
© 2014 Wu et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

International Journal of Nanomedicine 2014:9 5431–5440

International Journal of Nanomedicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
5431

O r i g in  a l  R e s e a r c h

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJN.S71101

Study on the prostate cancer-targeting 
mechanism of aptamer-modified nanoparticles 
and their potential anticancer effect in vivo

Xin Wu1,2,*
Zongguang Tai1,*
Quangang Zhu3,*
Wei Fan4

Baoyue Ding5

Wei Zhang1,6

Lijuan Zhang1

Chong Yao1

Xiaoyu Wang1

Xueying Ding2

Qin Li2

Xiaoyu Li2

Gaolin Liu2

Jiyong Liu1

Shen Gao1

1Department of Pharmaceutics, 
Changhai Hospital, Second Military 
Medical University, 2Department of 
Pharmaceutics, Shanghai First People’s 
Hospital, Shanghai Jiaotong University 
School of Medicine, 3Department of 
Pharmaceutics, Yueyang Hospital of 
Integrated Traditional Chinese and 
Western Medicine, Shanghai University 
of Traditional Chinese Medicine, 
Shanghai, People’s Republic of China; 
4Department of Pharmaceutics, The 
425th Hospital of PLA, Sanya, People’s 
Republic of China; 5Department 
of Pharmaceutics, Medical College 
of Jiaxing University, Jiaxing, People’s 
Republic of China; 6Department 
of Pharmaceutics, The 522nd Hospital of 
PLA, Luoyang, People’s Republic of China

*These authors contributed equally 
to this work

Abstract: Ligand-mediated prostate cancer (PCa)-targeting gene delivery is one of the focuses 

of research in recent years. Our previous study reported the successful preparation of aptamer-

modified nanoparticles (APT-NPs) in our laboratory and demonstrated their PCa-targeting ability 

in vitro. However, the mechanism underlying this PCa-targeting effect and their anticancer ability 

in vivo have not yet been elucidated. The objective of this study was to assess the feasibility 

of using APT-NPs to deliver micro RNA (miRNA) systemically to PCa cells, to testify their 

tumor-targeting efficiency, and to observe their biodistribution after systemic administration 

to a xenograft mouse model of PCa. In addition, the effect of APT depletion and endocytosis 

inhibitors on cellular uptake was also evaluated quantitatively in LNCaP cells to explore the 

internalization mechanism of APT-NPs. Finally, blood chemistry, and renal and liver function 

parameters were measured in the xenograft mouse model of PCa to see whether APT-NPs had 

any demonstrable toxicity in mice in vivo. The results showed that APT-NPs prolonged the 

survival duration of the PCa tumor-bearing mice as compared with the unmodified NPs. In 

addition, they had a potential PCa-targeting effect in vivo. In conclusion, this research provides 

a prototype for the safe and efficient delivery of miRNA expression vectors to PCa cells, which 

may prove useful for preclinical and clinical studies on the treatment of PCa.

Keywords: miRNA, aptamer, polyamidoamine, prostate-specific membrane antigen, targeted 

delivery, prostate cancer

Introduction
Prostate cancer (PCa) is the most frequently diagnosed cancer and the second leading 

cause of cancer deaths in American males today.1 Novel and effective treatments for 

PCa, including gene therapy, are greatly desired.2 Gene therapy is the direct transfer of 

DNA or RNA into diseased cells for the purpose of therapy.3–5 In our earlier study,6 we 

constructed an efficient target gene delivery system mediated by the second-generation 

aptamer A10-3.2 (aptamer [APT]–polyethylene glycol [PEG]–polyamidoamine 

[PAMAM] [APT-PEG-PAMAM]) that could synergistically induce selective cell death 

of PCa cells by loading micro RNA (miRNA)-15a and miRNA-16-1, and found that 

APT-PEG-PAMAM could effectively deliver miRNA to PCa cells overexpressing 

prostate-specific membrane antigen (PSMA), resulting in tumoricidal efficacy.

PSMA is a 100 kDa membrane-bound glycoprotein that is upregulated in 

androgen-dependent PCa cells.7 Importantly, PSMA is continually recycled from the 

plasma membrane and constitutively endocytosed in PSMA-positive LNCaP cells, 

making it an attractive portal to deliver molecules intracellularly.8,9 The introduction 

of various biological ligands or antibodies into drug delivery systems has provided 

an opportunity for the targeted delivery of miRNA to PCa cells.10 Such ligands are 
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recognized by PSMA on androgen-dependent PCa cell 

surfaces (LNCaP; 22Rv1), which later induce the cellular 

uptake of the ligand-decorated carriers via receptor-mediated 

endocytosis.11 Several studies on gene targeting therapy have 

demonstrated the strength of ligand-modified vehicles, such 

as antibody,12,13 peptide,7,14 and APT,6,15 in treating PSMA-

positive PCa cells and xenografts. The high transfection 

efficiency and enhanced therapeutic effect indicate that 

ligand-decorated nanocarriers are potentially targeted vec-

tors to PSMA-positive PCa cells for gene delivery.

APT-modified nanoparticles (NPs) (APT-PEG-PAMAM/

miRNA) were a novel, efficient, PCa-targeting nonviral nano-

scaled gene delivery system using the PAMAM dendrimer as 

the main macromolecular gene vector.6 APT was investigated 

as a PSMA-targeting ligand to modify PAMAM-based NPs 

to PCa cells, using PEG as a linker. APT-modified NPs have 

three important attributes: 1) high gene encapsulation ability 

using novel cationic macromolecular material, PAMAM, as 

the main gene vector; 2) enhanced target ability by targeting 

the PSMA in PCa cells (LNCaP; 22Rv1) via APT modifica-

tion; and 3) multiple-target inhibitory effects on PCa and 

enhanced anticancer effects provided by the miRNA-15a 

and miRNA-16-1 system.

Although the PCa-targeting ability of APT-modified NPs 

has been demonstrated in our previous study,6 its underlying 

mechanism and in vivo anticancer ability remain elusive. 

The objective of this study was to validate the feasibility 

of systemic miRNA delivery to PCa cells by APT-PEG-

PAMAM/miRNA, to testify its tumor-targeting efficiency, 

and to observe its biodistribution when it was administered 

systemically to a xenograft mouse model of PCa. The effect 

of APT depletion and endocytosis inhibitors on the cellular 

uptake of LNCaP cells were evaluated quantitatively to clar-

ify the internalization mechanism of APT-PEG-PAMAM/

miRNA. Finally, blood chemistry, and renal and liver func-

tion parameters in the xenograft mouse model of PCa were 

measured to see whether APT-PEG-PAMAM/miRNA had 

any demonstrable toxicity in vivo.

Materials and methods
Materials
The materials used in this study were: PAMAM den-

drimer (generation 5, 5% w/w solution in methyl alcohol, 

containing 128 surface primary amino groups with a 

molecular weight of 28,826); dithiothreitol (DTT; Sigma-

Aldrich Co., St  Louis, MO, USA); α-malemidyl-ɷ-N-

hydroxysuccinimidyl polyethyleneglycol (NHS-PEG-MAL; 

molecular weight 3,400; Nektar Therapeutics, Huntsville, 

AL, USA); prostate carcinoma PC3 and LNCaP cell lines 

(American Type Culture Collection, Manassas, VA, USA); 

anti-PSMA APT (sequence 5′-GGGAGGACGAUGCGG

AUCAGCCAUGUUUACGUCACUCCU-(CH2)6-S-S-

(CH2)6-OH-3′ with 2′-fluoro pyrimidines) and nuclease-free 

water (Guangzhou RiboBio Co., Ltd., Guangzhou, People’s 

Republic of China); plasmid pre-miRNA-15a (sequence 5′- 
UAGCAGCACAUAAUGGUUUGUG-3′); plasmid pre- 

miRNA-16-1 (sequence 5′-UAGCAGCACGUAAAU 

AUUGGCG-3′) and plasmid prenegative control-miRNA 

(sequence 5′-UUCUCCGAACGUGUCACGUUTT-3′) 
(Shanghai YINGWEIXIN Information Technology Co. Ltd.,  

Shanghai, People’s Republic of China); and micro-bicinchoninic 

acid protein assay kit (Thermo Fisher Scientific, Waltham, 

MA, USA). Male BALB/c mice (4–5 weeks old) weighing 

19–20 g were provided by the Department of Experimental 

Animals of the Second Military Medical University (Shanghai, 

People’s Republic of China), and maintained under standard 

housing conditions. All animal experiments were carried out 

in accordance with the guidelines evaluated and approved 

by the ethics committee of the Second Military Medical 

University. All other materials were of reagent grade and 

obtained from commercial sources.

Synthesis of APT-modified vectors
APT, PEG, and PAMAM were successfully conjugated 

at 1:2:1 (mol/mol/mol), as described previously (desig-

nated as APT-PEG-PAMAM).6 Briefly, a 2:1 conjugate of 

NHS-PEG3400-MAL and PAMAM was prepared through 

a specific reaction between the NHS groups of the bifunc-

tional PEG and the primary amino groups on the surface of 

a PAMAM derivative in phosphate buffered solution (PBS) 

(pH 8.0) for 15 minutes at 25°C. The resulting conjugate 

(designated as PEG-PAMAM) was purified by ultrafiltration 

using a 5 kDa molecular weight cutoff membrane. Then, the 

PEG-PAMAM was reacted with APT-SH (sulfhydryl) at 1:1 

(mol/mol) in PBS (pH 7.0) for 24 hours at 25°C to obtain 

APT-PEG-PAMAM. The successful synthesis of APT-PEG-

PAMAM was shown previously.6

Preparation of APT-modified NPs
APT-PEG-PAMAM/miRNA (miRNA-15-a:miRNA-

16-1 =1:1) NPs were prepared by gently mixing 6 µg of 

miRNA/500 µL of distilled water with polymer stock solu-

tion at a N/P ratio of 15, into a final volume of 1 mL. The 

NPs were incubated for 30 minutes at 25°C prior to analysis. 

PEG-PAMAM/miRNA NPs were designated as unmodified 

NPs. APT-PEG-PAMAM/miRNA-cy3 and PEG-PAMAM/
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miRNA-cy3 NPs were designated in the same way as men-

tioned earlier.6 The size and zeta potential of APT-modified 

NPs formed in PBS (10 mM; pH 7.4) were measured in 

triplicate using a Zetasizer Nano ZS90 (Malvern Instruments, 

Malvern, UK). The morphology of the APT-modified NPs 

was studied by transmission electron microscopy (TEM) 

(JEOL JEM-1230; JEOL, Tokyo, Japan).

PCa cell LNCaP cellular uptake 
mechanism of APT-modified NPs
LNCaP cells were cultured in 24-well plates (Corning 

Incorporated, Corning, NY, USA) at a density of 1×104 

cells/well for 48 hours, and examined for morphology and 

confluency under the microscope. The medium was removed, 

and the cells were incubated for 30 minutes with APT-PEG-

PAMAM/NC-miRNA-cy3 (1 mM in medium) at 4°C or with 

APT-PEG-PAMAM/NC-miRNA-cy3 with and without the 

addition of 100 mM free APT at 37°C. After incubation, the 

wells were washed thrice with 1 mL of PBS (pH 7.4) and 

the cellular uptake was examined using a DM IL fluorescent 

microscope (Leica Microsystems, Wetzlar, Germany).16

LNCaP cells were cultured in 24-well plates (Corning 

Incorporated) at a density of 1×104 cells/well for 48 hours, 

and examined for morphology and confluency under the 

microscope. The medium was removed and the cells were 

pretreated with colchicine (10 mM), filipin (5 mg/mL), 

PhAsO (1 mM), excessive APT (100 mM), and polylysine 

(400 mg/mL) for 10 minutes at 37°C. Colchicine is an 

inhibitor of macropinocytosis,17 whereas cationic polylysine 

could inhibit the uptake of cationic NPs. Filipin is reported 

to block the caveolae-mediated process,18 and PhAsO 

is known to inhibit clathrin-dependent endocytosis.16,19 

Excessive APT might induce both competitive and cationic 

inhibition. Subsequently, LNCaP cells were incubated with 

APT-PEG-PAMAM/NC-miRNA-cy3 and PEG-PAMAM/

NC-miRNA-cy3 in a final concentration of 1 mM for 30 

minutes at 37°C. The cells were washed thrice with PBS 

and visualized under a DM IL fluorescent microscope (Leica 

Microsystems). LNCaP-treated APT-PEG-PAMAM/NC-

miRNA-cy3 and PEG-PAMAM/NC-miRNA-cy3 without 

any inhibition served as the control. LNCaP was treated as 

described earlier, incubated with Triton™ X-100 (1%, w/v) 

for cellular lysis, and centrifuged at 3,000 rpm for 1 minute 

for quantitative analysis. The fluorescence intensity of cy3 

(excitation at 488 nm and emission at 570 nm) in the super-

natant was assessed using a microplate fluorometer (LS 55; 

PerkinElmer Inc., Waltham, MA, USA). Protein concentra-

tions of the cell lysates were determined using the Bradford 

colorimetric assay with bovine serum albumin (Thermo 

Fisher Scientific) as a protein standard. The relative uptake 

efficiency (RUE) was calculated as follows:

RUE
experimental fluorescent intensity mg protein

contro
=

( / )

( ll fluorescent intensity mg protein
 

/ )
(%).×100 16

 
� (1)

The PCa-targeting effect of APT-modified 
NPs in vivo
The in vivo PCa target effect of APT-modified NPs was 

evaluated by real-time fluorescence imaging analysis. Male 

athymic nude mice (BALB/c) were housed in standard 

microisolator conditions free of pathogens. LNCaP cells 

5×106 were suspended in 0.2 mL of sterile PBS and injected 

subcutaneously via the left flank to the mice.20 The mouse 

model of human PCa was established when the tumor 

reached a mean diameter of 5–8 mm in about 2 weeks. APT-

PEG-PAMAM/miRNA (APT-NPs) and PEG-PAMAM/

miRNA (NPs) were labeled by cy7 (RuiCheng Industrial 

Co., Ltd., Shanghai, People’s Republic of China). In brief, 

for the synthesis of the cy7-labeled conjugate, PAMAM 

was first reacted with cy7-NHS in 100 mM of NaHCO
3
 

for 12 hours at 4°C, purified and identified as described 

previously.6 The LNCaP tumor-bearing mice were injected 

with 0.2 mL of cy7-labeled APT-NPs or NPs via the tail 

vein. The mice were anesthetized with the intraperitoneal 

administration of 10% chloral hydrate and placed on 

an animal plate heated to 37°C. Fluorescent scan (from 

620–900 nm) was performed at 0.5 hours, 2 hours, 6 hours, 

12 hours, and 24 hours using an in vivo image system 

(Caliper Life Sciences; PerkinElmer Inc.).21 To compare 

tissue and tumor distributions of APT-NPs, the mice were 

sacrificed at 24 hours postinjection. The tumor and major 

organs including the heart, spleen, liver, lung, and kidney 

were dissected, washed with saline, and subjected to the 

in vivo image system to obtain the fluorescence images, as 

described previously.21,22

APT-modified NP toxicity study
Male athymic nude mice (BALB/c) were injected via the tail 

vein with either NaCl (0.9%) as the vehicle or APT-PEG-

PAMAM/miRAN (miRNA-15-a/miRNA-16-1 =25 μg/ 

25 μg) three times a week. Blood was collected at necropsy 

via cardiac puncture. The white blood cell (WBC) count was 

determined by the routine clinical laboratory technique.23,24 

Plasma was obtained by centrifugation and used for the 

measurement of alanine aminotransferase (ALT) and 
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creatinine  (Cr) values by using a sequential multiple 

AutoAnalyzer system (Hitachi Ltd., Tokyo, Japan).24

The anticancer effect of APT-modified 
NPs in vivo
The anticancer effect of APT-NPs in vivo was investigated 

using the survival duration of the human PCa model mice. 

The mice were randomized into four groups and were 

respectively treated with 200 mL of NaCl (0.9%), APT-

PEG-PAMAM/miRNA (miRNA-15-a/miRNA-16-1 =25 μg/ 

25 μg), APT-PEG-PAMAM/NC-miRNA (50 μg), and PEG-

PAMAM/miRNA (miRNA-15-a/miRNA-16-1 =25 μg/ 

25 μg) at days 1, 3, 5, 7, and 11 after model establishment. 

The body weight was monitored every other day, and death 

was recorded as occurring after treatment. Tumors were 

excised and weighed after the mice died.

Statistical analysis
The data were presented as the mean ± standard deviation. 

For a comparison of individual time points, differences 

between the groups were tested by performing one-way 

analysis of variance. The Statistical Package for the Social 

Sciences (SPSS version 18.0; IBM Corporation, Armonk, 

NY, USA) was used for all statistical analyses. Statistical 

significance was defined as P,0.05.

Results
Characterization of APT-modified NPs
The successful synthesis of APT-PEG-PAMAM was shown 

previously.6 The mean diameter of APT-modified NPs 

was 177±17.5 nm (Figure 1A), with an acceptably good 

polydispersity index of ,0.15, whereas the zeta potential 

value was 25.3±2.3 mV (Figure 1B). Owing to the enhanced 

permeability and retention (EPR) effect, APT-modified 

NPs may accumulate in the tumor more readily.6 The result 

of TEM showed that APT-modified NPs were moderately 

uniform particles with a spherical shape, whose size was in 

good agreement with that measured by the laser scattering 

technique (Figure 1C).

Mechanism of cellular uptake of APT-
modified NPs in LNCaP cells
The results of the cellular uptake of APT-modified NPs in 

LNCaP cells at different temperatures are shown in Figure 2. 

The cellular uptake of APT-NPs at 4°C was much lower than 

that at 37°C, and it was significantly inhibited by excessive 

free APT (Figure 2). APT-NPs were weakly internalized at 

4°C when they were primarily associated with the plasma 

membrane (Figure 2A). The amount of cellular internaliza-

tion of the APT-NPs was increased significantly under the 

same incubation conditions at 37°C (Figure 2B). In addition, 

both the cellular uptake of APT-NPs and the intracellular 

fluorescence decreased when APT-NPs were coincubated 

with excessive APT (Figure 2C).

The effects of different inhibitors are shown in Figure 3. 

The cellular uptake of APT-NPs was inhibited by all the 

used inhibitors (Figures 3A–F), whereas the cellular uptake 

of unmodified NPs was inhibited by all but PhAsO, the 

inhibitor of clathrin-dependent endocytosis (Figures 3G–L). 

In addition, the RUE of colchicine, filipin, excessive APT, 

Figure 1 Size, zeta potential, and transmission electron microscopy image of APT-NPs.
Notes: (A) Size; (B) zeta potential; and (C) transmission electron microscopy image of APT-NPs (scale bar: 200 nm).
Abbreviation: APT-NPs, aptamer-modified nanoparticles.
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polylysine, and PhAsO on the cellular uptake of unmodified 

NPs was 55.94%, 39.46%, 69.01%, 24.38%, and 99.12%, 

respectively (Figure 3M). The RUE of colchicine, filipin, 

excessive APT, polylysine, and PhAsO on the cellular uptake 

of APT-NPs was 68.25%, 65.34%, 33.79%, 70.21%, and 

35.11%, respectively (Figure 3M).

In vivo real-time imaging analysis  
of APT-modified NPs
Noninvasive near infrared fluorescence imaging showed 

that APT-NPs and cy7-labeled APT-NPs administered 

intravenously into the LNCaP tumor-bearing mice through 

the tail vein were distributed in a time-dependent manner. 

As shown in Figures 4A and B, the fluorescence signal was 

viewed in the tumor-bearing mice as early as 0.5 hours after 

injection, reaching the maximum at 2 hours after injection, and 

then decreasing gradually 24 hours after injection. Compared 

with the unmodified NP group, the fluorescence signal of the 

APT-NP group was significantly stronger at any postinjection 

time point ranging from 0.5–24 hours (Figures 4A and B).

Ex vivo evaluation of the excised tumor and tissues 

from the heart, liver, spleen, lung, and kidney at 24 hours 

Figure 2 Cellular uptake of APT-PEG-PAMAM/NC-miRNA-cy3.
Notes: (A) LNCaP treated with APT-NPs at 4°C; (B) LNCaP treated with APT-NPs at 37°C; and (C) LNCaP treated with APT-NPs with excessive free APT at 37°C. Panels 
(A–C) represent fluorescent images (scale bar: 50 µm).
Abbreviations: APT, aptamer; PEG, polyethylene glycol; PAMAM, polyamidoamine; NC, negative control; miRNA, micro RNA; APT-NPs, aptamer-modified nanoparticles.

Figure 3 Qualitative and quantitative evaluation of the cellular uptake of unmodified NPs and APT-NPs encapsulating miRNA-cy3 is shown.
Notes: The cellular uptake of (A–F) APT-NPs and (G–L) unmodified NPs was examined by fluorescent microscopy after 30-minute incubation (scale bar: 50 µm). LNCaP 
were treated with different inhibitors, including colchicine (B and H), filipin (C and I), excessive free APT (D and J), polylysine (E and K), and PhAsO (F and L). (A and G) 
represent controls without any inhibition. Red: cy-3. Bar =50 µm. (M) RUE of different NPs after treatment with various inhibitors in LNCaP. Cellular uptake without any 
inhibition was used as control. Significance: **P,0.01; data are expressed as the mean ± standard error of the mean (number =3).
Abbreviations: APT-NPs, aptamer-modified nanoparticles; APT, aptamer; NPs, nanoparticles; miRNA, micro RNA; RUE, relative uptake efficiency.
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postinjection showed an obvious accumulation of APT-

NPs in the tumor (Figures 4C and D). The fluorescence of 

unmodified NPs was located in the tumor, indicating that 

PEG-PAMAM/miRNA could accumulate in the PCa tumor 

via the EPR effect; more fluorescence of the APT-NPs 

was distributed in the PCa tumor, suggesting that PEG-

PAMAM/miRNA modified with APT not only accumu-

lated in the PCa tumor via the EPR effect, but it targeted 

the tumor via PSMA receptor-mediated endocytosis in the 

LNCaP cells. These findings suggest that APT-NPs had a 

potential PCa-targeting effect in vivo in the LNCaP tumor-

bearing model.

Systemic toxicity in APT-modified  
NP-treated mice
The hematological toxicity of APT-NP-treated tumor-bearing 

mice was investigated by means of WBC count. There was no 

significant decrease in the WBC count after APT-NP treat-

ment when compared to no treatment (control) (Table 1). In 

addition, blood biochemical assays showed that this treatment 

had no significant adverse effect on the liver and kidneys in 

terms of plasma ALT and Cr values (Table 1).

The in vivo anticancer effect of  
APT-modified NPs
In the human PCa mouse model, male nude mice that received 

5×106 LNCaP cells subcutaneously into the left flank region 

were assigned to one of four groups (APT-PEG-PAMAM/

miRNA, PEG-PAMAM/miRNA, APT-PEG-PAMAM/

NC-miRNA, or NaCl). Comparisons of the anticancer effect 

between the four groups in terms of the survival duration are 

shown in Figure 5 and Table 2; the anticancer efficacy of 

APT-PEG-PAMAM/miRNA was superior to that of the other 

three groups. The mean survival duration of the NaCl, APT-

PEG-PAMAM/NC-miRNA, PEG-PAMAM/miRNA, and 

APT-PEG-PAMAM/miRNA groups was 46 days, 45 days, 

56 days, and 78 days, respectively. Log–rank analysis showed 

no significant difference in the survival duration between 

the NaCl and APT-PEG-PAMAM/NC-miRNA groups 

(P.0.05). Compared with the NaCl, APT-PEG-PAMAM/

NC-miRNA, and PEG-PAMAM/miRNA groups, the survival 
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Figure 4 In vivo fluorescence imaging of a PCa tumor-bearing mouse model after injection of APT-NPs and unmodified NPs.
Notes: (A) APT-NPs; (B) unmodified NPs. Images of dissected organs of an LNCaP tumor-bearing model sacrificed 24 hours after the injection of (C) APT-NPs and 
(D) unmodified NPs (1: tumor; 2: spleen; 3: liver; 4: lung; 5: heart; 6: kidney). Arrow: the position of the tumor.
Abbreviations: Max, maximum; Min, minimum; PCa, prostate cancer; APT-NPs, aptamer-modified nanoparticles; NPs, nanoparticles. 
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duration in the APT-PEG-PAMAM/miRNA group was sig-

nificantly longer (P,0.01). Although significant suppression 

of tumor growth was also observed in APT-PEG-PAMAM/

miRNA and PEG-PAMAM/miRNA, the therapeutic effect on 

tumor growth was optimal with the treatment of APT-PEG-

PAMAM/miRNA. Similar results were observed by the mean 

tumor weight. The suppressive effect of APT-PEG-PAMAM/

miRNA on tumor growth was sustainable until the day of 

death, during which time the mean tumor weight grew to 0.36 

g versus 1.21 g, 1.18 g, and 0.64 g in the NaCl, APT-PEG-

PAMAM/NC-miRNA and PEG-PAMAM/miRNA groups, 

respectively (Figure 6 and Table 2).

To evaluate the safety of these NPs, body weight was 

monitored as a marker of overall toxicity. The change in 

body weight was recorded at 21 days. As shown in Figure 7, 

the mice in the APT-PEG-PAMAM/miRNA, APT-PEG-

PAMAM/NC-miRNA, and PEG-PAMAM/miRNA groups 

gained weight during the first 15 days after treatment, as did 

those in the NaCl group, implying that APT-NPs were safe. 

However, there was a weight loss 15 days after treatment 

in all four groups, probably because the tumors grew more 

rapidly after 15 days. Thus, the APT-NPs could be a safe 

gene delivery system for PCa treatment. Similar results were 

also observed in the previous section (Systemic toxicity in 

APT-modified NP-treated mice).

Discussion
Nanoscaled PCa-targeting drug delivery systems have been 

used for small molecules, proteins, and genes.25 Owing to 

the elucidation of the exact targeting mechanisms, nano-

scaled PCa-targeting drug delivery systems were designed 

efficiently. The high transfection efficiency and enhanced 

therapeutic effect of these drug delivery systems indicate that 

ligand-decorated nanocarriers are potentially targeted vectors 

for PCa treatment. In our previous study,26 we identified that 

APT was a novel PSMA-targeting ligand, and we used it as a 

gene delivery vector to target PCa cells successfully. To the 

best of our knowledge, this study is the first systematic inves-

tigation on the PCa-targeting mechanism of APT-modified 

NPs and their in vivo anticancer efficacy.

Table 1 Systemic toxicity in an APT-modified NP-treated PCa tumor-bearing mouse model

Groups WBC 
(×109/L)

ALT  
(μ/L)

Cr  
(μmol/L)

Compared  
with NaCl

Compared with  
APT-PEG-PAMAM/ 
NC-miRNA

Compared with  
PEG-PAMAM/ 
miRNA

NaCl 3.60±0.78 36.28±2.40 9.27±1.17 – – –
APT-PEG-PAMAM/NC-miRNA 3.14±0.49 37.98±3.45 9.23±1.14 P.0.05 – –
APT-PEG-PAMAM/miRNA 3.93±0.98 37.03±4.68 9.55±1.06 P.0.05 P.0.05 –
PEG-PAMAM/miRNA 4.19±0.90 36.48±4.01 9.38±1.26 P.0.05 P.0.05 P.0.05

Abbreviations: APT, aptamer; NP, nanoparticle; PCa, prostate cancer; WBC, white blood cell; ALT, alanine aminotransferase; Cr, creatinine; PEG, polyethylene glycol; 
PAMAM, polyamidoamine; NC, negative control; miRNA, micro RNA.

Figure 6 Outside visions of tumors after prostate cancer tumor-bearing mouse death (number =10).
Note: (A) NaCl; (B) APT-PEG-PAMAM/miRNA; (C) PEG-PAMAM/miRNA; (D) APT-PEG-PAMAM/NC-miRNA.
Abbreviations: APT, aptamer; PEG, polyethylene glycol; PAMAM, polyamidoamine; NC, negative control; miRNA, micro RNA.
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The APT-modified NPs designed in this study mainly con-

sist of the ligand APT and the dendritic PAMAM. It has been 

indicated that APT can bind to the specific PSMA-receptors in 

the androgen-dependent PCa cells.27–29 In addition, PAMAM 

is positively charged with primary amino groups on the sur-

face.30 Therefore, the synthesized APT-modified NPs should 

also be positively charged. It was found in this study that the 

cellular uptake of APT-modified NPs was energy dependent 

and inhibited by excessive APT (Figure 2). In addition, the 

uptake of APT-modified NPs by LNCaP was related to the 

endocytic processes, including macropinocytosis, caveolae-

mediated endocytosis, and clathrin-dependent endocytosis, 

with regards to the cationic properties of PAMAM and APT 

(Figure 3). These results suggest that both receptor and 

adsorptive-mediated mechanisms might contribute to the 

cellular uptake of APT-modified NPs.

To further verify the PCa-targeting effect of APT-NPs 

in vivo, LNCaP tumor-bearing nude mice were used to 

investigate the distribution of cy7-labeled NPs. The results 

from in vivo and ex vivo imaging photos of the tumor-

bearing mice showed that APT modification enhanced the 

accumulation of the NPs in the PCa tumor. The fluorescence 

of unmodified NPs was located on the tumor, indicating that 

PEG-PAMAM/miRNA could accumulate in the PCa tumor 

via the EPR effect, while more fluorescence of the APT-NPs 

distributed on the PCa tumor, suggesting that PEG-PAMAM/

miRNA modified with APT not only accumulated in the PCa 

tumor via the EPR effect, but that it could target the tumor via 

PSMA receptor-mediated endocytosis in LNCaP cells. The 

accumulation of APT-NPs and unmodified NPs in the liver 

and spleen suggested that both APT-NPs and unmodified 

NPs were scavenged predominantly by the liver and spleen. 

In the presence of PEG on the surface of APT-NPs, the rate 

of reticuloendothelial system uptake of the NPs was greatly 

reduced, thus allowing the APT-NPs to have an increased 

chance to distribute to the tumor. This may be the mechanism 

underlying the potential PCa-targeting effect of APT-NPs in 

the LNCaP tumor-bearing model in vivo.

Our data concerning the systemic toxicity of APT-NPs 

show that APT-NPs were well tolerated by the mice. In 

addition, no significant sign of toxicity on the major organs 

was observed in terms of changes in body weight (Figure 7), 

WBC, ALT, and Cr values (Table 1), suggesting that APT-

NPs do not induce functional impairment to the normal and 

vital organs and tissues. These results also imply that APT-

NPs can be used as a safe and effective miRNA delivery 

system for PCa treatment.

A previous study31 has demonstrated that miRNA-15a 

and miRNA-16-1 are effective anti-PCa molecules. The 

present study demonstrated that APT-NPs had an anticancer 

effect in terms of the survival time and mean tumor weight 

in the human PCa mouse model (Figures 5 and 6; Table 2). 

Unlike the delivery of short hairpin RNAs or small inter-

fering RNA, which are usually designed to target single 

genes, miRNAs can concurrently target multiple genes and 

pathways involved in PCa, thus potentially enhancing the 

Table 2 The in vivo effect of APT-NPs on a PCa tumor-bearing mouse model

Groups MST  
(days)

Median  
(days)

Average  
weight of  
tumors (g)

Compared  
with NaCl

Compared with  
APT-PEG-PAMAM/ 
NC-miRNA

Compared with  
PEG-PAMAM/ 
miRNA

NaCl 46.2±3.0 47±4.2 1.21±0.10 – – –
APT-PEG-PAMAM/NC-miRNA 45.2±4.4 39±7.1 1.18±0.09 P.0.05 – –
APT-PEG-PAMAM/miRNA 56±3.7 57±3.9 0.36±0.07 * * –
PEG-PAMAM/miRNA 78.6±2.4 79±3.1 0.64±0.12 * * *

Note: *P,0.01 of the log–rank analysis.
Abbreviations: APT-NPs, aptamer-modified nanoparticles; PCa, prostate cancer; MST, median survival time; APT, aptamer; PEG, polyethylene glycol; PAMAM, polyamidoamine; 
NC, negative control; miRNA, micro RNA. 
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Figure 7 Change in the body weight of animals as a function of time in a prostate 
cancer tumor-bearing mouse model (number =10).
Abbreviations: PAMAM, polyamidoamine; PEG, polyethylene glycol; APT, aptamer; 
NC, negative control; miRNA, micro RNA.
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anti-PCa activity. Compared with unmodified NPs, APT-

NPs also had a potential PCa-targeting effect in vivo, thus 

prolonging the survival time of the mice in the human PCa 

tumor-bearing model.

Conclusion
To the best of our knowledge, this is the first study focusing 

on the PCa-targeting mechanism of APT-modified NPs and 

their anticancer ability in vivo. The uptake of APT-modified 

NPs by LNCaP was related to endocytic processes, includ-

ing macropinocytosis, caveolae-mediated endocytosis, and 

clathrin-dependent endocytosis, with regard to the cationic 

properties of vectors and APT. The results from in vivo and 

ex vivo imaging photos of the human PCa tumor-bearing 

mice indicate that APT modification could enhance the 

accumulation of NPs in the PCa tumor. Our data suggest that 

APT-NPs do not induce functional impairment to normal 

tissues and vital organs. APT-NPs may prove to be a safe 

and effective miRNA delivery system for PCa treatment. 

Compared with unmodified NPs, APT-NPs could prolong the 

survival time of the mice in the human PCa tumor-bearing 

model; they also exhibited a potential PCa-targeting effect 

in vivo. In conclusion, this research provides a prototype for 

the safe and efficient delivery of miRNA expression vectors 

to PCa cells, which could be widely used in preclinical and, 

eventually, clinical arenas of PCa treatment.
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