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A DNA aptamer recognizing MMP14 for in vivo
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Abstract. A key challenge for the management of various
types of cancer, including pancreatic cancer and hepato-
cellular carcinoma, is accurate diagnosis at an early stage.
Matrix metalloproteinase 14 (MMP14) is overexpressed
in numerous types of cancer and is associated with poor
prognosis. Therefore, MMP14-specific imaging probes have
potential use in the diagnosis of MMP14-positive cancer.
Aptamers are short oligonucleotide sequences that can bind
to molecular targets with a high specificity and affinity.
Aptamers are typically obtained from an in vitro library;
this process is usually termed systematic evolution of
ligands by exponential enrichment (SELEX). In the present
study, a DNA aptamer targeting MMP14 was obtained by
cell-SELEX and termed M17, which specifically recognizes
MMP14-positive cells. Aptamer M17 selectively binds to
membrane proteins of MMP14-transfected 293T cells (Kd,
4.98+1.26 nM). Pancreatic cancer cell imaging suggested that
aptamer M17 can bind to the cell membranes of two pancre-
atic cancer cell lines (MIA PaCa-2 and PANC-1). In vivo
tumor imaging demonstrated that the targeting recognition
of MIA PaCa-2 tumor cells in mice could be visualized using
CyS5-labeled aptamer M17. Aptamer M17-conjugated poly-
ethylene glycol-Fe304 can specifically bind to MIA PaCa-2
and PANC-1 cells, and reduce MRI T2-weighted imaging
signal intensity. The DNA aptamer M17 has the advantages
of simplicity of synthesis, small size, low immunogenicity,
high penetrability and high affinity. Therefore, aptamer M17
is a potential molecular probe for the diagnosis and treatment
of MMP14-positive cancer.
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Introduction

The matrix metalloproteinase (MMP) family is a group of
zinc-binding endopeptidases that are involved in the break-
down of extracellular matrix (1). The majority of MMPs are
secreted proteins that are activated by extracellular proteinases.
The membrane-type MMP (MT-MMP) subfamily is a subtype
of MMPs, which contain transmembrane domains and are
expressed on the surface of the cell membrane. MMP14 (also
termed MT1-MMP) is a member of this subfamily, containing
a C-terminal hydrophobic stretch to anchor the protein to the
cell membrane surface and to exert its effect. MMP14 acti-
vates MMP2, which is closely associated with the invasion and
metastasis of cancer (2,3). MMP14 has also been demonstrated
to be associated with angiogenesis and cell migration (4,5).
Wickramasinghe er al (6) reported the isolation of a peptide
aptamer termed swiggle that interacts with the intracel-
lular domain of MMP14 and swiggle-mediated inhibition of
clathrin-mediated MMP14 internalisation was identified to
promote MMP14-mediated cell migration. MMP14 is overex-
pressed in numerous types of cancer and is associated with
a poor prognosis of pancreatic cancer (7,8), hepatocellular
carcinoma (9), lung carcinomas (10-13), gastrointestinal carci-
nomas (14-17), breast carcinomas (12,18,19), gliomas (20) and
cervical carcinomas (21). We previously analyzed the expres-
sion of MMP14 in pancreatic cancer tissues and surrounding
normal pancreatic tissues, which revealed that MMP14 was
highly expressed in the pancreatic cancer group, while the
surrounding pancreatic tissue had a low expression level (22).
Therefore, MMP14 has great application prospects as a tumor
biomarker (23). Previously, there have been a number of reports
of MMP14-specific functional blocking antibodies (4,24-27)
and nanosensors (28), which indicate MMP14 may be a useful
tool for diagnostic and therapeutic applications.

Aptamers can bind to target molecules with high
specificity via their specific three-dimensional structures;
therefore, aptamers are chemical antibodies (29). More specifi-
cally, nucleic acid aptamers include short DNA and RNA
aptamers. Cell-systematic evolution of ligands by exponential
enrichment (SELEX) is an improvement of the conventional
SELEX, which uses live cells as the screening object to obtain
aptamers of target molecules in the natural state of the cell
surface (29-32). In order to reduce non-specific aptamers,
negative screening cells are usually introduced (29). Compared
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with antibodies, aptamers have the advantages of cost, easy
synthesis, controllable modification, low toxicity, low immu-
nogenicity, long-term stability and a small size (33). Based on
these advantages, aptamers have become a popular topic in
molecular imaging and targeted therapy (34-40). For example,
by modifying the superparamagnetic iron oxide nanoparticle
(SPION) and doxorubicin co-loaded polymer with aptamer
AS1411 as a targeting agent, the probe could be used not only
for magnetic resonance imaging (MRI) of colon carcinoma
xenografts, but also as a tumor-targeted delivery system (36).
Therefore, aptamers exhibit great application prospects in
molecular imaging and targeted therapy of tumors as targeted
tracers.

In the present study, 293T cells transfected with the recom-
binant MMP14 gene were used as target cells to obtain the DNA
aptamer M17, which specifically recognizes MMP14-positive
cells through cell-SELEX technology, and its application
potential in imaging was further investigated. Aptamer M17
could be used to target pancreatic cancer xenografts in fluo-
rescent imaging. In addition, M17 aptamer was conjugated to
the surface of SPIONs through a biotin-streptavidin system
and the probe could effectively reduce the T2-weighted MRI
signal intensity of two pancreatic cancer cell lines in vitro.

Materials and methods

Cell lines and cell culture. The 293T, PANC-1, MIA PaCa-2,
HepG2 and MCF-7 cell lines were provided by the Department
of Biochemistry and Molecular Biology, The Air Force
Medical University (Xi'an, China). All cell lines were grown
in Dulbecco's modified Eagle's medium (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) containing 10% fetal
bovine serum (Thermo Fisher Scientific, Inc.) and incubated
in 5% CO, at 37°C.

Construction of recombinant vector and transfection.
MMP14 complementary DNA was synthesized and spliced
into CD510B-1 plasmids (System Biosciences, LLC., Palo
Alto, California, USA). The sequence of the synthetic plasmid,
CD510B-1-MMP14, was confirmed through DNA sequencing
by Sangon Biotech Co., Ltd. (Shanghai, China). A total of 5 ug
CD510B-1-MMP14 plasmids were transfected into 293T cells
in a 60-mm dish using 15 ul TransEasy transfection reagent
(Foregene, Shanghai, China). Untreated CD510B-1 plasmids
were transfected into 293T cells using the same method
and served as a control group termed 293T-Plasmid cells.
Following 36 h of transfection, the expression of MMP14 in
the transfected cells was confirmed by western blotting using
an anti-MMP14 antibody (Abcam, Cambridge, UK).

SELEX single-stranded DNA (ssDNA) library and primers.
The random sequence library and primers were synthe-
sized and purified by Sangon Biotech Co., Ltd. The random
sequence library consisted of three parts; the random part,
composed of 40 randomized nucleotides located in the center
of the sequence, and two constant parts, composed of 20
nucleotides respectively located at both ends of the sequence.
The sequence was as follows: 5"-TGCGGAAGCCACCAG
GAGTT@AON)ACGAGCCAAAGAGCCGCCAA-3', where
40N indicates the 40 randomized nucleotides. The forward
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primer sequence was 5-TGCGGAAGCCACCAGGAGT-3'
and its 5' end was labeled with 5-carboxyfluorescein (FAM).
The reverse primer sequence was 5"TTGGCGGCTCTTTGG
CTCGT-3', which was labeled with biotin at the 5' end.

Cell-SELEX. The initial random sequence library of 5 nM
was dissolved in 200 pl binding buffer (Genshare Biological,
Xi'an, China) and then denatured for 5 min at 95°C, followed
by immediate cooling for 10 min on ice. Prior to screening,
the 293T-MMP14 cells were gently washed twice with PBS
for 3 min. The cells (~0.5x10%/cm?) were incubated for 2 h
with the library at 37°C. To remove the unbound sequences,
following incubation the cells were gently washed three times
for 3 min washing buffer (Genshare Biological). The cells were
collected and kept in a 95°C water bath for 5 min and then
immediately cooled for 10 min on ice. The cell-bound ssDNAs
were extracted using phenol, chloroform and isopropanol. The
cell-bound ssDNA was precipitated by sodium acetate and
pre-cooled with isopropanol for 3 h at -20°C. The sediment
was dissolved in 200 pl ultrapure water. This solution was
then amplified by polymerase chain reaction (PCR) using Taq
polymerase and dNTPs from Takara Biotechnology Co., Ltd.
(Dalian, China). The PCR conditions were as follows: 95°C
for 5 min, followed by 30 cycles of 95°C for 10 sec, 57°C for
10 sec, 72°C for 10 sec and 72°C for 5 min. The PCR product
was co-incubated with streptavidin-labeled magnetic beads
(BeaverBeads, Suzhou, China) and the double-stranded DNA
sequences were bound to the magnetic beads via biotin-strep-
tavidin. Following denaturation in 0.15 M NaOH, the positive
strand of DNA was dissociated, collected and used for the
next round of screening. The first round of screening using the
library labeled with FAM was obtained via asymmetric PCR as
aforementioned, except that the forward primers were labeled
with FAM, and flow cytometry, performed as aforementioned,
was used to monitor the effect of screening. From the third to
the twelfth round, the next-round library was incubated with
the cells of the control group and the unbound sequences were
collected and incubated with the target cells. In order to obtain
high-specificity and high-affinity aptamers, with increasing
rounds of screening, the incubation time with the target cells
was gradually decreased from 120 to 30 min, while the time
with the cells of the control group was gradually increased
from 30 min to 2 h. The washing time following incubation
with the target cells was gradually increased. After 12 rounds
of screening, the screened ssDNA library was cloned into the
plasmid using a M5 HiPer pTOPO-Blunt Cloning kit (Mei5
Biotechnology, Co., Ltd, Beijing, China). Subsequently, the
products were transformed into DH5a competent cell-coated
plates for monoclonal colony selection and sequencing by
Sangon Biotech Co., Ltd. The secondary structure of the
finally obtained aptamers were predicted using the RNA struc-
ture. To do so, first open the URL (http:/rna.urmc.rochester.
edu/RNAstructureWeb/), then enter the aptamer name and
sequence, select the nucleic acid type as DNA, and finally click
the ‘submit query’ to obtain the predicted secondary structure
of the aptamers.

Flow cytometry. 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
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Table I. Percentage of fluorescent-labeled cells for cell-system-
atic evolution of ligands by exponential enrichment.

Ratio of positive cells, %

293T-MMP14 293T-Plasmid
Cell 0.16 1.38
Lib 3.65 4.80
3th 195 6.24
6th 48.7 8.66
9th 84.5 1.57
12th 953 1.38

Lib, initial library; MMP14, matrix metalloproteinase 14; Cell, blank
control.

trypsin and EDTA. Then the cells were treated with labeling
solution (Genshare Biological) at 37°C for 30 min. In total,
~2x10° cells were incubated for 30 min at 37°C in the dark
with the FAM-labeled random sequence library or next
round library (20 nM) or aptamers (2 nM) in PBS binding
buffer (200 ul) containing 10% FCS and 0.02% NaN3. After
incubation, the cells were washed thrice using 1,000 pl PBS
washing buffer containing 10% FCS, then re-suspended in
200 pl binding buffer. The incubated cells were analyzed for
FAM using a flow cytometer. FlowJo7.0 software (version 7.0;
FlowJo LLC, Ashland, OR, USA) was used for the analysis
of the flow cytometry data. The dissociation constant (Kd) of
the aptamer and target cells was quantified using the one-site
saturation equation: Y=Bmax x X/(Kd + X), where Y is fluo-
rescence intensity of the cells and X is concentration of the
aptamer and Bmax is maximum binding potential. Analysis
was performed used Sigma Plot 12.5 software (http:/www.
sigmaplot.co.uk/products/sigmaplot/sigmaplot-details.php).

Laser scanning confocal microscopy (LSCM). In total,
~1x10° 293T-MMP14 cells or 293T-Plasmid cells were seeded
in 35-mm dishes for LSCM. When the cells reached 80%
confluency, the cell culture medium was discarded. Following
three gentle washes with PBS, the cells were fixed for 15 min
with 4% paraformaldehyde at room temperature, and then
blocked for 30 min with 1% bovine serum albumin at room
temperature. The cells were then incubated for 30 min with
20 nM FAM-labeled aptamers at 37°C and the cell nucleus
was stained with DAPI for 5 min at room temperature. The
cells were finally imaged by LSCM (magnification, x800).
Pancreatic cancer cells were seeded and cultured in the same
way. Following washing with PBS, the target cells were
incubated for 30 min with 20 nM Cy5-labeled aptamers at
37°C and then images were obtained by LSCM (magnifica-
tion x400).

Western blot analysis. The western blot analysis was
performed in accordance with the protocol by Abcam.
Proteins were extracted using 10x RIPA Buffer (Abcam) and
determined using the BCA method. Proteins were loaded
onto a polyacrylamide gel (10% gel) at a mass of 20 ug per
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Figure 1. Expression of MMP14 protein in 293T-MMP14 cells was analyzed
by western blotting. B-actin was used as an internal control. MMP14, matrix
metalloproteinase 14.

lane, and separated via constant pressure electrophoresis.
The concentration of the gel was 10%. The protein in the gel
was transferred under constant voltage to a polyvinylidene
difluoride (PVDF) membrane. Following blocking for 1 h at
room temperature with PBS containing 5% skimed milk, the
PVDF membrane was incubated with anti-MMP14 antibody
(1:5,000; ab51074; Abcam) at 4°C overnight. After washing
three times with TBS containing 0.1% tween, the membrane
was incubated with the secondary antibody labeled with
horseradish peroxidase (HRP; 1:10,000; ab6721; Abcam) for
1 h at room temperature. Finally, the immunoreactive bands
were visualized by a Chemiluminescent HRP Substrate
(Abcam).

In vivo fluorescence imaging. A total of 30 Athymic BALB/c,
4-week-old mice (15 male, 15 female) were provided by
the Experimental Animal Center of the Air Force Medical
University (Xi'an, China). The average weight of the males
was 17 g, and the average weight of the females was 14 g.
The housing criteria of the mice was set up as per guidelines
from the Experimental Animal Center of the Air Force
Medical University. The tumor-bearing nude mouse model
was generated by subcutaneously injecting 1x10” MIA PaCa-2
cells in suspension into the axilla of the mice. Tumors were
observed until they reached 1.0 cm in diameter. The mice were
anesthetized using a small animal anesthesia system (E-Z
Anesthesia EZ-7000 classic system, E-Z Anesthesia, Palmer,
PA, USA). The animal study was approved by the Ethics
Committee of the Experimental Animal Center of the Air
Force Medical University. When the mice were anesthetized,
100 nM Cy5-labeled aptamer M17 or the initial library was
injected through the tail vein. At different time points, the
CyS5 fluorescence signal of the mice was acquired by a whole
body imaging system (IVIS Lumina II Series, Caliper Life
Sciences; PerkinElmer, Inc., Waltham, MA, USA).

Synthesis of aptamer-conjugated magnetic nanoparticles
and in vitro MRI. Streptavidin-coated polyethylene glycol
(PEG)-Fe304 nanoparticles (Nanjing Nanoeast Biological
Technology Co., Ltd., Nanjing, China) were reacted with
biotin-labeled M17 and the unselected initial library sepa-
rately for 1 h on a shaker to generate the M17-SPIONs and
Lib-SPIONSs, respectively, through a biotin-streptavidin
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Figure 2. Flow cytometry measurements. Flow cytometry was used to monitor the binding ability of the selected libraries with (A) 293T-MMP14 cells and
(B) 293T-Plasmid cells, and the FAM-labeled aptamer candidates to (C) 293T-MMP14 cells and (D) control cells. Lib was used as a negative control. MMP14,
matrix metalloproteinase 14; FAM, 5-carboxyfluorescein; Lib, initial library; Cell, blank control.

system. The probes were gathered by magnetic separation
and finally re-suspended in 3% agarose gel to the required
concentration. The relaxivity of the magnetic nanoparticles
was measured using a Siemens 3.0T MRI scanner (Siemens
AG, Munich, Germany) when the solution was solidified. The
T2 weighted imaging (T2WI) measurement parameters were
as follows: Time of repetition, 3,500 ms; time of echo, 91 ms;
averages, 8; and field of field, 100 mm. TR is time of repeti-
tion, TE is time of echo, FOV is field of view. Subsequently,
~1x107 target cells were incubated with M17-SPIONs and
Lib-SPIONs at 37°C for 1 h. Then the cells were washed
thrice with PBS and resuspended in 3% agarose gel and
scanned with an MRI scanner when the solution was solidi-
fied. 293T cells were used as a negative control.

Statistical analysis. All measurement data is presented as the
mean + standard deviation. The data were analyzed using a
two-sample Student's t-test and Pearson's correlation analysis
using SPSS software (version 17.0; SPSS, Inc., Chicago, IL,
USA). P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results and Discussion

Expression of MMPI14 in transfected cells. To effectively
screen aptamers that specifically recognize MMP14, MMP14
was overexpressed in 293T cells while maintaining its native
conformation on the cell membrane. The cells of the negative

FAM-M17 FAM-Lib

293T-MMP14

293T-Plasmid

Figure 3. Binding specificity assays of the FAM-M17 to 293T-MMP14 cells
and 293T-Plasmid cells by laser scanning confocal microscopy. Lib was used
as a control. Scale bar, 10 ym. MMP14, matrix metalloproteinase 14; FAM,
5-carboxyfluorescein; Lib, initial library.

control group expressed a low level of MMP14. 293T-MMP14
cells and 293T-Plasmid cells were obtained by transfecting
CD510B-1-MMP14 and CD510B-1 plasmids, respectively, into
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Figure 4. Flow cytometry was used to calculate the Kd of M17 for 293T-MMP14 cells. Kd, 4.98+1.26 nM. (A) Binding specificity of M17 to MMP14-positive
cancer cell lines. (B) Secondary structure of M17 predicted by RNA structure. MMP14, matrix metalloproteinase 14; Kd, dissociation constant.

293T cells. A total of 36 h after transfection, western blotting
revealed that MMP14 was overexpressed in 293T-MMP14 cells
and expressed at an almost undetectable level in 293T-Plasmid
cells (Fig. 1). This result indicated that two transfected cell
lines were generated and there was a marked difference in the
expression of MMP14 between them.

Screening results of DNA aptamers. In the cell-SELEX,
293T-MMP14 cells were used as positive screening cells.
To reduce non-specific sequences, 293T-Plasmid cells were
used as negative control cells. The enrichment effect of
each selected round was monitored by flow cytometry. The
fluorescence intensity of the cells indicated the binding
affinity of the library. The fluorescence intensity of the
293T-MMP14 cells bound to the selected library increased
with the number of selection rounds. However, no increase
was observed in the 293T-Plasmid cells (Fig. 2A and B). The
percentages of fluorescent-labeled cells at various stages of
the process are presented in Table 1. The results indicated
that the ssDNA sequences that specifically bound to the
target cells were gradually enriched. However, the degree
of increase gradually decreased as the number of selection
rounds increased. The screening process was completed
after 12 rounds. The final library was amplified and cloned,
then sequenced by Tsingke Biological Technology Co., Ltd.
(Beijing, China).

Analysis and verification of ssDNA aptamers. After
sequencing, 24 effective sequences were selected and synthe-
sized by Sangon Biotech Co., Ltd. with a FAM label on the
5' end. Four representative sequences (M5, M12, M17 and
M35) were selected by flow cytometry due to their high affinity
for recognizing 293T-MMP14 cells. Among these, aptamer
M17 demonstrated the highest affinity for 293T-MMP14 cells
compared with 293T-Plasmid cells (Fig. 2C and D). When
cells were incubated with the FAM-labeled aptamer M17, the

PANC-1 MIA PaCa-2 HepG2 MCF-7

MMP 14

D02 o w— —

B-actin [ — — L

Figure 5. Expression levels of MMPI14 protein in PANC-1, MIA PaCa-2,
HepG2 and MCF-7 cells were analyzed by western blotting. 3-actin was used
as an internal control.

confocal imaging results demonstrated that the fluorescence
signal was predominantly located around the 293T-MMP14
cells and not the 293T-Plasmid cells (Fig. 3). These results
indicated that aptamer M17 discriminated 293T-MMP14 cells
from control cells and that the binding site of aptamer M17
was located on the cell membrane. The Kd value of M17 to
293T-MMP14 cells was 4.98+1.26 nM (Fig. 4A), indicating
that M17 could recognize 293T-MMP14 cells with high speci-
ficity and high affinity. The secondary structure of aptamer
M17 (Fig. 4B) was predicted using RNAstructure (http://rna.
urmc.rochester.edu/RNAstructureWeb/). The sequence of
aptamer M17 is as follows: 5~AGGGCCCGACGTGACGGC
ACGTCGGATATCTCATGCGTGT-3".

To investigate the binding ability of aptamer M17 for
MMP14-positive cell lines, PANC-1, MIA PaCa-2, HepG2 and
MCF-7 were incubated with aptamer M17 labeled with FAM.
The initial library labeled by FAM was used as a negative
control. Western blotting revealed that PANC-1, MIA PaCa-2
and HepG2 cells highly expressed MMP14, while MCF-7 cells
expressed an almost undetectable level of MMP14 (Fig. 5).
As presented in Fig. 6, aptamer M17 markedly increased
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Figure 6. Binding specificity assays of FAM-M17 to different cancer cell lines, analyzed by flow cytometry. (A) MIA PaCa-2; (B) PANC-1; (C) HepG2, and

(D) MCF-7. FAM, 5-carboxyfluorescein; Lib, initial library.

the fluorescence signal in pancreatic cancer (PANC-1, MIA
PaCa-2) cells and hepatoblastoma (HepG2) cells, but not in
breast cancer (MCF-7) cells. The selected initial library did
not have this effect. These results indicate that the aptamer
M17 could distinguish the MMP14-positive cancer cell lines
from the MMP14-negative cell lines. However, it is not clear
which part of MMP14 interacts with aptamer M17. Therefore,
this was the main area of focus in the rest of the present study.

As presented in Fig. 7, The MIA PaCa-2 cells and PANC-1
cells were incubated with M17 labeled with Cy5 at 37°C for
30 min. The results of confocal microscopy imaging revealed
that M17 labeled by Cy5 specifically targeted the surface of
the pancreatic cancer cell membrane.

In vivo fluorescence imaging for pancreatic tumor-bearing
mice. To verify that the aptamer M17 had the ability to recog-
nize MMP14 with high specificity in vivo, MIA PaCa-2-cell
tumor-bearing nude mice were used. After the Cy5-labeled
aptamer M17 was intravenously injected into the tumor-bearing
nude mice for 3 min, a fluorescence signal was observed at the
tumor site, which disappeared after 40 min. The Cy5-labeled
initial library was also injected into the tumor-bearing nude
mice, after which no fluorescence signal was evident at the
tumor site at any observation time point (Fig. 8). These results
indicate that the aptamer M17 could specifically recognize
MIA PaCa-2 cells (MMPI14-positive) in vivo, indicating that

the aptamer M17 has a potential application for recognizing
MMP14-positive cancer in vivo. The targeting residence time
of aptamer M17 in the tumor-bearing nude mice was limited
and completely disappeared after 40 min. The reason for this
may be that the aptamer M17 was an unmodified aptamer.
However, aptamer M17 successfully achieved targeted imaging
of tumors. The next step may be to modify the aptamer to
improve its nuclease resistance.

Synthesis of aptamer M17-conjugated magnetic nanoparticles
and in vitro MRI. To verify the feasibility of SPIONs as MRI
T2WI contrast agents, T2WI using different concentrations
of SPIONs was performed using a 3.0T MRI scanner and
the T2WI values were measured through the workstation.
Fig. 9C presents T2WI images of a 3% agarose gel model
with different concentrations of SPIONs. As the concentra-
tion of SPIONSs increased, the brightness of the T2WI images
decreased. Fig. 9A presents the correlation between SPIONs
concentration and the T2WI value. The correlation coefficient
(r=-0.738) indicated that the concentration of SPIONs was
significantly negatively correlated with the T2WI value. This
result indicates that SPIONs were effective T2WI darkening
contrast agents.

To demonstrate the ability of M17-conjugated SPIONs
(M17-SPIONS5) to target pancreatic cancer cells for MRI
in vitro, cells were incubated with M17-SPIONs probes at
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Figure 7. Binding specificity assays of the Cy5-labeled M17 to MIA PaCa2 cells and PANC-1 cells. Lib was used as a control. Scale bar, 50 ym. Lib, initial
library.
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Figure 8. MIA PaCa-2 tumor-bearing nude mice were injected with Cy5-labeled library (upper panels) or Cy5-labeled aptamer M17 (lower panels) via the
caudal vein, followed by fluorescence imaging at different time points. Tumor regions are shown by red arrows. Lib, initial library.
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Figure 9. MRI measurements. (A) Correlation between T2 value and SPIONs concentration. The coefficient was r=-0.738 (P=0.002), as determined by Pearson's
correlation analysis. (B) The T2 values of different cell groups incubated with M17-SPIONs or Lib-SPIONs. (C) T2WI images of different concentrations of
SPIONSs scanned by 3.0T MRI. The concentrations of SPIONs added to centrifugal tubes nos. 1-5 were 60, 120, 250, 500 and 800 pg/ml, respectively. (D) T2WI
images of different cell lines incubated with M17-SPIONs or Lib-SPIONs scanned by 3.0T MRI. Centrifugal tubes 1 and 2 contained 293T cells, 3 and 4
contained Panc-1 cells, and 5 and 6 contained MIAPaCa-2 cells. Centrifugal tubes 1,3 and 5 were incubated with SPIONs-M17, and 2, 4 and 6 were incubated
with SPIONs-Lib. "P<0.01, “P>0.01. MRI, magnetic resonance imaging; SPION, superparamagnetic iron oxide nanoparticle; Lib, initial library; Fe, iron.

37°C for 1 h. Subsequently, the cells were resuspended in 3%
agarose gel. The T2WI images of different cells were scanned
using a 3.0T MRI scanner. The Lib-SPIONs probes served
as a negative control. Fig. 9D presents T2WI images of the
different cell groups. The T2WI images of MIA PaCa-2 cells
and PANC-1 cells incubated with M17-SPIONs were markedly
darkened, while those of 293T cells were not. After incubation
with Lib-SPIONs, the T2WI images did not darken for any
cell group. Fig. 9B presents a histogram of T2WI values of the
different cell groups incubated with two probes. These results
indicate that M17-SPIONs effectively reduced T2WI values
in MIA PaCa-2 and PANC-1 cells in vitro. The M17-SPIONs
probe was demonstrated to be a potential MRI nanoprobe
for pancreatic cancer. In the future, the conditions of probes
(M17- SPIONS) applied in in vivo xenograft models should be
optimized.

In conclusion, aptamer M17, which specifically recognized
MMP14-positive cancer cells, was successfully obtained by
Cell-SELEX after 12 rounds of screening. Aptamer M17 could
bind to MMP14-transfected 293T cells with high specificity
and high affinity, with a Kd value in the nanomolar range.
Binding analysis revealed that aptamer M17 can recognize
MMP14-positive cancer cells, including PANC-1, MIA PaCa-2
and HepG2 cells. Tumor imaging in vivo demonstrated that
aptamer M17 has potential for targeted diagnosis and treatment
of pancreatic cancer. In addition, aptamer M17-conjugated
SPIONs (M17-SPIONs) demonstrated efficient targeted MRI
of pancreatic cancer cells in vitro. In summary, DNA aptamer

M17 is a promising molecular targeting agent and has poten-
tial application value in the targeted diagnosis and treatment of
MMP14-positive cancer.
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