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Summary 

Polymeric nanoparticles were prepared as aqueous dispersions using an emulsion technique involving a salting-out process 
which avoids suffactants and chlorinated solvents. The preparation method consists of adding an electrolyte-saturated or a 
nonelectrolyte-saturated aqueous solution containing poly(vinyl alcohol) (PVAL) as a viscosity-increasing agent and stabilizer to an 
acetone solution of polymer under continuous stirring. The saturated aqueous solution prevents acetone from mixing with water by 
a salting-out process. After the preparation of an oil-in-water emulsion, water is added in a sufficient amount to allow complete 
diffusion of acetone into the aqueous phase, inducing the formation of nanospheres. Several manufacturing parameters were 
varied: stirring rate, internal/external phase ratio, concentration of polymer in the acetone phase, type of electrolyte, concentration 
and type of PVAL in the aqueous phase. 

Introduction 

A q u e o u s  suspens ions  of  po lymer ic  nanopa r t i -  
cles ( la texes)  have been  used  in p h a r m a c e u t i c a l  
app l i ca t ions  such as f i lm coa t ing  (B indschaed le r  
et  al., 1986), con t ro l l ed  re lease  (Gumowsk i  et  al., 
1987) and  drug  ta rge t ing  ( V a n d e r h o f f  and  EI- 
Aasse r ,  1988). These  aqueous  d i spers ions  can be  
d iv ided  in two ma in  ca tegor ies ,  accord ing  to the i r  
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m e t h o d  of  p r e pa ra t i on .  They  can be p r o d u c e d  
e i the r  by po lymer iza t ion  reac t ions  or  by d i sper -  
sion of  p r e f o r m e d  po lymers  (pseudo- la texes )  
(Gurny,  1991). The  p re sence  of  res idua l  mono-  
mers  as well  as of  sur fac tan t  res idues  and some-  
t imes  of  in i t ia tors  may r e n d e r  the  fo rmer  tech-  
n iques  unsu i t ab le  for  cer ta in  p h a r m a c e u t i c a l  
p r e p a r a t i o n s  such as in jec table  dosage  forms 
( O p p e n h e i m ,  1981). The  l a t t e r  t echn iques  rely on 
the  emuls i f ica t ion  of  wa te r - immisc ib le  o rgan ic  so- 
lut ions  of  p r e f o r m e d  po lymers  in aqueous  phases  
con ta in ing  surfac tants ,  fo l lowed by the remova l  of  
the  solvents  u n d e r  r e d u c e d  pressure .  A n  impor-  
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tant drawback of these methods for pharmaceuti- 
cal applications is the remaining surfactants. 

The aim of this work was to control and opti- 
mize, regarding mean particle size, a technique 
originally developed in our laboratories (Ibrahim, 
1989; Bindschaedler et al., 1990; Ibrahim et al., 
1992). In this procedure, a polymer dissolved in a 
water-miscible solvent is emulsified in an aqueous 
phase containing no surfactant. A two phase sys- 
tem is formed due to the presence of a salting-out 
agent in the aqueous phase. 

Several manufacturing parameters were var- 
ied: homogenization, stirring rate, internal/exter- 
nal phase ratio, concentration and type of poly- 
mer in the organic phase, type of salting-out 
agent, concentration and type of stabilizing agent 
in the aqueous phase. By modulating these pa- 
rameters, it was possible to produce particles with 
an average size ranging from 170 to 900 nm, with 
monomodal distributions. 

Finally, other polymers, salting-out agents and 
solvents were tested to demonstrate the capabili- 
ties of this new manufacturing technique. 

M a t e r i a l s  and  M e t h o d s  

Materials 
Acetone was chosen as the organic water- 

miscible solvent on the basis of previous work 
(Bindschaedler et ai., 1990), physico-chemical 
properties (Matkovich and Christian, 1973) and 
pharmaceutical acceptability with regard to toxic- 
ity (Rabiant, 1991). Tetrahydrofuran (Merck, 
Darmstadt, Germany), ethyl acetate (Merck) and 
isopropyl alcohol (Merck) were also used. The 
methacrylic acid copolymers Eudragit ® S and 
Eudragit ® E (R6hm Pharma, Weiterstadt, Ger- 
many), poly(dl-lactic acid) (PLA) (Medisorb ® 100 
DL, Medisorb Technologies International L.P., 
Cincinnati, OH, U.S.A.) and ethyl cellulose N10 
(Hercules, Wilmington, DE, U.S.A.) were used as 
polymers. Eudragit ® S is an anionic copolymer 
based on methacrylic acid and methyl methacry- 
late, soluble from pH 7 upwards. Eudragit ® E is 
a copolymer of cationic nature, based on dimeth- 
y laminoethyl  methacry la te  and neut ra l  
methacrylic esters. It is soluble below a pH of 5. 

~ [ Mixing of phases under stirring t 
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SUSPENSION 

Fig. I. Preparation of polymeric nanoparticles produced by a 
salting-out process. 

Magnesium chloride hexahydrate (Fluka, Buchs, 
Switzerland), magnesium acetate tetrahydrate 
(Merck) and sucrose (Siegfried, Zofingen, 
Switzerland) were used as salting out agents. 
Poly(vinyl alcohol) (PVAL) 100000 (Fluka), 
Mowiol ® 4-88, 8-88 (Hoechst, Frankfurt am 
Main, Germany) and PVAL 22 000 (BDH, Poole, 
U.K.) were selected as stabilizing colloids. 

Nanoparticle preparation 
The preparation method consists of adding a 

water-soluble polymer (PVAL) to a highly con- 
centrated solution of an electrolyte or nonelec- 
trolyte, so as to obtain a viscous gel (aqueous 
phase). Eudragit ~ S, Eudragit ® E, PLA or ethyl 
cellulose are dissolved separately in acetone or 
another suitable solvent (organic phase). Al- 
though this organic solvent is miscible in all pro- 
portions with pure water, a liquid-liquid phase 
system is formed when a portion of the gel is 
added to the organic solution (Fig. 1). Such a 
system is obtained when the salt dissolved in the 
aqueous phase is capable of producing salting-out 
of the organic solvent. Upon further addition of 
the gel to  the organic phase under vigorous me- 
chanical stirring, an oil-in-water emulsion is 
formed at room temperature. Pure water is then 



added to the resulting emulsion in a sufficient 
quantity for the acetone to diffuse into the aque- 
ous phase, thus inducing the formation of nano- 
particles suspended in the resulting organic-aque- 
ous medium (Ibrahim et al., 1992). 

Particle size determination 
Nanoparticle sizes were measured by photon 

correlation spectroscopy (PCS) using a Coulter ® 
Nanosizer ® (Coulter Electronics, Harpenden,  
Hertfordshire,  U.K.) and a Zeta-sizer ® III 
(Malvern, Worcestershire, U.K.). Each value given 
is the average of three measurements. Polydisper- 
sity values are given for Nanosizer ® measure- 
ments. Values of 0 or 1 describe essentially 
mono-sized particle suspensions, whereas higher 
values indicate that the size distribution is larger. 

Results and Discussion 

Variation of process parameters 
With this manufacturing technique, polymeric 

nanoparticles produced with PVAL 100000 as 
stabilizing agent, under mild agitation, as de- 
scribed in an earlier work (Ibrahim et al., 1992), 
have a mean diameter close to 1/xm. In order to 
reduce the size, the influence of homogenization 
on particle size was first investigated with the 
Polytron ® Kinematica ® (Littau, Switzerland) us- 
ing a PTDA 3020/2 rotor at 10000 rpm and the 
Bfichi ® high pressure homogenizer 196 (Flawil, 
Switzerland). Table 1 shows that it is possible to 
reduce the mean diameter to 427 nm, using the 

T A B L E  1 

Influence of the type of homogenization on the mean diameter 
of Eudragit ® S nanoparticles (organic phase: Eudragit ~'~ S 
17. 7%, 70 g; aqueous phase: PVAL 3% and MgCI 2 60%, 100 g) 

Type of t rea tment  Mean size Polydis- 
(nm) persity 

Without  homogenizat ion 938 2 
Polytron ® (2 min before adding water) 427 4 
Polytron ® (5 min after adding half 

of  the dilution water) 646 2 
Biichi ® (15 cycles after adding half 

of the dilution water) 707 3 
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TABLE 2 

Influence of the PVAL type on the mean diameter of the 
nanoparticles (organic phase: Eudragit ~ S 17. 7%, 70 g; aque- 
ous phase: PVAL and MgCI 2 6Ù%, 100 g; stirring rate, 900 rpm) 

Type of Molecular Concen- Mean Polydis- 
PVAL weight tration size persity 

% (w/w)  (nm) 

PVAL 100000 3 938 2 
PVAL BDH 22001) 10 1117 0 
Mowiol ~ 8-88 49000 8 248 2 
Mowiol ~ 4-88 26000 11 243 1 

Polytron c~ before adding the dilution water, but it 
should be noted that the temperature rises up to 
50°C during this 2 min process. The process with 
the Biichi ® homogenizer was not feasible before 
adding half of the dilution water because of the 
excessive viscosity of the emulsion. Homogeniza- 
tion after the addition of a part of the dilution 
water does not significantly reduce the mean sizes 
of the particles, since they are probably already 
partially formed at this step. 

The influence of PVAL type was then evalu- 
ated. Four products were used as stabilizing and 
viscosifying agents (Table 2). The concentration 
of the solutions depended on both the type and 
the molecular weight of the PVAL in order to 
obtain a viscosity of the aqueous phase ranging 
from 4 to 5 Pa s (shear rate: 10 s- l ) .  Table 2 
shows that Mowiol ® 4-88 (molecular weight M w 
26000) stabilizes the emulsion well and allows a 
significant reduction in the mean size of the 
nanoparticles (243 nm). All the PVALs used are 
partially hydrolyzed grades, except BDH 22000, 
which is a 96% hydrolyzed grade. 

Based on these results, Mowiol 4-88 was cho- 
sen for all subsequent steps. The effects of the 
percentage of PVAL in the external phase (Fig. 
2), stirring rate (Fig. 3), percentage of Eudragit ® 
S in the internal phase (Fig. 4), and internal/ex- 
ternal phase ratio (Fig. 5) were evaluated. The 
results clearly show that by varying the concentra- 
tion of Mowiol ® 4-88 in the external phase, the 
size of the nanoparticles can be controlled within 
a wide range (186-1130 nm). PVAL appears to 
exert a steric stabilizing action on the dispersed 
droplets of the internal phase (Tadros, 1983) and 
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Fig. 2. Influence of the percentage of Mowiol ® 4-88 in the 
external phase on the mean size of the nanoparticles. External 
phase: Mowiol ~ 4-88  at different concentrations and MgCI 2 

60%, 100 g; internal phase: Eudragit  ® S 17.7%, 70 g. 

avoids the need for a surfactant in the emulsifica- 
tion process. It is then assumed that the smaller 
the droplets of the internal phase of the emul- 
sion, the smaller the nanoparticles after the dilu- 
tion step with distilled water. 

An increase in stirring rate allows a slight 
decrease in the particle size. To a first approxi- 
mation, Fig. 3 shows that the Hinze-Clay relation 
used in emulsion technology may be employed to 
predict the size of nanoparticles as a function of 
stirring rate: 

x = Cu -5/6 

where x is the diameter of the droplets, C repre- 
sents a constant and ~, is the stirring rate (Walstra, 
1983). 

The mean size of the particles can also be 
adjusted within the range from 200 to 500 nm by 
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Fig. 3. Influence of the stirring rate on the ~ e a n  size of the 
nanoparticles, comparison of experimental  data with Hinze 
Clay relation (dashed line). External phase: Mowioi ® 4-88  at 
different concentrations and MgCI 2 60%, 100 g; internal 

phase: Eudragit  ® S 17.7%, 70 g. 
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Fig. 4. Influence of the amount  of  Eudragit  ~ S in the internal 
phase on the mean size of the nanoparticles. External phase: 
Mowiol ~ 4-88 at different concentrations and MgCI 2 60%, 
100 g; internal phase: Eudragit  ® S at different concentrations 

70 g. 

varying the polymer concentration in the internal 
phase, or the internal /external  phase ratio (Figs 
4 and 5). 

Variation of  polymer, soluent and salting-out agent 
All previous results concerned Eudragit ® S 

dissolved in acetone and emulsified in a magne- 
sium chloride solution, however, the new tech- 
nique described herein can be varied by using 
several other polymers, solvents and salting-out 
agents (Table 3). Mowiol ® 4-88 was used as 
stabilizing colloid in all subsequent examples. 

The methacrylic acid copolymer Eudragit ® E 
was examined. Since it is soluble in acidic media, 
magnesium chloride cannot be used as the elec- 
trolyte (concentrated magnesium chloride imparts 
a pH of 6 to the medium). Neither can a strong 
base (e.g., sodium hydroxide) be added to modify 
the pH without resulting the precipitation of 
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Fig. 5. Influence of the in ternal /external  phase ratio on the 
mean  size of the nanoparticles. External phase: Mowiol ~ 
4-88  at different concentrations and MgCI 2 60%; internal 

phase: Eudragit  ® S 17.7%. 



TABLE 3 

Examples of polymeric nanodispersions produced by the salting-out process 
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Example Polymer Solvent Salting-out Mean size 
No. agent (nm) 

1 Eudragit ® E acetone Mg acetate 172 
2 PLA acetone Mg acetate 247 
3 PLA acetone Mg chloride 228 
4 Ethyl cellulose N10 tetrahydrofuran Mg chloride 215 
5 Ethyl cellulose N10 ethyl acetate Mg chloride 480 
6 Ethyl cellulose N10 isopropanol sucrose 1006 

magnesium hydroxide. On the basis of previous 
work, magnesium acetate was selected as salting- 
out agent (Ibrahim, 1989). The resultinglSH of 8 
in the external phase allows the formation of 
nanoparticles having a mean size of 172 nm (in- 
ternal phase: Eudragit ® E 17.7%, 40 g; external 
phase: magnesium acetate 35% and Mowiol ® 
4-88 12%, 100 g; stirring rate, 1200 rpm). 

PLA nanoparticles were produced by using 
either an acidic aqueous phase (MgC12) or a basic 
aqueous phase (magnesium acetate) (Table 3). 
For these particles measurements were per- 
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Fig. 6. Particle size distribution of PLA nanoparticles pro- 
duced with either magnesium chloride (D) or magnesium 

acetate ( • ) as salting-out agent. 

Fig. 7. Scanning electron micrograph of PLA nanoparticles produced with magnesium chloride as salting-out agent. 
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Fig. 8. Scanning electron micrograph of PLA nanoparticles produced with magnesium acetate as salting-out agent. 

formed on the Zeta Sizer ® which gives intensity 
vs size data. Fig. 6 demonstrates that the size 
distributions of PLA nanoparticles are monomod- 
al. The particles produced with MgCI 2 as salting- 
out agent have a mean size of 228 nm (S.D. 37 
nm) and those in the case of magnesium acetate 
have a mean size of 247 nm (S.D. 54 nm). Scan- 
ning electron micrographs show that these parti- 
cles are spherical (Figs 7 and 8). The possibility of 
producing PLA nanoparticles while using either 
an aqueous acidic phase or basic phase is very 
important in the case where one intends to load 
these particles with a drug, the solubility of which 
is function of the pH of the medium. 

The last three examples of Table 3 indicate 
that the solvent for the organic phase can also be 
varied. For example, the use of tetrahydrofuran, 
ethyl acetate and isopropyl alcohol led to the 
formation of nanoparticles having mean diame- 
ters of 215, 480 and 1006 nm, respectively. It 
should also be noted that, in the last example, the 
salting-out agent was sucrose. The use of a non- 
electrolyte as salting-out agent is interesting, since 
it offers the possibility of changing the pH of the 
aqueous phase with acids and bases, in contrast 
to the case of electrolyte-saturated solutions, 
which have a fixed pH. 

These examples demonstrate that it is possible 
to carry out this method of manufacture success- 
fully with various polymers, solvents and salting- 
out agents, the only condition which should be 
met being that a two-phase system must be ob- 
tained in the presence of the salting-out agent at 
high concentration, which is converted into a 
single-p.hase system upon dilution with water. 

Conclusions 

It has been demonstrated, both in previous 
results obtained with cellulose acetate and cellu- 
lose acetate phthalate (Bindschaedler et al., 1990; 
Ibrahim et al., 1992) and in the present study 
carried out with Eudragit ® S, Eudragit ® E, PLA 
and ethyl cellulose using the same technique, that 
this method can be employed with several 
lipophilic polymers, while avoiding the need for a 
surfactant. It has been shown that salting-out 
agents and solvents can be varied according to 
the pharmaceutical applications for which the 
particles are intendeff. This should allow the use 
of our technique in future studies encompassing 
several pharmaceutical fields, such as controlled 
release dosage forms and aqueous film coating. 



Moreover, the results with the biocompatible 
poly(dl-lactic acid) should permit the use of this 
process for injectable sustained release dosage 
forms and for drug targeting. 

In a subsequent paper, the possibilities of puri- 
fying the raw nanoparticle suspensions will be 
described. 
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