.5 ~r L-PLA in methylene chloride, 
0.03',' 8SLPM, and 0.3 mlhnin, respectively. 

In Table 1, the experimental conditions and results in this study 
are summarized. The partide size varied from 0.264 pm to 0.858 
gm, uahen the presawe was increased fiom 80 to 150 bar at 31 ~ 
The same tendency is observed at 35 ~ and 40 ~ Figs. 4{aHc) 

Table 1. Experimental conditions ~md results 

CO2 
Temperature Pressure Concentration Mean particle 

(~ (bar) density (wt%) size (gm) 
(s/ml) 

31 80 0.68049 0.5 0.264+0.1535 
100 0.76202 0.5 0.4030+0.2535 

150 0.84162 0.5 0.8580+0.3995 

35 80 0.42599 0.5 0.1170 +0.0720 
100 0.71399 0.5 0.3240+0.2100 
150 0.81595 0.5 0.7020+0.3595 

40 90 0.48279 0.5 0.2570+0.1780 
100 0.62868 0.5 0.2970+0.1990 

150 0.78136 0.3 0.1350+0.0980 
0.5 0.3970+0.2450 
1.0 0.5110+0.3080 
2.0 0.5680+0.3050 

4.0 0.6220+0.2970 
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Fig. 4. SEM photographs ~" L-PLA microparfides prepared at 36 
~ 0_SwtQo/wt (L-PLA+CH2CID, 0.03" nozzle diameter, 
0.3 mL/min s~lulion flow rate, and 8 SLPM CO~ flow rate. 

show SEMs of particles obtained in the experiments conducted at 
three different pressures at 35 ~ Most of the particles ere frond to 
be spherical and have a very narrow size distribution as listed in 
Table 1. 

After the L-PLA solution is injected into the precipitator, it will 
form fine droplets which are contacted with supercr~ical carbon 
dioxide. Because the methylene chloride and superaitical C02 are 
fully miscible, fast diffusion of CQ into the liquid polymer droplet 
and evaporation of methylene chloride out of  the droplet cause the 
droplet to swell rapidly. C Q  ~ffusion decreases the L-PLA solu- 
bility within the droplet, whereas methylene chloride evaporation 
increases the L-PLA concentration. Therefore, high s u p S -  
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Fig. 5. SEM photo~'aphs ofL-PLA mio'oparlides prepared ~t 100 
bar, 0 .Swt%/wt (L-PLA+CH~Clg, 0,03" nozzle diameter, 
0.3 mI~min solution flow rate, ~md 8 SLPM CO~ f low rme. 

tion and nudeation can be achieved and then free particles are ob- 
tained. 

In order to study the hfluence of  temperature, the presan~ was 
kept constant at the pressure of 100 bar while the temperaure was 
varied fi'om 31 ~ to 40 ~ As shown in Table 1, the mean particle 
size changes fi'om 0.4030 pm to 0.2970 Bm as the temperalure in- 
creases fi~m 31 ~ to 40 ~ Figs. 5(a)-(c) are gEMs of the experi- 
ments conducted at the three temperatures. In all the cases, spheri- 
cal particles having a narrow size distribution are obtained. Also, 
the L-PLA microparticles formed over atemperamre range of  31- 
40 ~ are flee-flowing and non-agglomerated with a smooth surface. 

As mentioned above, the density of CO, affects jet break-up by 
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Fig. 6. The effect of COz density on the L-PLA micropartides ob- 
tained at 0.5 v a % / w t  (L-PLA+CH2CI2). 

m~nization mad therefore the size of droplets formed by means of 
breakup of  solution jet, which is sprayed through a capillary noz- 
zle, changes as C Q  density varies. The density o f  C Q  is varied be- 
tween 0.4 gSnl and 0.9 gSnl by changing the pressure ~om 80 bar 
to 150 bar over a temperature range of 31-40 ~ The mean particle 
size of L-PLA increases sharply as the density of  CQ increases, as 
shown in Fig. 6. 

Since the variation of  the diflhsion coefficient is low when CO2 
density is lower than 0.6 g~nl, the particle size also changes a lilfle 
in this region [Dkon et al., 1993]. The partide size sharply increases 
with increasing COz density due to rapid decrease of  the diffusion 
coefficients. 

These results suggest that the smaller particles are produced as 
the diffusion coeffidents of  the solvent into CO2 increase since the 
diffusion coefficient decreases with increasing COz density. 

The ~ t  diffusion of C Q  into mdmethylene chloride out of the 
liquid polymer a-oplet will cause high suversau~tion followed by 
fast nucleation. As a result, smaller particles with narrow particle 
size distribution are producer 

Polymer concenWation is another critical process variable. The 
effect of initial L-PLA concentration on particle size and particle 
size distribution was investigated at five different initial concentra- 
tions [0.3, 0.5, 1.0, 2.0, and 4.0 wtg,~gwt (L-PLA+C~zCL)] at 40 ~ 
and 150bac Figs 7(a)-(d) are the SEMs of L-PLA particles ob- 
tained at each conoen~ation. Spherical microparticles were not ag- 
glomer~ed but formed as flee-flowing powder We do not observe 
any fibers in these concentration ranges. The effect of  the differerl 
solution concentmlion on the mean particle size and PSI) is shown 
in Fig. 8. The particle sizes increase fi~)m 0.135 Bm to 0.622 Bm 
Uatlen the initial concerlration increases fi'cm 0.3 to 4.0 ~,vt% at 40~ 
and 150 bar. When the solution concentration is higher than 1.0 ul%, 
the size of L-PLA microparticles has shown atendency to be in- 
variable. 

As the solution concentration increases, the interracial tension 
between the sprayed polymer solution and COz increases. Thus, 
the Weber number becomes small: the smaller the Weber number, 
the larger the di'oplet~ Additionally, the high concenlrated solution 
jet is not atanized immediately md then the breakup lensth inerease~ 
Consequently, supersaturation is delayed and nucleation rate be- 

Korean J. Chem. E n ~ ( V d .  19, No. 1) 
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Fig. 7. SEM photographs of L-PLA microparticles prepared at 40 ~ 150 bar, 0.03" nozzle diameter, 03  mL/min solution flow rate, and 8 
S L P M  CO, flow rate. 
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Fig. 8. The effect of initial solution concentration on the L-PLA 
mieroparticles at 40 ~ 150 bar. 

comes slow. Therefore, particles are allowed to grow in the precip- 
itator at high solution concentration since most of the L-PLA sol- 
utes are not consumed at nucleation stage. Howevel; ft~ther par- 
ficle growth is limited by file coiff'lned length of our precipitator at 
the 1 wt%/wt of L-PLA concentration or above. 

C O N C L U S I O N S  

L-PLA mica-oparticles were prepared by a cc~llmuous SAS pro- 
cess in which methylene chloride solution was injected into carbon 
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dioxide as a n  mNsolvent. These precipitates were non-agglomer- 
ated and free-flowing, and solvent-free (or surfactant-freel. 

Tile size of tile precipitated microparticles appears to be depen- 
cle~lt on file pressure as well as file temperature. Particularly, file size 
of L-PLA microparticles may be adjusted by changing the density 
of CO2 continuous phase, winch m turn alters not only the mass 
transfer characteristics but also jet breakup by atomization. 

It is fotald that tile particle size (0.1-1 ~un) and the particle size 
disbibufion can be mafipulated easily by chmge of the pressure, 
temperature, and/or the initial solution concentratiort 

A C K N O W L E D G E M E N T  

Tiffs work has been funded by the NationalReseardl Lab (NRL I 
Program of the Ministry of Science mad Technology and Cleaner 
Production Progl'alI1 of file Ministly of Colm-nerce, hMustiy and 
Enelgy. 

R E F E R E N C E S  

Bleich, J. and Mueller, B. W., "'Production of Drag Loaded Microparfi- 
des by the Use of Supei~ilical Gases with tile Aerosol Solvent Ex- 
traction System (ASES) Process~" ~ ~lic~z~encapsutation, 13, 131 
(1996). 

Bodmeier, R., Wang, H., DL\on, D. J., Mawson, S. and Johnston. K. R, 
"'Polymeric Microspheres Prepared by Spraying into Compressed 
Carbon Dio,,dde~'Pharm. Res., 12,1211 (1995). 

IX, con. D. J., Johnston. K. R and Bodmeier, R. A., "'Pol?Tneric Materi- 



preparation of L-PLA Submicron Pastides by a Continuous SAS precipitation Process 145 

Ms Formed by Precipitation with a Compressed Fluid AntisolveNr 
AIChE J., 39, 127 (1993). 

Kere, J., Sr4ie, S., Knez, Z. and Sen4ar-Bo~i4, P, "'Micronization of 
Drugs Using Supercaitical Cafoon Dioxide:" Int. ~ Pharm., 182 33 
(1999). 

Lefebvre, A. H., "~Atomization and Sprays;" Hemisphere, New York 
(1989). 

Palakodaty, S., Yor!~ R and pritchard, J., "'Supererifical Fluid Process- 
ing of Materials from Aqueous Solutions: The Application of SEDS 
to Lactose as a Model Substance~'Pharm. Res., 15, 1835 (1998). 

Randolph. T. W., Randolph. A. D., Mebes, M. and Yeung, S., "'Submi- 
crometer-sized Biodegradable Partides of Poly(L -lactic add) via the 
Gas Anfisolvent Spray Precipitation Process~" BiotechnoL Prog., 9, 
429 (1993). 

Reverchon, E., Porta, G. D., Trolio, A. D. and Pace, S., ~Supercritical 
A11tisolvealt t:~edpitation of NanopaNdes of Superconductor t~e- 
curso~'/nd Eng. Chem. Res., 37, 952 (1998). 

Tolrk J. W., Lira, G. B., Debenedetti, P G. and t~-udhonmle, R. K., "'Ap- 
plication of Supercritical Fluids in the Controlled Release of Drugs~" 
Am. Chem. Soc. S>~np. Sat', 514,238 (1993). 

Yeo, S.-D., Linl, G.-B., Debealedetti, P G. and Be~l~eil~ H., ~Folma- 
tion of Micropalticulate Protein Powders Using a Supereritical Fluid 
Antisolvent~" BiotachnoL Bioeng., 41, 341 (1993 ). 

Yeo, S.-D., Choi, J.-H. and Lee, T.-J., "~Clystal Foimation of BaC12 and 
NIq4C1 Using a Supercritical Fluid Antisolvent~'d Supavrit Fluids, 
16, 235 (2000). 

Yolles, S., Leafe, ~E D. and Meyer, E J., "'Timed-Release Depot for Anli- 
cancer Agents~',L of Phw'maceutic Sciences, 64( 1 ), 115 ( 1975 ). 

Korean J. Chem. Eng.(Vol. 19, No. 1) 


