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Purpose: Nanoparticle (NP)-based drug delivery approaches have tremendous potential for 

enhancing treatment efficacy and decreasing doses of chemotherapeutics. Idarubicin (IDA) is one 

of the most common chemotherapeutic drugs used in the treatment of acute myeloid leukemia 

(AML). However, severe side effects and drug resistance markedly limit the application of IDA.

Methods: In this study, we encapsulated IDA in polymeric NPs and validated their antileukemia 

activity in vitro and in vivo.

Results: NPs with an average diameter of 84 nm was assembled from a methoxy poly(ethylene 

glycol)-b-poly(l-lactide-co-glycolide) (mPEG-PLGA). After loading of IDA, IDA-loaded 

mPEG-PLGA NPs (IDA/mPEG-PLGA NPs) were formed. The in vitro release data showed 

that the IDA/mPEG-PLGA NPs have excellent sustained release property. IDA/mPEG-PLGA 

NPs had exhibited the lower IC
50

 than pure IDA. Moreover, IDA/mPEG-PLGA NPs in the same 

concentration substantially induced apoptosis than did pure IDA. Most importantly, IDA/MPEG-

PLGA NPs significantly decreased the infiltration of leukemia blasts and improved the overall 

survival of MLL-AF9-induced murine leukemia compared with free IDA. However, the blank 

NPs were nontoxic to normal cultured cells in vitro, suggesting that NPs were the safe carrier.

Conclusion: Our data suggest that IDA/mPEG-PLGA NPs might be a suitable carrier to 

encapsulate IDA. Low dose of IDA/mPEG-PLGA NPs can be used as a conventional dosage 

for antileukemia therapy to reduce side effect and improve survival.

Keywords: idarubicin, mPEG-PLGA, acute myeloid leukemia, nanoparticles

Introduction
Acute myeloid leukemia (AML) is characterized by the blockage of differentiation or 

maturation of myeloid progenitor cells at different stages due to various genetic muta-

tions and epigenetic dysregulation.1 Although current therapies involving intensive 

chemotherapy and stem cell transplantation substantially improve the overall survival 

(OS), AML is still fatal in about half of younger patients and approximately 80% of 

patients over the age of 60 years because of drug resistance, relapse, or treatment-

related mortality.2 Conventional chemotherapy drugs are widely used in clinical 

practice and lead to rapid remission in AML patients. However, chemotherapy drugs 

are nonselective to kill leukemia blasts and normal cells, resulting in fatigue, severe 

immune suppression, cardiotoxicity, and gastrointestinal side effects.3 These severe side 

effects markedly limit the further usage of chemotherapy drugs in clinical applications.
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Idarubicin (IDA, 4-demethoxydaunorubicin), a member of 

anthracycline antibiotics, was approved by the United States 

Food and Drug Administration (US FDA) in 1990 and is 

mainly used to treat AML and chronic lymphocytic leukemia 

(CLL).4 IDA is an analog of daunorubicin (DNR), but the 

absence of a methoxy group causes faster cellular uptake, 

superior DNA binding capacity, and consequently greater 

cytotoxicity than DNR.5 IDA is currently combined with cyto-

sine arabinoside as a first-line treatment of AML.6 Although 

many AML patients achieve complete remission after initial 

treatment with IDA, about 70% of the patients eventually 

experience a relapse of leukemia. Furthermore, severe side 

effects finally lead to the discontinued treatment. As reported,7 

low-dose IDA was well tolerated in elderly patients. Thus, 

overcoming dose-limiting side effects or reducing nonspecific 

toxicity might improve the OS in AML patients.

Biodegradable material-based nanoparticles (NPs) as 

effective carriers for conventional chemotherapeutic agents 

have been used to improve cancer treatment.8 Nanomaterial 

not only enhances drug delivery into tumor tissues but 

also minimizes systemic exposure and reduces nonspecific 

toxicity.9 Furthermore, nanomaterial-based carriers increase 

the circulation time of drugs in the blood, thereby enhancing 

the ability of drugs to reach their sites of action. Numerous 

cancer drugs including paclitaxel, tamoxifen, and anthracy-

clines have been reported to test the efficiency of biocompat-

ibility material-based NPs as the effective carriers.

Because of the properties of biodegradable and bio-

compatible, poly(l-lactide-co-glycolide) (PLGA) is highly 

preferred for the preparation of NPs. For example, encap-

sulation of doxorubicin (Dox) in PLGA NPs improves the 

solubility and stability of Dox in K562 cells.10 Cytarabine 

was loaded in PLGA NPs by a modified nanoprecipitation 

method. The in vitro drug release from the PLGA-ara-c 

was sustained up to 24 hours, but the drug release from the 

pure drug was completed within 2 hours.11 Therefore, this 

sustained drug release of cytarabine would reduce the side 

effects associated with the conventional leukemia therapy 

by reducing dosing frequency. In the present study, we 

prepared amphiphilic diblock copolymer, namely, methoxy 

poly(ethylene glycol)-b-PLGA (mPEG-PLGA) and IDA-

loaded mPEG-PLGA NPs (IDA/mPEG-PLGA NPs). The 

antileukemia activity of IDA/mPEG-PLGA NPs in leukemia 

cell lines and MLL-AF9-induced murine leukemia were 

investigated. IDA/mPEG-PLGA NPs have a lower IC
50

 in 

leukemia cell lines than does pure IDA. IDA/mPEG-PLGA 

NPs markedly induce apoptosis than pure IDA in the same 

concentration. Furthermore, IDA/mPEG-PLGA NPs reduce 

the infiltration of leukemia blasts in blood and prolong the 

OS in MLL-AF9-induced murine leukemia than pure IDA. 

Therefore, mPEG-PLGA presents sustained drug release 

and favorable antitumor properties, which can be used as a 

conventional carrier for antitumor therapy.

Materials and methods
Materials
l-Lactide (LLA) and glycolide (GA) were purchased from 

Huizhou Foryou Medical Devices Co., Ltd (Guangdong, 

China). Methoxy poly(ethylene glycol) (mPEG) (Mn =5,000) 

and Tin(II) 2-ethylhexanoate (Sn(Oct)
2
) were obtained from 

Sigma-Aldrich Co. (St Louis, MO, USA). Triethylamine 

(Et
3
N) and MTT reagents were supplied by Aladdin Bio-

logical Technology Co., Ltd (Shanghai, China). RPMI-1640 

medium and PBS were purchased from Shanghai Chunsheng 

Biological Technology Co., Ltd (Shanghai, China). IDA was 

approved by Hanhui Pharmaceuticals Co, Ltd (Shanghai, 

China). Dialysis cellulose membrane (molecular weight cutoff, 

MWCO =3,500) was bought from Shanghai Baoman Biologi-

cal Technology Co., Ltd. Ultra-purified water was supplied 

by a Milli-Q system (EMD Millipore, Billerica, MA, USA). 

Chemical reagents used in the present study were of analytical 

grade. All compounds were used without further purification.

Synthesis of amphiphilic diblock 
copolymer (mPEG-PLGA)
mPEG-PLGA diblock copolymers were synthesized using the 

ring-opening polymerization. In brief, LLA and GA (molar 

ratio 7:3) and mPEG (Mn =20,000, 30,000, and 40,000) were 

added into a dry ampoule bottle. Stannous octoate as a cata-

lyst was dissolved in methylbenzene and introduced into the 

reaction mixture. The above mixture was degassed through 

vacuum/nitrogen cycles and melted at 135°C. The ampoule 

bottle was sealed under vacuum, and the polymerization 

reaction was carried out at 120°C for 24 hours. The obtained 

products were rinsed with chloroform for three times followed 

by precipitation in hexane thrice. The final precipitated copo-

lymers (mPEG-PLGA
1
, mPEG-PLGA

2
, and mPEG-PLGA

3
) 

were dried under vacuum at 35°C for 24 hours.

Structural characterization of copolymers
To confirm the structure of prepared copolymer mPEG-

PLGA, hydrogen nuclear magnetic resonance (1H NMR) 

(AMX500; BrukerOptik GmbH, Ettlingen, Germany), 

spectrum was recorded using CDCl
3
 as a solvent. Fourier 

transform infrared (FTIR) spectra were obtained using an 

FTIR spectrometer (Tensor II; BrukerOptik GmbH) in the 

frequency range from 4,000–400/cm by the method of attenu-

ated total reflection.
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IDA-loaded mPEG-PLGA NPs
Three kinds of IDA-loaded mPEG-PLGA NPs were prepared 

following a literature method with a slight modification.12 

Briefly, 50  mg of mPEG-PLGA copolymer and 5  mg of 

IDA-HCl were dissolved in 5 mL of dimethyl formamide and 

stirred for 2 hours. Then, Et
3
N was introduced to the above 

solution to neutralize HCl and stirred for another 1 hour. The 

resulting solution was gradually added into 30 mL of PBS 

(10 mM, pH 7.4) to assemble to form NPs at the speed of 

2.5 mL/h. After an additional 1 hour of stirring, the obtained 

NPs’ solution was dialyzed against PBS (10 mM, pH =7.4) 

for 48 hours using a dialysis bag (MWCO =3,500). The IDA/

mPEG-PLGA NPs (IDA/mPEG-PLGA
1
 NPs, IDA/mPEG-

PLGA
2
 NPs, and IDA/mPEG-PLGA

3
 NPs) were collected 

and stored at 4°C. The mPEG-PLGA NPs were also prepared 

without any IDA, respectively.

Size and zeta potential (ZP)
To measure the size and ZP of NPs, 100 µL of NPs was 

dispersed in double distilled water and subjected to size and 

ZP measurement using a Zetasizer (Nano ZS90; Malvern 

Instruments, Malvern, UK).

Morphology characterization of NPs
The morphology of NPs was determined by transmission 

electron microscopy (TEM, 2100; JEOL, Tokyo, Japan). For 

this, 3 µL of NPs’ solution was placed on a carbon-coated 

copper TEM grid. After drying completely, the images were 

visualized at an accelerating voltage of 200 kV.

Drug loading (DL) and encapsulation 
efficiency (EE)
The amount of IDA in IDA/mPEG-PLGA NPs was deter-

mined by the UV–vis spectrophotometer (CARY5000; 

Agilent Technologies, Santa Clara, CA, USA) at 485 nm. 

The standard curve was first built using different concentra-

tions of IDA. Before the dialysis procedure, 0.5 mL of the 

formed NPs was pipetted into an ultrafiltration centrifuge 

tube (MWCO =3,000) and centrifuged for 20  minutes at 

the speed of 10,000 rpm. By this way, free IDA in the NPs’ 

solution could be separated and collected to measure the 

absorbance at 485 nm. The DL and EE were calculated fol-

lowing the formula13:

	

DL 100%
b

=
−

+ −
×

( )

( )

m m

m m m
0 1

0 1 �

	

EE 100%=
−

×
( )m m

m
0 1

0 �

where the m
0
, m

1
, and m

b
 represent the mass of total IDA, 

free IDA, and IDA in IDA/mPEG-PLGA NPs, respectively.

Research of release in vitro
The drug release behavior of IDA/mPEG-PLGA NPs was 

analyzed following the dialysis method. A total of 6 mL 

of fresh IDA/mPEG-PLGA NPs was put into a dialysis 

bag (MWCO =3,500). Then, the sealed bag was immersed 

into the release medium PBS and was subjected to shaking 

in water bath at 37°C at the speed of 120 rpm. At various 

time intervals, 2 mL of release medium was taken out and 

replaced with fresh PBS. Subsequently, the concentration 

of IDA was determined by UV–Vis. Three repeats were 

performed for each time point, and the cumulative release 

of IDA was calculated following the method of DL and EE 

measurement.

In vivo pharmacokinetics and 
biodistribution
For the biodistribution assay, 6-week-old wild-type C57BL/6J 

mice were intraperitoneally (IP) injected with IDA/mPEG-

PLGA NPs (3 mg/kg). Then, liver, spleen, heart, lung, kidney, 

and intestine were dissected out after euthanizing the mice at 

6 hours postinjection for subsequent ex vivo imaging analysis 

(IVIS Lumina X5; PerkinElmer Inc., Waltham, MA, USA) 

and analyzed using the Living Image software (PerkinElmer 

Inc.). For the pharmacokinetics assay, C57BL/6J mice were 

IP injected with IDA (3 mg/kg) or IDA/mPEG-PLGA NPs 

(3 mg/kg). Subsequently, liver and spleen were dissected out 

after euthanizing the mice at 2, 24, 48, and 96 hours postin-

jection for ex vivo imaging analysis (IVIS Lumina X5). The 

540
Ex

/620
Em

 was used to analyze DsRed fluorescence by IDA.

Flow cytometry analysis of 
intracellular IDA
To analyze intracellular IDA, leukemia cells were treated 

with IDA or IDA/mPEG-PLGA NPs and then washed three 

times with PBS and subjected to flow cytometry analysis 

system (Becton Dickinson, Mountain View, CA, USA). The 

PE fluorescence emitted by the particles bound or internalized 

by the leukemia cells was analyzed in the FL-2 channel, and 

the data were analyzed by FlowJo (TreeStar).

Cytotoxicity of IDA/mPEG-PLGA NPs in 
L929 cells in vitro
Murine L929 cells (Cell Bank of Typical Culture Collec-

tion of Chinese Academy of Sciences, Shanghai, China) 

were cultured in DMEM supplemented with 10% FBS 

(Thermo Fisher Scientific, Waltham, MA, USA) and 1% 
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penicillin–streptomycin in humidified 37°C incubator with 

5% CO
2
. Normal human CD34+ hematological stem and 

progenitor cells (HSPCs) were isolated and enriched from 

umbilical cord blood (UCB) by positive selection (Stemcell 

Technologies, Vancouver, BC, Canada) and cultured in 

StemSpan™ SFEM (Stemcell Technologies) supplemented 

with human SCF, Flt3 ligand, erythropoietin, IL-3, and IL-6 

at final concentrations 10 ng/mL. Murine L929 cells and nor-

mal human CD34+ HSPCs were used as normal cells to char-

acterize the biocompatibility of NPs using the MTT-based 

colorimetric assay.14 Cells were seeded in a 96-well plate at 

the density of 1–2×104/well and incubated for 24 hours to 

obtain a monolayer of cells. Then, cells were treated with 

increasing concentrations (from 0.1 to 10 µM) of IDA. After 

incubation for 24 hours, 20 µL of MTT (5 mg/mL, in PBS) 

was added to corresponding wells and incubated for another 

4 hours. The medium was discarded. The formed formazan 

crystals were dissolved in 150 µL of dimethyl sulfoxide. 

Then, the absorbance of each well was measured at 570 nm. 

Cells treated with DMEM and IDA were used as the negative 

and positive controls, respectively. Relative cell viability was 

calculated with the following equation:

	

Relative cell viability (%)
OD

OD
100%test

control

= ×
�

Antileukemia activity of IDA/mPEG-PLGA 
NPs in leukemia cells in vitro
Human leukemic cell lines including HL-60 and U937 

(American Type Culture Collection [ATCC], Manassas, 

VA, USA) were purchased for the present study. Leukemic 

cell lines were cultured in RPMI-1640 supplemented with 

10% FBS and 1% penicillin–streptomycin in humidified 

37°C incubator with 5% CO
2
. Leukemic cells were plated at 

2×105 cells/mL in six-well plate and then treated with PBS 

for vehicle, mPEG-PLGA, 0.01 µM IDA, and 0.01 µM IDA/

mPEG-PLGA NPs. Apoptosis was detected by annexin V/PI 

staining (Thermo Fisher Scientific). Briefly, cells were col-

lected and washed with binding buffer and were incubated 

in working solution (400 µL of binding buffer with 5.0 µL of 

Annexin V-FITC and 5.0 µL of PI) for 15 minutes. Cells were 

washed and resuspended with the binding buffer and analyzed 

by flow cytometry within 30  minutes after staining. Cell 

growth was measured by the MTT-based colorimetric assay.

Antileukemia activity of IDA and 
IDA/mPEG-PLGA NPs in vivo
Lineage-negative cells of mouse bone marrow (BM) were 

isolated from 6-week-old wild-type C57BL/6J at 6 days after 

5-fluorouracil (5-FU) treatment. The Lin− cells were retrovi-

rally transduced with MSCV-GFP-IRES-MLL-AF9 through 

two rounds of “spinoculation” as described previously.15,16 

Retrovirally transduced donor cells (5×105) with whole BM 

cells (1×106, freshly isolated from B6 mice) were injected 

into lethally irradiated (8 Gy) 8-week-old B6 recipient mice 

within 24 hours after irradiation. After the mice developed 

full-blown leukemia, sorted GFP+ cells were injected into 

lethally irradiated recipient mice with freshly isolated BM 

cells from healthy mice. All the mice were divided into the 

following four groups: vehicle (untreated), mPEG-PLGA 

(3  mg/kg), IDA (3  mg/kg), and IDA/mPEG-PLGA NPs 

(3  mg/kg). Mice were started to inject by mPEG-PLGA, 

IDA, IDA/mPEG-PLGA NPs, or vehicle every other day 

after 2 weeks of transplantation. GFP+ cells were measured 

when the mice became moribund (lethargy, scruffy coat, 

or occasional limb paralysis) and then humanly sacrificed. 

Blast population of greater than 20% in the BM is confirmed 

as leukemia. Survival was evaluated from the first day of 

the experiment until death. Animals were housed under 

standard laboratory conditions (light–dark cycle conditions 

and controlled temperatures 22°C±2°C) with enough foods 

and fresh drinking water. All surgery was performed under 

sodium pentobarbital anesthesia with all efforts made to 

minimize suffering. The animal handling and procedures in 

this study were in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory animals. 

The current study was reviewed and approved by the Institu-

tional Animal Care and Use Committee of the First Affiliated 

Hospital of Wenzhou Medical University.

Statistical analyses
All the results were expressed as mean ± SD where appli-

cable. For all the analyses, the P-values were two tailed, and 

a value of P,0.05 was considered statistically significant. OS 

probabilities were estimated by the Kaplan–Meier method, 

and differences in OS were compared using the log-rank test. 

OS was defined from the date of engraftment to death. All 

statistical analyses were performed using SPSS 22.0 (IBM 

Corporation, Armonk, NY, USA).

Results
Synthesis of mPEG-PLGA
The mPEG-PLGA copolymer was synthesized following 

the method of ring-opening polymerization. As shown in 

Figure 1A, mPEG was used as the initiator and expected to 

form a hydrophilic corona due to its high hydrophilicity and 

flexibility of the backbone. Herein, LLA and GA were used as 

monomers in the ring-opening polymerization, because PLGA 
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copolymers are widely used in clinic as biodegradable 

material and in delivery systems for the controlled release for 

drug delivery. Therefore, mPEG-PLGA diblock copolymers 

with different molecular weights were synthesized.

To confirm the formation of diblock copolymers, the 

obtained materials were dissolved in CDCl
3
 for 1H NMR char-

acterization. As shown in Figure 1B, with the following results: 

peak a (δ=1.57 ppm, LLA repeating unit: -O-CH(CH
3
)-CO-), 

b (δ=3.64 ppm, mPEG repeating unit: -O-CH
2
-CH

2
-), c 

(δ=4.68–4.91 ppm, GA repeating unit: -O-CH
2
-CO-), d 

(δ=5.13  ppm, LLA repeating unit: -O-CH(CH
3
)-CO-), 

and e (δ=7.26  ppm, CDCl
3
). These results demonstrated 

that mPEG-PLGA copolymers were synthesized success-

fully. Moreover, the molecular weights of mPEG-PLGA
1
, 

mPEG-PLGA
2
, and mPEG-PLGA

3
 were calculated using 

corresponding peaks. The molecular weight (Mn) of 

mPEG-PLGA
1
 was 15,000, that of mPEG-PLGA

2
 was 

20,000, and that of mPEG-PLGA
3
 was 27,000.

To confirm that the mPEG-PLGA diblock copolymers 

had been successfully synthesized, FTIR spectra of mPEG-

PLGA diblock copolymers were analyzed. As shown in 

Figure 1C, the width peak in 3,450/cm (a) was the typical 

peak of -OH at the end of the polymer. The absorption peak 

in 2,900–3,000/cm (b) was the contraction vibration peak 

of -CH
3
. The strong absorption peak in 1,760/cm (c) was the 

typical stretching vibration peak of -C=O, and the appear-

ance of this peak revealed that LLA has reacted with GA 

and formed a straight chain ester bond. These results suggest 

that the mPEG-PLGA diblock copolymers have been suc-

cessfully synthesized.

To further confirm the successful mPEG-PLGA synthe-

sis, gel permeation chromatography (GPC) data are shown in 

Figure 1 (A) Synthesis route of mPEG-PLGA diblock copolymer and schematic diagram of preparation of IDA/mPEG-PLGA NPs. (B) 1H NMR characterization of 
mPEG-PLGA diblock copolymers. (C) FTIR spectra of three kinds of mPEG-PLGA diblock copolymers.
Abbreviations: GA, glycolide; IDA, idarubicin; LLA, l-lactide; mPEG, methoxy poly(ethylene glycol); mPEG-PLGA, mPEG-b-poly(LLA-co-GA); NPs, nanoparticles.

δ

°
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Figure S1A–C. These data confirm the successful synthesis. 

Furthermore, the critical micelle concentrations of mPEG-

PLGA
1
, mPEG-PLGA

2
, and mPEG-PLGA

3
 were 0.062, 

0.053, and 0.072 µg/mL, respectively.

Size and ZP of NPs and IDA/mPEG-
PLGA NPs
IDA/mPEG-PLGA NPs were prepared by a modified dialysis 

method,12 and the preparation schematic diagram is shown 

in Figure 1A. As mPEG-PLGA is an amphiphilic diblock 

copolymer. The PLGA segment is the hydrophobic part. 

IDA is a hydrophobic drug. Therefore, when they coexisted 

in water-soluble environment, hydrophobic part tended to far 

away from the environment. Then, IDA was encapsulated in 

the core, and the DL NPs were formed.

Surface properties and particle size of NPs play important 

roles in the drug release, cellular uptake, and cytotoxicity.17 

The size and ZP distribution of NPs and IDA/mPEG-PLGA 

NPs are displayed in Table 1. The size of NPs and IDA/

mPEG-PLGA NPs increased with the increased molecular 

weight of diblock copolymers. This phenomenon could be 

ascribed to the increase in hydrophobic segment (PLGA), 

which finally forms big hydrophobic cores. Furthermore, 

PDI of IDA/mPEG-PLGA NPs was rather narrow, which is 

benefit for cancer therapy.

The ZP of NPs and IDA/mPEG-PLGA NPs was both 

negative (-34±3.6 to -30.1±2.6 mV) due to the abundant -OH 

groups of mPEG segments. NPs with small diameter are easily 

swallowed by cells. These NPs with small diameter avoid elimi-

nation by reticuloendothelial system and promote accumulation 

in tumor vasculature18,19 Therefore, due to the suitable size and 

ZP, mPEG-PLGA
1
 NPs (72.4±4.6 nm) and IDA/mPEG-PLGA

1
 

NPs (81.2±3.4 nm) were chosen for further experiments as the 

potential drug delivery system. Moreover, as shown in Table 1, 

the size of mPEG-PLGA
1
 NPs and IDA/mPEG-PLGA

1
 NPs 

was larger than that of TEM. The sizes measured by dynamic 

laser scattering (DLS) were obtained in hydrated state in 

solution, while those obtained by TEM had been dried after 

being dropped on the carbon-coated copper meshes.

Morphology of NPs and IDA/mPEG-
PLGA NPs
The surface morphology of mPEG-PLGA

1
 NPs and IDA/

mPEG-PLGA
1
 NPs was characterized using TEM. Results 

showed that all mPEG-PLGA
1
 NPs and IDA/mPEG-PLGA

1
 

had exhibited spherical morphology, which were about 50 nm 

in diameter (Figure 2A and B). These results demonstrated 

the successful formation of NPs and IDA/mPEG-PLGA NPs. 

However, the diameter evaluated by TEM was smaller than 

that evaluated by DLS analysis. We speculate that dry NPs 

was inclined to shrinking and collapsing.20,21

IDA EE and drug release in vitro
UV–vis spectrophotometer was used to determine the DL 

and EE of IDA/mPEG-PLGA
1
 NPs at 485 nm. The standard 

curve of IDA indicated that the absorbance was increased 

in a liner relationship with the increasing concentration of 

IDA (Figure 3A). After centrifuging using the ultrafiltration 

centrifuge tube, pictures were taken by camera (inserted) and 

free IDA was separated and collected to measure the con-

centration via the standard curve of IDA. Compared with the 

IDA, IDA/mPEG-PLGA
1
 NPs after centrifuging exhibited 

Table 1 Size, ZP distribution, DL, and EE of NPs and/or IDA/mPEG-PLGA NPs

Sample ID Size (nm) PDI ZP (mV) DL (%) EE (%)

mPEG-PLGA1 NPs 72.4±4.6 0.118±0.004 -33.8±2.1

IDA/mPEG-PLGA1 NPs 81.2±3.4 0.107±0.005 -34±3.6 8.59±0.96 93.95±3.2

mPEG-PLGA2 NPs
IDA/mPEG-PLGA2 NPs
mPEG-PLGA3 NPs
IDA/mPEG-PLGA3 NPs 

90.65±2.3
98.24±3.5
111.8±1.9
123.5±4.1

0.119±0.012
0.124±0.013
0.123±0.007
0.131±0.013

-30.1±2.6
-31.6±2.8
-32.5±2.4
-32±3.5

8.31±0.68

8.28±0.75

91.72±2.6

91.09±3.4

Note: Size indicates NPs’ diameter, n=3.
Abbreviations: DL, drug loading; EE, encapsulation efficiency; IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles; 
PDI, polydispersity index; ZP, zeta potential.

Figure 2 TEM images of mPEG-PLGA1 NPs (A) and IDA/mPEG-PLGA NPs (B).
Abbreviations: IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-
b-poly(l-lactide-co-glycolide); NPs, nanoparticles; TEM, transmission electron 
microscopy.
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slight red. These results reveal that most of the IDA is encap-

sulated into IDA/mPEG-PLGA
1
 NPs.

Results from quantitative analysis showed that DL 

and EE of IDA/mPEG-PLGA
1
 NPs were 8.59±0.96 and 

93.95%±3.2%, respectively. Therefore, IDA/mPEG-PLGA
1
 

NPs had showed excellent DL efficiency in the present inves-

tigation. High values of DL and EE could be attributed to the 

hydrophobic segments of PLGA. Suitable PLGA segments 

provided enough hydrophobic force to encapsulate plenty of 

IDA in their cores of mPEG-PLGA
1
 NPs. Herein, mPEG-

PLGA
1
 NPs are the potential and efficient drug delivery 

system and might possess superb effect against leukemia.

To investigate the release of IDA, IDA/mPEG-PLGA
1
 

NPs were incubated in PBS for 40  days in vitro. About 

37.13±0.9 wt% of IDA was released during the first 4 days 

(Figure 3B). At day 7, 48.97±0.2 wt% of the loaded IDA was 

released (Figure 3B). After 40 days, the drug release from 

IDA/mPEG-PLGA
1
 NPs was to be 80.2 wt% (Figure 3B). 

These results indicate that the reduced and steady levels of 

IDA prolong the release time. Sustained release behavior 

of IDA/mPEG-PLGA
1
 NPs was mainly ascribed to the 

degradation of mPEG-PLGA
1
 diblock copolymers and drug 

diffusion from the hydrophobic cores. Sustained release of 

IDA might benefit leukemia treatment with suitable drug 

concentration and avoid drug invalid loss at the same time. 

Therefore, mPEG-PLGA
1
 NPs act as biocompatible carriers 

for IDA, and IDA/mPEG-PLGA
1
 NPs were used for the fol-

lowing experiments.

Finally, the release rate of IDA from IDA/mPEG-PLGA
1
 

NPs in complete medium (10% fetal calf serum, shaking in 

water bath, 120 rpm, 37°C) was detected. The release rate in 

complete medium was compared with that in PBS. As shown 

in Table 2, no significant difference of IDA release rate was 

found in complete medium compared with that in PBS.

Cytotoxicity of IDA/mPEG-PLGA1 NPs in 
mouse fibroblast cells and human normal 
CD34+ HSPCs in vitro
To investigate the cytotoxicity of IDA/mPEG-PLGA

1
 NPs 

in normal cells, L929 cell line (mouse fibroblast) and human 

CD34+ HSPCs were utilized to characterize the biocompat-

ibility of IDA/mPEG-PLGA
1
 NPs and mPEG-PLGA

1
 NPs. 

The cell viability was first measured in L929 cells treated with 

different concentrations of mPEG-PLGA
1
 NPs, IDA, and 

IDA/mPEG-PLGA
1
 NPs for 24 hours. As shown in Figure 4A, 

the relative cell activity values of IDA/mPEG-PLGA
1
 NPs 

and mPEG-PLGA
1
 NPs in L929 cells were more than 90% 

at three different concentrations (0.1–10 µM). However, the 

relative activity value of pure IDA was decreased with the 

increase in concentration. When the concentration of IDA 

Table 2 IDA release in complete medium and PBS

  Day 2 Day 4 Day 7 Day 10

IDA release (%) (in complete medium) 22.1±3.1 35.0±1.2 46.2±0.6 55.12±2.4
IDA release (%) (in PBS) 20.1±0.6 37.1±0.9 48.9±0.2 53.1±0.8

Abbreviation: IDA, idarubicin.

Figure 3 Standard curve of IDA and cumulative release of IDA/mPEG-PLGA NPs.
Notes: (A) Standard curve of IDA; images of IDA and IDA/mPEG-PLGA NPs after centrifugation separation. (B) Cumulative release of IDA/mPEG-PLGA NPs.
Abbreviations: IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles.
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reached to 10 µM, the value declined to 43.9%. Furthermore, 

cell viability was detected in CD34+ HSPCs treated with 

different concentrations of mPEG-PLGA
1
 NPs, IDA, and 

IDA/mPEG-PLGA
1
 NPs for 24 hours. Low concentrations 

of IDA/mPEG-PLGA
1
 NPs (0.1 and 1 µM) present no cyto-

toxicity, but high concentration of IDA/mPEG-PLGA
1
 NPs 

(10 µM) presents moderate cytotoxicity in normal CD34+ 

HSPCs (Figure 4B). However, different concentrations 

of IDA/mPEG-PLGA
1
 NPs present less cytotoxicity than 

pure IDA (Figure 4B). All these results demonstrate that 

mPEG-PLGA
1
 NPs have no cytotoxicity for normal cells 

and IDA/mPEG-PLGA
1
 NPs have less cytotoxicity than pure 

IDA in normal mouse fibroblast cells and human HSPCs.

Biodistribution and pharmacokinetics of 
IDA/mPEG-PLGA1 NPs
To investigate the in vivo biodistribution of IDA/mPEG-

PLGA
1
 NPs, liver, spleen, heart, lung, kidney, and intestine 

were dissected out after the mice were injected with IDA/

mPEG-PLGA
1
 NPs for 6 hours. An ex vivo imaging analysis 

was performed to measure the biodistribution of IDA. 

As shown in Figure 5A, IDA from IDA/mPEG-PLGA
1
 NPs 

was mainly distributed in liver, spleen, and intestine but not 

in heart, lung, and kidney. As expected, IDA/mPEG-PLGA
1
 

NPs were distributed in BM (Figure 5B), suggesting that 

IDA/mPEG-PLGA
1
 NPs can deliver to BM.

Figure 4 Cytotoxicity of mPEG-PLGA1 NPs, IDA/mPEG-PLGA NPs, and IDA in L929 cells and normal human CD34+ HSPCs.
Notes: (A and B) The cell viability was measured in murine L929 cells and normal human CD34+ HSPCs treated with different concentrations of mPEG-PLGA1 NPs, IDA, 
and IDA/mPEG-PLGA1 NPs for 24 hours (**P,0.01 vs control group; NS, nonsignificant between control group and IDA/mPEG-PLGA NPs).
Abbreviations: HSPCs, hematological stem and progenitor cells; IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles.

Figure 5 Pharmacokinetics and biodistribution analysis by ex vivo imaging system.
Notes: (A) Six-week-old wild-type C57BL/6J mice were intraperitoneally injected with IDA/mPEG-PLGA NPs. Liver, spleen, heart, lung, kidney, and intestine were dissected 
out after administration for 6 hours. The 540Ex/620Em was used to analyze DsRed fluorescence by IDA and captured by ex vivo imaging system. (B) Six-week-old wild-type 
C57BL/6J mice were intraperitoneally injected with IDA/mPEG-PLGA NPs. Bone marrow was dissected out after administration for 6 hours for subsequent ex vivo imaging 
analysis. (C) Ex vivo imaging analysis for liver and spleen, which were dissected out after mice were injected with IDA (3 mg/kg) or IDA/mPEG-PLGA NPs (3 mg/kg) for 2, 
24, 48, and 96 hours.
Abbreviations: IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles.
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To further determine whether IDA/mPEG-PLGA
1
 NPs 

have elongated circulation time than free IDA, we further ana-

lyzed the pharmacokinetics of IDA/mPEG-PLGA
1
 NPs and 

IDA in liver and spleen, which were dissected out after the 

mice were injected with IDA/mPEG-PLGA
1
 NPs or IDA for 

2, 24, 48, and 96 hours. In IDA/mPEG-PLGA
1
 NPs injected 

mice, the fluorescence levels analyzed by ex vivo imaging 

system in the liver and spleen appeared at 2 hours, reached 

the highest concentration 24 hours later, and decreased after 

48 and 96 hours (Figure 5C). However, in IDA-injected mice, 

the fluorescence levels in the liver and spleen appeared at 

2 hours, reached the highest concentration 24 hours later, and 

almost completely cleared after 48 and 96 hours (Figure 5C).

mPEG-PLGA enhances the cellular 
uptake of IDA
To determine whether mPEG-PLGA can enhance the cellular 

uptake of IDA, red fluorescence representing excitation light 

by IDA was detected by flow cytometry in HL-60 cells, which 

were incubated with IDA/mPEG-PLGA
1
 NPs or IDA. The 

shift in fluorescence peak from the untreated group (negative 

control [NC]) to the treated samples in the flow cytometry 

plot confirms the binding and uptake of IDA/mPEG-PLGA
1
 

NPs and IDA to leukemia cells (Figure 6A). Most impor-

tantly, PE+ cells in IDA/mPEG-PLGA
1
 NPs treated cells 

were higher than that in IDA-treated cells (Figure 6A), 

suggesting that mPEG-PLGA enhances the uptake of IDA 

in leukemia cells.

Antileukemia activity of mPEG-PLGA 
NPs and IDA/mPEG-PLGA NPs in 
leukemia cell lines
To assess the antileukemia activity of mPEG-PLGA NPs in 

leukemia, we measured the IC
50

 of IDA/mPEG-PLGA NPs 

and pure IDA in two leukemia cell lines. HL-60 and U937 

were treated with different concentrations of IDA/mPEG-

PLGA NPs and IDA for 4 days, and cell proliferation was 

measured. IDA/mPEG-PLGA NPs exhibited the lower IC
50

 

(Figure 7A; 0.014 µM in HL-60 and 0.0084 µM in U937) 

than IDA (Figure 7A; 0.048 µM in HL-60 and 0.013 µM 

in U937), suggesting that IDA/mPEG-PLGA NPs have 

approximately two- to fourfold higher effect on inhibiting 

cell growth than IDA.

As chemotherapy drugs present antileukemia activity 

mainly by inducing apoptosis, we then measured the apop-

tosis in HL-60 and U937 cells incubated with 0.01 µM IDA/

mPEG-PLGA NPs and 0.01 µM IDA for 4 days. IDA/mPEG-

PLGA NPs and IDA substantially induced apoptosis in 

leukemia cells than negative control (Figure 7B and C). How-

ever, IDA/mPEG-PLGA NPs are more effective in inducing 

apoptosis in leukemia cells than IDA (Figure 7B and C).

Antileukemia activity of IDA/mPEG-
PLGA NPs in MLL-AF9-induced murine 
leukemia
As reported, MLL-rearranged leukemia has been used as 

a classical model to assess the antileukemia activity of 

chemotherapy drugs, because MLL fusion proteins can effi-

ciently transform HSPC into leukemia stem cell.22 Therefore, 

MLL-AF9-induced mice leukemia model was used to further 

investigate the antileukemia activity by IDA/mPEG-PLGA 

NPs and IDA. GFP+ cells were isolated from MLL-AF9-

transduced mice and transplanted into irradiated mice, which 

were divided into four groups (IDA/mPEG-PLGA NPs, 

IDA, mPEG-PLGA, and vehicle). Three vehicle mice and 

three drug-treated mice were sacrificed when vehicle mice 

developed full-blown leukemia. GFP-positive cells were 

measured in BM mononuclear cells. GFP-positive cells 

were significantly decreased in IDA-treated and IDA/mPEG-

PLGA NPs treated mice than in vehicle mice (Figure 8A). 

Figure 6 mPEG-PLGA enhances the cellular uptake of IDA.
Notes: PE fluorescence by IDA was measured by flow cytometry in HL-60, which were treated with 0.1 µM IDA or 0.1 µM IDA/mPEG-PLGA NPs for 6 hours. Shown is 
the representative plots (left) and summary of PE+ cells (right).
Abbreviations: IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles; PE, phycoerythrin.
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However, IDA/mPEG-PLGA NPs are more effective in 

reducing GFP-positive cells than did IDA (Figure 8A). More-

over, blood, BM, and spleen smears indicated an obvious 

decrease in leukemia blasts in IDA-treated and IDA/mPEG-

PLGA
1
 NPs treated mice than in vehicle mice (Figure 8B). 

Also, leukemia blasts in IDA/mPEG-PLGA NPs treated 

mice were less than those in IDA-treated mice (Figure 8B). 

Accordingly, although IDA/mPEG-PLGA NPs and IDA 

reduced spleen weight, IDA/mPEG-PLGA NPs induced 

more decrease in spleen weight than IDA did (Figure 8C). 

Finally, IDA/mPEG-PLGA NPs and IDA treatment markedly 

prolonged the survival of MLL-AF9-transduced mice than 

Figure 7 Antileukemia activity of IDA and IDA/mPEG-PLGA NPs in leukemia cells in vitro.
Notes: (A) HL-60 and U937 cells were treated with different concentrations of IDA or IDA/mPEG-PLGA for 24 hours. Cell growth was measured by the MTT assay. 
IC50 was calculated for HL-60 and U937 cells. Apoptosis was measured by annexin V/PI staining in HL-60 (B) and U937 (C) cells, which were treated with 0.01  µM 
IDA/mPEG-PLGA NPs, 0.01 µM IDA, or mPEG-PLGA NPs for 4 days. *P0.01.
Abbreviations: IC50, half maximal inhibitory concentration; IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles; 
PI, propidium iodide.
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vehicle mice (Figure 8D). The OS in IDA/mPEG-PLGA
1
 

NPs treated mice was longer than that in IDA-treated mice 

(Figure 8D).

Discussion
Chemotherapy is one of the main strategies for AML patients. 

However, high doses of chemotherapy drugs cause a series 

of severe side effects, including BM suppression, gastroin-

testinal reactions, kidney damage, and hair loss. These side 

effects severely limit its further application. NP drug delivery 

systems have a potential to sustain the release of drugs and 

enhance the accumulation of drugs in cancer cells.23 Opti-

mization of these carriers extends the release property and 

reduces the dose of cytotoxic drugs, thus reducing the asso-

ciated side effects.

IDA is the first-line drug in the treatment of AML.6 

To reduce the dose of IDA, solid lipid NPs,24 propyl starch 

NPs,25 and folic acid conjugated magnetic NPs have been 

developed as carriers to conjugate IDA.26 However, the poten-

tial use of mPEG-PLGA to deliver IDA has not been reported. 

Here, we successfully developed mPEG-PLGA-loaded NPs 

as a modified dialysis method. Our results indicate that 

mPEG-PLGA is little toxic in normal mouse fibroblast. IDA/

mPEG-PLGA NPs act as a controlled release formulation for 

IDA and maintains a longer release time than pure IDA. We 

confirm the efficiency of IDA/mPEG-PLGA
1
 NPs in inducing 

cytotoxicity by both in vitro studies with leukemia cell lines 

and in vivo study in MLL-AF9-induced mice model. IDA/

mPEG-PLGA
1
 NPs are substantially more toxic than IDA in 

vitro and in vivo, suggesting that mPEG-PLGA is suitable 

carrier to deliver IDA.

MLL-AF9-induced murine leukemia is a widely used 

model to assess the antileukemia activity of chemotherapy 

drugs.27,28 However, few reports use this model to assess 

NP-coated drugs. Preclinical models using subcutaneous 

xenografts have often been used to nanomedicine.29,30 Sub-

cutaneous models are easy to create and to evaluate tumor 

progression in response to treatment, but this approach does 

not reflect the in vivo situation because all leukemia cells 

are not subcutaneous. MLL-AF9 model accurately mimics 

the in vivo disease condition where the leukemia blasts are 

in the blood and BM. Furthermore, therapeutic efficiencies 

of IDA/mPEG-PLGA
1
 NPs and pure IDA were assessed 

by direct IP injection. This situation closely resembles the 

Figure 8 Antileukemia activity of IDA and IDA/mPEG-PLGA in MLL-AF9-induced murine leukemia in vivo.
Notes: (A) GFP+ cells were measured in BM from the MLL-AF9-induced murine leukemia treated with IDA/mPEG-PLGA NPs, IDA, mPEG-PLGA, or vehicle when vehicle 
mice developed full-blown leukemia (n=4). Shown is the representative plots (left) and summary of GFP+ cells (right). **P,0.01. (B) A representative image of blood, BM, and 
spleen smears in the MLL-AF9-induced leukemia treated with IDA/mPEG-PLGA NPs, IDA, mPEG-PLGA, or vehicle. (C) A representative image of spleen (left) and summary 
of spleen weight (right) from the MLL-AF9-induced leukemia treated with IDA/mPEG-PLGA NPs, IDA, mPEG-PLGA, or vehicle (n=4). **P,0.01. (D) Overall survival was 
analyzed in the MLL-AF9-induced leukemia treated with IDA/mPEG-PLGA NPs, IDA, mPEG-PLGA, or vehicle (n=6). **P,0.01.
Abbreviations: BM, bone marrow; IDA, idarubicin; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); NPs, nanoparticles.
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treatment of AML patients in the clinic, suggesting that this 

model will be a valuable tool in the evaluation of nanothera-

peutics for hematological malignancies. Our data indicate 

that IDA/mPEG-PLGA
1
 NPs decrease leukemia blasts and 

prolong the OS in MLL-AF9-induced leukemia mice. More-

over, IDA/mPEG-PLGA
1
 NPs present stronger antileukemia 

ability than IDA in the same concentration in leukemia mice. 

We speculate that IDA/mPEG-PLGA
1
 NPs sustain a longer 

release than pure IDA, resulting in a longer duration of action. 

Our results are consistent with the report by Krishnan et al,31 

who encapsulated dexamethasone in polymeric NPs and found 

that dexamethasone NPs significantly improved the quality of 

life and survival of leukemia mice than the free drug.

One of the AML patients’ characteristics is associated 

with splenomegaly and infiltration of leukemia blasts in 

spleen.32 The normal structure of spleen is destroyed, and the 

spleen is infiltrated by single leukemia cells. Furthermore, 

leukemia blasts in spleen often escape from the treatment of 

chemical drugs and become the origin of relapse. Therefore, 

reducing the weight of spleen and decreasing the infiltra-

tion of leukemia blasts in spleen have been considered as 

successful treatments of AML patients. Consistent with 

AML patients’ characteristic, splenomegaly and leukemia 

cell infiltration always occur in MLL-AF9-induced murine 

leukemia.33 Reducing spleen weight and decreasing leukemia 

cell infiltration by chemical drugs such as IDA suggest the 

efficient treatment in murine leukemia. Therefore, in our 

study, we measured the spleen weight and leukemia cell 

infiltration in spleen and found that IDA/mPEG-PLGA
1
 

NPs reduced the spleen weight and decreased leukemia 

blasts’ infiltration than pure IDA did. Our data demonstrate 

that the spleen weight is a suitable indicator to reflect the 

antileukemia activity during IDA treatment.

Because of biocompatibility and biodegradability, mPEG-

PLGA-based polymeric NPs are the suitable carriers for the 

delivery and controlled release of anticancer drugs. The blank 

NPs are nontoxic to cultured normal cells in vitro, suggesting 

that mPEG-PLGA-based polymeric NPs might be safe for 

AML patients. Also, PLGA is approved by the US FDA for 

biomedical usage, because it can create NPs like nanocarriers 

displaying an internal hydrophobic PLGA portion and it is 

suitable for entrapping lipophilic molecules to form a stabiliz-

ing shell.34,35 To investigate the potential usage of PLGA for 

the carrier of chemotherapy drugs, Tamborini et al reported 

that PLGA NPs (PNPs) are conjugated to chlorotoxin and 

silver NPs are entrapped inside the functionalized NPs. These 

functionalized NPs can efficiently target the tumor.36 Also, 

Duo et al37 use core/shell gene carriers with different lengths 

of PLGA chains to promote the transfection of endothelial 

cells. These results with our study confirm that PLGA is a 

suitable carrier to encapsulate drugs.

mPEG is a neutral polymer and PLGA presents negative 

charges. However, the mPEG-PLGA NPs present negative 

charges but not neutral charges. We speculate that the pres-

ence of PEG on the surface of PLGA cores only covers the 

part of PLGA-induced negative charges, resulting in the 

negative NPs. Our results are consistent with the previous 

reports.38,39

We detected the biodistribution of IDA/mPEG-PLGA 

NPs by ex vivo imaging system in murine organs and found 

that IDA was mainly distributed in liver, spleen, and intestine 

but not in lung, heart, and kidney. Although no accumulation 

of IDA was detected in lung, heart, and kidney, it is possible 

that the ex vivo imaging analysis is not sensitive enough to 

detect the very low accumulation of IDA/mPEG-PLGA in 

these organs. We speculate that IDA/mPEG-PLGA NPs have 

low toxicity for these organs.

Conclusion
Our study demonstrates that the IDA/mPEG-PLGA NPs’ for-

mulation has high DL capacity, good EE, and good aqueous 

dispersion. Thus, mPEG-PLGA NPs have the properties of 

sustained drug release. IDA/mPEG-PLGA NPs have signifi-

cant antileukemia activity than pure IDA. IDA/mPEG-PLGA 

should be a promising systemic chemotherapy for leukemia 

and can be expanded for use on other types of cancers. IDA 

encapsulated in NPs may enable the use of reduced doses 

of IDA to reduce side effects and improve survival. The 

next step is to establish targeted drug delivery platforms. 

For example, CD33 antibody can be covalently linked with 

IDA/mPEG-PLGA
1
 NPs to selectively kill leukemia blasts.40 

Translation of this technology into the clinic can reduce the 

severe side effects and improve the survival and quality of 

AML patients.
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Supplementary material

Figure S1 (A–C) GPC data for mPEG-PLGA1, mPEG-PLGA2, and mPEG-PLGA3.
Abbreviations: GPC, gel permeation chromatography; mPEG-PLGA, methoxy poly(ethylene glycol)-b-poly(l-lactide-co-glycolide); MW, molecular weight.
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