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bstract

PLGA nanoparticles simultaneously loaded with vincristine sulfate (VCR) and verapamil hydrochloride (VRP) were prepared via combining
/W emulsion solvent evaporation and salting-out method. Ten independent processing parameters and two materials characteristics were assessed

ystematically to enhance the incorporation of the two hydrophilic low molecular weight drugs into PLGA nanoparticles and minimize nanoparticles
ize. Approaches investigated for the enhancement of drug entrapment efficiencies and the minimization of particle size included the influence
f the molecular weight (MW) of PLGA and the lactide to glycolide (L:G) ratio of PLGA, PLGA concentration, the degrees of hydrolyzation
nd polymerization of PVA, PVA concentration, initial VCR and VRP content, acetone to dichloromethane volume ratio, aqueous phase pH, salt
oncentration of aqueous phase, aqueous to organic phase volume ratio, sonication time, sonication energy and removal rate of organic solvents.
he nanoparticles produced by optimal formulation were submicron size (111.4 ± 2.35 nm, n = 3) and of low polydispersity (0.062 ± 0.023, n = 3).

anoparticles observed by transmission electron microscopy (TEM) showed extremely spherical shape. The entrapment efficiencies determined
ith high performance liquid chromatogram (HPLC) by ultracentrifuge method were 55.35 ± 4.22% for VCR and 69.47 ± 5.34% for VRP,

espectively (n = 3).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Resistance to chemotherapeutic drugs is one of the major
roblems in the treatment of cancer. Vincristine sulfate (VCR)
s an effective chemotherapeutic agent, which has been used
xtensively for treatment of various cancers including AIDS-KS

Rowinsky and Donhower, 1996). Unfortunately, many tumor
ells are not sensitive to VCR because of efflux from the tumor
ells mediated by P-glycoprotein (Pgp), multidrug resistance-

∗ Corresponding author. Tel.: +86 28 85502809; fax: +86 28 85502809.
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ssociated protein 1 (MRP1), MRP2 and MRP3 (Ambudkar et
l., 2003; Borst et al., 2006). Overexpression of Pgp encoded
y the MDR1 gene is one of the major obstacles to successful
ancer therapy with VCR (Barthomeuf et al., 2005). Vera-
amil hydrochloride (VRP), a calcium channel blocker, has been
eported to be able to reverse completely the resistance caused
y Pgp in vitro at concentrations of approximately 5–10 �M
Huang et al., 1999). However, severe cardiovascular toxicity
as observed when VRP plasma concentration reaches 1–2 �M
n vivo (Ozofs et al., 1987). Meanwhile, VCR also has severe ner-
ous system toxicity when administered systemically (Marinina
t al., 2000). One way to decrease the toxicity of VRP and VCR
s encapsulating them in nanoparticles that are capable of target-

mailto:xiangrong_11@126.com
dx.doi.org/10.1016/j.ijpharm.2007.08.034
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ng tumor tissues or cells and changing their in vivo distributive
haracteristics. Julia et al. (1994) found that the administering
equence of antitumor agent and reversion agent would affect
he efficacy of resistance reversion. Our previous research also
roved that simultaneous administration of VCR and VRP could
esult in better treatment efficacy. Thus, it may be preferable to
repare nanoparticles incorporated with both VCR and VRP so
hat the two substances could be delivered simultaneously.

In this study, biodegradable nanoparticles made from
oly(d,l-lactide-co-glycolide acid) (PLGA), which have been
xtensively used as drug delivery systems for a variety of drugs
Jain, 2000; Vert, 1996), was chosen as carriers. In recent two
ecades, PLGA has attracted considerable attention and inter-
st due to its excellent biocompatibility and biodegradability
Jain, 2000). Current literature is replete with studies investigat-
ng hydrophobic drug incorporation into PLGA nanoparticles
Budhian et al., 2007; Teixeira et al., 2005). It is relatively eas-
er to entrap hydrophobic drugs into PLGA nanoparticles due to
he hydrophobic nature of PLGA molecule. However, preparing
ydrophilic drug loaded PLGA nanoparticles with high drug
ntrapment efficiency using the adapted preparation method
epresents a real challenge. Most reports concerning prepar-
ng hydrophilic drug loaded PLGA nanoparticles focused on
he incorporation of macromolecules into PLGA nanoparticles,
uch as proteins and peptides (Choi and Park, 2006; Chong et al.,
005; Lamprecht et al., 2000), while PLGA nanoparticles loaded
ith low molecular weight drug were reported scarcely. Some
f the common reported preparation methods of nanoparticles
oaded with low molecular weight drug include nanoprecipita-
ion (Barichello et al., 1999; Bilati et al., 2005), O/W single
mulsification (Saxena et al., 2004; Tewes et al., 2007), W/O
ingle emulsification (Niwa et al., 1995) and W/O/W double
mulsification (Dillen et al., 2006; Tewes et al., 2007, Ubrich
t al., 2004). Among them, the O/W single emulsification is the
ost difficult method to achieve a high entrapment efficiency,

nly Saxena et al. (2004) successfully prepared doxorubicin
oaded PLGA nanoparticles with 95% entrapment efficiency
sing its neutral molecular form.

Taking into account of this information, the main aim of
his study was to optimize the incorporation of two hydrophilic
rugs (VCR and VRP) into PLGA nanoparticles by O/W single
mulsification method to produce enhanced drug entrapment
fficiency. The formulation parameters were systematically
nvestigated. Thus, nanoparticles with some expectable prop-
rties such as high drug entrapment efficiency and small size
an be produced through the optimized formulation. Following
hat, the physicochemical characteristics were also evaluated,
hich can provide some useful and essential information for in
itro cell experiments and in vivo studies.

. Materials and methods

.1. Materials
Different types of PLGA (shown in Fig. 1A) were purchased
rom Department of medical polymers Shandong institute,
hina. Six grades of Polyvinyl alcohol (PVA) with different

a
s
t
A
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egrees of hydrolyzation and polymerization (shown in Fig. 1C)
ere purchased from Kuraray co., Ltd., China. VCR was pur-

hased from Huanye Pharmaceutical Co., Ltd. (Guangzhou,
hina). VRP was obtained from Central Pharmaceutical Co.,
td. (Tianjin, China). All other chemicals and solvents were of

eagent grade.

.2. Nanoparticle preparation

PLGA nanoparticles loaded with VCR and VRP were pre-
ared using a modified version of an o/w single emulsion solvent
vaporation process (Niwa et al., 1993; Niwa et al., 1994). The
rganic phase consisted of PLGA polymer and drugs dissolved
n an acetone-dichloromethane mixture. The aqueous phase con-
ained PVA solution. The organic phase was emulsified with the
queous phase by sonication using a microtip probe sonicator
JY88-II ultrasonic processor, China) in ice bath. The organic
ixture was then removed by evaporation leaving behind a col-

oidal suspension of PLGA nanoparticles (VV-PLGA-NPs) in
ater.
In this study, the effect of various processing parameters

nd polymer characteristics on nanoparticles mean diameter and
rug entrapment efficiencies were assessed, including the molec-
lar weight (MW) of PLGA and the lactide to glycolide (L:G)
atio of PLGA, PLGA concentration in the organic phase, the
egrees of hydrolyzation (HD) and polymerization (PD) of PVA,
VA concentration in the aqueous phase, initial VCR and VRP
ontent, acetone to dichloromethane (A/D) volume ratio, aque-
us phase pH, salt concentration of aqueous phase, aqueous to
rganic phase (W/O) volume ratio, sonication time, sonication
nergy and removal rate of organic solvents. Unless otherwise
entioned, all the experiments were conducted by varying one

f the parameters while keeping all the other process parameters
t a set of standard conditions: 20 mg/ml of PLGA 50:50, MW
5 kDa, 54 �M of VCR and 20 mM of VRP in 1.5 ml of acetone-
ichloromethane mixture (1:2, v/v) as the organic phase, and
.5 ml of 1% PVA205 solution as the aqueous phase. The aque-
us to organic phase volume ratio was 3:1 and polymer to drug
atio was 2:1 (PLGA/VRP, w/w). The time of sonication was
0 s at 50 W. The organic mixture was rapidly evaporated under
educed pressure at 37 ◦C. All batches of nanoparticles were
roduced at least in triplicate.

.3. Determination of VCR and VRP entrapment
fficiencies

To separate the soluble VCR and VRP in the supernatant
rom the nanoparticles, the nanoparticles suspension was ultra-
entrifuged for 1 h at 4 ◦C at 223 000 × g (Optima MAX-E
ltracentrifuge, Beckman Coulter Inc., USA). The supernatant
as removed and nanoparticles sediments were washed twice
ith water in order to remove the adsorbed drugs. The washing

olution was eliminated by a further centrifugation as described

bove. And then, 5 ml of acetonitrile were added into the
ediments and the mixture was vortexed for 5 min. After cen-
rifugation at 76 × g (TGL-16G Centrifuge, Anting Scientific
pparatus Co., Ltd., Shanghai, China) for 10 min, 20 �l of super-
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Fig. 1. Effect of various processing parameters and polymer characteristics on the mean diameter and drug entrapment efficiencies of nanoparticles, including the
MW of PLGA and the L:G ratio of PLGA(A), PLGA concentration in the organic phase (B), the HD and PD of PVA (C), PVA concentration in the aqueous phase
(D), initial VCR and VRP content (E), A/D volume ratio (F), aqueous phase pH (G), salt concentration of aqueous phase (H), W/O volume ratio (I), sonication
time (J), sonication energy (K) and removal rate of organic solvents (L) (n = 3). The abbreviations of the entrapment efficiency of VCR and VRP are EEC and EEV,
respectively.
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PVA, A/D volume ratio and NaCl concentration were the dom-
inant factors (p < 0.05, respectively) in controlling the particle
size.

Table 1
The relationship of various formulation parameters with the mean diameter and
drug entrapment efficiencies of nanoparticles

Formulation parameters Mean diameter Entrapment efficiencies

VCR VRP

MW of PLGA + + +
L:G ratio of PLGA 0 + +
PLGA concentration +* +* +*

HD of PVA +* +* +*

PD of PVA +* + +
PVA concentration − − −
Initial drugs content 0 −* −*

A/D volume ratio −* + − + −
Aqueous phase pH 0 +* +*

NaCl concentration +* +* +*

W/O volume ratio − + −* −*

Sonication time − − −
Fig. 1. (

atant was injected into an Agillent 1100 liquid chromatograph
o determine the actual amounts of VCR and VRP incorpo-
ated within the nanoparticles. Separation was achieved using a
iamonsil C18 column (250 mm × 4.6 mm, 5 �m, Dikma Tech-
ologies, Beijing, China) at a flow rate of 1.0 ml/min and a
etection of 278 nm. All the analysis was performed at 37 ◦C. To
etermine the total amount of VCR and VRP in the nanoparti-
les suspension, 500 �l of nanoparticles suspension was mixed
ith 4.5 ml of acetonitrile for 5 min by sonication. After cen-

rifugation at 76 × g for 10 min, supernatant was determined by
PLC analysis.
The entrapment efficiencies of VCR and VRP could be cal-

ulated with the percent ratio of the actual amounts of VCR
nd VRP incorporated into nanoparticles to the total amounts of
CR and VRP in nanoparticles suspension. Experiments were
erformed in triplicate.

.4. Particle size and zeta potential

Particle size and polydispersity index were determined by
hoton correlation spectroscopy (PCS) using Zetasizer Nano
S90 (Malvern Instruments Ltd., Malvern, UK). Size measure-
ents were performed in triplicate following a 1/100 (v/v)

ilution of the nanoparticles suspension in distilled water at
5 ◦C. The polydispersity index range was comprised between
and 1. Zeta potential was measured using the same instrument

t 25 ◦C following the same dilution in an 1 mM NaCl solution.
ach measurement was done in triplicate.

.5. Transmission electron microscopy (TEM)

The morphology of the VV-PLGA-NPs was examined by
EM (H-600, Hitachi, Japan). Before analysis, the samples were
iluted 1:5 and stained with 2% (w/v) phosphotungstic acid for
0 s and placed on copper grids with films for observation.

.6. Data analysis
Multivariate data analysis was performed by multiple linear
egression on Statistical Product and Service Solutions (SPSS
13.0, SPSS Inc., Chicago, USA).

S
R

+
l

nued ).

. Results and discussion

.1. Effect of preparation variables on formulation
haracteristics

.1.1. Factors affecting the mean diameter of
V-PLGA-NPs

In this study, the effect of 14 preparation variables on the
ean diameter of VV-PLGA-NPs was investigated. The results

re shown in Fig. 1 (A∼L). The mean diameter of VV-PLGA-
Ps increased with the increase of MW of PLGA, PLGA

oncentration, HD of PVA, PD of PVA and NaCl concentration,
ut decreased with the increase of PVA concentration, A/D vol-
me ratio, sonication time and removal rate of organic solvents.
rom Table 1, we could conclude that L:G ratio of PLGA, initial
rugs content, aqueous phase pH and sonication power had no
ignificant effect on the mean diameter. The results of statistical
nalysis showed that PLGA concentration, HD of PVA, PD of
onication power 0 0 0
emoval rate of organic solvents − + +

means positive correlation, − means negative correlation, 0 means no corre-
ation, * means significance (p < 0.05).
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Fig. 1A shows that the mean diameter increased slightly with
he increase of MW of PLGA, which was in accordance with the
esult reported by Budhian et al. (2007). This phenomenon was
robably resulted from the increase of the viscosity of internal
hase, thereby decreasing the net shear stress and increasing the
article size.

Fig. 1B shows that the mean diameter of nanoparticles
ncreased dramatically with the increase of PLGA concentra-
ion (p < 0.05). Increase in PLGA concentration leaded to the
ncrease of the viscosity of the organic phase, thereby reduc-
ng the net shear stress and promoting the formation of droplets
ith larger size. In addition, the increasing viscosity could hin-
er rapid dispersion of PLGA solution into the aqueous phase,
esulting in larger droplets which formed larger nanoparticles
fter elimination of the organic solvent. Moreover, with the
ncrease of the amount of PLGA, PVA was probably insuffi-
ient to cover the surface of droplets completely, which caused
he coalescence of droplets during the evaporation of organic
olvent and aggregation of nanoparticles after the removal of
rganic solvent.

PVA grades could affect the mean diameter of nanoparti-
les significantly (Murakami et al., 1997). As HD and PD of
VA increased, the mean diameter of nanoparticles increased
ramatically (Fig. 1C) (p < 0.05, respectively). PVA with high
D contained a large number of hydroxyl groups which could

orm hydrogen bonds between intra- or inter- molecules. The
tronger intramolecular interaction via hydrogen bonds resulted
n an increase of the aqueous phase viscosity (Hong et al., 2001;
ewandowska et al., 2001; Li et al., 2000; Lyoo et al., 2003),
hich leaded to an increase in particle size due to the reduc-

ion of the net shear stress available for droplet breakdown at
constant energy output. Meanwhile, the strong intermolecu-

ar interaction of hydroxyl groups adhering to the NP surface
ight result in coalescence of nanoparticles, thereby increas-

ng the mean diameter of nanoparticles. Murakami et al. (1997)
eported a decrease in size of PLGA nanoparticles at high HD
f PVA, which was different from the outcome of this study.
his contradiction could be elucidated because they measured

he size after removing aggregates by passing through a 1.0-
m membrane filter, while we did not eliminate the aggregate.

ncreasing the PD of PVA also contributed to increase in viscos-
ty of continuous phase, thereby resulting in larger nanoparticles.
n contrast, increase in PVA concentration caused decrease of
he mean diameter (Fig. 1D), which was in accordance with the
esult reported by Sahoo et al. (2002). At high concentration,
ore PVA can be oriented at organic solvent/water interface to

educe efficiently the interfacial tension (Galindo-Rodriguez et
l., 2004), which resulted in significant increase in the net shear
tress at a constant energy density (Nandi et al., 2001; Tesch and
chubert, 2002) during emulsification and promoted the forma-

ion of smaller emulsion droplets. Thus, the mean diameter of
anoparticles decreased with the increase of PVA concentration.
owever, with the increase in PVA concentration, the viscosity

f the external aqueous phase increased, which resulted in size
ncrease due to decrease in the net shear stress (Budhian et al.,
007). The change in the mean diameter with PVA concentration
n this study was predominantly a result of reduction of the inter-

o
s
v
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acial tension which dominated over the increasing viscosity. At
igh concentration, the amount of PVA was sufficient to cover
he emulsion droplets completely. Therefore, during the removal
f organic solvent, PVA can avoid the coalescence of droplets
nd then cause the formation of nanoparticles with smaller size.
fter the removal of organic solvent, more PVA molecules can
e physically incorporated onto the NP surface (Boury et al.,
995; Galindo-Rodriguez et al., 2004), and then a large number
f hydroxyl groups extending into the continuous phase could
e hydrated, hence forming a hydrated layer at the surface to
inder nanoparticles aggregation.

Fig. 1F shows that nanoparticles mean diameter dramati-
ally decreased with A/D volume ratio increasing (p < 0.05),
hich was consistent with literatures (Niwa et al., 1993; Niwa

t al., 1994). The rapid dispersion of considerable amount of
cetone into the external aqueous phase contributed to a signifi-
ant reduction of the interfacial tension, thereby decreasing the
article size.

Fig. 1H shows that the mean diameter increased slightly with
aCl concentration increasing till 150 mM and then increased
ramatically with the further increase of NaCl concentration
p < 0.05), which demonstrated that NaCl can change the vis-
osity of the external aqueous phase and thereby caused the
hange of nanoparticles size. In the concentration range from
ero mM to 150 mM, NaCl had no substantial influence on the
iscosity of the aqueous phase, while in the concentration range
f 300–600 mM for NaCl, the viscosity of the aqueous phase
ncreased dramatically, which resulted in significant increase in
article size.

Fig. 1I shows that the mean diameter first decreased and
hen increased with increase in W/O volume ratio. As W/O vol-
me ratio increased, the amount of PVA increased, resulting
n reduction of interfacial tension and thereby decreasing the
anoparticle size, as discussed above. On the other hand, the
ncreasing volume of system would reduce the net shear stress
ue to a constant external energy input, leading to increase of size
Mainardes and Evangelista, 2005). The particle size was deter-
ined by the two competing effect of W/O volume ratio, namely,

he mean size first decreased because the former dominated over
he latter and then increased because the latter dominated over
he former.

Fig. 1J shows that the mean diameter first decreased and then
eached a plateau with the increase in sonication time, which
as similar to the results reported in literatures (Kwon et al.,
001; Mainardes and Evangelista, 2005). With the larger time
f sonication (30 s), the highest energy released in emulsification
rocess, leading to the formation of smaller nanodroplets which
ere directly related to the final size of nanoparticles. In contrast,
ig. 1K shows that the sonication power was likely to have no
ffect on the mean diameter. That was probably because the
onication energy at 30w for 30s was sufficient enough to resist
he interfacial tension. A further increase in sonication energy
id not impact the size when sonication time was set at 30 s.
The removal rate of organic solvents had significant influence
n nanoparticle size (Fig. 1L). As the removal rate of organic
olvents increased, it was possible to eliminate the organic sol-
ents in a shorter time, which could decrease coalescence and
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efficiencies of two drugs first increased progressively and
then decreased dramatically (Fig. 1F). This occurred possibly
because the change of A/D volume ratio affected the partition of
two drugs in the organic phase. In order to support the spec-
X. Song et al. / International Journa

ggregation of nanoparticles and hence decrease the mean diam-
ter. This result was consistent with literatures (Lamprecht et al.,
001; Mainardes and Evangelista, 2005).

.1.2. Variables influencing the drug entrapment
fficiencies of VV-PLGA-NPs

The data of our previous cell experiment demonstrated that
0 �M of VRP can reverse completely the resistance of BEL-
402 (which only overexpressed Pgp) to 0.02 �M of VCR. The
olar ratio of VCR to VRP in the above mentioned experiment
as 1/500, but VCR had a slightly lower entrapment efficiency

han VRP, so the molar ratio of VCR to VRP was fixed at 1/250
n the standard procedure.

As described in Fig. 1 (A∼L) and Table 1, the change of
ntrapment efficiencies of VCR is coordinated with that of VRP.
he entrapment efficiencies of the two drugs had a positive

elationship with MW of PLGA, L:G ratio of PLGA, PLGA con-
entration, HD of PVA,PD of PVA, A/D volume ratio, aqueous
hase pH, NaCl concentration and removal rate of organic sol-
ents; and a negative relationship with PVA concentration, initial
rugs content, W/O volume ratio and sonication time. Sonica-
ion power had no obvious influence on entrapment efficiencies
f the two drugs. The results of multiple linear regression anal-
sis illustrated that PLGA concentration, HD of PVA, initial
rugs content, aqueous phase pH, NaCl concentration and W/O
olume ratio were the main variables (p < 0.05, respectively) in
enerating particles entrapped with high amount of VCR and
RP.
The characteristics of PLGA can influence the entrapment of

rugs (Fig. 1A). When the amount of lactide of PLGA increased,
he interaction or affinity of both drugs with PLGA probably
ncreased (Budhian et al., 2005; Seo et al., 2003), leading to
ncrease in the entrapment efficiencies. When the MW of PLGA
ncreased, the entrapment efficiencies of two drugs increased
lightly, suggesting that the MW of PLGA may influence drugs
ncorporation, although it was reported that the MW of PLGA
id not influence entrapment efficiency (Fonseca et al., 2002).

Increase in PLGA concentration leaded to a significant
ncrease of the entrapment efficiencies of two drugs (Fig. 1B)
p < 0.05), which was probably resulted from the increase of
iscosity. Increasing viscosity can increase the drugs resistance
iffusional into the aqueous phase and thus increased the drugs
ncorporation into nanoparticles. Additionally, the increase of
article size may be relevant to the increase of drugs entrapment
fficiencies (Budhian et al., 2007). The increase of nanoparticles
ize with the increasing PLGA concentration, can increase the
ength of diffusional pathways of drugs from the organic phase
o the aqueous phase, thereby reducing the drug loss through
iffusion and increasing the drugs entrapment efficiencies.

Increase in HD of PVA caused a significant increase of the
ntrapment efficiencies of two drugs (Fig. 1C) (p < 0.05), which
as probably attributed to three aspects as follows. Firstly,

ncrease in the HD of PVA leaded to the increase of viscosity

f the aqueous phase, hence forming nanoparticles with large
ize. As discussed above, larger nanoparticles had higher drugs
ntrapment efficiencies. Secondly, the hydroxyl groups of PVA
dsorbing onto the identical NP surface may form a thick film on

F
n

ig. 2. Effect of initial VRP content on the amount of VRP entrapped into
anoparticles.

he NPs surface via the stronger intra- or inter- molecular inter-
ction. The thick film possibly delayed the diffusion of drugs
nto the aqueous phase, thereby decreasing drug loss. Thirdly,
he increase of viscosity decreased the rate of drug diffusion
nto the aqueous phase, thus increasing the entrapment efficien-
ies. Similarly, the high PD of PVA leaded to high entrapment
fficiencies (Fig. 1C), which also was resulted from the large
ize of nanoparticles. In contrast, the entrapment efficiencies
ecreased with the increase of PVA concentration. That was
robably caused by the decrease in particle size. Moreover, with
he increase in PVA concentration, more molecules of two drugs

ay partition out rapidly into the aqueous phase during emulsifi-
ation procedure and less drugs molecules remained in emulsion
roplets to interact with PLGA molecules, hence decreasing the
ntrapment efficiencies.

The increase of the initial drugs content resulted in sig-
ificant reduction in entrapment efficiencies of the two drugs
p < 0.05), which was possibly caused by the nonlinear increase
n the amounts of VCR and VRP entrapped into nanoparti-
les, as shown in Figs. 2 and 3. With increase in initial content
f two drugs, the concentration of drugs in the organic phase
ncreased and then more drug molecules can interact with PLGA

olecules, resulting in the increase of the entrapment amounts
f VCR and VRP. Nevertheless, the increase of the entrapment
mounts of drugs was not in proportion to the increase of initial
rug content, thus the entrapment efficiencies decreased.

When A/D volume ratio increased, the mean entrapment
ig. 3. Effect of initial VCR content on the amount of VCR entrapped into
anoparticles.
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ig. 4. Effect of the ratio of acetone to dichloromethane volume on the percent-
ge of drug in the organic phase to the total input drug.

lation, the partition of two drugs in the organic phase was
nvestigated at five different ratios of A/D volume accordant
ith the ratios presented in Fig. 1F. The experiments were car-

ied out as follows: the organic phase, consisting of constant
rugs dissolved in 1.5 ml of acetone-dichloromethane mixture
ith different volume ratio, was mixed with 4.5 ml of aqueous
hase without PVA by sonication in ice bath for 30s at 50W.
hen the mixed solution was centrifugated at 76 × g for 10 min,
upernatant was collected for further HPLC analysis to deter-
ine the actual amount of VCR and VRP in the aqueous phase.
hen the percentage of VCR and VRP in the organic phase to the

otal input drugs could be calculated. As described in Fig. 4, it
as clear that the change in entrapment efficiencies of two drugs
ith A/D volume ratio was predominantly a result of changing

mount of drugs in the organic phase.
The aqueous phase pH would affect the entrapment efficien-

ies of two drugs dramatically (Fig. 1G) (p < 0.05). VCR and
RP have a sulfate group and a hydrochloride group respec-

ively, imparting hydrophilic character to the drugs molecules.
ue to their water-solubility, lower entrapment efficiencies were
btained in this study. During emulsification and solvent evap-
ration process, drug molecules quickly partitioned out into the
queous phase from the organic phase, hence causing extremely
ess VCR and VRP retention in the polymer matrix. In order
o enhance the incorporation of the two water-soluble drugs,
tudies were subsequently performed using external phase with
ifferent pH values adjusted to with NaOH. The results are
resented in Fig. 1G. The change trend of entrapment effi-
iencies with the increasing aqueous phase pH was similar to
hose reported by literatures (Govender et al., 1999; Song et
l., 1997). As the aqueous phase pH increased, the entrapment
fficiencies of two drugs first increased gradually, subsequently
eached a plateau, and then maximized at pH 10.2. When
he aqueous pH increases, the ionization degree of two drugs
robably reduced (Govender et al., 1999) and then more drug
olecules without ionization can be retained in the hydropho-

ic nanoparticle matrix, thereby increasing the drugs entrapment
fficiencies. The higher entrapment efficiencies of two drugs
ere achieved at pH 10.2 as shown in Fig. 1G, whereas an aque-

us medium with this alkaline pH could promote the degradation
f PLGA and was unsuitable for intravenous injection. There-
ore, pH 7.4 was selected as the optimal pH of the aqueous
hase.

r
o
i
o

ig. 5. Effect of NaCl concentration on the percentage of drug in the organic
hase to the total input drug.

Combining the salting-out and the emulsion solvent evapo-
ation method could further increase the entrapment efficiencies
f two drugs. In this study, NaCl was selected as salting-
ut agent instead of CaCl2 (Perugini et al., 2002) and MgCl2
Allemann et al., 1993), both of which would change the aque-
us phase pH slightly. Fig. 1H shows that the entrapment
fficiencies of two drugs first increased dramatically and then
eached a plateau with a slight increase when NaCl concen-
ration increased (p < 0.05), which did not agree well with
he results reported by McCarron et al. (2006).The change of
ntrapment efficiencies with NaCl concentration was proba-
ly a result of changing partition of two drugs in the organic
hase. The partition of two drugs in the organic phase was
nvestigated at different NaCl concentration as described above.
he results are shown in Fig. 5. The percentage of two drugs

n the organic phase increased dramatically with the increase
n NaCl concentration till 150 mM, which enabled more drug

olecules to interact with PLGA molecules and thus enhanced
rug incorporation into nanoparticles. Nevertheless, no further
ncrease in the percentage was observed when NaCl concen-
ration was beyond 150 mM. Therefore, the slight increase in
ntrapment efficiencies could be attributed to the increasing par-
icle size when NaCl concentration was between 300 mM and
00 mM.

As shown in Fig. 1I, the mean entrapment efficiencies of two
rugs decreased dramatically with the increase of W/O volume
atio (p < 0.05). This occurred because the amount of drugs par-
itioned into the organic phase reduced during emulsification,

eanwhile, the drugs loss increased during solvent evaporation
hen the W/O volume ratio increased.
Increase in sonication time resulted in reduction in the

ean entrapment efficiencies of two drugs (Fig. 1J) due to the
ecreasing size of nanoparticles as discussed above. While the
onication energy was likely to have no effect on the entrapment
fficiencies of two drugs as presented in Fig. 1K because of no
hange in size.

Increase in the removal rate of organic solvents increased the
ntrapment efficiencies of two drugs (Fig. 1L). As the removal

ate of organic solvents increased, it was possible to eliminate the
rganic solvents in a shorter time and minimize drug diffusion
nto the aqueous phase, thereby enhancing the drugs entrapment
wing to the decrease of drugs loss.
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.2. Optimization of VV-PLGA-NPs

According to the results described above, higher entrapment
fficiencies could be achieved when the salt concentration and
H of the aqueous phase was set at 150 mM and 7.4, respectively.
n order to simplify the preparation process, pH 7.4 phosphate
uffered solution (PBS) (300mM) was chosen instead of NaCl.
o verify the optimal parameters, VV-PLGA-NPs were subse-
uently prepared as follows: 80 mg of PLGA (75:25, 15000),
4 �M of VCR and 20 mM of VRP were dissolved into 1.5 ml
f acetone-dichloromethane (0.8/1, v/v), which formed organic
hase. The organic phase was emulsified with 3 ml of pH 7.4
hosphate buffered solution containing PVA205 (2%, w/v) by
robe sonication at 50 W for 30 s in ice bath. The organic solvent
as then rapidly evaporated under reduced pressure at 37 ◦C.

.3. Characterization of the optimal nanoparticle
ormulation

The optimized VV-PLGA-NPs improved significantly
he drug incorporation, with an entrapment efficiency of
5.35 ± 4.22% for VCR and 69.47 ± 5.34% for VRP, respec-
ively (n = 3). The molar ratio of VCR to VRP entrapped
nto nanoparticles was approximately 1/500, which might
chieve a desirable efficacy in reversing resistance. VV-
LGA-NPs were characterized by PCS and exhibited a
iameter of 107.4 ± 7.35 nm (n = 3). The polydispersity index of
.062 ± 0.023 (n = 3) indicated a narrow size distribution. The
CS results of three batches of nanoparticles had no substan-

ial difference, which demonstrated that the preparation process
as reproducible and stable. TEM shows nanoparticles with a
ean diameter of 65 nm, a spherical shape and a smooth surface

Fig. 6). The size of the VV-PLGA-NPs determined by PCS was
ot consistent with that of determined by TEM, which was prob-
bly caused by the different mechanisms of the two methods.

CS and TEM were based on scattering (hydrodynamic radius)
nd diffraction technique in particle size measurement, respec-
ively. The size detection of VV-PLGA-NPs by PCS was carried
ut in aqueous state and in this case, nanoparticles were highly

s
s
d
P

able 2
ptimization of formulation variables to control the size and drug entrapment effici
ased on scientific principles

Governing scientific principles Pertin

Small size
Increase the net shear stress Decre

Decrease the viscocity Increa
Decrease the interface tension Optim

ratio, D
Decre

Increase the stabilization role Increa
PLGA

High entrapment efficiency
Increase drug–polymer interaction Optim
Increase the partition of drug in organic phase Increa
Inhibit drug diffusion during organic solvent evaporation Increa

Longer diffusion path length, Shorter diffusion times, Increase
resistance to diffusion, Reduce drug solubility in aqueous phase

Increa
organi
ig. 6. Transmission electron micrograph of VV-PLGA-NPs, scale bar: 100 nm.

ydrated and the diameters detected by PCS were ‘hydrated
iameters’, which are usually larger than their genuine diam-
ters. In the case of TEM sample preparation, VV-PLGA-NPs
ere stained with 2% (w/v) phosphotungstic acid and all the free
ater and even some of hydrated water was stained. This implied

hat the sizes of VV-PLGA-NPs derived from TEM might be
onsiderably smaller than their real diameters. The zeta poten-
ial of VV-PLGA-NPs (pH 7.4) was slightly negative, with the
alue of −0.75 ± 0.12 mV (n = 3).

. Conclusion

In this paper, the influences of various processing variables
n particle size and drug entrapment efficiencies were system-
tically assessed. It was concluded that formulation variables
an be exploited in order to enhance the incorporation of a
ydrophilic low molecular weight drug into PLGA nanoparti-
les by O/W single emulsification method. Based on the optimal
arameters, it was found that VV-PLGA-NPs with expectable
roperties could be obtained through combining O/W emulsion

olvent evaporation method and the salting-out method. This
tudy has shown that two hydrophilic low molecular weight
rugs, VCR and VRP, could be simultaneously entrapped into
LGA nanoparticles, with a relatively high entrapment effi-

ency of nanoparticles prepared by O/W emulsion solvent evaporation method

ent formulation varibles

ase W/O volume ratio
se applied energy during emulsification (power, duration)
ize PVA concentration, Increase A/D volume ratio, Optimize W/O volume
ecrease MW of PLGA, Decrease PLGA concentration, Decrease HD of PVA,

ase PD of PVA, Decrease the salt concentration in aqueous phase
se PVA concentration, Increase the removal rate of organic solvent, Decrease
concentration

ize L:G ratio of PLGA, Sufficient initial drug content for specific interactions
se the salt concentration in aqueous phase, Optimize A/D volume ratio
se particle size, Decrease relative volume of organic solvent
se PLGA concentration, Optimize MW of PLGA, Increase the removal rate of
c solvent, Reduce drug solubility in the aqueous phase (alter pH)
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iency of 55.35 ± 4.22% for VCR and 69.47 ± 5.34% for VRP
espectively and small size of around 110 nm.

Table 2 summarized how to optimize the formulation vari-
bles to control the size and drug entrapment efficiency of
anoparticles based on scientific principles, which could be
pplied to any hydrophilic-drug-polymer system produced by
he simple modified O/W emulsion solvent evaporation method.
his systematical investigation reported here might promote

he development of more PLGA nanoparticles loaded with
ydrophilic low molecular weight drug.
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