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Abstract

Poly(p,L-lactide-co-glycolide) (PLGA) nanoparticles were prepared by an emulsification-diffusion method. To investigate the effect of type
of organic phase solvents on the mean particle sizes of obtained PLGA nanopatrticles, different organic solvents [ethyl acetate (EA), propylen
carbonate (PC), acetone (ACE), and dichloromethane (DCM)] were used with several stabilizers [didodecyl dimethyl ammonium bromide (DMAB),
poly(vinyl alcohol) (PVA), and Pluronic F68]. The particle size of nanoparticles was observed by the dynamic light scattering method and atomic
force microscopy (AFM). When DMAB, an ionic stabilizer, was used, small PLGA nanoparticles below 70 nm were obtained for EA and PC as
partially water-soluble organic solvents, while large PLGA nanoparticles above 290 nm were prepared for ACE and DCM as a fully water-soluble
solvent and a water-immiscible solvent, respectively. However, when PVA or Pluronic F68, non-ionic stabilizers, were used, a big difference in
mean particle sizes between partially water-soluble solvent or fully water-soluble solvent and water-immiscible solvent was not observed, and a
particles showed a large mean diameter above 110 nm, irrespective of the type of organic phase solvents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction (salting-out), and problems with low yields and poor entrapment
efficacy (nanoprecipitatiorfp]. Also, these techniques were not
Biodegradable nanoparticles prepared from poly(lactide-couseful to reduce the particle size and were impossible to produce
glycolide) polymers (PLGA) have obtained considerable intereshanoparticles with diameter less than 100[6in
inrecentyears for their use as a delivery vehicle for various phar- The emulsification-diffusion method has been used success-
maceutical agents. PLGA is by far the most common biodegradully to prepare nanoparticles from preformed polymers in an
able polymer used for the controlled delivery of drugs due to itefficient and reproducible mannj&j. In this method, it is pos-
early use and approval as compatible biomaterial in humansible to make nanoparticles with diameter less than 100 nm by an
[1]. Many methods are currently available for the preparation obptimal combination of organic phase solvents and stabilizers. It
polymeric nanopatrticles, such as the emulsification-evaporatioimvolves the formation of a conventional oil-in-water emulsion
method[2], salting-out procedurg3], and nanoprecipitation within a partially water-soluble solvent. The subsequent addition
method4]. Nevertheless, several difficulties have been encounef water to the system makes the organic solvent diffuse into the
tered when adopting these methods, such as working witexternal phase, resulting in the formation of nanopartiflgs
toxic solvents (emulsification-evaporation), non-accepted stabBeveral workers have studied the effects of several preparative
lizers and salts that are incompatible with bioactive compoundsariables on particle size, such as the type and concentration of
the stabilizers, the stirring speed, and the polymer concentration
in the organic phasg,8,9].
* Corresponding author. Tel.: +82 41 730 5193; fax: +82 41 736 4078. Quintanar-Guerrero et €8] prepared polyg,L-lactic acid)
E-mail address: songkc@konyang.ac.kr (K.C. Song). (PLA) nanoparticles by the emulsification-diffusion method.
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They found that an increase in both stirring speed and concentramplitude intensity. In order to allow for diffusion of the organic

tion of stabilizer reduces the size of nanoparticles. Kwon et alsolvent into water, a constant volume (80 ml) of water was sub-

[6] also synthesized PLGA nanoparticles by the emulsificationsequently added to the o/w emulsion under moderate magnetic

diffusion method. They reported that as the PLGA concentrastirring, leading to the formation of PLGA nanoparticles.

tion in the organic phase increases, the mean size of resultant

PLGA nanoparticles increases. Choi et[8] thermodynam- 2.3, Nanoparticle characterization

ically studied the emulsification-diffusion method for making

PLGA nanoparticles, quantitatively considering the diffusion  The mean particle size and particle size distribution of the

coefficients Dsw, Dws), exchange ratio K=Dsw/Dws), and  nanoparticles were assessed by photon correlation spectroscopy

polymer—solvent interaction parametgy).(They found thaR  (NICOMP, model 380, CA, USA). Particle size was expressed

is directly proportional to the size of the PLGA nanoparticles,as volume-weighted mean diameter in nanometers, and was

while x is inversely proportional to it. obtained from the measurement of at least three batches of
In these studies, only the partially water-soluble organic solnanoparticles. AFM was used to image the shape and size of the

vents, such as ethyl acetate (EA), methyl ethyl ketone (MEK)nanoparticles prepared by the emulsification-diffusion method.

propylene carbonate (PC), and benzyl alcohol (BA), were used drop of diluted aqueous dispersion was placed on a washed

for the preparation of PLGA nanoparticles. However, the influ-microscope slide and dried under vacuum for 24 h. The mea-

ence of other organic solvents, such as acetone (ACE) assyrements were performed using a commercial AFM (XE-100,

fully water-soluble solvent or dichloromethane (DCM) as apSJA, Republic of Korea) at room temperature in non-contact
water-immiscible solvent, has not been considered in the formode (frequeng=5kHz).

mation of PLGA nanopatrticles. This study describes the effect
of various organic solvents including partially water-soluble sol-3  Results and discussion
vent, water-immiscible solvent, and fully water-soluble solvent

on the particle size of PLGA nanoparticles prepared by the |y the formation of PLGA nanoparticles by the

emulsification-diffusion method. emulsification-diffusion technique, both the organic sol-
vent phase containing PLGA and aqueous phase containing

2. Experimental stabilizer are in the state of thermodynamic equilibrium. The
addition of water to the system destabilizes the equilibrium.

2.1. Materials It causes the organic solvent to diffuse to the external phase.

During this transport of the solvent, PLGA nanopatrticles are
Biodegradable PLGA (75:25 lactide:glycolide, MW produced, and their size may be dependent upon the type
75,000-120,000) was purchased from Sigma Chemicals. Thef organic phase solvents. We investigated the effect of the
organic solvents, dichloromethane (DCM), ethyl acetate (EA)type of organic phase solvents on the mean particle size of
propylene carbonate (PC), and acetone (ACE) were HPL®LGA nanoparticles. To evaluate the effect of organic phase
grade purchased from Aldrich Chemicals. The stabilizers, didosplvents, various organic solvents were used for the preparation
decyl dimethyl ammonium bromide (DMAB) and poly(vinyl of PLGA nanoparticlesTable 1 shows a summary of the

alcohol) (PVA, MW 9000-10,000, 80% hydrolyzed), were alsosolubility of the organic phase solvents used for nanoparticle
purchased from Aldrich Chemicals. The stabilizer, Pluronicpreparation in watef10] or that of the PLGA in organic

F68, was purchased from Sigma Chemicals. phase solvents. EA and PC are partially water-soluble and
are good solvents for PLGA. ACE is completely miscible
2.2. Preparation of nanoparticles with water in all proportions and is a good solvent for PLGA.

DCM is immiscible with water and is an excellent solvent for
The PLGA nanoparticles were prepared using thePLGA.

emulsification-diffusion method. 100 mg of PLGA was dis- Fig. 1 shows the particle size distributions of the PLGA
solved in 10 ml of various organic solvents (EA, PC, ACE, nanopatrticles prepared with different organic phase solvents,
and DCM). The organic phases were added into 20 ml of amvhen DMAB as a stabilizer was used at a constant concentra-
agueous phase containing stabilizer. After mutual saturation dfon of 1% (w/v) with respect to the amount of water. Small
organic and aqueous phases, the mixture was emulsified fgarticles below 70 nm in mean particle size were obtained using
1 min with a probe-tip sonicator (probe-tip diameter: 1.3 cm,partially water-soluble solvents (EA, PC), while large parti-
Sonics & Materials Inc., Danbury, CT, USA) operating at 40%cles above 290 nm in mean particle size were obtained using

Table 1
Solubility of organic phase solvents in water or PLGA in organic phase solvents

Ethyl acetate (EA) Propylene carbonate (PC) Acetone (ACE) Dichloromethane (DCM)

Water Slightly soluble (10% (v/v) at 2%2)  Slightly soluble (17.5% (v/v) at 28C)  Very soluble (infinitely at 28C)  Immiscible (2% (v/v) at 25C)
PLGA  Good solvent Good solvent Good solvent Excellent solvent
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water-soluble solvent (EA) than when using a water-immiscible
solvent (DCM) or a fully water-soluble solvent (ACE). This
is in agreement with the result of particle size distributions in

5 —_— DCM ’\ g

g } i Fig. 1

50381 P Figs. 3 and 4show the particle size distributions of the

2 i PLGA nanopatrticles prepared with different organic phase sol-

£ 06 RN vents (EA, PC, ACE, and DCM), when PVA and Pluronic

Y ;oo F68 were used as stabilizers at a constant concentration of

£ 044 i 1% (wl/v), respectively. Contrary to the result of DMAB in

2 - Fig. 1, small particle size below 70 nm in mean particle size
0.2 ! . was not obtained for PC and EA, and no major difference in

/ } particle size distributions between partially water-soluble sol-

0.0 L ! vent (EA and PC) or fully water-soluble solvent (ACE) and

10 1000 water-immiscible solvent (DCM) was observed in either PVA

or Pluronic F68. In particular, the mean particle sizes of PLGA
Fig. 1. The effect of different organic phase solvents on the particle size distrinanOpartideS stabilized with PVA showed relatively similar
butions of the PLGA nanoparticles, when DMAB was used as a stabilizer. ~ Values inFig. 3, irrespective of the difference in the type of
organic phase solvents. It is also remarkable for Pluronic F68 in
fully water-soluble solvent (ACE) and water-immiscible solventFig. 4that EA shows smaller mean particle size than PC, which
(DCM). Also, the solutions of PLGA nanoparticles obtained showed a different trend with the results of DMAB and PVA in
from EA and PC as organic phase solvents were more transpédfigs. 1 and 3respectively. In non-ionic stabilizer systems (PVA
ent in sight than those of ACE and DCM. This means that theand Pluronic F68), particles are stabilized by steric hindrance,
type of organic phase solvents plays an important role in théut in an ionic stabilizer system (DMAB), particles are stabi-
mean size of nanoparticles when using DMAB as the stabilizellized by electrostatic repulsid6]. The above results mean that
Since nanoparticles are formed from the emulsion droplets aftehe effect of type of organic phase solvents in obtaining small
organic solvent diffusion, their size is dependent on the stabilPLGA nanoparticles below 70nm becomes more significant
ity of the emulsion droplets, which collide and coalesce amongvhen particles are stabilized by electrostatic repulsion than steric
themselves. When the stabilizer remains at the liquid—liquichindrance.
interface during the diffusion process, and its protective effectis Table 2shows the effect of different stabilizers and organic
adequate, nanoparticles will foi@]. Small particle sizesfor EA  phase solvents on the mean particle sizes of PLGA nanoparti-
and PC were attributed to both the adequacy of the stabilizersles. The smallest particle (50 nm) was obtained using DMAB
protection against coalescence, and the low interfacial tensiofstabilizer) and PC (organic phase solvent), while the largest
between aqueous and organic phases, resulting from their pgrarticle (461 nm) was obtained using Pluronic F68 (stabi-
tially water-soluble nature. However, when DCM was used adizer) and DCM (organic phase solvent). These results indi-
the organic phase solvent, nearly every formulation resulted inate that proper choice of organic phase solvent and stabilizer
significant aggregation due to its immiscible nature with waterjs a key factor in determining the mean diameter of PLGA
and the stabilizer DMAB was not able to completely preventnanoparticles.
aggregation of emulsion droplets, leading to large mean par- Fig. 5shows the effect of the type and concentration of sta-
ticle size (390 nm). On the other hand, as ACE is completelypilizers on the mean size of PLGA nanopatrticles with PC as an
miscible with water, stable emulsions between organic and aquerganic phase solvent, when DMAB, PVA and Pluronic F68
ous phases are not formed despite the presence of a stabilizare used as stabilizers, respectively. The mean particle sizes
Upon mixing the two phases, the PLGA immediately precip-for PVA and Pluronic F68 were found to decrease sharply,
itates as sub-micron particles, resulting in large particle sizéut little change was observed for DMAB with increasing sta-
[11]. bilizer concentration. This indicates that with increasing sta-
Fig. 2 shows the AFM images of the PLGA nanoparticlesbilizer concentration for PVA and Pluronic F68, more stabi-
prepared with EA (a), DCM (b), and ACE (c) as organic phasdizer molecules are adsorbed on the interfaces of emulsion
solvents, respectively, when DMAB at 1% (w/v) was used as alroplets, providing increased protection against coalescence and
stabilizer. The PLGA nanoparticles have spherical shapes with
different sizes depending on the type of organic phase solvents.

Particle size (nm)

When EA, a partially water-soluble organic solvent, was used/ 2> 2

small and discrete particles of 40—-70 nm in size were obtame(f,hase solvents used

ummary of mean particle sizes (nm) as a function of stabilizers and organic

Onthe other hand, large and aggregated particles of 350—450 n#

in size were observed in DCM as a water-immiscible organic DMAB PVA Pluronic
solvent. When ACE, a completely water-soluble organic solPC 50+ 2 159+3 213+5
vent, was used, large and discrete particles of 250-400 nm 67+3 213+5 117+3
size were obtained. From these AFM images, we can see th@EE 298+ 6 214+5 221£5

390+ 10 284+ 6 461+ 10

smaller nanoparticles below 70 nm are obtained using a partially
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Fig. 2. AFM images of the PLGA nanoparticles prepared with (a) EA, (b) DCM, (c) ACE as organic phase solvents, respectively, when DMAB was used as
stabilizer.

resulting in smaller emulsion droplets. Ahlin et[dl2] prepared  as a function of the volume of water addition, when DMAB was
poly(methylmethacrylate) (PMMA) nanoparticles using PVA asused as a stabilizer. When EA and PC, partially water-soluble
a stabilizer by the emulsification-diffusion method, and investi-solvents, were used, the mean particle size decreased rapidly
gated the effect of PVA concentration on the PMMA nanopar-when increasing the volume of water addition in the 20—40 ml
ticle size. They observed that physical stability of PMMA range, but little change was observed above 80 ml. However, for
nanoparticles increased with increasing PVA concentrationACE, a fully water-soluble solvent, the volume of water addi-
leading to smaller nanoparticle size. However, for DMAB, only ation does not play an important role in the mean particle size
small quantity of stabilizer is adsorbed at the interface of emuleompared with EA and PC, and the particle size decreases mod-
sion droplets. The excess remains in the continuous aqueoesately when increasing the volume of water addition. These
phase and does not play any significant role in the emulsificaresults mean that the volume of water addition is an important
tion[13]. The mean size of PLGA nanoparticles prepared usindactor in determining the PLGA particle size for partially water-
DMAB as a stabilizer is smaller than those of PVA and Pluronicsoluble solvents, PC and EA. Also, it is observed that the mean
F68, which is in agreement with the result of Kwon et[@]. size of PLGA particles prepared using ACE is larger than those

Fig. 6 shows the mean particle sizes of PLGA nanoparticleof EA and PC, which is in agreement with the result of particle
prepared using different organic solvents, i.e. EA, PC, and ACEize distributions irFig. 1
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Fig. 3. The effect of different organic phase solvents on the particle size distriFig. 6. The effect of the volume of water addition on the mean size of PLGA
butions of the PLGA nanoparticles, when PVA was used as a stabilizer.
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nanoparticles for different organic phase solvents, when DMAB was used as a
stabilizer.

4. Conclusions

The solubility of organic phase solvents in water was an
important parameter affecting the mean size of PLGA nanopatr-
ticles, when DMAB, an ionic stabilizer, was used. Smaller
nanoparticles below 70 nm were obtained using partially water-
soluble solvents (EA and PC) than when using a fully water-
soluble solvent (ACE) or water-immiscible solvent (DCM). In
particular, when PC was used as an organic phase solvent,
PLGA nanoparticles below 50 nm were obtained. However,
when PVA and Pluronic F68, nonionic stabilizers, were used,
a big difference in particle size distributions between partially
water-soluble solvent or fully water-soluble solvent and water-
immiscible solvent was not observed, and all particles showed
a large mean diameter above 110 nm, irrespective of the type of

Fig. 4. The effect of different organic phase solvents on the particle size distriorganic solvents.
butions of the PLGA nanoparticles, when Pluronic F68 was used as a stabilizer.
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