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Objective: This study aimed to develop a binary nanodrug-delivery system decorated with aptamers (APs) and transferrin (Tf) and 
loaded with daunorubicin (Drn) and luteolin (Lut) for the treatment of leukemia.
Methods: Oligonucleotide AP- and Tf-contaiing ligands were designed and synthesized separately. AP-decorated Drn-loaded 
nanoparticles (AP-Drn NPs) and Tf-Lut NPs were prepared by self-assembly. An AP- and Tf-codecorated Drn- and Lut-coloaded 
nanodrug-delivery system (AP/Tf-Drn/Lut NPs) was prepared by self-assembly of AP-Drn NPs and Tf-Lut NPs. In vitro and in vivo 
efficiency of the system was evaluated on leukemia cell line and cell-bearing mouse model in comparison with single ligand– 
decorated, single drug–loaded and free-drug formulations.
Results: AP/Tf-Drn/Lut NPs were spherical and nanosized (187.3±5.3 nm) and loaded with about 85% of drugs. In vitro cytotoxicity 
of AP/Tf-Drn/Lut NPs was remarkably higher than single ligand–decorated ones. Double drug–loaded AP/Tf-Drn/Lut NPs exhibited 
higher tumor-cell inhibition than single drug–loaded ones, which showed a synergic effect of the two drugs. AP/Tf-Drn/Lut NPs 
achieved the most efficient antileukemic activity and absence of toxicity in vivo.
Conclusion: The present study showed that AP/Tf-Drn/Lut NPs are a promising drug-delivery system for targeted treatment of 
leukemia, due to the synergic effect of the two drugs in this system. The limitations of this system include stability during large-scale 
production and application from bench to bedside.
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Introduction
Acute myeloid leukemia (AML), a heterogeneous hematologic malignancy, is the most common acute leukemia among 
adults.1 Clinical outcomes of patients with AML are still poor, with <30% surviving 5 years and higher incidence and an 
almost 90% mortality rate for older patients (>65 years).2,3 Current treatmentsfor AML mainly consist of standard 
chemotherapy (a combination of cytarabine and daunorubicin [Drn] or idarubicin), targeted therapy using FLT3 
inhibitors, including midostaurin, quizartinib, and cabozantinib, and immunotherapy, eg, gemtuzumab ozogamicin (anti- 
CD33 monoclonal antibody conjugated with calicheamicin).3–6 Unfortunately, current treatments still have therapeutic 
obstacles, including lower compliance, because of serious toxicity and therapeutic efficacy due to drug resistance. 
Therefore, it is urgent to exploit new therapeutic strategies to improve treatment outcomes.

Nanoparticle (NP)-based combination therapy has attracted extensive attention in recent years for AML therapy. 
Currently, there are two liposomal formulations available in the clinic for the treatment of HM (liposomal Drn 
[DaunoXome] and liposomal cytarabine + Drn [CPX-351/VYXEOS]).7,8 Phase III results have proven that compared 
to free drug (Drn and cytarabine), the liposomal formulation codelivering Drn and cytarabine significantly 
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improves median overall survival (9.56 vs 5.95 months) and overall remission rate (47.7% vs 33.3%) for elderly 
patients with newly diagnosed high-risk secondary AML.9 This brings forth a new era for AML patients based on Drn- 
combination nanoformulation therapy.

An anthracycline topoisomerase inhibitor, Drn is a broad-spectrum antihematologic malignancy agent for AML, acute 
nonlymphocytic leukemia of adults, and acute lymphocytic leukemia of children and adults.10 However, multidrug 
resistance hampered the further clinical application of Drn injections. Recently, Chinese herbal medicine and NPs have 
attracted research interest to overcome multidrug resistance.11,12 Luteolin (Lut; 3′,4′,5,7-tetrahydroxyflavone) has been 
applied in traditional Chinese medicine for treating various diseases, including inflammatory disorders, angiocardiopathy, 
and cancer.13,14 Various studies have demonstrated that Lut has the ability to enhance the antileukemia capacity of 
chemotherapeutic agents and anti–multidrug resistance by upregulation of P-gp and BCL2, downregulation of MCL1 
expression, and inducing apoptosis of HL60 cells that was associated with c-Jun activation and histone H3 acetylation– 
mediated Fas/FasL expression.15–18 We were unable to find literature any on combination leukemia treatment using Drn 
and Lut together in one nanoformulation. Therefore, combination treatment with Drn and Lut is anticipated in our study 
to provide better outcomes in terms of cytotoxicity and less multidrug resistance.

Aptamers (APs) can recognize their targets with high specificity and affinity, and AP-mediated targeting systems have been 
demonstrated to have great potential for AML therapy.19 Oligonucleotide APs can specifically bind to biomarkers on AML 
cells, on which the biomarker CD117 is highly expressed.20 Also, AML cells are known to overexpress a number of cell- 
surface proteins including transferrin (Tf) receptors. Tf receptor–targeted drug delivery to tumor cells can be achieved by 
conjugation of the ligand Tf to the surface of NPs.21 Polyethylene glycol (PEG) is a kind of polymer that can be used as a linker 
for covalent attachment of various ligands. The free end of a PEG chain can be functionalized to reactive amine, carboxylic 
acid, or sulfhydryl groups, then the wide assortment of ligands can be efficiently covalently attached to the PEG chain by amide 
bonding or disulfide-bridge formation.22 PEG was used as a linker to achieve AP and Tf decoration in this study.

In this paper, an AP- and Tf-codecorated, Drn- and Lut-coloaded binary nanodrug-delivery system (AP/Tf-Drn/Lut 
NPs) was designed for AML therapy. In vitro and in vivo efficiency of the system was evaluated on a leukemia cell line 
and cell-bearing mouse model in comparison with single ligand–decorated, single drug–loaded, and free-drug 
formulations.

Methods
Materials
Drn, Lut, oleic acid (OA), phosphatidylglycerol, human Tf (iron-free), and N-hydroxysuccinimide (NHS) were purchased 
from Sigma (St Louis, MO, USA) and (2,3-dioleoyloxy-propyl)-trimethylammonium (DOTAP) was provided by Avanti 
Polar Lipids (Birmingham, AL, USA). PEG-COOH (NH2-PEG-COOH) and DSPE-PEG-COOH were obtained from 
Ponsure Biological (Shanghai, China). The human leukocyte cell line HL60 was obtained from the American Type 
Culture Collection (Manassas, VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% FBS at 37°C in a 5% CO2 incubator.

Animals
BALB/c nude mice (female, 4–6 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology 
(Beijing, China), and in vivo animal experiments were performed followed the National Institutes of Health Guide for the 
Care and use of Laboratory Animals. The Animal Ethics Committee of Qingdao Hospital of Traditional Chinese 
Medicine approved the animal experiments.

Synthesis of AP–Polyethylene Glycol–Oleic Acid
Firstly, PEG-OA was synthesized as follows. NH2-PEG-COOH and TEA were dissolved in DMSO, then added to an OA, 
DCC, and NHS mixture in DMSO under stirring for 12 h at room temperature.20 OA-PEG-COOH was purified by 
filtration. Then, CD117-specific AP was conjugated with OA-PEG-COOH to form AP-PEG-OA conjugates. OA-PEG- 
COOH was activated by NHS and then reacted with a 5’-terminal amino-modified oligonucleotide CD117-specific AP 

https://doi.org/10.2147/DDDT.S387246                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2023:17 2

Zhu et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


containing a functional amino group. The reaction solution was mixed overnight at room temperature, then purified by 
high-performance liquid chromatography (HPLC) and dried by lyophilization to obtain AP-PEG-OA conjugates as pale- 
white solids and confirmed by an enhanced BCA protein assay kit at 562 nm.

Synthesis of Tf-PEG-DSPE
Tf-PEG-DSPE was synthesized by forming an amide linkage between Tf and DSPE-PEG-COOH.21 DSPE-PEG-COOH, 
DCC and NHS were dissolved in DMSO and stirred for 10 h, then Tf and TEA were added. The reaction mixture was 
stirred for 10 h under a nitrogen atmosphere at room temperature and filtered. Tf-PEG-DSPE was obtained by dialyzing 
and lyophilizing. The structure of Tf-PEG-PE was confirmed by infrared and 1H NMR spectroscopy.

Preparation of Nanodrug-Delivery System
AP-decorated, Drn-loaded (AP-Drn) NPs (Figure 1A) and Tf-Lut NPs, Figure 1A) were prepared by thin-film 
dispersion.23 For AP-Drn NPs, AP-PEG-OA (200 mg) and Drn (100 mg) were dissolved in acetone (5 mL), then the 
acetone was slowly removed under reduced pressure in a hot-water bath (60°C) to form a thin film. Then, deionized 
water containing DOTAP (0.5%, w/v) was added to the film and AP-Drn NPs obtained by hydration. For Tf-Lut NPs, Tf- 
PEG-DSPE (200 mg), Lut (100 mg), and phosphatidylglycerol (20 mg) were dissolved in acetone (5 mL) and the acetone 
slowly removed under reduced pressure in a hot-water bath (60°C) to form a thin film. Then, deionized water was added 
to the film and AP-Drn NPs obtained by hydration.

AP/Tf-Drn/Lut NPs (Figure 1A) were prepared by self-assembly.22 AP-Drn NPs were added to Tf-Lut NPs under 
stirring (400 rpm). The AP- and Tf-codecorated binary nanodrug-delivery system without drug (AP/Tf NPs) was 
prepared using no drug. Single AP- or Tf-decorated Drn- and Lut-coloaded nanodrug-delivery systems (AP-Drn/Lut 
NPs or Tf-Drn/Lut NPs) were prepared using PEG-OA instead of AP-PEG-OA or PEG-DSPE instead of Tf-PEG-DSPE. 
The resulting NP systems were lyophilized at and stored at 4°C.

Characterization of Nanodrug-Delivery System
The surface morphology of AP-Drn NPs, Tf-Lut NPs, and AP/Tf-Drn/Lut NPs was observed by negative staining with 
one drop of a 3% aqueous solution of sodium phosphotungstate and then examined with 

Figure 1 Scheme (A) and TEM images (B) of AP/Tf-Drn/Lut NPs. 
Note: AP/Tf-Drn/Lut NPs were nanosized with some ligands on the spherical surface.
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transmission electron microscopy (JEOL, Tokyo, Japan).24 The size of nanodrug-delivery systems was characterized with 
dynamic light scattering (Beckman Coulter Delsa Nano C, Fullerton, CA) and ?-potential was tested using a Zetasizer 
(Malvern Instruments, Malvern, UK). Drn and Lut encapsulation efficiency (EE) and loading content (LC) were analyzed 
by HPLC using a C18 column (150×4.6 mm, 12 nm): mobile phase 0.01 M KH2PO4–acetonitrile–acetic acid (45:55:0.27 
v:v:v, 0.5 mL/min, detector wavelength 350 and 490 nm for Lut and Drn, respectively.25,26

Stability of Nanodrug-Delivery System
The stability of AP-Drn NPs, Tf-Lut NPs, and AP/Tf-Drn/Lut NPs in PBS and culture medium (DMEM supplemented 
with 10% FBS) was investigated by mixing the nanodrug-delivery systems (20 mg) with PBS or culture medium (10 mL) 
at pH 7.4 and incubated at 37°C for 4 days.27 Changes in particle size and EE were analyzed using the same 
aforementioned methods.

In Vitro Release Assays
In vitro drug release from nanosystems was evaluated by dialysis in dialysis bags (molecular weight cutoff 3500 Da).28 

AP/Tf-Drn/Lut NPs, AP-Drn/Lut NPs, Tf-Drn/Lut NPs, AP-Drn NPs, and Tf-Lut NPs were sealed in the dialysis bags 
separately (1 mL each) and placed in PBS (20 mL) containing 0.5% Tween 80, stirred (100 rpm), and incubated (37°C). 
Samples (200 µL) were taken from the release buffer at determined time points and an equal amount of fresh buffer was 
added after sampling. The content of Drn and Lut in the samples was determined by HPLC.

Cellular Uptake
To assess the cellular uptake of NPs, coumarin 6 was added along with the drugs as described in the “Preparation of 
nanodrug-delivery system” section.29 HL60 cells were cultured in a 24-well plate (105 cells/well) and nanodrug-delivery 
systems added and incubated for 1 and 24 h. Then, the cells were washed three times with D-Hank’s solution, collected 
and centrifuged, and uptake efficiency quantified using a BD FACSCalibur flow cytometer.

Cytotoxicity Assays
The cytotoxicity of AP/Tf-Drn/Lut NPs and other formulations was evaluated with MTS assays.30 The HL60 cells were 
cultured in a 96-well plate overnight and the culture medium replaced with fresh medium. AP/Tf-Drn/Lut NPs, AP-Drn 
/Lut NPs, Tf-Drn/Lut NPs, AP-Drn NPs, Tf-Lut NPs, free Drn/Lut, free Drn, and free Lut were incubated with the cells 
for 48 h. MTS solution (15 μL) was then added to each well and incubated for a further 4 h at 37°C. Cell viability was 
evaluated by a microplate reader at 490 nm. Cell-survival rates were calculated as normalized to untreated control wells.

Drug Combination
The synergic effect of Drn and Lut combinations was evaluated with the combination index (CI) using the Chou–Talalay 
method.31 The CI of drug concentration causing 50% inhibition (CI50) was measured with the equation CI50 = (D)Drn 

/(D50)Drn + (D)Lut/(D50)Lut. (D)Drn and (D)Lut are the concentration of Drn and Lut in the combination system (AP/Tf-Drn 
/Lut NPs) when 50% cytotoxicity was achieved, (D50)Drn and (D50)Lut represent the concentration of single drug (AAP- 
Drn NPs or Tf-Lut NPs) exhibiting 50% cytotoxicity. CI50 <1, 1, and >1 illustrate synergy, additive, and antagonism in 
drug combinations, respectively.

In Vivo AML-Therapy Efficiency
HL60 cells (106 cells in 150 μL PBS) were injected subcutaneously into the left flank of BALB/c nude mice to produce 
the murine leukemia model. Tumor size was measured with a caliper and determined: L × W2/2 (L, longest side of the 
tumor; W, widest side vertical to L).32 After tumor growth to about 100 mm3, mice were randomly divided into ten 
groups (n=8), then AP/Tf-Drn/Lut NPs (Drn 5 mg and Lut 2 mg per kg), AP-Drn/Lut NPs (Drn 5 mg and Lut 2 mg 
per kg), Tf-Drn/Lut NPs (Drn 5 mg and Lut 2 mg per kg), AP-Drn NPs (Drn 10 mg per kg), Tf-Lut NPs (Lut 4 mg 
per kg), AP/Tf NPs, free Drn/Lut (Drn 5 mg and Lut 2 mg per kg), free Drn (10 mg per kg), free Lut (4 mg per kg), and 
0.9% saline solution were intravenously injected in the mice on days 0, 3, 6, 9, 12, 15, 18, and 21. The body weight of 
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mice was monitored throughout the 21 days. Blood chemistry — creatinine (Cre; kidney function), alanine aminotrans-
ferase (ALT; liver function) and white blood cells (WBCs) — was also evaluated.

In Vivo Pharmacokinetics and Biodistribution
Mice were randomly divided randomly divided into four groups (n=8), then AP/Tf-Drn/Lut NPs, AP-Drn/Lut NPs, Tf-Drn 
/Lut NPs, and free Drn/Lut (each containing Drn 5 mg and/or Lut 2 mg per kg) were intravenously injected.33 Blood was 
collected in heparinized tubes at determined time points and centrifuged (1000 g for 10 min), plasma separated, triple 
methanol added, and then centrifuged (1000 g for 5 min). Heart, liver, lung, kidney, spleen, bone marrow, and tumor tissue 
were harvested after 1 and 48 h and homogenized with saline. Bone marrow was titrated from the femur and tibia bones with 
RPMI media (Gibco) containing 5% FBS using a 28-gauge syringe.34 Hexane–diethyl ether (3:1, v:v) was then added to 
extract the drugs from the tissue, centrifuged (1000 g for 10 min), and the upper layer collected. The drug contents in the 
tissue and blood were analyzed by the methods in the “Characterization of nanodrug-delivery system” section.

Statistical Analysis
Results are presented as means ± SD. The significance of differences was assessed using unpaired t tests (between two 
groups) or one-way ANOVA (among three or more groups) using SPSS 19.0. Significance was taken as P<0.05.

Results
Characterization of AP-PEG-OA and Tf-PEG-DSPE
Absorbance of the eluates of AP-PEG-OA and free AP was measured using an enhanced BCA protein assay kit at 562 
nm separately to confirm that the AP had been linked to PEG-OA. There was one peak during 12 to 15 min for free AP, 
while there were two peaks for AP-PEG-OA. One overlapped the peak of free AP, demonstrating successful linking of 
AP to PEG-OA. The formation of Tf-PEG-DSPE was confirmed by infrared (IR) and 1H NMR spectroscopy. IR: 3621.3 
(–NH–, –OH), 1898.5 (–C=O), 1665.1 (–HN–CO–), 1621.7 (–HN–CO–). 1H NMR (CDCl3, 300 MHz) δ (ppm): 0.89 
(–CH3), 1.12–1.97 (DSPE protons), 2.33 (–COCH2–), 2.42 (–COCH2CH2–), 2.61 (–CH2N–), 3.39 (–OCH3–), 3.70–4.10 
(PEG protons), 5.82 (–NH–). The yields of AP-PEG-OA and Tf-PEG-DSPE were 73.9% and 78.6%, respectively.

Characterization of Nanodrug-Delivery System
AP/Tf-Drn/Lut NPs, AP-Drn NPs, and Tf-Lut NPs were spherical (Figure 1B). The size of AP/Tf-Drn/Lut NPs was 
187.3±5.3 nm (Table 1), while AP-Drn NPs (91.5±2.8 nm) and Tf-Lut NPs (88.7±2.5 nm) were smaller. Besides 
positively charged AP-Drn NPs (18.9±1.7 mV), all the other samples tested showed negative charge (?-potential). The 
EE of AP/Tf-Drn/Lut NPs and other samples was >85%. The size and EE of AP/Tf-Drn/Lut NPs, AP-Drn NPs, and Tf- 
Lut NPs showed no obvious change during the 4 days of the study (Figure 2A and B), which is similar to the finding of 
Chen et al,35 proving the stability of these systems.

Table 1 Characterization of nanodrug-delivery systems (means ± SD, n=3)

Formulations Particle size 
(nm)

PDI ζ-potential 
(mV)

Drn Lut

EE (%) LC (%) EE (%) LC (%)

AP/Tf-Drn/Lut NPs 187.3±5.3 0.142±0.019 −25.4±2.6 88.7±3.9 5.2±0.5 85.9±4.2 2.1±0.4

AP-Drn/Lut NPs 186.7±4.7 0.139±0.023 −19.2±2.1 87.5±3.8 5.9±0.6 86.7±3.7 2.4±0.6

Tf-Drn/Lut NPs 188.3±4.5 0.126±0.016 −17.5±1.8 86.5±4.1 5.7±0.6 88.3±3.9 2.2±0.5

AP-Drn NPs 91.5±2.8 0.112±0.011 +18.9±1.7 89.4±4.4 11.8±1.1 / /

Tf-Lut NPs 88.7±2.5 0.128±0.014 −38.9±3.1 / / 86.5±3.6 4.6±0.7

AP/Tf NPs 187.8±5.1 0.147±0.026 −37.6±2.9 / / / /
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In Vitro Release Assays
Sustained drug-release patterns were found for all the samples tested (Figure 2C and D). Drug release from dual ligand– 
codecorated AP/Tf-Drn/Lut NPs was slower than single ligand (AP or Tf)–decorated systems. Take Drn release as an 
example. We can tell from Figure 2C that AP/Tf-Drn/Lut NPs and AP-Drn NPs exhibited complete Drn release after 60 
h, while AP-Drn/Lut NPs and Tf-Drn/Lut NPs took 48 h.

Cellular Uptake
The cellular uptake of the nanosystems is summarized in Table 2 and Supplement Figure 1. All nanosystems tested 
showed high uptake efficiency at 1 and 24 h. Dual liganddecorated AP/Tf-Drn/Lut NPs and AP/Tf NPs showed higher 
uptake than single ligand–modified ones (P<0.05), which may be evidence of the targeting ability of these two ligands 
used together. This is in accordance with research carried out by Jing et al.36

Cytotoxicity and Drug Combinations
Cytotoxicity of AP/Tf-Drn/Lut NPs was remarkably higher than single ligand–decorated AP-Drn/Lut NPs and Tf-Drn 
/Lut NPs (P<0.05, Figure 3). Both AP-Drn/Lut NPs and Tf-Drn/Lut NPs showed significantly higher cytotoxicity than 

Figure 2 Changes in particle size (A) and EE (B) analyzed in PBS and culture medium (FBS). In vitro drug-release behavior of Drn (C) or Lut (D) from nanosystems 
evaluated by dialysis. 
Notes: Sustained drug-release patterns were found for all the samples tested. Data presented as means ± SD, n=3.
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free Drn/Lut (P<0.05). Double drug–loaded AP/Tf-Drn/Lut NPs exhibited higher tumor cell–inhibition ability than single 
drug–loaded AP-Drn NPs and Tf-Lut NPs (P<0.05), which may be attributable to the synergic effect of the two drugs. To 
prove this, the CI50 values were calculated and are summarized in Table 3. Drn:Lut NPs at a ratio of 5:2 showed the 
lowest CI50 value (0.792) — the best synergic effect. Drn:Lut NPs at a ratio of 5:2 (w:w) were used for the preparation of 
the system.

In Vivo AML-Therapy Efficiency
Figure 4A shows that all drug-containing samples significantly suspended tumor growth compared with the saline control 
group (P<0.05). AP/Tf-Drn/Lut NPs exhibited the most remarkable AML-therapy efficiency compared with the single 

Figure 3 Cytotoxicity of AP/Tf-Drn/Lut NPs and other formulations evaluated with MTS assays. 
Notes: Cytotoxicity of AP/Tf-Drn/Lut NPs was remarkably higher than single ligand–decorated NPs, single drug–loaded NPs, and free drugs. Data presented as means ± SD, 
n=6. *P<0.05.

Table 2 Cellular uptake percentages (means ± SD, n=8)

Formulations 1 h 24 h

AP/Tf-Drn/Lut NPs 73.1±3.6 65.8±3.3

AP-Drn/Lut NPs 59.5±3.2 55.6±2.8

Tf-Drn/Lut NPs 57.1±2.9 54.2±3.1

AP-Drn NPs 60.2±3.3 53.1±2.6

Tf-Lut NPs 58.4±2.7 52.5±2.8

AP/Tf NPs 74.3±3.5 64.7±3.2
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ligand–decorated, single drug–loaded, and free-drug groups (P<0.05). All the drug-loaded nanosystems illustrated greater 
AML-therapy efficiency than free-drug formulations (P<0.05). The body weight of mice did not significantly change 
when administered drug-containing formulations compared with reduction in body weight in the saline control and blank 
NP groups (P<0.05, Figure 4B). Mice treated with NPs showed negligible changes in ALT, Cre, and WBCs compared to 
the control group.

In Vivo Pharmacokinetics and Biodistribution
The pharmacokinetic parameters area under the plasma concentration–time curve (AUC), peak concentration (Cmax), and 
terminal half-life (t½) are summarized in Tables 4 and 5. Take the parameters for Lut as an example: the AUC of AP/Tf- 
Drn/Lut NPs (431.25±11.38 mg/L/h) was larger than that of AP-Drn/Lut NPs (311.26±8.34 mg/L/h), Tf-Drn/Lut NPs 
(289.86±7.65 mg/L/h), and free Drn/Lut (198.63±4.59 mg/L/h; P<0.05). As for Drn, Cmax (55.36±3.21 L/kg/h) and t½ 

Figure 4 In vivo AML therapy efficiency: Tumor size (A) and body weight (B). 
Notes: AP/Tf-Drn/Lut NPs exhibited the most remarkable AML therapy efficiency compared with single ligand–decorated, single drug–loaded and free-drug groups. Data 
presented as means ± SD, n=8. *P<0.05.

Table 3 CI50 values of AP/Tf-Drn/Lut NPs when different Drn:Lut weight ratios were applied (means ± 
SD, n=8)

Formulations Drn:Lut (w:w) IC50 of Drn (μM) IC50 of Lut (μM) CI50

AP-Drn NPs / 0.93±0.09 / /

Tf-Lut NPs / / 1.16±0.12 /

AP/Tf-Drn/Lut NPs 5:1 0.79±0.08 1.06±0.11 0.987

AP/Tf-Drn/Lut NPs 5:2 0.56±0.05 0.22±0.03 0.792

AP/Tf-Drn/Lut NPs 1:1 0.45±0.04 0.45±0.04 0.872

AP/Tf-Drn/Lut NPs 2:5 0.29±0.03 0.73±0.09 0.941

AP/Tf-Drn/Lut NPs 1:5 0.18±0.02 0.90±0.10 0.969
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(12.37±0.78 h) of AP/Tf-Drn/Lut NPs were significantly increased when compared with the other three samples. Drug 
distribution in tumor and other tissue samples are summarized in Figure 5. At both 1 and 48 h, AP/Tf-Drn/Lut NPs 
showed higher tumor-tissue distribution than single ligand–decorated AP-Drn/Lut NPs and Tf-Drn/Lut NPs (P<0.05), 

Table 4 Pharmacokinetic parameters for Drn (means ± SD, n=8)

Parameters Unit AP/Tf-Drn/Lut NPs AP-Drn/Lut NPs Tf-Drn/Lut NPs Free Drn/Lut

Cmax L/kg/h 55.36±3.21* 42.31±2.98* 40.55±2.74* 29.83±2.88

t½ h 12.37±0.78* 9.72±0.64* 8.84±0.53* 1.89±0.31

AUC0–t mg/L/h 659.72±19.56* 512.33±17.14* 488.75±21.16* 256.81±9.18

AUC0–∞ mg/L/h 662.31±20.05* 519.64±19.47* 493.23±22.44* 404.73±9.26

Note: *P<0.05 compared with free Drn/Lut. 
Abbreviations: Cmax, plasma drug peak concentration; t½, half-life; AUC0–t, area under curve of time 0 to last time point; AUC0–∞, area under curve of time 0 
to maximum.

Table 5 Pharmacokinetic parameters for Lut (mean ± SD, n=8)

Parameters Unit AP/Tf-Drn/Lut NPs AP-Drn/Lut NPs Tf-Drn/Lut NPs Free Drn/Lut

Cmax L/kg/h 35.47±3.18* 28.11±2.36* 26.59±2.95* 18.31±2.12

t½ h 8.98±0.58* 5.46±0.41* 5.31±0.34* 1.51±0.29

AUC0–t mg/L/h 431.25±11.38* 311.26±8.34* 289.86±7.65* 198.63±4.59

AUC0–∞ mg/L/h 439.35±12.24* 317.64±11.35* 295.61±6.96* 202.34±5.13

Note: *P<0.05 compared with free Drn/Lut. 
Abbreviations: Cmax, peak plasma drug concentration; t½, half-life; AUC0–t, area under curve of time 0 to last time point; AUC0–∞, area under curve of time 0 
to maximum.

Figure 5 In vivo Drn (A and C) and Lut (B and D) distribution in tissue after 1 h (A and B) and 48 h (C and D) of drug administration. *P<0.05. 
Notes: AP/Tf-Drn/Lut NPs showed higher tumor-tissue distribution than single ligand–decorated AP-Drn/Lut NPs, Tf-Drn/Lut NPs, and free Drn/Lut. Data presented as 
means ± SD, n=8. *P<0.05.
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and the latter exhibited more tumor accumulation than free Drn/Lut (P<0.05). Meanwhile, free Drn/Lut had 
accumulated more in the kidney than drug-loaded nanosystems at 1 h (P<0.05).

Discussion
This study aimed to develop a AP- and Tf-codecorated Drn- and Lut-coloaded binary nanodrug-delivery system for AML 
therapy. Initially, AP- and Tf-containing ligands were designed and synthesized. Cationic AP-Drn NPs and anionic Tf- 
Lut NPs were prepared separately, then AP/Tf-Drn/Lut NPs were prepared by self-assembly through electronic interac-
tion. Choueiri et al explained that changing the solvent composition or electrooxidation of ligands could control 
polymer–solvent interactions. These results expand the range of polymer ligands used for NP assembly and patterning, 
and can be used to explore new self-assembly modalities.37 Yang et al developed pH/glutathione multiresponsive 
chitosan NPs, which were prepared by a self-assembly/self-cross-linking method. They concluded that this method 
could overcome the shortcomings of traditional methods, such as poor chemical stability, low loading efficiency, and 
single-responsive photosensitizer release.38 Dong et al developed hyaluronic acid- and EGFR-targeted dual peptide 
ligand–modified docetaxel–formononetin NPs to facilitate prostate cancer therapy.39 In the present research, we devel-
oped AP/Tf-Drn/Lut NPs for leukemia therapy.

AP/Tf-Drn/Lut NPs were 187 nm in size. Zhang et al said that particle sizes <200 nm could facilitate drug 
accumulation at tumor sites based on the enhanced permeability-and-retention effect, thereby reducing the drug dose 
and minimizing toxicity.40 In vitro drug release is one of the significant properties of NPs and also of vital importance to 
drug ability. Pang et al developed hyaluronic acid–modified NPs for the delivery of erlotinib plus bevacizumab.41 They 
found that the release behaviors of the two drugs loaded were similar, which was in line with the experiments in our 
research. In this study, we found that drug release from AP/Tf-Drn/Lut NPs was slower than single ligand (AP or Tf)– 
decorated systems, which could be construed as more ligands the surface of the NPs perhaps reducing the release rate. 
The decoration of ligands on the surface of NPs may affect drug-release behavior due to their hindering effect, as 
concluded by Dong et al.39 The reason that drug release could not reach 100% may be due to the matrix of NPs hindering 
some drug release.

In vitro cytotoxicity of AP/Tf-Drn/Lut NPs was remarkably higher than single ligand–decorated AP-Drn/Lut NPs and 
Tf-Drn/Lut NPs. This phenomenon is due to the dual-ligand modification improving the targeting ability of the NPs, 
enhancing intracellular drug accumulation, and thus performing better in cancer therapy.42 Double drug–loaded AP/Tf- 
Drn/Lut NPs exhibited higher tumor-cell inhibition than single drug–loaded AP-Drn NPs and Tf-Lut NPs, which may be 
attributable to the synergic effect of the two drugs. Li et al mentioned that when combination therapy is used in cancer 
chemotherapy, evaluation of the synergic effect is important and CI analyses are one of the most reliable methods.43 The 
Chou–Talalay method was used to determine whether the drug-combination effect was synergic, additive, or 
antagonistic.44 Drn:Lut at a ratio of 5:2 in the NPs had the lowest CI50 value (0.46), the best synergic effect, and was 
used for the preparation of the nanosystem.

In in vivo pharmacokinetic and biodistribution studies, AP/Tf-Drn/Lut NPs showed increased AUC, Cmax, t½, and 
tumor-tissue accumulation. Also, long circulating properties of nanosystems were observed, as discussed by Wang et al.45 

As reported by Jedrzejczyk et al, a Tf-containing conjugate can be used as a vehicle to increase drug concentration in 
leukemia cells overexpressing Tf receptors on their surface, which is also in accordance with the tumor accumulation 
observed in this study.46 The dramatic increase accumulation in drug-loaded nanosystems in tumor tissue compared with 
free-drug solutions can be explained by the theory that solid tumors have leaky microvasculature and nanosized particles 
being able to passively target tumors owing to the enhanced permeability-and-retention effect.47 Li et al also argued that 
less drug distribution in kidneys can decrease side effects and lead to better antitumor efficiency, which was achieved by 
the nanosystems in the present research.48

Nanosystems were reported by Zhu et al to overcome the side effects of conventional chemotherapeutic treatment and 
achieve high anticancer efficiency in vivo.49 They used Tf-decorated NPs to strengthen the AML-inhibitory effects of 
drugs in a mouse model. He et al concluded that APs can bind to receptors on the cell membrane and mediate conjugated 
NPs to enter cells, which can served as ideal targeting ligands for AP-mediated drug-delivery systems for cancer 
therapy.50 In this study, we found that AP/Tf-Drn/Lut NPs exhibited the best AML-therapy efficiency compared with 
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the single ligand–decorated, single drug–loaded, and free-drug groups. This was exactly the aim of this research, ie, dual 
ligands and drugs performing together. The body weight of mice was not significantly changed when administered drug- 
containing formulations, while the saline control group showed reduction in body weight. This was discussed by Wang 
et al: during treatment, mice may show a reduction in food intake, energy sag, and inactivity, leading to the reduction in 
body weight.51 AP/Tf-Drn/Lut NPs in this study achieved both more efficient anticancer pharmacological activity with 
almost complete suppression of tumor growth and absence of toxicity related to weight loss, which was in line with the 
findings of Liu et al.52

Conclusion
In summary, AP/Tf-Drn/Lut NPs showed remarkably higher cytotoxicity than single ligand–decorated ones. Double 
drug–loaded AP/Tf-Drn/Lut NPs exhibited higher tumor-cell inhibition than single drug–loaded NPs, which showed the 
synergic effect of the two drugs. AP/Tf-Drn/Lut NPs achieved the most efficient antileukemic activity and absence of 
toxicity in vivo, and could be applied as a promising drug-delivery system for targeted treatment of leukemia, due to the 
synergic effect of the two drugs in this system. The limitations of this system include stability during large-scale 
production and application from bench to bedside.
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