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Abstract

PLGA nanoparticles simultaneously loaded with vincristine sulfate (VCR) and quercetin (QC) were prepared via O/W emulsion sol-
vent evaporation. Six independent processing parameters and PLGA characteristics were assessed systematically to enhance the incor-
poration of the dual agents with different properties (VCR and QC, hydrophilic and hydrophobic molecule, respectively) into PLGA
nanoparticles and control particle size. Approaches investigated for the enhancement of drug entrapment efficiencies and the controlling
of particle size included the influence of the molecular weight (MW) of PLGA and the lactide-to-glycolide (L:G) ratio of PLGA, PLGA
concentration, PVA concentration, initial QC content, acetone-to-dichloromethane (A/D) volume ratio, aqueous phase pH and aqueous
to organic phase (W/O) volume ratio. The nanoparticles produced by optimal formulation were submicron size (139.5 ± 4.3nm, n = 3)
with low polydispersity index (0.095 ± 0.031, n = 3). Nanoparticles observed by transmission electron microscopy (TEM) showed extre-
mely spherical shape. The entrapment efficiencies determined by high performance liquid chromatography (HPLC) by ultracentrifuge
method were 92.84 ± 3.37% for VCR and 32.66 ± 2.92% for QC (n = 3). The drug loadings were 0.0037 ± 0.0001% for VCR and
1.36 ± 0.12% for QC (n = 3).
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Multidrug resistance (MDR), whereby cancer cells
become resistant to the cytotoxic effects of various struc-
turally and mechanistically unrelated chemotherapeutic
agents [1], is a major problem in the clinical treatment
of cancer. Vincristine sulfate (VCR) is an effective chemo-
therapeutic agent, which has been used extensively for
treatment of various cancers including AIDS-KS [2].
Unfortunately, many tumor cells are not sensitive to
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VCR because of efflux from the tumor cells mediated by
P-glycoprotein (Pgp), multidrug resistance-associated pro-
tein 1 (MRP1), MRP2 and MRP3 [3,4]. Quercetin (QC), a
kind of natural flavone, has been reported to be able to
reverse resistance caused by Pgp [5], MRP1 [6], MRP4
[7], MRP5 [7] and BCRP/ABCG2 [8] at concentrations
of approximately 9–44 lM/L. In comparison to the early
generation of chemosensitizers (e.g. cyclosporin-A, verap-
amil), QC has a higher potency for several kinds of pro-
teins associated with MDR [9]. However, the in vivo
reversal efficacy of QC might not be satisfactory when it
was administered systemically via free drug due to its high
binding ratio of drug–plasma protein (99.4%) [10]. Mean-
while, VCR also has severe neurotoxicity when adminis-
tered systemically [11]. One way to decrease the toxicity

mailto:housix@263.net


446 X. Song et al. / European Journal of Pharmaceutics and Biopharmaceutics 69 (2008) 445–453
of VCR and increase the in vivo reversal efficacy of QC is
encapsulating them in nanoparticles that are capable of
targeting tumor tissues or cells and changing their
in vivo distributive characteristics. Julia et al. [12] found
that the administering sequence of antitumor agent and
chemosensitizer would affect the efficacy of resistance
reversion. The previous research performed by Elaine
et al. [6] also proved that simultaneous administration
of VCR and QC could result in better treatment efficacy.
Thus, it may be preferable to prepare nanoparticles incor-
porated with both VCR and QC so that the two sub-
stances could be delivered simultaneously.

A recently published study demonstrated that MDR
mediated by Pgp could be reversed by encapsulating
anticancer drug in transferrin-conjugated poly(D,L-lactide-
co-glycolide) (PLGA) nanoparticles [13]. Thus, PLGA
nanoparticles were chosen as carriers in this study. Encap-
sulating VCR and QC in PLGA nanoparticles might
overcome MDR through the chemosensitizer QC and the
carrier PLGA nanoparticles.

In recent two decades, PLGA has been extensively used
in drug delivery systems for a variety of drugs due to its
excellent biocompatibility and biodegradability [14,15].
PLGA nanoparticles have also attracted considerable
attention and interest. Current literature is replete with
studies investigating single-agent incorporation into PLGA
nanoparticles [16–19], while PLGA nanoparticles loaded
with dual agents were reported scarcely [20]. In this study,
VCR and QC are hydrophilic and hydrophobic molecules,
respectively. Owing to the obviously different properties of
the two drugs, to prepare the two drugs loaded PLGA
nanoparticles with high drug entrapment efficiency using
the adapted preparation method represents a real chal-
lenge. The commonly reported preparation methods of
PLGA nanoparticles include emulsion solvent evaporation
[20,21], nanoprecipitation [17], solvent displacement [22]
and salting-out [23]. Taking into account of the properties
of VCR and QC and the simplification of preparation pro-
cess, the O/W single emulsification method was selected for
this study.

According to literatures [24,25], nanoparticles larger
than 200 nm can be mechanically filtered in the spleen
while those smaller than 100 nm left the blood vessels
through fenestrations in the endothelial lining. Thus, to
deliver drugs to tumor, nanoparticles with relatively small
size in the range of 100–200 nm were desirable. The main
aim of this study was to optimize the incorporation of
VCR and QC into PLGA nanoparticles by O/W single
emulsification method to produce enhanced drug entrap-
ment efficiency. The formulation parameters were system-
atically investigated. Therefore, nanoparticles with some
expectable properties such as high-drug entrapment effi-
ciency and suitable size can be produced through the opti-
mized formulation. Following that, the physicochemical
characteristics were also evaluated, which can provide
some useful and essential information for in vitro cell
experiments and in vivo studies.
2. Materials

Different types of PLGA (shown in Fig. 1a) were pur-
chased from Department of Medical Polymers, Shandong
Institute, China. PVA205 (88% of hydrolyzation degree,
500 of polymerization degree) was purchased from Kura-
ray Co., Ltd., China. VCR (purity 98%) was purchased
from Huanye Pharmaceutical Co., Ltd. (Guangzhou,
China). Quercetin dihydrate (QC, purity 98%) was
obtained from Okay Plant Chemical Co., Ltd. (Chengdu,
China). All other chemicals and solvents were of reagent
grade.

2.1. Nanoparticle preparation

PLGA nanoparticles loaded with VCR and QC were
prepared using a modified version of an o/w single-emul-
sion solvent evaporation process [26]. The organic phase
consisted of PLGA polymer and drugs dissolved in an ace-
tone–dichloromethane mixture. The aqueous phase con-
tained PVA solution. The organic phase was emulsified
with the aqueous phase by sonication using a microtip
probe sonicator (JY88-II ultrasonic processor, China) at
an output of 50 W for 30 s in ice bath. The organic mixture
was then rapidly removed by evaporation under reduced
pressure at 37 �C leaving behind colloidal suspension of
PLGA nanoparticles (VQ-PLGA-NPs) in water.

In this study, the effect of various process parameters
and polymer characteristics on nanoparticles mean diame-
ter and drug entrapment efficiencies were assessed, includ-
ing the molecular weight (MW) of PLGA and the lactide-
to-glycolide (L:G) ratio of PLGA, PLGA concentration
in the organic phase, PVA concentration in the aqueous
phase, initial QC content, acetone-to-dichloromethane
(A/D) volume ratio, aqueous phase pH and aqueous-to-
organic phase (W/O) volume ratio. Unless otherwise men-
tioned, all the experiments were conducted by varying one
of the parameters while keeping all the other process
parameters at a set of standard conditions: 20 mg/ml of
PLGA 75:25, MW 15 kDa, 10 lM of VCR and 10 mM
of QC in 1.5 ml of acetone–dichloromethane mixture
(1:2, v/v) as the organic phase, and 4.5 ml of 2% PVA205
solution as the aqueous phase. The aqueous-to-organic
phase volume ratio was 3:1 and polymer-to-drug ratio
was 5:1 (PLGA/QC, w/w). All batches of nanoparticles
were produced at least in triplicate.

2.2. Determination of entrapment efficiencies and drug

loadings of VCR and QC

To separate the free VCR and QC in the supernatant
from the nanoparticles, the nanoparticle suspension was
ultracentrifuged for 1 h at 4 �C and 223,000g (Optima
MAX-E Ultracentrifuge, Beckman Coulter Inc., USA).
The supernatant was removed and nanoparticles sediments
were washed twice with 2% PVA205 solution in order to
remove the adsorbed drugs. The washing solution was
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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 molecular weight (MW) of PLGA and the lactide-to-glycolide (L:G) ratio of PLGA (a), PLGA concentration in the organic phase (b), PVA
concentration in the aqueous phase (c), initial QC content (d), acetone to dichloromethane (A/D) volume ratio (e), aqueous phase pH (f) and aqueous to
organic phase (W/O) volume ratio (g) (n = 3). The abbreviations of the entrapment efficiency of VCR and QC are EEC and EEQ, respectively.
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eliminated by a further ultracentrifugation as described
above. And then, 5 ml of dimethylsulfoxide was added into
the sediments and the mixture was vortexed for 5 min.
After centrifugation at 76g for 10 min, 20 ll of supernatant
was injected into an Agillent 1100 liquid chromatograph to
determine the actual amounts of VCR and QC incorpo-
rated within the nanoparticles. Separation was achieved
using a Diamonsil C18 column (250 mm � 4.6 mm, 5 lm,
Dikma Technologies, Beijing, China) at a flow rate of
1.0 ml/min and a detection of 297 nm. All the analysis
was performed at 37 �C. To determine the total amount
of VCR and QC in the nanoparticle suspension, 500 ll of
nanoparticle suspension was mixed with 4.5 ml of dimeth-
ylsulfoxide for 5 min by sonication. After centrifugation at



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 QC

MW of PLGA +* + +
L:G ratio of PLGA s +* +
PLGA concentration +* +* + �
PVA concentration �* �* �*

Initial QC content s +* �*

A/D volume ratio �* +* �
Aqueous phase pH s +* �*

W/O volume ratio � + �* �*

+, means positive correlation, �, means negative correlation, s, means no
correlation, *, means significance (p < 0.05).
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76g for 10 min, supernatant was determined by HPLC
analysis.

The entrapment efficiencies (EE) of VCR and QC could
be calculated with the percent ratio of the actual amounts
of VCR and QC incorporated into nanoparticles to the
total amounts of VCR and QC in nanoparticle suspension.
The drug loadings (DL) of VCR and QC could be also cal-
culated as the actual amount of VCR and QC incorporated
into nanoparticles versus the total amount of the freeze-
dried VQ-PLGA-NPs. Experiments were performed in
triplicate.

2.3. Particle size and zeta potential

Particle size and polydispersity index were determined
by photon correlation spectroscopy (PCS) using Zetasizer
Nano ZS90 (Malvern Instruments Ltd., Malvern, UK).
Size measurements were performed in triplicate following
a 1/100 (v/v) dilution of the nanoparticle suspension in
redistilled water at 25 �C. The polydispersity index ranged
from 0 to 1. Zeta potential was measured using the same
instrument at 25 �C following the same dilution in an
1 mM/L NaCl solution. Each measurement was done in
triplicate.

2.4. Transmission electron microscopy (TEM)

The morphology of the VQ-PLGA-NPs was examined
by TEM (H-600, Hitachi, Japan). Before analysis, the sam-
ples were diluted 1:5 and stained with 2% (w/v) phospho-
tungstic acid for 30 s and placed on copper grids with
films for observation.

2.5. Differential scanning calorimetry (DSC)

The physical state of VCR and QC loaded in VQ-
PLGA-NPs was investigated by DSC (DSC 200PC, Net-
zsch, Germany) under nitrogen atmosphere at flow rate
of 20 ml/min. Ten milligrams of freeze-dried nanoparticles
was heated from 10 to 300 �C at speed of 10 �C/min. VCR,
QC, blank nanoparticles and the physical mixture of the
three substances (the proportion was consistent with that
in optimized VQ-PLGA-NPs) were treated as controls.

2.6. In vitro release

In vitro release studies of VCR and QC from VQ-
PLGA-NPs were carried out at 37 ± 1 �C by the dialysis
bag technique. Briefly, 1 ml of VQ-PLGA-NPs suspension
without free drugs (removed by ultracentrifugation) was
put in dialysis sac, and the dialysis sac was placed in
10 ml, pH 7.4 phosphate buffer solution to maintain the
sink condition and shaken in a constant temperature sha-
ker (Taicang biochemical instrument industry, Jiangsu,
China) at 70 rpm. At regular time intervals, 0.5 ml of the
release medium was removed and replaced with 0.5 ml of
the fresh release medium. The samples were subjected to
HPLC assay. Experiments were performed in triplicate. A
control experiment to determine the release behavior of
the free drug was also performed in the same way with
the same proportion of VCR and QC as it is in VQ-
PLGA-NPs.
2.7. Data analysis

Multivariate data analysis was performed by multiple
linear regression on Statistical Product and Service Solu-
tions (SPSS V13.0, SPSS Inc., Chicago, USA).
3. Results and discussion

3.1. Effect of preparation variables on formulation

characteristics

In this study, the effect of eight preparation variables on
the mean diameter and entrapment efficiencies of VQ-
PLGA-NPs was investigated. The results are shown in
Fig. 1(a–g) and Table 1. The mean diameter of VQ-
PLGA-NPs increased with the increase of MW of PLGA
and PLGA concentration, but decreased with the increase
of PVA concentration and A/D volume ratio. From Table
1, we could conclude that L:G ratio of PLGA, initial QC
content and aqueous phase pH had no significant effect
on the mean diameter. The results of statistical analysis
showed that MW of PLGA, PLGA concentration, PVA
concentration and A/D volume ratio were the dominant
factors (p < 0.05, respectively) in controlling the particle
size.

As described in Fig. 1(a–g) and Table 1, the entrapment
efficiencies of VCR had a positive relationship with MW of
PLGA, L:G ratio of PLGA, PLGA concentration, initial
QC content, A/D volume ratio and aqueous phase pH;
and a negative relationship with PVA concentration and
W/O volume ratio. While the entrapment efficiencies of
QC had a positive relationship with MW of PLGA, L:G
ratio of PLGA and PLGA concentration; and a negative
relationship with PVA concentration, initial QC content,
A/D volume ratio, aqueous phase pH and W/O volume
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ratio. The results of multiple linear regression analysis illus-
trated that PVA concentration, initial QC content, aqueous
phase pH and W/O volume ratio were the main variables
(p < 0.05, respectively) in generating particles entrapped
with high amount of VCR and QC.

3.1.1. PLGA characteristics
The influence of MW of PLGA and L:G ratio of PLGA

on the mean diameter and entrapment efficiencies of VQ-
PLGA-NPs was investigated. The results are presented in
Fig. 1a. It can be seen that the mean diameter was not
affected by L:G ratio of PLGA but influenced obviously
by MW of PLGA. The mean diameter increased dramati-
cally with the increase of MW of PLGA (p < 0.05). Increas-
ing MW of PLGA resulted in the increase of the viscosity
of internal phase, thereby decreasing the net shear stress
and increasing the particle size. In our previous research
[20], we found that MW of PLGA influenced the particle
size slightly, which did not agree well with the result in this
study. This phenomenon can be expected from different
drug ingredients. In this study, we replaced the hydrophilic
molecule VRP with the hydrophobic molecule QC. At the
presence of QC, the particle size was probably more sensi-
tive to the change of MW of PLGA.

Fig. 1a shows that the entrapment efficiencies of two
drugs increased with the increase of MW and L:G ratio
of PLGA. When the MW of PLGA increased, the entrap-
ment efficiencies of two drugs increased slightly, which
probably resulted from the increase of nanoparticle size
[20,21]. Increase in particle size, with the increase of MW
of PLGA, can increase the length of diffusional pathways
of drugs from the organic phase to the aqueous phase,
thereby reducing the drug loss through diffusion and
increasing the drugs’ entrapment efficiencies. As the
amount of lactide of PLGA increased, the entrapment effi-
ciency of VCR increased significantly (p < 0.05) while the
entrapment efficiency of QC increased slightly. With the
increase of L:G ratio of PLGA, the interaction or affinity
of both drugs with PLGA probably increased [16,27].
The interaction or affinity of VCR with PLGA increased
more dramatically than that of QC with PLGA, thus the
entrapment efficiency of VCR changed more obviously.

3.1.2. PLGA concentration in the organic phase

Fig. 1b shows that the mean diameter of nanoparticles
increased dramatically with the increase of PLGA concen-
tration (p < 0.05). Increasing PLGA concentration led to
increase in the viscosity of the organic phase, hence reduc-
ing the net shear stress and promoting the formation of
droplets with larger size. In addition, the increasing viscos-
ity could hinder rapid dispersion of PLGA solution into
the aqueous phase, resulting in larger droplets which
formed larger nanoparticles after elimination of the
organic solvent. Moreover, with the increase of the amount
of PLGA, PVA was probably insufficient to cover the sur-
face of droplets completely, which caused the coalescence
of droplets during the evaporation of organic solvent and
aggregation of nanoparticles after the removal of organic
solvent.

Fig. 1b shows the effect of PLGA concentration on the
entrapment efficiencies of two drugs. The entrapment effi-
ciency of VCR increased significantly (p < 0.05) with the
increase of PLGA concentration, while the entrapment effi-
ciency of QC first increased and then decreased. This phe-
nomenon probably resulted from the increase of viscosity.
Increasing viscosity could increase the drugs resistance dif-
fusional into the aqueous phase and thus enhance the drugs
incorporation into nanoparticles. Additionally, as dis-
cussed above, larger nanoparticles had higher drug entrap-
ment efficiencies. When PLGA concentration reached
100 mg/ml, the entrapment efficiency of QC was lowest
(6.04 ± 1.21%). This can be attributed to the adsorption
of drug molecules on the nanoparticle surface. As the par-
ticle size was too large, more hydrophobic molecule QC
was probably easy to adsorb onto the large surface of
nanoparticles, thereby leading to less amount of QC
entrapped into nanoparticles.

3.1.3. PVA concentration

Fig. 1c shows that the mean diameter first decreased
dramatically and then reached a plateau with increasing
PVA concentration (p < 0.05). At high concentration, more
PVA can be oriented at organic solvent/water interface to
reduce efficiently the interfacial tension [28], which resulted
in significant increase in the net shear stress at a constant
energy density [29,30] during emulsification and promoted
the formation of smaller emulsion droplets. Thus, the mean
diameter of nanoparticles decreased with the increase of
PVA concentration. However, with the increase in PVA
concentration, the viscosity of the external aqueous phase
increased, which resulted in size increase due to decrease
in the net shear stress [21]. The change in the mean diame-
ter with PVA concentration in this study was predomi-
nantly a result of reduction of the interfacial tension
which dominated over the increasing viscosity. At the con-
centration of 5%, the amount of PVA was sufficient to
cover the emulsion droplets completely. Therefore, during
the removal of organic solvent, PVA can avoid the coales-
cence of droplets and then cause the formation of nanopar-
ticles with smaller size. After the removal of organic
solvent, more PVA molecules can be physically incorpo-
rated onto the NP surface [28,31], and then a large number
of hydroxyl groups extending into the continuous phase
could be hydrated, hence forming a hydrated layer at the
surface to hinder nanoparticle aggregation.

Similarly, the entrapment efficiencies of two drugs
decreased significantly with the increase of PVA concentra-
tion as described in Fig. 1c (p < 0.05). That was probably
caused by the decrease in particle size. Moreover, with
the increase of PVA concentration, more molecules of
two drugs may partition out rapidly into the aqueous phase
during emulsification procedure and less drug molecules
remained in emulsion droplets to interact with PLGA
molecules, hence decreasing the entrapment efficiencies.
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Additionally, we found that PVA at high concentration can
dramatically increase the solubility of QC in aqueous solu-
tion in our previous experiment. Therefore, less QC mole-
cules remained in the internal phase to interact with PLGA
molecules when the external and internal phase were
mixed.

3.1.4. Initial QC content

Fig. 1d shows that the initial QC content had no sub-
stantial effect on the nanoparticle mean size, which was
similar to hydrophobic drug–PLGA system [21,32] and
dual agent–PLGA system [20]. In contrast, the increase
of the initial QC content resulted in a significant reduction
in entrapment efficiency of QC (p < 0.05) but an obvious
increase in entrapment efficiency of VCR (p < 0.05). The
decreasing entrapment efficiency of QC was possibly
caused by the nonlinear increase of QC amount entrapped
into nanoparticles with the increase of the initial QC con-
tent, as shown in Fig. 2. With increase in initial QC con-
tent, the QC concentration in the organic phase increased
and then more drug molecules could interact with PLGA
molecules, resulting in the increase of the entrapment
amounts of VCR and QC. Nevertheless, the increase of
the entrapment amounts of drugs was not in proportion
to the increase of initial drug content, thus the entrapment
efficiencies decreased. As the initial QC content increased,
the amount of VCR partitioned into the aqueous phase
probably reduced during emulsification procedure. Thus
more VCR molecules could remain in emulsion droplets
to interact with PLGA molecules and the entrapment of
VCR could be further enhanced. In this study, QC
improved the entrapment of VCR probably by acting as
NaCl in the preparation of VV-PLGA-NPs [20].

3.1.5. Acetone-to-dichloromethane volume ratio

Fig. 1e shows the obvious reduction of mean diameter
with A/D volume ratio increasing (p < 0.05). Acetone is a
freely water-miscible organic solvent. When A/D volume
ratio increased, the rapid dispersion of considerable
amount of acetone into the external aqueous phase contrib-
uted to a significant decrease of the interfacial tension,
thereby decreasing the particle size.

The entrapment efficiency of VCR increased dramati-
cally with the increase of A/D volume ratio (p < 0.05) while
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Fig. 2. Effect of initial QC content on the amount of QC entrapped into
nanoparticles.
that of QC decreased progressively, as presented in Fig. 1e.
This occurred possibly because the change of A/D volume
ratio affected the partition of two drugs in the organic
phase. The hydrophobic molecule QC was easy to dissolve
in acetone. When A/D volume ratio reached 0.8, more QC
molecules were carried into the aqueous phase or at
organic solvent/water interface by considerable amount
of acetone; and thus less QC molecules remained in the
internal phase to interact with PLGA molecules and lower
entrapment efficiency was obtained. As discussed in our
previous paper, increase in A/D volume ratio would
increase the partition of VCR in the organic phase. In addi-
tion, increasing partition of QC in the aqueous phase might
act as NaCl and increase the partition of VCR in the
organic phase as discussed above. Hence, more VCR mol-
ecules interacted with PLGA molecules in the internal
phase and enhanced entrapment was carried out.

3.1.6. Aqueous phase pH

According to literatures [20,33], adjusting aqueous
phase pH could enhance the incorporation of water-soluble
drug. In order to provide information about the effect of
the aqueous phase pH on mean diameter and drug entrap-
ment efficiencies, studies were subsequently performed
using external phase with different pH values adjusted by
NaOH. The results are presented in Fig. 1f. The mean
diameter of nanoparticles was independent of the aqueous
phase pH, while the entrapment efficiencies of two drugs
changed significantly with the increasing aqueous phase
pH. As the aqueous phase pH increased, the entrapment
efficiency of VCR increased dramatically (p < 0.05) while
that of QC decreased significantly (p < 0.05). When the
aqueous pH increased, the ionization degree of VCR prob-
ably reduced [33] and then more drug molecules without
ionization could be retained in the hydrophobic nanoparti-
cle matrix, thereby enhancing the entrapment of VCR.
While the aqueous pH approached 7.4, the entrapment effi-
ciency of QC reduced obviously. We considered this that at
higher pH especially above pKa (7) of QC [34], more QC
molecules ionized. Owing to ionization, the partition of
QC in the internal phase decreased and then less QC mol-
ecules interacted with PLGA molecules. In addition, the
interaction/affinity of ionized QC with PLGA was low,
thus leading to lower entrapment efficiency of QC.

3.1.7. Aqueous-to-organic phase volume ratio

Fig. 1g shows that the mean diameter first decreased and
then increased with increase in W/O volume ratio. When
W/O volume ratio increased, the amount of PVA
increased, resulting in reduction of interfacial tension and
thereby decreasing the nanoparticle size, as discussed
above. On the other hand, the increased volume of system
would reduce the net shear stress due to a constant external
energy input, leading to increase in particle size [35]. The
particle size was determined by the two competitive effect
of W/O volume ratio, namely, the mean diameter first
decreased because the former dominated over the latter



Fig. 3. Transmission electron micrograph of VQ-PLGA-NPs, scale bar:
100 nm.
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and then increased because the latter dominated over the
former.

As shown in Fig. 1g, the mean entrapment efficiencies of
these two drugs decreased dramatically with the increase of
W/O volume ratio (p < 0.05). This occurred because the
amount of drugs partitioned into the organic phase
reduced during emulsification, meanwhile, the drug loss
increased during solvent evaporation when the W/O vol-
ume ratio increased. Moreover, when W/O volume ratio
increased, the amount of QC dissolved in the aqueous
phase, resulting in less QC retention in the internal phase
to interact with PLGA molecules and then lower entrap-
ment efficiency of QC.

3.2. Optimization of VQ-PLGA-NPs

Leslie et al. [6] reported that 10 lM/L of QC can reverse
completely the resistance of MRP1-overexpressing HeLa
cells to 10 nM/L of VCR. The molar ratio of VCR-to-
QC in the above mentioned experiment was 1/1000, but
QC had a lower entrapment efficiency than VCR as
described above, so the molar ratio of VCR-to-QC in the
initial drug content must be adjusted. Taking high entrap-
ment efficiencies of these two drugs and small particle size
into account, we prepared VQ-PLGA-NPs as follows:
80 mg of PLGA (75:25, 15,000), 3.5 lM of VCR and
10 mM of QC were dissolved into 1.5 ml of acetone–dichlo-
romethane (0.8/1, v/v) mixture, which formed organic
phase. The organic phase was emulsified with 3 ml of
PVA205 solution (2%, w/v) by probe sonication at 50 W
for 30 s in ice bath. The organic solvent was then rapidly
evaporated under reduced pressure at 37 �C.

3.3. Characterization of the optimal nanoparticle

formulation

3.3.1. Entrapment efficiencies and drug loading

The optimized VQ-PLGA-NPs improved significantly
the drug incorporation, with an entrapment efficiency of
92.84 ± 3.37% for VCR and 32.66 ± 2.92% for QC
(n = 3). The drug loadings were 0.0037 ± 0.0001% for
VCR and 1.36 ± 0.12% for QC (n = 3). The molar ratio
of VCR-to-QC entrapped into nanoparticles was approxi-
mately 1/1000, which might achieve a desirable efficacy in
reversing resistance.

The optimized formulation parameters in this study
were similar to those in the preparation of VV-PLGA-
NPs, however, the entrapment efficiency of VCR in this
VCR–QC–PLGA system was almost one time higher than
that in the VCR–VRP–PLGA system (55.35 ± 4.22%,
n = 3) [20]. This phenomenon was probably attributed to
the different interaction between VCR–QC–PLGA–solvent
and VCR–VRP–PLGA–solvent as discussed above. The
entrapment efficiency of QC was less than 50% in various
conditions of preparation variables. According to our pre-
vious study, one strategy was considered to increase QC
encapsulation: the aqueous phase was saturated with NaCl
(150 mM). However, the free drug QC would precipitate
readily when the organic and aqueous phase mixtured
and the QC entrapment was not modified, which was in
accordance with dexamethasone encapsulation into PLGA
nanoparticles [26]. It may be concluded that not all the
hydrophobic drugs were easy to be entrapped into PLGA
nanoparticles despite the hydrophobic nature of PLGA
molecule.
3.3.2. Particle morphology and zeta potential

VQ-PLGA-NPs were characterized by PCS and exhib-
ited a diameter of 139.5 ± 4.3 nm (n = 3). The polydisper-
sity index of 0.095 ± 0.031 (n = 3) indicated a narrow size
distribution. The PCS results of three batches of nanopar-
ticles had no substantial difference, which demonstrated
that the preparation process was reproducible and stable.
TEM shows nanoparticles with mean diameter of 87 nm,
spherical shape and smooth surface (Fig. 3). The size of
the VQ-PLGA-NPs determined by PCS was not consistent
with that determined by TEM, which was probably caused
by the different mechanisms of the two methods. PCS and
TEM were based on scattering (hydrodynamic radius) and
diffraction technique in particle size measurement, respec-
tively. The size detection of VQ-PLGA-NPs by PCS was
carried out in aqueous state and in this case, nanoparticles
were highly hydrated and the diameters detected by PCS
were ‘hydrated diameters’, which are usually larger than
their genuine diameters. In the case of TEM sample prep-
aration, VQ-PLGA-NPs were stained with 2% (w/v) phos-
photungstic acid and all the free water and even some of
hydrated water were stained. This implied that the sizes
of VQ-PLGA-NPs derived from TEM might be consider-
ably smaller than their real diameters. The zeta potential
of VQ-PLGA-NPs was slightly negative, with the value
of �0.51 ± 0.08 mV (n = 3).
3.3.3. DSC

In order to describe the existing state of VCR and QC
formulated in VQ-PLGA-NPs and elucidate the
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mechanism of entrapment of VCR and QC into PLGA
nanoparticles, DSC analysis was performed on blank
nanoparticles, VCR, QC, VQ-PLGA-NPs and the physical
mixture of three substances (VCR, QC and blank nanopar-
ticles). From Fig. 4, we can see that two endothermic peaks
were exhibited at 80.6 �C and 218.5 �C for VCR in Fig. 4B,
while there were also two endothermic peaks at 84.4 �C and
218.7 �C for blank nanoparticles in Fig. 4A. Comparing
the four curves of blank nanoparticles, VCR, VQ-PLGA-
NPs and the physical mixture of three substances, no sig-
nificant difference could be observed proving that VCR
does not disperse within the PLGA nanoparticles. How-
ever, VQ-PLGA-NPs (C) had no endothermic peak of
QC (D) at 122.8 �C, indicating that QC formulated in the
nanoparticles existed as an amorphous state or a solid solu-
tion in the polymeric matrix.
3.3.4. In vitro release

Fig. 5 represented the release profiles of VCR and QC
from VQ-PLGA-NPs. In contrast with the non-encapsu-
lated drugs, there was a pronounced time prolongation of
drugs release from nanoparticles. While about 100% of
non-encapsulated drug was found in release medium after
approximately 3 h, only 70% of drugs released from nano-
particles after 24 h. Moreover, these profiles showed a
burst-release of drugs during the first 2 h of incubation,
Fig. 4. DSC curves of blank nanoparticles, VCR, QC, VQ-PLGA-NPs
and the physical mixture of three substances (VCR, QC and blank
nanoparticles).
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Fig. 5. In vitro release profile of VCR and QC in pH 7.4 phosphate buffer
(mean ± SD, n = 3) from VQ-PLGA-NPs and the physical mixture of
VCR and QC.
which have been reported by several authors for PLGA
nanoparticles [32,33,35]. The fast release of VCR and QC
was probably due to diffusion of drugs close to the surface
of VQ-PLGA-NPs. According to the four release curves, it
may be concluded that QC released slower than VCR in
both the physical mixture of free drugs and VQ-PLGA-
NPs. This may be caused by the poor water solubility of
QC. The cumulative release percentage of QC loaded in
VQ-PLGA-NPs was slightly lower than that of VCR at
any time. However, the molar ratio of the two drugs releas-
ing from VQ-PLGA-NPs was still around 1/1000 (VCR/
QC), which could not affect the reversing efficacy.

4. Conclusions

In this paper, the influences of various processing vari-
ables on particle size and drug entrapment efficiencies were
systematically assessed. It was concluded that formulation
variables could be exploited in order to enhance the incor-
poration of dual agents into PLGA nanoparticles by O/W
single emulsification method. Based on the optimal param-
eters, it was found that VQ-PLGA-NPs with expectable
properties could be obtained. We point out for the first
time that two drugs with different properties (VCR and
QC, hydrophilic and hydrophobic molecule, respectively),
could be simultaneously entrapped into PLGA nanoparti-
cles, with a relatively high-entrapment efficiency and small
size.

Optimization of formulation variables to control the size
and drug entrapment efficiency of dual agent-loaded nano-
particles seems to be based on the same scientific principles
as single agent-loaded nanoparticles prepared by O/W
emulsion solvent evaporation method [21]. Both the emul-
sification process and the stability of emulsion globules
were the most important factors to control the particle size,
while both the drug–polymer interaction and the partition
of drug in organic phase were the crucial factors to govern
the drug entrapment efficiency. According to this study, to
optimize MW of PLGA, PLGA concentration, W/O vol-
ume ratio, PVA concentration and A/D volume ratio can
achieve smaller particle size. Additionally, to optimize
L:G ratio of PLGA, initial drug content, A/D volume
ratio, volume of organic solvent and pH of aqueous phase
can enhance the drug entrapment efficiency. This system-
atic investigation reported here might promote the devel-
opment of PLGA nanoparticles loaded with dual agents.
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