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resistance for improved leukemia therapy
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Abstract Drug resistance is still a bottle-neck hindering
successful chemotherapy in leukemia treatment.
Nanocarriers have emerged as promising candidates to
circumvent drug resistance and discover potent drug
combinations. Here, we showed that co-encapsulation
of daunorubicin (DNR) and glycyrrhizic acid (GA) in
polylactic acid (PLA) nanoparticles effectively
bypassed drug resistance and remarkably inhibited the
growth of drug-resistant leukemia cells. The quantifica-
tion of intracellular drug found that the encapsulation
effectively increased drug uptake in the resistant K562/
A02 cells. Modification of P-glycoprotein antibody on

nanoparticles further enhanced drug accumulation in the
leukemia cells, whichwas also confirmed by fluorescent
microscopy imaging. More importantly, loaded in PLA
nanoparticles, DNR and GA exerted an excellent syner-
gistic effect, leading to significantly improved cell inhi-
bition compared to the treatments without nanocarriers
and those with a single drug. Correlative mechanism
study revealed that the drug delivery system drastically
enhanced cell apoptosis by regulating apoptotic genes
but did not influence MDR1 expression. The present
study proposes a versatile strategy to improve the ther-
apeutic efficacy against drug-resistant leukemia and in-
spires the discovery of more potent drug combinations
for enhanced leukemia therapy.

Keywords Multidrug resistance . Cancer
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Introduction

Leukemia is a life-threatening cancer featured by fast
proliferation of abnormal white blood cells in the bone
marrow, which interferes with the production of normal
blood cells and deteriorates rapidly (Kihara et al. 2014;
Picaud et al. 2015; Nishida et al. 2015). Although clin-
ical strategies against leukemia have gained rapid devel-
opment in recent years, multidrug resistance still hinders
effective therapy, especially for drug-resistant cancer.
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Prolonged drug exposure or larger doses are often used
to combat resistant cancer cells, but subsequently devel-
oped leukemia may be induced, which is a detrimental
consequence after chemotherapy (Whitlock et al. 1991;
Bishop 1997). Moreover, due to multidrug resistance,
the patients achieving partial or complete remission after
conventional treatments often suffer from tumor recur-
rence with low disease-free survival rate (Holohan et al.
2013; Li et al. 2014; Zhang et al. 2014, 2015a, b). On the
other hand, conventional chemotherapy often cause var-
ious unpleasant side effects due to non-specific drug
distribution that poses unavoidable toxicity to normal
tissues (Döhner et al. 2015; Fox et al. 2017; Stauss and
Morris 2013). Therefore, it is particularly attractive to
precisely deliver drugs to cancer cells, overcome drug
resistance, and relieve the toxicity of chemotherapy.

Nanocarriers with distinct advantages and multiple
functionalities can serve as potential candidates to ad-
dress the above issues (Chen et al. 2017; Zhang et al.
2015a, b). The encapsulation of chemotherapeutic
agents, such as doxorubicin and daunorubicin, in
nanocarriers facilitates the bypass of efflux-pump in
resistant cells (Meng et al. 2013; Zhu et al. 2014;
Kirtane et al. 2013; Loos et al. 2014). In addition,
nanocarriers have been proved effective to reduce side
effects by improving the pharmacokinetic property and
increasing drug concentration in tumor (Wang et al.
2013; Rochani et al. 2016; Zhao and Zhu 2016; Singh
et al. 2010). However, few of the reported nanosystems
have demonstrated a potent effect in drug-resistant my-
eloid leukemia that responds poorly to first-line chemo-
therapy. To further improve the therapeutic efficacy of
nano-drugs in leukemia, the co-encapsulation of differ-
ent chemo-drugs is particularly appealing.

As a broad-spectrum anticancer drug, daunorubicin
(DNR) is remarkably effective in both solid tumors and
leukemia by disrupting DNA replication. However,
drug resistance and its cardiotoxicity have substantially
limited its clinical application (Sheng et al. 2015; Halley
et al. 2016). Glycyrrhizic acid (GA) is a natural product
extracted from the root of the plant Glyccyrhiza glabra
(liquorice) with multiple therapeutic effects (Csuk 2014;
Cai et al. 2016). It was found to induce apoptosis in
different types of promyelotic leukemia (Hibasami et al.
2005; Thirugnanam et al. 2008). Different from DNR,
GA suppresses the proliferation of leukemia cells main-
ly by interfering with the AKT signaling pathway (He
et al. 2015). Therefore, a synergistic effect may be
achieved through the combination of DNR with GA.

Nonetheless, to the best of our knowledge, the combi-
nation of DNR and GA in one nanocarrier remains
barely explored in leukemia therapy.

Among the numerous categories of nanocarriers for
drug delivery, including liposomes, polymeric micelles,
dendrimers, and inorganic nanoparticles (Mura et al.
2013), polylactic acid (PLA) has attracted much atten-
tion due to its chemical versatility, biodegradability, and
biocompatibility, which are important properties for fur-
ther development (Danafar et al. 2014; Cui et al. 2013).
For the delivery of specific drugs, it is also necessary to
compare the drug loading properties of different nano-
particles to select the optimal carrier. In this study, PLA/
polyvinyl alcohol (PVA) nanoparticles were encapsulat-
ed with DNR and GA and further functionalized with P-
glycoprotein (P-gp) antibody for targeted drug delivery
in resistant leukemia cells. The nanosystem was con-
structed and optimized with detailed evaluation of en-
capsulation efficiency (EE) and drug loading capacity
(DL). The comparison of EE and DL with chitosan and
albumin nanoparticles was also performed. Then, cir-
cumvent of efflux-pump and the improved drug uptake
by antibody modification were proved by fluorescence
microscopy and HPLC quantification. Afterwards, we
evaluated if the drug combination could substantially
improve the therapeutic efficacy against MDR leukemia
cells. Further, we revealed the underlying molecular
mechanism by which the nanosystem circumvented
drug resistance. To provide basis for future in vivo
study, the toxicity of the nanoconstruct was evaluated
on healthy mice. Altogether, this study has provided
solid evidence for the combined application of DNR
and GA in one simple nanosystem, inspiring the devel-
opment of nano-medicine for more effective therapy
against drug-resistant leukemia.

Materials and methods

Preparation of drug-carried nanocapsules

The solvent evaporation method was used to prepare the
nanocapsules, which carried both GA and DNR. The
total mass of nanocapsules were fixed to 1 g. Briefly,
PLA (350 mg) and PVA (150 mg) were dissolved in
chloroform by 5 min ultrasound. GA (250 mg) and
DNR (250 mg) were then added into the solution for
another 5 min ultrasound. Afterwards, the suspension
was slowly dropped into the PVA aqueous solution and
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stirred constantly for 2 h, of which the DNR and GA
were saturated. Third, the milky white product, Bwater
in oil in water^ (W/O/W) compound emulsion, was
formed after 10,000 rpm centrifugation for 1 h. Rotary
evaporator was then used to vaporize the chloroform
completely. Finally, the microcapsules were washed
with distilled water for 4–5 times at room temperature,
and dried with a vacuum dryer for 24 h. To conjugate P-
g Ab on the nanoparticles, 25% glutaraldehyde solution
was added into the microcapsules at room temperature.
After 10min cross-linking, the excessive glutaraldehyde
was removed with physiological saline by dialysis for
4 h. Five micrograms P-g Ab was then added into the
solution with magnetic stirring and reacted overnight. A
laser diffraction micrometer particle size measuring in-
strument (Master Sizer) was adapted to measure the
nanoparticle diameter with the function of the Spherical
multimodal model, and the structure of nanocapsules
was observed by transmission electron microscope.

For the preparation of chitosan nanoparticles, chito-
san (1.0 g, 50 kDa) was dissolved and then dispersed in
methanol with fierce stirring. Succinic anhydride ace-
tone (0.18 g mL−1) was reacted with chitosan for 36 h
and the mixture was neutralized by 1 M NaOH. After
lyophilization, the products were re-dispersed in 1%
acetic acid and reacted with 0.5 g octaldehyde for 6 h.
Then, 0.2 g/mL NaBH4 was slowly added and reacted
overnight. The reaction was stopped by 1MNaOH, and
the final products were obtained after dialyzation and
lyophilization. BSA nanoparticles of 100 nm diameter
were prepared by adding 1%BSA in distilled water with
a pH value of 9. The solution was then stirred at 500 rpm
for 5 h, and the final products were obtained after
dialyzation and lyophilization.

Optimization of drug loading capacity
and encapsulation efficiency

On the basis of a single factor, orthogonal design was
used to evaluate the effects of different factors on the
loading efficiency and encapsulation capacity. The fac-
tors investigated were emulsifier, polyvinyl alcohol
(PVA) concentration, poly lactic acid (PLA) concentra-
tion, drug carrier ratio, dispersion phase (oil phase), and
volume ratio of the continuous phase (aqueous phase),
respectively. Parallel experiments were conducted at
three levels for each factor, and the encapsulation effi-
ciency EE% and drug loading DL% were evaluated by
HPLC. The HPLC conditions to quantify DNR and GA

in the complex are as follows: the complex suspensions
were dissolved in 3 mL 0.1% mixed solution (TFA/
MeOH = 3:1). Then, DNR and GAwere quantified with
the Agilent 1100 system and reversed phase C18 col-
umn. For DNR, the mobile phase was 0.1% mixed
solution of TFA/MeOH = 3:1, and acetonitrile. The
DNR concentration was determined at 480 nm under
1 mL/min flow rate. For GA, gradient elution was used
containing 0.05% trifluoroacetic acid with 0.8 mL/min
flow rate. GA concentration was measured at 254 nm
with 15 min retention time.

Cell culture

The multidrug-resistant leukemia cell K562/A02 was
purchased from the Shanghai Institute of Cell Biology,
Chinese Academy of Sciences (Shanghai, China).
K562/A02 cells were cultured in RPMI 1640 (Gibco,
USA) supplemented with 10% FBS, 100 mg/mL strep-
tomycin, and 100 IU/ml penicillin in 5% CO2 atmo-
sphere at 37 °C.

Fluorescence microscopy

K562/A02 cells were divided into two groups and incu-
bated with the dual drug-loaded PVA/PLA nanoparticles
with and without P-glycoprotein, respectively. Drug
concentrations were 1 and 10 μM for DNR and GA,
respectively. The cells were subjected to fluorescent
microscopy and observed for 10 h to evaluate the cellu-
lar uptake of the nanoparticles.

Cell proliferation assay

Cell proliferation was analyzed using the Cell Prolifer-
ation Reagent Kit 1(MTT) (Sigma, USA). In total,
K562/A02cells were seeded in 96-well plates at 5 ×
103 per well and cultured for 24 h. MTT solution was
added into each well for 4 h. After removing the medi-
um, the absorbance was measured using a Microplate
Reader (Bio-Rad, Hercules, CA, USA) at 490 nm. Each
experiment was conducted in triplicate.

Cell apoptosis analysis

Cell apoptosis was performed using the Annexin V
Apoptosis Detection kit I (BD Biosciences, USA). After
incubation for 24 h, cells were digested with trypsin and
washed in cold PBS twice. Subsequently, 500μL buffer,
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5 μL FITC annexin V, and 5 μL propidium iodide (PI)
were added. Finally, apoptosis was assessed by flow
cytometry (FACScan, BD Biosciences).

qRT-PCR analysis

Total RNA was extracted from tissue samples and cul-
tured cells using the Trizol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. Total RNA was
reversed transcribed into cDNA using the TaqMan
microRNA Reverse Transcription Kit (Applied
Biosystems, USA). The qRT-PCR reactions were per-
formed using the Fast Start Universal SYBR Green
Master (Rox) (Roche Applied Science) on a 7500
Real-time system (Applied Biosystems, USA) accord-
ing to the manufacturer’s protocols. The levels of miR-
10a and Tiam1 were normalized by U6 and β-actin,
respectively. Primer pairs used in this study were the
following:

Homo-Bcl-2: 5’-GGTGGGGTCATGTGTGTGG-
3′ (forward)
Homo-Bcl-2: 5’-CGGTTCAGGTACTCAGTCAT
CC-3′ (reverse)
Homo-Bax: 5’-CCCGAGAGGTCTTTTTCCGA
G-3′ (forward)
Homo-Bax: 5’-CCAGCCCATGATGGTTCTGAT-
3′ (reverse)

The qRT-PCR reactions were performed in triplicate
and included no-template controls.

Western blot

Total proteins were extracted from cells using the RIPA
lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,
0.2% SDS, 1% Triton X-100, 2 mM EDTA) for 30 min
on ice. The supernatant was collected by centrifuging at
12,000 rpm, 10min. After the loading buffer was added,
the mixtures were treated at 100 °C for 5 min to denature
the protein. Protein concentration was determined by the
BCA Quantification Kit (Beyotime, Beijing, China).
The samples (30 mg) were separated on 10% SDS-
PAGE and blotted onto a PVDF membrane. The mem-
branes were blocked with 5% no-fat milk (w/v) at room
temperature for 1 h and incubated with primary antibod-
ies overnight at 4 °C: rabbit anti-human GAPDH anti-
body (1: 2000, Cell Signaling Technology, Beverly,
MA, USA), rabbit anti-human Bax antibody (1: 2000,

Cell Signaling Technology, Beverly, MA, USA), and
rabbit anti-human Bcl-2 antibody (1: 2000, Cell Signal-
ing Technology, Beverly, MA, USA). After incubation,
the membranes were washed with PBST three times
again, and then incubated with a horseradish peroxidase
(HRP)-conjugated secondary antibody (Boster Biotech-
nology,Wuhan, China) at room temperature for 2 h. The
immuno-reactivity was visualized using the ECLWest-
ern blotting kit (Beyotime, Beijing, China) according to
the manufacturer’s protocols. GAPDHwas employed as
a loading control.

In vivo toxicity assay

Balb/c nude mice of 6 weeks old were purchased from
Qing Long Shan company, Nanjing, China. Six mice
were randomly divided into a control group and an
experiment group with three mice in each group. Mice
in the experiment group were injected with nanoparti-
cles (1 mg/kg DNR and 1 mg/kg GA) every 2 days for
15 days. The free-drugs group was treated with 1 mg/kg
DNR and 1 mg/kg GAwithout nano-encapsulation. The
control group was injected with saline at the same time
points. Hematoxylin-eosin (HE) staining was performed
for the major organs after treatments. Animal experi-
ments were carried out in accordance with Guidelines
for the Care and Use of Laboratory Animals in Jiangsu
Cancer Hospital.

Statistical analysis

The experiments in this study were performed for three
times and data were presented as mean ± SD. One-way
ANOVAwith Tukey–Kramer multiple comparison post
hoc tests were used for statistical analysis. *P < 0.05 and
**P ≤ 0.01 were used to indicate that the difference is
statistically significant.

Results and discussion

Preparation and characterization of DNR/GA-loaded
PVA/PLA nanoparticles

PVA/PLA nanoparticles were successfully prepared
using the solvent evaporationmethod. DLS data showed
that the mean diameter of the nanoparticles was about
90 nm, which increased to approximately 110 nm after
P-p-glycoprotein antibody modification (Fig. 1a, b).

83 Page 4 of 13 J Nanopart Res (2019) 21: 83



Also, Zeta potential shifted from − 57 to − 20 mV after
antibody attachment (Fig. 1c). The narrow size distribu-
tion evidenced the overall homogenous property of our
products. TEM images of the original (left) and antibody
cross-linked (right) particles further confirmed the uni-
form distribution with spherical morphology, well con-
sistent with the DLS data (Fig. 1d). To achieve an
optimal drug loading efficiency and encapsulation ca-
pacity, the ingredients of the nanocarrier were carefully
adjusted. The proportion of the main components, in-
cluding the oil phase (PLA, poly lactic acid), water
phase (DNR/GA), and surfactant phase (PVA, polyvinyl
alcohol), was investigated. The results of the average
EE% (encapsulation efficiency) and DL% (drug load-
ings) were used to provide a comprehensive evaluation
of these factors (Fig. 2a). The optimal formulation was
selected with 50% water, 40% PLA, and 10% PVA,
achieving EE% of 68.1 and DL% of 1.29, respectively,

for DNR. Similarly, this formulation also resulted in
favorable EE% (3) and DL% (1.13) for GA. More-
over, the EE and DL of our prepared nanoparticles
were compared with other commonly used carriers
including chitosan and albumin (Fig. 2b, c). The
PLA nanoparticles demonstrated higher EE and DL
for DNR and GA, probably because PLA nanopar-
ticles were more appropriate to load hydrophilic
drugs compared with chitosan and albumin.
In vitro release of the loaded DNR and GA were
tested at 37 °C in PBS solutions at a pH value of
7.4, which represented the normal physiological en-
vironments. The HPLC peaks and corresponding
standard curves used for the calculation were shown
in Fig. 3a. GA and DNR showed similar drug re-
lease profiles during the 96-h examination, which
showed more than 90% release at 48 h and remained
nearly stable afterwards (Fig. 3b).

Fig. 1 Characterization of the prepared dual drug-loaded PVA/
PLA nanoparticles. a, b Dynamic light scattering (DLS) analysis
of the diameter of the nanoparticles before and after p-glycoprotein
antibody modification. c Changes of ZETA potential before and

after antibody modification. d TEM images of the dual drug-
loaded PVA/PLA nanoparticles before and after antibody
modification
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Cellular uptake of DNR/GA-loaded PVA/PLA
nanoparticles

The overexpression of P-glycoprotein largely contrib-
utes to multidrug resistance (MDR) of cancer cells,
which can also be used to differentiate malignant cells
from normal ones. Thus, targeting P-glycoprotein has
been extensively explored for specific drug delivery to
MDR cells (Li et al. 2010). To improve the precision of
the nanoparticles to kill leukemia cells, the P-
glycoprotein antibody was modified on the particle sur-
face. In this experiment, K562/A02 cells were incubated
with the nanostructure or free drug for different time
periods and then subjected to fluorescent microscopy.
As a multidrug-resistant leukemia cell line, K562/A02 is
derived from the parent K562 cells that are sensitive to
chemotherapy. Fluorescent microscopy found that DNR
encapsulated in PLA nanoparticles gradually accumu-
lated in the drug-resistant cells during the 10-h monitor-
ing, as illustrated by the increased fluorescence. There-
fore, PLA-mediated drug delivery could overcome the

expulsion of DNR from drug-resistant cancer cells. For
antibody conjugated nanoparticles, obvious DNR fluo-
rescence was soon observed 1 h after incubation, which
increased sustainably and peaked at 10 h, which was
significantly stronger than that without antibody modi-
fication (Fig. 4). It was then believed that the P-
glycoprotein antibody could further improve intracellu-
lar drug distribution by active targeting.

Further, we quantified the intracellular drug amount
at different time points for various treatments in both
K562 and K562/A02 cells. The percentages of cellular
uptake were calculated by comparing the originally
added drug and the drug remained in the supernatants
using HPLC. As shown in Fig. 4b, the amount of free
DNR gradually increased during the 10-h incubation
time in parental K562 cells,to about 1.3% of the total
incubated drug. For the resistant K562/A02 cells,
intracellular DNR decreased from 0.25% at 1 h to
about 0.1% at 10 h. For the PLA-encapsulated DNR,
the uptake percentage in both K562 and K562/A02
cells increased to about 1% in 10 h, indicating that

Fig. 2 Evaluation and optimization of drug loading capacity and
encapsulation efficiency. a Changes of drug loading capacity and
encapsulation efficiency with different formulation components. b
Comparison of encapsulation efficiency of PVA/PLA

nanoparticles with conventional carriers of chitosan and albumin.
c Comparison of drug loading capacity of PVA/PLA nanoparticles
with conventional carriers of chitosan and albumin
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Fig. 3 a HPLC peaks of DNR and GA from instrument and corresponding standard curves. b Release profiles of DNR and GA from the
PVA/PLA nanoparticles in PBS solution within 96 h
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the uptake of nanoparticles was not compromised by
drug resistance. Finally, the antibody conjugated
nanoparticles demonstrated the most abundant drug

accumulation in the drug-resistant K562/A02 cell
line, reaching 1.8% of the originally added drug.
These data strongly supported the ability of the

Fig. 5 MTT results of the efficacy of different treatments on K562 and K562/A02 cells. Data were presented as mean ± SD (n = 3).
**P < 0.01, * P < 0.05

Fig. 4 a Fluorescent imaging of cellular uptake of the drug-loaded
nanocarriers with and without P-glycoprotein antibody modifica-
tion at 1, 4, 8, and 10 h after incubation. b Quantification of the

intracellular drug amount at different time points for various
treatments in K562 and K562/A02 cells. Scale bar = 100 μm

83 Page 8 of 13 J Nanopart Res (2019) 21: 83



drug-loaded PLA nanoparticles to circumvent drug
resistance and the effectiveness of P-glycoprotein
ant ibody modi f ica t ion on improving drug
internalization.

Therapeutic efficacy of DNR/GA-loaded PVA/PLA
nanoparticles

Given the nanosystem was readily internalized by
K562/A02 cells, it was speculated that the drug resis-
tance could be circumvented. We also used the parental
K562 cell line without drug resistance as control. In this
experiment, the cells were divided into 8 groups to
comprehensively evaluate the therapeutic efficacy of

different treatments after 24 h incubation. The concen-
trations of the drugs were 1 and 10 μM for DNR and
GA, respectively. As shown in Fig. 5, the nanoparticles
without drug loading showed favorable biocompatibili-
ty in both K562 and K562/A02 cells, demonstrating
comparable cell viability to the saline control. For the
non-resistant K562 cells, free DNR treatment effectively
inhibited cell proliferation, eradicating more than 60%
of cells after 24 h incubation. Free GA also potently
suppressed cell growth. The combined use of DNR and
GA induced a more pronounced cell killing effect. It
was observed that K562 cells were sensitive to both
drugs, and the nanoparticle delivery did not significantly

Fig. 6 Flow cytometry analysis of the apoptosis of the K562/A02 cells with different treatments. Data were presented as mean ± SD (n = 3).
**P < 0.01
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change the therapeutic efficacy, neither in single treat-
ment nor combined therapy.

In comparison, K562/A02 cells were strongly resis-
tant to the treatment of free DNR or GA, as more than
60% of cancer cells survived the therapy after 24 h. Dual
drug therapy also failed to significantly reduce cell
viability compared with that of a single drug. The poor
antitumor effect is largely attributed to multidrug resis-
tance of the cell. However, after being encapsulated into
the nanosystem, the potency of each drug was signifi-
cantly improved. The encapsulated DNR and GA

achieved much enhanced cell inhibition compared to
the non-encapsulated drugs, with approximately 50%
of cancer cells eradicated. The most potent loss of cell
viability was found in the group incubated with the dual
drug-loaded nanoparticles with an inhibition ratio higher
than 80%, probably due to the synergistic effect of DNR
and GA with different acting mechanisms. Therefore,
nano-encapsulation could increase drug toxicity against
the MDR leukemia cells to a very large extent, which
was mainly attributed to the circumvention of drug
resistance by nanoparticles. Of note, the effectiveness

Fig. 7 a RT-PCR analysis of the expression of MDR1, the major
gene related to drug resistance and Bax, Bcl-2, Caspase 9, Caspase
8, and Caspase 3, the genes associated with cell apoptosis. b
Western blot analysis of the proteins corresponding to the genes;

the treatments of cells in groups from A to H are the same as those
from a. c HE staining of major organs from mice treated with
saline, free drugs, and the nanoconstructs. Scale bar = 100 μm.
Data were presented as mean ± SD (n = 3). **P < 0.01
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of the drug combination was only achieved after encap-
sulation, as evidenced by significantly improved cell
toxicity compared to the simple blending (P < 0.01).
Flow cytometry results were consistent with the MTT
observation, and the number of apoptosis cells was the
largest in the group treated with DNR/GA-loaded nano-
particles (Fig. 6). Thus, in the discovery of drug combi-
nations in the treatment of drug-resistant leukemia,
using nanocarriers can provide a more objective evalu-
ation of the therapeutic efficacy that is overshadowed by
MDR.

Mechanism of the apoptosis induced by DNR/
GA-loaded PVA/PLA nanoparticles

A major mechanism responsible for multiple drug
resistance is the overexpression of the MDR1 gene,
which encodes P-glycoprotein, an ATPase effluxing
drug molecule out of the cell membrane. To explore
how the nanosystem bypassed the resistance mech-
anism in K562/A02 cells, we evaluated the effects of
different treatments on MDR1 and P-glycoprotein
expressions. As shown in Fig. 7, the expressions of
both MDR1 and P-glycoprotein were almost equal
among the groups subjected to different treatments,
and showed no significant difference compared with
the saline control. Therefore, the enhanced therapeu-
tic efficacy of the drug-loaded nanoparticles was not
correlated with the regulation of MDR1 genes. Bcl-2
and Bax are responsible for the regulation of mito-
chondrial apoptosis induced by extracellular stresses
and serve as anti-apoptotic and pro-apoptotic pro-
teins, respectively. We then tested the expression of
apoptosis-related genes and proteins by polymerase
chain reaction and Western blot. K562/A02 cells
treated with DNR + GA-loaded nanoparticles
showed a significantly reduced expression of anti-
apoptotic protein (Bcl-2) compared with other
groups (P < 0.01). On the other hand, the levels of
activated Caspases 9, 8, and 3, the indicators of
mitochondria-mediated apoptosis, were significantly
increased in cells treated with the drugs encapsulat-
ed in nanoparticles compared to the free counter-
parts (P < 0.01). These observations pointed to the
superior efficacy of our nano-preparations to regu-
late the apoptosis of the drug-resistant leukemia
cells. As the MDR-related proteins were not influ-
enced by our treatments, the greatly enhanced pro-

apoptosis effect was most probably resulted from the
targeted delivery of anticancer agents into cells,
which increased intracellular drug concentration
and bypassed the transmembrane effluxing mecha-
nism. As in vivo toxicity is an important concern for
further application of nanoparticles (Zhang et al.
2012), the toxicity of the nanoconstructs was tested
in healthy mice. HE staining showed that free-drugs
treatment caused obvious cardiotoxicity compared to
the saline control, while the injection of the nano-
particles induced a negligible damage to normal
organs including the heart, liver, spleen, lung, and
kidney, which paved the way for future in vivo
leukemia therapy.

Conclusion

Conclusively, we have developed a simple and versatile
drug delivery strategy using PVA/PLA nanoparticles to
circumvent the multiple drug resistance of leukemia
cells. This system carries DNR and GA, a conventional
broad-spectrum anticancer agent and a relatively new
nature product recently proved effective in leukemia,
respectively. With distinctly different mechanisms of
action, the encapsulation of the two drugs in the nano-
particles has exhibited a remarkably enhanced therapeu-
tic efficacy compared to the simple blending and single-
drug treatments. Such observations suggest that the
therapeutic potential of the drug combination can be
fully unleashed by nano-encapsulation. The nanosystem
did not alter the expression of the genes associated with
drug resistance, but enhanced cell apoptosis by targeted
drug delivery. Therefore, this strategy not only offers a
potential strategy to bypass multidrug resistance by
nano-encapsulation, but also inspires future design of
new drug combinations using the biocompatible
nanocarriers.
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