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Background: The sensitive and specific detection of pathogenic cells is important in tumor 
diagnosis at an early stage. Aptamers are short single-stranded oligonucleotides evolved from 
systematic evolution of ligands by exponential enrichment (SELEX). It has been proved that 
aptamers can interact with cognate target molecules with high affinity and specificity and 
have great potential in the development of medical imaging at molecular level.
Purpose: To select epithelial cell adhesion molecule (EpCAM) specific aptamers targeting 
prostate cancer and further to conjugate aptamers with GoldMag nanoparticles (a typical iron 
oxide core/gold shell structure) to construct magnetic molecular probes for medical imaging.
Methods: EpCAM-specific aptamers were selected by Cell-SELEX. The enrichment of 
specific aptamer candidates was monitored by flow cytometric analysis. Aptamers were 
further conjugated with GoldMag nanoparticles to construct magnetic molecular probes. 
The affinity and specificity of aptamer candidates and aptamer-conjugated GoldMag nano-
particles were evaluated. The MR imaging of aptamer-conjugated GoldMag nanoparticles to 
prostate cancer was further explored in vitro and in vivo.
Results: After 12 rounds of selection, aptamer candidates Eppc6 and Eppc14 could speci-
fically target three types of prostate cancer cells, revealing a high affinity of Eppc6 and 
Eppc14. Moreover, aptamer-conjugated GoldMag nanoparticles not only exhibited good 
affinity to different prostate cancer cells but also produced strong T2WI signal intensity 
reduction distinguished from peritumoral tissue in MRI, indicating that the molecular probes 
possess both the affinity properties of EpCAM-specific aptamer and the superparamagnetic 
features of iron oxide.
Conclusion: Our study indicates that aptamer Eppc6 and Eppc14 can recognize prostate 
cancer cells and tissues. The aptamer-conjugated GoldMag nanoparticles constructed in the 
study can be used as a molecular imaging agent for detection of PCa in MRI.
Keywords: EpCAM, aptamer, Cell-SELEX, prostate cancer

Introduction
Prostate cancer (PCa) is one of the most common genitourinary system malignant 
tumor in men worldwide. In Asian countries, many patients with PCa are often 
diagnosed at an advanced stage maybe mostly because of a large population base 
with relatively backward economic development and imperfect cancer screening 
system of PCa, which leads to a poor prognosis. Epithelial cell adhesion molecule 
(EpCAM, also known as CD326 or ESA) is a type I glycosylated transmembrane 
protein with a molecular weight of 37kDa that mediates epithelial-specific cell–cell 
adhesion, cell signalling, cell proliferation, migration and invasion.1,2 EpCAM is 
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overexpressed in most carcinomas and cancer stem cells, 
but exhibits low expression levels in normal tissues and 
cells.3–5 Went et al analysed by immunohistochemical 
staining tissue microarrays with 4046 primary human car-
cinoma samples from colon, stomach, lung cancers and 
PCa for both frequency and intensity of EpCAM expres-
sion under highly standardised conditions. The results 
showed that high-level EpCAM expression was observed 
in 87.2% of PCa, and no detectable EpCAM staining was 
found with only 1.9% of PCa.6 It has been found that 
EpCAM is stably and highly expressed in primary and 
metastatic PCa tissues and EpCAM overexpression is con-
sidered as an independent marker for poor survival.7 

During cancer progression, the expression pattern of 
EpCAM changes from basal and basolateral membrane 
in normal epithelial to the surface in tumor epithelial 
cells.7 The differential expression makes EpCAM as an 
ideal candidate of tumor-related marker to detect PCa in 
early at the cellular and molecular level.8

Aptamers are single-stranded DNA or RNA oligonu-
cleotides derived from systematic evolution of ligands by 
exponential enrichment (SELEX) technology.9 Currently, 
aptamers have been selected against varieties of targets 
such as proteins, nucleic acids, cells among others, with 
high affinity and specificity.10 Compared with antibody, 
aptamers are much smaller and thus have better tissue 
penetration properties. They are also thermally stable, 
and easy to synthesize with low batch-to-batch variability. 
The easy functionalization makes it possible to introduce 
various imaging labels or functional groups to aptamers. In 
addition, aptamers are non-immunogenic in vivo.10–12 

Therefore, aptamers have been served as valuable alterna-
tives in tumor diagnosis and treatment. Previously, there 
have been several reports of EpCAM-specific aptamers 
used in colorectal cancer,13 ovarian cancer,14 breast 
cancer15 and brain metastasis16 for drug delivery and ther-
apy, indicating that EpCAM may be a useful marker for 
developing antitumor therapeutic and diagnostic strategies. 
Currently, EpCAM-specific aptamers targeting PCa have 
not been reported in previous studies.

Recent pre-clinical research efforts to develop multi- 
modality molecular imaging methods for diagnosis of 
tumors have the potential for noninvasive PCa diagnosis 
in early. Superparamagnetic iron oxide (SPIO) nanoparti-
cles can be readily bound to various molecular markers 
including ligands, proteins and nucleic acid for magnetic 
resonance imaging (MRI), which allows for the character-
ization of structural and functional cellular changes. 

Currently, SPIO nanoparticles have attracted broad atten-
tion due to their potential applications in MRI.17–19 In the 
study, we used GoldMag nanoparticles, essentially a kind 
of SPIO, as MRI contrast agents. The nanoparticles are a 
typical core/shell structure with iron oxide (Fe3O4) as the 
core and a layer of gold deposited on the core surface as 
the shell.20–22 The Fe3O4 core provides a particle of a 
small size with significant magnetic moment, and a gold 
coating on the Fe3O4 core introduces a good platform for 
further conjugation with biomolecules. In this study, we 
screened anti-EpCAM DNA aptamers Eppc6 and Eppc14 
by Cell-SELEX, and coupled aptamers with GoldMag 
nanoparticles to construct the molecular probe Eppc6- 
GoldMag for MR imaging of PCa xenografts. Our findings 
indicate that the aptamer Eppc6 and Eppc14 may be a 
valuable agent for diagnosis of PCa.

Materials and Methods
Cell Lines and Cell Culture
PC-3, DU145, LNCaP (PCa cells) and HEK293T (human 
embryonic kidney cells) cell lines were purchased from 
Typical Culture Preservation Commission Cell Bank, 
Chinese Academy of Sciences (Shanghai, China) and iden-
tified by short tandem repeat (STR) methods before the 
experiments. DU145, LNCaP and HEK293T were cultured 
in the basic medium of Dulbecco’s Modified Eagle 
Medium (DMEM, Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS, Gibco, USA); PC-3 cells were 
cultured in the medium of RPMI-1640 (Gibco, USA) with 
10% FBS. All cell lines were cultured at 37°C under a 
mixture of 95% air and 5% CO2.

Construction of Recombinant Vector and 
Transfection
EpCAM cDNA was cloned into a pCDH-CMV-MCS-EF1- 
Puro lentiviral expression vector (Invitrogen), and the 
resulting expression plasmid pCDH-EpCAM was con-
firmed by DNA sequencing. HEK293T cells were trans-
fected with pCDH-EpCAM plasmid (HEK293T-EpCAM) 
using Lipofectamine 3000 according to manufacturer’s 
instructions. In addition, HEK293T cells were mock-trans-
fected with the empty pCDH-CMV-MCS-EF1-Puro plas-
mid (mock cells) by the same method.

SELEX Library and Primers
All oligonucleotides, including single-stranded DNA 
(ssDNA) library and primers, were synthesized by 
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Sangon Biotech Co. Ltd. (Shanghai, China) and purified 
by HPLC. The library contained a central randomized 
sequence of 40 nucleotides flanked by 20-nucleotide 
sequences for primer annealing (5′-TTCTTCAAGTCC 
GCCATGCC-(40N)-CGACAAGCAGAAGAACGGCA- 
3′). The forward primer sequence was 5′-FAM-TTCTT 
CAAGTCCGCCATGCC-3′, and the reverse primer 
sequence was 5′-Biotin- TGCCGTTCTTCTGCTTGTCG 
−3′, which were synthesized for polymerase chain reaction 
(PCR) amplification.

Cell-SELEX
HEK293T-EpCAM cells were used as the target cell line, 
and mock cells as the control cell line. The initial ssDNA 
library (2 OD) was dissolved in 1 mL of binding buffer 
(0.1 M Hepes, 0.75 M NaCl, 0.025 M KCl, 0.01 M CaCl2, 
0.01 M MgCl2·6H2O in double distilled water, pH 7.4). 
The library was denatured at 95°C for 5 min and immedi-
ately cooled on ice for 10 min. For the first cycle of 
selection, the cells were incubated with the initial library 
for 2 h at 37°C. After incubation, cells were rinsed with 
PBS three times for 5 min to remove unbound sequences. 
The bound ssDNAs were then extracted by phenol-chloro-
form-isoamyl alcohol (125:24:1) extraction method before 
centrifuging at 12,000 g for 5 min at 4°C, after which the 
DNAs in the liquid phase were precipitated with sodium 
acetate (3 M) and cooled isopropanol, and incubated at 
−20°C for 3 h. The mixture was centrifuged at 12,000 g 
for 10 min at 4°C, following which the supernatant was 
removed and the DNA pellet was rinsed with 1 mL of 75% 
cooled ethanol and then resuspended in 200 µL of double 
distilled water. The DNA was amplified by PCR using 
FAM-labeled forward primer and Biotin-labeled reverse 
primer under the following conditions: 95°C for 5 min, 
15–30 cycles of 10 s at 95°C, 10 s annealing at 57°C, and 
10 s extension at 72°C, followed by 72°C for 5 min. The 
PCR product was precipitated with sodium acetate and 
cooled isopropanol at −20°C for 3 h, and then centrifuged 
at 12,000 g for 10 min at 4°C, after which the supernatant 
was removed and the DNA pellet was washed with 1 mL 
of 75% cooled ethanol and then resuspended in 200 µL of 
Buffer I (10 mM Tris-HCl, 1 mM EDTA, 1 M NaCl, 0.01– 
0.1% Tween-20 in double distilled water). The DNA was 
incubated with streptavidin-coated sepharose beads for 30 
min at room temperature, then denatured by incubation 
with 0.15 M NaOH for 20 min. The selected ssDNA was 
lyophilized and resuspended in binding buffer for the sub-
sequent round of selection or cytometric analysis. From 

the sixth round, the ssDNA pool was incubated with 
negative control cells and the unbound sequences were 
collected and incubated with the target cells. After 12 
rounds of selection, the enriched ssDNA pool was cloned 
and sequenced by Sangon Biotech Co. Ltd. (Shanghai, 
China). Two effective ssDNA sequences Epp6 and 
Eppc14 with high affinity for recognizing target cells 
were selected and synthesized. The secondary structure 
of Epp6 and Eppc14 was predicted by using the RNA 
s t r u c t u r e  ( h t t p : / / r n a . u r m c . r o c h e s t e r . e d u /  
RNAstructureWeb/).

Flow Cytometric Analysis
To evaluate the enrichment of specific aptamer candidates 
and the binding affinity of the aptamer candidates to target 
cells, cells were incubated with FAM-labeled ssDNA at 
37°C for 45 min after detached by treatment with 0.1% 
trypsin-0.02% EDTA solution. Cells were rinsed with PBS 
binding buffer containing 10% FCS and 0.02% NaN3 
three times for 5 min and resuspended in 200 µL of 
binding buffer. The fluorescence signal was analyzed 
with a FACSCalibur flow cytometer (BD 
Biosciences, USA).

The binding affinity of the molecular probe aptamer- 
GoldMag to target cells was also evaluated by flow cyto-
metric analysis. After cells were detached by treatment 
with 0.1% trypsin-0.02% EDTA solution, cells were 
placed in fetal calf serum (FCS)-supplemented medium 
to inactivate trypsin and EDTA. Then the cells were incu-
bated with biotin-labeled aptamer-GoldMag at 37°C for 45 
min in PBS binding buffer containing 10% FCS and 
0.02% NaN3. After washing, cells were incubated with 
FAM-labeled streptavidin in binding buffer at 4°C for 30 
min. Cells were then rinsed with washing buffer three 
times and resuspended in 200 µL of binding buffer. The 
fluorescence signal was analyzed with a FACSCalibur flow 
cytometer.

To measure the equilibrium dissociation constant (Kd) 
of aptamers, HEK293T-EpCAM cells were incubated with 
a series of concentrations of FAM-labeled aptamers in 200 
µL of binding buffer at 37°C for 45 min. The FAM-labeled 
random DNA library was used as a negative control. Cells 
were rinsed with washing buffer three times for 5 min and 
resuspended in 200 µL of binding buffer for flow cyto-
metric analysis. The Kds of aptamers were determined by 
fitting the dependence of fluorescence intensity on aptamer 
concentration with the equation Y=Bmax × X/(Kd+X), 
where Y is fluorescence intensity of cells, X is 
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concentration of the aptamer and Bmax is maximum bind-
ing potential. All the experiments for the binding assay 
were repeated in triplicate.

Confocal Microscopy Imaging
Confocal microscopy imaging was performed to monitor 
the binding affinity of the aptamer candidates and their 
molecular probes to target cells. 1×105 cells were seeded 
in a 20 mm glass bottom dish and cultured overnight. Then 
the cells were fixed in 4% paraformaldehyde in PBS for 15 
min and washed three times with PBS, following which 
the cells were blocked with 5% BSA in PBS at room 
temperature for 1 h and stained with 200 pmol of FAM- 
labeled aptamers/biotin-labeled molecular probe at 4°C 
overnight. After washing, cells incubated with the latter 
were incubated with Cy3-labeled streptavidin at room 
temperature for 2 h. Nuclei were counterstained with 
10 µg/mL DAPI (Invitrogen, Carlsbad, CA, USA). After 
washing, the stained cells were imaged by confocal laser 
scanning microscope (Olympus, Japan).

Immobilization of Aptamer Onto 
GoldMag Surface
GoldMag nanoparticles were purchased from GoldMag 
Biotechnology Co., Ltd (Shanxi, China). The nanoparticles 
require only a single step for nucleic acid immobilization. 
20 to 160 µg aptamer Eppc6/Eppc14 were dissolved in a 
500 µL of binding buffer (0.01 M PBS, pH 7.4) containing 
1mg GoldMag nanoparticles. The mixture was incubated 
at 37°C for 30 min. The GoldMag nanoparticles coupled 
with aptamers were magnetically separated from free apta-
mers. The coupled GoldMag was then rinsed with washing 
buffer three times and resuspended in PBS. 
Immobilization efficiency of aptamers onto the GoldMag 
surface was calculated by using the equation: (OD260(pre) 
× D1 - OD260(post) × D2)/(OD260(pre) × D1) × 100%, 
where OD260(pre) and OD260(post) are the absorbance 
values at 260 nm of pre- and post-coupling aptamer solu-
tion, respectively; D1 and D2 are the dilution factors of 
pre- and post-coupling aptamer solution, respectively. 
ssDNA-GoldMag was used for negative control and 
synthesized in the same way.

In vitro MR Imaging of Magnetic 
Molecular Probe Eppc6-GoldMag
To evaluate the ability of aptamer-conjugated GoldMag to 
target EpCAM-positive PCa cells for MRI in vitro, 

aptamer Eppc6 that has higher Kd compared with 
Eppc14 was primarily selected for detection. Three types 
of PCa cells PC-3, DU145 and LNCaP were, respectively, 
incubated with Eppc6-GoldMag at 37°C for 30 min. 
Subsequently, the cells were rinsed with washing buffer 
three times and resuspended in 3% agarose gel in eppen-
dorf tubes, respectively. After the agarose solidification, 
the cells in eppendorf tubes were put in the test-tube stand 
and scanned by using a 3.0T MRI scanner (Siemens 
Magnetom Tim Trio MRI). The T2-weighted imaging 
(T2WI) of three types of PCa cell groups were, respec-
tively, acquired with a repetition time (TR) of 3500 ms, an 
echo time (TE) of 90 ms, a field-of-view (FOV) of 
109 mm, a slice thickness of 2.0 mm, and an average of 
8. ssDNA-GoldMag served as a negative control. After 
MRI examination, the data were sent to a dedicated MRI 
image processing workstation (Leonardo; Siemens) for 
further analysis. Region of interest (ROI) was drawn in 
the longitudinal section of respective tubes to measure the 
T2WI signal intensity of PCa cells. At least three ROIs 
were drawn in each tube.

MRI of Tumor-Bearing Mice Injected with 
Eppc6-GoldMag
Male nude mice (Bab/c, 5–6 weeks) under specific patho-
gen-free conditions were used for the study. According to 
the power analysis, at least 6 samples (mice) of each group 
for T2WI signal intensity statistic analysis were needed; 
thus, we used 12 nude mice (experimental group for 6 and 
control group for 6, respectively) in the animal experi-
ments and repeated the experiments three times indepen-
dently. Experiments on animals were performed in 
accordance with the Animal Care and Use Committee of 
Xi’ an Jiaotong University (Xi’an, China) and followed 
the guidelines of “Laboratory Animal-General require-
ments for animal experiments” (GB/T, 35823-2018, 
China). The Animal Care and Use Committee of Xi’ an 
Jiaotong University has approved the animal experiments 
conducted in our study. The prostate tumor-bearing nude 
mice model was established by subcutaneously injecting 
5×106 PC-3 cells into the right armpit of nude mice. 
Experiment was performed when tumors reached 0.8–1.0  
cm in average diameter. The tumor-bearing nude mice 
underwent MRI using small-animal coils before the injec-
tion of Eppc6-GoldMag. The mice were anesthetized with 
an intraperitoneal injection of 1% sodium pentobarbital 
(0.5 mL/100 g). Subsequently, tumor-bearing nude mice 
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(experimental group) were injected with 200 µL (1 mg 
GoldMag nanoparticles mixed with 40 µg aptamer in each 
mL) Eppc6-GoldMag via tail vein and underwent MRI 
examination 1 h, 6 h and 12 h after the injection, respec-
tively. The tumor-bearing nude mice (control group) intra-
venously injected with 200 µL ssDNA-GoldMag served as 
negative control. T2-weighted coronal images were 
obtained with the following parameters: Repetition time, 
7400 ms; echo time, 66 ms; field of view, 200 mm; slice 
thickness, 2 mm; flip angle, 150°; and number of signal 
averaging, 4. After MRI examination, all mice were eutha-
nized by cervical dislocation. The MR imaging data were 
sent to a dedicated MRI image processing workstation 
(Leonardo; Siemens) for further analysis. ROI was drawn 
in the coronal section of respective mouse tumors to mea-
sure the T2WI signal intensity of tumors. At least three 
ROIs were drawn in each mouse tumor at one time point.

Statistical Analysis
The experiments were repeated three times independently. 
The data were presented as median with interquartile range 

(IQR). Kruskal–Wallis H-test followed by Nemenyi test 
were used to compare T2WI signal intensity measure-
ments from in vitro sample vials containing different cell 
lines, and to compare in vivo T2WI signal intensity mea-
surements in tumors at pre-injection and three post-injec-
tion time intervals. A P value less than 0.05 was 
considered statistically significant. The statistical analysis 
was performed by GraphPad Prism (Version 6.0 for 
Windows, GraphPad Software Inc., San Diego, CA, USA).

Results
Expression of EpCAM in Transfected 
HEK293T Cells and PCa Cells
To effectively select aptamers targeting EpCAM, we 
sought to express EpCAM protein on the surface of 
HEK293T cells in order to maintain its native conforma-
tion. HEK293T cells were transfected with pCDH- 
EpCAM. After transfection, we confirmed the overexpres-
sion and location of EpCAM by Flow cytometry. As 
shown in Figure 1, the fluorescence intensity of 
HEK293T-EpCAM cells as well as PCa cells PC-3, 

Figure 1 Expression of EpCAM protein in three types of EpCAM-positive prostate cancer cell lines and HEK293T-EpCAM cells was analyzed by flow cytometry. HEK293T 
cells mock-transfected with the empty pCDH-CMV-MCS-EF1-Puro plasmid (mock cells) as negative control. Three types of PCa cells PC-3, DU145 and LNCaP, as well as 
HEK293T-EpCAM cells were identified EpCAM positive.
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DU145 and LNCaP were increased. In contrast, almost no 
increase in fluorescence signal was observed for negative 
control mock cells.

Selection of DNA Aptamers Against 
EpCAM-Expressing HEK293T Cells
To isolate aptamers specifically targeting EpCAM-positive 
cells, we selected HEK293T-EpCAM cells to be the target 
cells, and mock cells to be control cells. For evaluating the 
process of enrichment, we analyzed the ssDNA libraries 
derived from the 5th, 9th, 11th and 12th round of selection 
by flow cytometry. As shown in Figure 2, the fluorescence 
intensity curve reflects the amount of FAM-conjugated 
aptamer bound to cells. When the number of turns 
increased, the fluorescence intensity of HEK293T- 
EpCAM cells gradually increased (Figure 2A). In contrast, 
mock cells exhibited only weak fluorescence strength, 
similar to the negative control group (Figure 2B). The 
results suggest that the target cell-binding DNA sequences 
were gradually enriched during the selection process.

Identification of DNA Aptamer 
Candidates
After sequencing, two representative sequences, termed 
Eppc6 and Eppc14 were selected (Table 1) and chemically 

synthesized for further characterization. The predicted sec-
ondary structure of Eppc6 and Eppc14 are shown in 
Figure 3A and B. To quantitatively evaluate the binding 
affinity of Eppc6 and Eppc14 to HEK293T-EpCAM cells, 
the Kds of the two aptamers were measured by flow 
cytometry. The Kd of Eppc6 and Eppc14 for HEK293T- 
EpCAM cells were calculated, respectively, by using the 
equation Y=Bmax × X/(Kd+X). As shown in Figure 3C and 
D, aptamer Eppc6 was determined to possess a Kd of 41.7 
± 5.9 nM, aptamer Eppc14 was determined to possess a 
Kd of 80.8 ± 7.4 nM, indicating that the two selected 
aptamers could specifically recognize target HEK293T- 
EpCAM cells with high affinity.

Aptamer Eppc6 and Eppc14 Could 
Specifically Target EpCAM-Positive 
HEK293T-EpCAM Cells and PCa Cells
To investigate the binding affinity of aptamer Eppc6 and 
Eppc14 to HEK293T-EpCAM cells and PCa cells, flow 
cytometry and confocal microscopy imaging were per-
formed. The unselected initial ssDNA library was used 
as control. As shown in Figure 4A, the fluorescence inten-
sity of HEK293T-EpCAM cells as well as PCa cells PC-3, 
DU145 and LNCaP were increased after incubation with 
Eppc6 and Eppc14, respectively. There was no increase in 

Figure 2 Flow cytometric analysis of fluorescence intensities of ssDNA pools on HEK293T-EpCAM (A) and mock cells (B) in 5th, 9th, 11th and 12th round of selection for 
monitoring the enrichment of ssDNA pools. The fluorescence intensity indicated the cell-binding ability of ssDNA. Mock cells represents HEK293T cells mock-transfected 
with the empty pCDH-CMV-MCS-EF1-Puro plasmid; The Lib represents a random DNA sequence as negative control.

Table 1 Sequences of Aptamer Eppc6 and Eppc14

Aptamer Sequences

Eppc6 5ʹ-CTGTTCTCGGTCGCGACCTATCTGGTCGTCGCCGCGCTCGTGTTCGGAACGCTCATCGCGTTCGGGCTCGGCG-3’

Eppc14 5ʹ-GGACTTGAAGAAAAGGGCGACACGCGAAGTCGATGTCGCGTCTGCCTGAAGTCA-3’
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fluorescence signal in cells incubated with ssDNA library, 
neither in mock cells. In addition, the fluorescence signal 
was observed mainly on the surface of three types of PCa 
cells after incubation with Eppc6 and Eppc14, respec-
tively, but not on cells incubated with ssDNA library 
(Figure 4B).

Immobilization of Aptamers on GoldMag 
to Construct Molecular Probes
The rate of aptamer-immobilized coupling was gradually 
reduced with increasing concentrations of aptamer Eppc6/ 

Eppc14. 40 µg/ 50 µg of aptamer Eppc6 mixed with 1mg 
GoldMag nanoparticles yielded immobilization efficiency 
close to 92% and 86%, respectively (Supplementary 
Materials Figure S1A); 40 µg/50 µg of aptamer Eppc14 
mixed with 1mg GoldMag nanoparticles yielded immobi-
lization efficiency close to 89% and 83%, respectively 
(Supplementary Materials Figure S1B). Therefore, for 
1mg of sample, about 40 µg of Eppc6 or 30 µg of 
Eppc14 were surface-coupled to the GoldMag nanoparti-
cles. To avoid biases during later in vitro and in vivo 
comparison studies, immobilization efficiency ssDNA to 

Figure 4 Flow cytometric analysis of binding abilities of aptamer Eppc6 and Eppc14 to HEK293T-EpCAM cells and three types of EpCAM-positive prostate cancer cell lines 
(A). Immunofluorescence staining analysis of Eppc6 and Eppc14 to three types of EpCAM-positive prostate cancer cell lines (B). Mock cells represents HEK293T cells mock- 
transfected with the empty pCDH-CMV-MCS-EF1-Puro plasmid; The Lib represents a random DNA sequence as negative control. Scale bars correspond to 50 μm in all 
images.

Figure 3 Predicted secondary structures of aptamer candidates Eppc6 (A) and Eppc14 (B); and binding curves of Eppc6 (C) and Eppc14 (D).

Drug Design, Development and Therapy 2021:15                                                                             https://doi.org/10.2147/DDDT.S322854                                                                                                                                                                                                                       

DovePress                                                                                                                       
3991

Dovepress                                                                                                                                                           Zhong et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=322854.zip
https://www.dovepress.com/get_supplementary_file.php?f=322854.zip
https://www.dovepress.com/get_supplementary_file.php?f=322854.zip
https://www.dovepress.com
https://www.dovepress.com


GoldMag nanoparticles was also determined under the 
same conditions.

Aptamers-Conjugated GoldMag 
Nanoparticles Could Bind to PCa Cells
Binding of aptamer Eppc6 and Eppc14, respectively, 
conjugated with magnetic GoldMag to PCa cells were 
investigated by flow cytometry and confocal micro-
scopy imaging. As shown in Figure 5A, the fluores-
cence intensity of HEK293T-EpCAM cells as well as 
three types of PCa cells were increased after incubation 
with the molecular probe Eppc6-GoldMag/Eppc14- 
GoldMag, while no increase in fluorescence signal in 
cells incubated with ssDNA-GoldMag. With ssDNA- 
GoldMag serving as a negative control, specific stain-
ing with Eppc6-GoldMag/Eppc14-GoldMag was 
detected on three types of PCa cells (Figure 5B), 

suggesting that Eppc6-GoldMag could specifically tar-
get EpCAM-positive PCa cells.

In vitro MR Imaging for PCa Cells 
Incubated with Eppc6-GoldMag
To evaluate the ability of Eppc6-GoldMag to recognize 
PCa cells for MRI in vitro, three types of EpCAM-positive 
PCa cells incubated with Eppc6-GoldMag (experimental 
group) were, respectively, fixed by 3% agarose gel and 
underwent MRI. PCa cells incubated with ssDNA- 
GoldMag served as negative control (control group). As 
shown in Figure 6, MRI of three types of PCa cells PC-3, 
DU145 and LNCaP treated with Eppc6-GoldMag, respec-
tively, showed significantly greater T2WI signal intensity 
reductions compared to the corresponding three types of 
PCa cells treated with ssDNA-GoldMag (All P < 0.0001 
for each comparison).

Figure 5 Flow cytometric analysis of binding abilities of aptamer-conjugated GoldMag nanoparticles to HEK293T-EpCAM cells and three types of EpCAM-positive prostate 
cancer cell lines (A). Immunofluorescence staining analysis of aptamer-conjugated GoldMag nanoparticles to three types of EpCAM-positive prostate cancer cell lines (B). 
Mock cells represents HEK293T cells mock-transfected with the empty pCDH-CMV-MCS-EF1-Puro plasmid; ssDNA-GoldMag represents random single strand DNA 
conjugated with GoldMag nanoparticles as negative control. Scale bars correspond to 50 μm in all images.

Figure 6 In vitro MRI of Eppc6-GoldMag targeted EpCAM-positive prostate cancer cells (A). Quantitative signal intensity measurement of T2WI (B) for the cell sample put 
in eppendorf tubes depicted in (A). Tube 1: PC-3 cells + ssDNA-GoldMag; tube 2: DU145 cells + ssDNA-GoldMag; tube 3: LNCaP cells + ssDNA-GoldMag; tube 4: PC-3 
cells + Eppc6-GoldMag; tube 5: DU145 cells + Eppc6-GoldMag; tube 6: LNCaP cells + Eppc6-GoldMag. MRI represents magnetic resonance imaging; T2WI represents T2- 
weighted imaging; ssDNA-GoldMag represents random single strand DNA conjugated with GoldMag nanoparticles as negative control. ****P < 0.0001.
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In vivo MR Imaging for Prostate Tumor- 
Bearing Nude Mice
To investigate that Eppc6-GoldMag had the ability to 
recognize and target EpCAM-positive PCa cells with 
high specificity in vivo, PC-3 cell prostate tumor-bear-
ing nude mice were used. As shown in Figure 7, T2WI 
of tumor-bearing nude mice were acquired and showed 
that the signal intensity of tumors slightly decreased 
after 1 h following injection, and continued to decrease 
after 6 h following injection. The T2WI signal intensity 
changes of tumors after injection of Eppc6-GoldMag 
nanoparticles were statistically significant when com-
pared to the baseline pre-injection T2WI signal intensity 
levels of tumors (P < 0.0001 for each comparison). 
Significant reductions in T2WI signal intensity of 
tumor were observed between the 1 and 6 hour post- 
injection time points (P = 0.0009). The T2WI signal 
intensity of tumors gradually increased 12 h later. 
Accumulation of Eppc6-GoldMag was greatest in 
tumors with relatively little in normal tissue distribution. 
There was no significant difference of tumor T2WI 
signal intensity between the 6 and 12 hours post-injec-
tion time points (P = 0.4376). Significant difference was 
found between the 1 and 12 hours post-injection time 
points (P = 0.0081). In addition, there were no statisti-
cally significant T2WI signal intensity changes after 
injection of negative control ssDNA-GoldMag (All P > 
0.05). The results showed that aptamer Eppc6 could 
accumulate and efficiently penetrate into tumors, and 
aptamer Eppc6-conjugated GoldMag had the ability for 
PCa MR imaging.

Discussion
In the study, we successfully selected EpCAM-specific 
DNA aptamers Eppc6 and Eppc14 via Cell-SELEX, and 
further coupled aptamers with GoldMag, a kind of SPIO 
nanoparticles, to construct the molecular probe Eppc6- 
GoldMag for MR imaging of PCa xenografts. The apta-
mers Eppc6 and Eppc14 as well as their corresponding 
molecular probes were identified to have high affinity and 
specificity for EpCAM. Furthermore, the molecular probe 
Eppc6-GoldMag showed a strong effect that enhanced the 
visual contrast between tumors and surrounding tissues. 
Our findings indicate that aptamer Eppc6 and Eppc14 may 
be a valuable agent for early recognition and diagnosis 
of PCa.

EpCAM is a pleiotropic molecule that potentially 
offers diagnostic and therapeutic applications in tumor. 
Recent data show that EpCAM is expressed exclusively 
in epithelia and epithelial-derived neoplasms, and involved 
in cell signaling, migration, proliferation and 
differentiation.23,24 In PCa, high expression of EpCAM is 
identified in about 90% of prostate acinar adenocarcinoma, 
while in hormone-refractory adenocarcinomas of the pros-
tate, significantly higher EpCAM expression is found than 
in untreated adenocarcinomas.25,26 In the current study, we 
examined the expression of EpCAM in three types of PCa 
cells, as well as in HEK293T cells transfected with pCDH- 
EpCAM plasmid or mock-transfected with empty pCDH- 
CMV-MCS-EF1-Puro plasmid to further select EpCAM- 
specific aptamers via Cell-SELEX. The results confirmed 
that EpCAM is highly expressed in three types of PCa 
cells including androgen-dependent prostate cancer 

Figure 7 In vivo MRI for prostate tumor-bearing nude mice at pre-injection and 1, 6 and 12 h after injection of Eppc6-GoldMag nanoparticles (A), which demonstrated 
significant signal intensity decrease of tumors (white arrows) in T2WI after the injection. Prostate tumor-bearing nude mice injected with ssDNA-GoldMag showed no 
significant T2WI signal intensity changes (hollow arrows). Quantitative signal intensity measurement of T2WI for the tumors correspondingly at different time points (B). 
MRI represents magnetic resonance imaging; T2WI represents T2-weighted imaging; ssDNA-GoldMag represents random single strand DNA conjugated with GoldMag 
nanoparticles as negative control. **P < 0.01, ***P < 0.001, ****P < 0.0001. 
Abbreviation: ns, no significant.
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(ADPC) LNCap cells, and castration-resistant prostate 
cancer (CRPC) PC-3 and DU145 cells. Furthermore, 
EpCAM expression level of the latter was higher than 
that of the former, which is in accordance with previous 
studies.5–7

Aptamers are short RNA or single-stranded DNA oli-
gonucleotides. In the early stage, researchers preferred to 
develop RNA aptamers for their higher affinity and diver-
sity of 3D structures.27,28 However, RNA aptamers are 
easily degraded by RNase, which increases the difficulty 
of its screening and application.28 On the other hand, DNA 
aptamers are much more stable in structures, thus attract 
more attention than RNA aptamers.29 On that basis, we 
screened and isolated EpCAM-specific aptamers Eppc6 
and Eppc14, which were DNA aptamers. Both aptamers 
could specifically recognize target cell lines with structural 
stability, thus be further stably conjugated with SPIO 
nanoparticles to construct molecular probes for in vitro 
and in vivo MR imaging.

Aptamers as ssDNA can fold into various structures (such 
as hairpin, stem loop, pseudoknot) through intramolecular 
interactions under certain conditions.27 Similar to conforma-
tional recognition that mediates antibody-antigen recognition 
and complex formation, aptamers bind to their cognate tar-
gets with high specificity and affinity via van der Waals 
forces, hydrogen bonding, electrostatic interactions, stacking 
of flat moieties, and shape complementarity with Kd usually 
ranging from pico- to nanomolar.30 Aptamers selected in the 
study have different nucleic acid sequences compared with 
other previous sequences of EpCAM aptamers. However, 
most of them have similar loop-stem or hairpin structures 
according to their predicted secondary structures which help 
them bind to the targets.1,31,32 The EpCAM aptamers 
selected in our study have advantages over those reported 
in previous studies. Firstly, the Cell-SELEX was applied in 
place of traditional SELEX in vitro selection of target apta-
mers. Traditional SELEX are usually based on knowledge of 
the target for aptamer selection, while the Cell-SELEX can 
be used to generate highly specific aptamers by using whole 
cells without prior knowledge of target molecules,33 which 
greatly improves the efficiency of aptamer selection. In addi-
tion, our study used HEK293T cells transfected with pCDH- 
EpCAM plasmid as the positive cell line and HEK293T cells 
mock-transfected as the negative cell line for EpCAM-spe-
cific aptamers selection, which ensures elimination of com-
mon molecules on positive and negative cells and reduces 
non-specific sequences. Furthermore, aptamer Eppc6 pos-
sesses a Kd of 41.7 ± 5.9 nM and aptamer Eppc14 possesses 

a Kd of 80.8 ± 7.4 nM. The Kd of the two aptamers is in 
agreement with previously reported RNA and DNA apta-
mers against EpCAM (approximately 30–70 nM).1,5

The GoldMag used in the study to conjugate EpCAM 
aptamers for in vitro and in vivo MR imaging are essen-
tially SPIO nanoparticles. In the presence of SPIO, a 
change in relaxation rate of water protons is detectable 
by MRI which is responsible for the image contrast. When 
cellular uptake of the nanoparticles occurs, the SPIO 
causes local magnetic field inhomogeneities which result 
in signal decrease on T2WI.34 GoldMag nanoparticles are 
a typical core/shell structure with Fe3O4 as the core and a 
layer of gold deposited on the core surface as the shell. 
Magnetic Fe3O4 nanoparticles as the core can considerably 
disturb the magnetic field, leading to localized signal loss 
in MR images. A layer of gold as the shell can provide a 
platform for conjugation with biomolecules. The gold- 
coated Fe3O4 nanoparticles were reported to exhibit good 
biocompatibility and affinity.35,36 On that basis, the apta-
mer-conjugated GoldMag molecular probes constructed in 
the study possess both the affinity properties of EpCAM- 
specific aptamer and the superparamagnetic features of 
iron oxide. The former properties could lead molecular 
probes to target tumor cells and tissues specifically, and 
the latter features could produce strong T2WI signal inten-
sity reduction distinguished from peritumoral tissue. In 
vivo studies, the molecular probe Eppc6-GoldMag was 
intravenously injected into prostate tumor-bearing nude 
mice, and T2WI of tumors showed significantly decreased 
signal intensity compared to pre-injection levels. The evi-
dence indicates the potential to use Eppc6-GoldMag as in 
vivo MRI probe targeted to EpCAM-positive PCa cells.

In conclusion, aptamer Eppc6 and Eppc14 successfully 
obtained by Cell-SELEX after 12 rounds of selection can 
specifically recognize EpCAM-positive PCa cell lines. The 
aptamer-conjugated GoldMag nanoparticles constructed in 
this study also display specific binding to EpCAM-positive 
PCa cell lines. Furthermore, Eppc6-GoldMag could be used 
as a molecular imaging agent for detection of PCa cells and 
tissues in MRI. Our study is of significance for early recogni-
tion and diagnosis of PCa, which has the potential for diag-
nosis and targeting therapy of other EpCAM-relative tumors.
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