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Integrin αvβ6-targeted MR molecular
imaging of breast cancer in a xenograft
mouse model
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Abstract

Background: The motif RXDLXXL-based nanoprobes allow specific imaging of integrin αvβ6, a protein
overexpressed during tumorigenesis and tumor progression of various tumors. We applied a novel RXDLXXL-
coupled cyclic arginine-glycine-aspartate (RGD) nonapeptide conjugated with ultrasmall superparamagnetic iron
oxide nanoparticles (referred to as cFK-9-USPIO) for the application of integrin αvβ6-targeted magnetic resonance
(MR) molecular imaging for breast cancer.

Methods: A novel MR-targeted nanoprobe, cFK-9-USPIO, was synthesized by conjugating integrin αvβ6-targeted
peptide cFK-9 to N-amino (−NH2)-modified USPIO nanoparticles via a dehydration esterification reaction. Integrin
αvβ6-positive mouse breast cancer (4 T1) and integrin αvβ6 negative human embryonic kidney 293 (HEK293) cell
lines were incubated with cFK-9-AbFlour 647 (blocking group) or cFK-9-USPIO (experimental group), and
subsequently imaged using laser scanning confocal microscopy (LSCM) and 3.0 Tesla magnetic resonance imaging
(MRI) system. The affinity of cFK-9 targeting αvβ6 was analyzed by calculating the mean fluorescent intensity in cells,
and the nanoparticle targeting effect was measured by the reduction of T2 values in an in vitro MRI. The in vivo
MRI capability of cFK-9-USPIO was investigated in 4 T1 xenograft mouse models. Binding of the targeted
nanoparticles to αvβ6-positive 4 T1 tumors was determined by ex vivo histopathology.

Results: In vitro laser scanning confocal microscopy (LSCM) imaging showed that the difference in fluorescence
intensity between the targeting and blocking groups of 4 T1 cells was significantly greater than that in HEK293 cells
(P < 0.05). The in vitro MRI demonstrated a more remarkable T2 reduction in 4 T1 cells than in HEK293 cells (P <
0.001). The in vivo MRI of 4 T1 xenograft tumor-bearing nude mice showed significant T2 reduction in tumors
compared to controls. Prussian blue staining further confirmed that αvβ6 integrin-targeted nanoparticles were
specifically accumulated in 4 T1 tumors and notably fewer nanoparticles were detected in 4 T1 tumors of mice
injected with control USPIO and HEK293 tumors of mice administered cFK-9-USPIO.

Conclusions: Integrin αvβ6-targeted nanoparticles have great potential for use in the detection of αvβ6-
overexpressed breast cancer with MR molecular imaging.
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Background
Integrins belong to a heterodimeric transmembrane re-
ceptor family that consists of non-covalently associated
α and β subunits that integrate the cytoskeleton into the
extracellular matrix (ECM), as implied by its name [1].
Among these, integrin αvβ3, an arginine-glycine-
aspartate (RGD)-binding integrin, has been considered a
promising target for tumor diagnosis and treatment [2–
4]. αvβ6 integrin is absent in normal adult epithelia, but
is significantly upregulated in various types of cancers of
epithelial origin, including colorectal carcinoma [5],
breast carcinoma [6], oral squamous carcinoma [7], gas-
tric carcinoma [8], and pancreatic carcinoma [9]. The
expression levels of αvβ6 integrin correlate well with
tumor progression and metastasis [3, 4, 10], which
makes it a promising biological target for molecular im-
aging for early tumor detection and therapy.
Because of the significance of integrin αvβ6 in tumori-

genesis and tumor progression, many pioneering experi-
mental studies have focused on αvβ6-targeted ligands,
including peptides and non-peptide inhibitors [11–17].
More recently, a novel sub-nanomolar αvβ6-specific lig-
and, the nonapeptide cyclo [FRGDLAFp(NMe)K] (re-
ferred to as cFK-9) was identified, which is characterized
by the RXDLXXL motif sequence [18]. It has high αvβ6
binding affinity (IC50 = 0.26 nM), remarkable selectivity
against other integrins (αvβ3: IC50 = 632 nM; α5β1: IC50 =
73 nM; αvβ5 and αIIbβ3, IC50 > 1000 nM), and is very
stable in human plasma [18]. Recently, 68Ga-labeled
cFK-9 has been developed as a radiotracer for in vivo
positron emission tomography (PET) imaging of integrin
αvβ6 expression, and the radiolabeled probe exhibited
specific integrin αvβ6 in vivo imaging of lung cancer
[15]. Although promising, nuclear medicine imaging has
a relatively low spatial resolution, which may not be con-
ducive to the precise localization of the target lesion.
Another limitation is the exposure to ionizing radiation.
Among the various imaging modalities, magnetic

resonance imaging (MRI) is increasingly used in the
clinical arena due to its exceptional spatial resolution,
great soft tissue contrast and lack of ionizing radi-
ation [19, 20]. However, few reports on integrin αvβ6-
targeted MR molecular imaging have been published.
Magnetic nanoparticles (MNPs), represented by ultra-
small superparamagnetic iron oxide (USPIO) nanopar-
ticles, mainly provide negative T2/T2*-weighted
contrast by shortening the T2 relaxation time, leading
to the generation of a hypointense signal [21]. More-
over, USPIO nanoparticles have the advantages of an

enlarged surface area, good biocompatibility and sta-
bility to serve as a vehicle. Various targeting moieties,
such as antibodies and peptides, can be conjugated to
the surface of USPIO to develop targeted nanoprobes
[22, 23].
In the present study, we applied a novel RXDLXXL-

coupled peptide conjugated with USPIO nanoparticles
(referred to as cFK-9-USPIO) for the realization of integ-
rin αvβ6-targeted in vitro and in vivo MR molecular im-
aging by using a breast cancer xenograft mouse model.

Methods
Synthesis of cFK-9-USPIO
Targeted nanoparticles (cFK-9-USPIO) were prepared
based on previous reports [24]. Twenty-nine milligrams
of integrin αvβ6 targeted peptides cyclo [FRGDLAFD
p(NMe)K] (simplified as cFK-9, Chinese Peptide Com-
pany, Hangzhou China) were dissolved in 2.9 mL 0.1M
sodium bicarbonate solution to prepare 0.01 mg μL− 1

cFK-9 peptide solution. In addition, 1.4 g N-ami-
no(−NH2)-modified ultrasmall superparamagnetic iron
oxide nanoparticles (USPIO) (Sigma-Aldrich, St. Louis,
MO, USA) were dissolved in 7.5 mL normal saline and
mixed with 2.9 mL cFK-9 peptide solution. The mixture
was placed on a shaker (120 rpm) for 8 h at 37 °C, centri-
fuged in an ultrafiltration tube with a 3-kDa molecular
weight cut-off at 12000×g for 10 min, and then washed
with saline. The washing step was repeated three times.
The final product as cFK-9-USPIO was diluted to 0.1
mg μL− 1 using normal pyrogen-free saline.

Characterizations of the targeted magnetic nanoprobe
Determination of the size of the targeted nanoparticles
was performed using a transmission electron microscope
(Tecnai F30, FEI Company, Hillsboro, OR, USA). Sam-
ples were dispersed in deionized water (30 μg Fe/mL),
loaded onto a carbon-coated Cu grid, and imaged at an
acceleration voltage of 160 kV. T2-weighted imaging of
nanoparticles was performed using a 3.0 T MR scanner
(Discovery MR 750, GE Healthcare, Milwaukee, WI,
USA) with a T2-weighted fast spin echo pulse sequence
(TR = 2050 ms; TE = 85.0 ms; FOV = 80 × 10 mm2; data
matrix = 256 × 160; slice thickness = 3 ms; spacing = 0.3
mm). The transverse relaxation time (T2) of the nanop-
robe was measured at a gradient of Fe concentrations by
using the T2 mapping sequence with eight readout
echoes (TR = 1700 ms; TE = 9.2, 18.4, 27.6, 36.8, 46, 55.2,
64.4, and 73.6 ms; FOV = 80 × 64mm2; data matrix =
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128 × 128; slice thickness = 3 mm; spacing = 0.3 mm;
NEX = 2).

Cell culture
Integrin αvβ6-positive mouse breast cancer cells (4 T1)
and integrin αvβ6-negative human embryonic kidney 293
(HEK-293) cells were obtained from the Cell Bank of the
Institute of Biochemistry and Cell Biology, Chinese
Academy of Science (Shanghai, China). Cells were grown
and maintained in RPMI-1640 complete medium sup-
plemented with 10% fetal bovine serum (Gibco, Wal-
tham, MA, USA) at 37 °C in a humidified atmosphere
comprising 5% CO2 and 95% O2.

In vitro binding assays of targeting peptide cFK-9
To analyze the targeting affinity of the cFK-9 peptide to
integrin αvβ6, cellular immunofluorescence was per-
formed. cFK-9 was labeled with AbFlour 647 far-red
fluorescent dye (Abbkine, Redlands, CA, USA). 4 T1 and
HEK293 cells were cultured in confocal dishes and di-
vided into two groups: an experimental group and a con-
trol group. For the experimental group, cells were
incubated with AbFlour 647-labeled cFK-9 (0.1 mg μL− 1)
and excess cFK-9 (100-fold) at 37 °C for 8 h, the control
group cells were incubated with AbFlour 647-labeled
cFK-9 (0.1 mg μL− 1) and PBS solution under the same
conditions. The adherent cells were fixed with cold
methanol for 10 min and blocked with 5% BSA at 37 °C
for 30 min. Hoechst 33342 solution was used to stain the
nuclei after incubation with the cells. Fluorescence im-
ages were collected using a confocal microscope, as
mentioned earlier. All experiments were performed in
triplicate. The mean fluorescence intensities of 4 T1 and
HEK293 cells were analyzed using Image J bundled with
64-bit Java 1.8.0_112 (https://imagej.nih.gov/ij/download.
html).

In vitro MR imaging
The 4 T1 and HEK293 cells were harvested into 15mL
centrifuge tubes. The cell suspensions were centrifuged
at 1006.2×g for 3 min and then washed three times with
PBS. cFK-9-USPIO (40 μL) and cFK-9-USPIO with ex-
cess cFK-9 (40 μL) solution were added to the cells, and
the mixture was incubated for 2 h. Before imaging, the
cells were rinsed with PBS twice to remove excess un-
bound free probes. For MRI, T2-weighted images
(T2WI) and T2-mapping were performed using a 3.0 T
MR scanner, as mentioned earlier. The reduction of T2
relaxation times was calculated using T2 map (parame-
ters: TR = 1700ms; TE = 9.4, 18.8, 28.2, 37.6, 47, 56.4,
65.8, and 75.2 ms; FOV = 80 × 64mm2; data matrix =
128 × 128; slice thickness = 3 mm; spacing = 0.3 mm;
NEX = 2) to evaluate the targeting effect using in vitro

MR imaging. All experiments were performed in
triplicate.

Animals and xenograft tumor model
Animal housing facilities and handling protocols were
approved by the Institutional Animal Care and Use
Committee of the Cancer Hospital, Chinese Academy of
Medical Sciences. The integrin αvβ6-positive 4 T1 tumor
and integrin αvβ6-negative HEK293 tumor models were
established as previously described [25]. Six-week-old fe-
male BALB/c nude mice weighing 20–25 g (n = 18) were
purchased from Beijing Huafukang Biotechnology Co.
Ltd. (Beijing, China). All mice were bred and maintained
under specific pathogen-free conditions (22 ± 3 °C, 50–
70% relative humidity, and a 12-h light-dark cycle) in
accredited animal facilities. Mice (n = 12) were injected
with 4 T1 cells (5 × 106 cells per mouse) on the left side
of the axilla. For the HEK293 model, 5 × 106 HEK293
cells were subcutaneously injected into the left axilla of
mice (n = 6). The 4 T1 tumor-bearing mice were ran-
domly divided into two groups (6 mice/group). The mice
were used when their tumor volumes approached 80–
120 mm3. All animal experiments were conducted on
anesthetized animals and performed according to the
guidelines of the Animal Ethics Committee of the Can-
cer Hospital Chinese Academy of Medical Sciences
(NCC2016A002).

In vivo MR imaging
In vivo MR imaging was performed using a 3.0 Tesla MR
scanner (Discovery MR 750, GE Healthcare) equipped
with an 8-channel animal coil as described in previous
studies [26, 27]. The 4 T1 (n = 6) and HEK293 (n = 6)
tumor-bearing BALB/c nude mice were scanned 0, 1, 8,
12, and 24 h after caudal vein injection with targeted cFK-
9-USPIO probes (0.1mg μL− 1, 100 μL/mouse). The same
protocol was performed in 4 T1 tumor-bearing mice (n =
6) as a non-targeting USPIO control. T2-weighted images
(T2WI) were acquired with a T2-fast spin echo sequence
(parameters: TR = 1500ms; TE = 85ms; FOV = 60 × 10
mm2; data matrix = 160 × 160; slice thickness = 1mm; spa-
cing = 0.8mm; NEX = 4). The image sequences of the T2-
multi-echos map were as follows: TR/TE 1500ms/7.2,
14.4, 21.6, 28.8, 36, 43.2, 50.4, and 57.6ms; FOV = 60 × 8
mm2; data matrix = 128 × 128; slice thickness = 1mm; spa-
cing = 0.8mm; NEX = 4. T2 values of each tumor in 4 T1
and HEK293 mice were calculated from the T2 map at
the workstation (Advantage Workstation 4.6; GE Medical
System, Milwaukee, WI, USA).

Histological examination
Tumors and normal tissues of the liver, spleen, kidney,
and muscle were collected and fixed in formaldehyde so-
lution at 4 °C for 24 h prior to paraffin embedding.
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Sections were stained for detection of iron oxide-based
nanoparticles using the Perls’ Prussian blue staining
method. All tissue sections were stained with
hematoxylin and eosin (H&E). In addition, immunohis-
tochemical integrin αvβ6 (Bioss Inc., Beijing, China; 1:
200) staining was performed on 4 T1 and HEK293
tumor sections. Subsequently, all the stained sections
were observed under a Leica DMI 4000 B fluorescence
microscope (Leica, Wetzlar, Germany).

Statistical analysis
SPSS (version 25.0; SPSS Inc., Chicago, IL, USA) was
used for data management and statistical analysis. Data
are expressed as mean ± standard deviation (SD) and an-
alyzed by independent-samples Student’s t-test and two-
way repeated measures ANOVA for time course ana-
lysis, where P values less than 0.05 were considered sta-
tistically significant.

Results
Characterization of cFK-9-USPIO
Figure 1A illustrates the synthesis route for cFK-9-
USPIO. The TEM images of cFK-9-USPIO and USPIO
are shown in Fig. 1B. The core size of cFK-9-USPIO and

USPIO determined by TEM was 5.54 ± 1.01 nm and
5.52 ± 0.81 nm, respectively. T2-weighted images at 3.0 T
(Fig. 1C) suggested that the T2WI signals of cFK-9-
USPIO decreased in an iron concentration-dependent
pattern. The cFK-9-USPIO had a short T2 relaxation
time and the T2 relaxivity of cFK-9-USPIO was 122.8
mM− 1 s− 1 (Fig. 1D). In addition, after incubation with 4
T1 cell suspension, the 1:200M ratio of USPIO to cFK-9
peptides showed the most significant reduction in T2
signal intensity when compared with other different syn-
thetic molar ratio groups (1:10, 1:800, 1:4000), as shown
in Supplementary Fig. 1.

In vitro binding affinity and specificity assays of targeting
peptide cFK-9
To examine the integrin αvβ6-targeted binding ability of
cFK-9, an in vitro competition binding assay was per-
formed using cellular immunofluorescence. The integrin
αvβ6-positive 4 T1 cells and integrin αvβ6-negative
HEK293 cells were incubated with AbFlour 647-labeled
cFK-9 and AbFlour 647-labeled cFK-9 with excess cFK-
9, respectively.
In the 4 T1 cells group, a remarkably lower fluorescent

signal was detected in cells incubated with AbFlour 647-

Fig. 1 Characterization of the nanoprobe. a The schematic synthesis route and structure model of integrin αvβ6-targeted MR nanoprobe (cFK-9-
USPIO); b The size and histogram analysis of cFK-9-USPIO and USPIO under transmission electron microscope (TEM); c T2-Weighted MRI images
(3.0 T, Discovery MR 750, GE Medical System, Milwaukee, WI, USA) of increasing cFK-9-USPIO concentrations (mM); D T2 relaxation rate (1/T2, S− 1)
versus cFK-9-USPIO concentration at 3.0 T
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labeled cFK-9 and excess cFK-9 compared to cells incu-
bated with AbFlour 647-labeled cFK-9 alone (Fig. 2a).
The mean fluorescence intensity was quantitatively ana-
lyzed using Image J, and significant differences were ob-
served between fluorescence values after incubation with
AbFlour 647-labeled cFK-9 and AbFlour 647-labeled
cFK-9 with excess cFK-9 (Fig. 2b). However, no obvious
signal intensity changes were detected in HEK293 cells

between the AbFlour 647-labeled cFK-9 or AbFlour 647-
labeled cFK-9 with excess cFK-9 (Fig. 2b).
As shown in Fig. 2a, 4T1 cells (integrin αvβ6 overex-

pressed) incubated with AbFlour 647-labeled cFK-9 dis-
played remarkably higher fluorescence intensity than
HEK293 cells (integrin αvβ6 rarely expressed). The mean
fluorescence intensity in 4 T1 cells was significantly
higher than that in HEK293 cells (Fig. 2b). Similar

Fig. 2 In vitro targeting by laser scanning confocal microscopy (LSCM). a The 4 T1 and HEK293 cells were incubated with targeted cFK-9-AbFluor
647 or cFK-9-AbFluor 647 with excess cFK-9 peptides. A lower red fluorescence signal was detected in the 4 T1 membrane incubated with cFK-9-
AbFluor 647 with excess cFK-9 peptides compared to cFK-9-AbFluor 647 only. In addition, the red fluorescence of 4 T1 cells incubated with cFK-9-
AbFluor 647 is higher than HEK293 cells; b Quantitative analysis of 4 T1 and HEK293 cells by Image J bundled with 64-bit Java 1.8.0_112. *, p <
0.05; ***, p < 0.001

Li et al. Cancer Imaging           (2021) 21:44 Page 5 of 11



results were observed for two additional sets of inde-
pendent experiments.

In vitro MR imaging of the selective binding of the
targeted nanoprobe cFK-9-USPIO to cells
The binding of cFK-9-USPIO to integrin αvβ6-positive 4
T1 cells and integrin αvβ6-negative HEK293 cells was
confirmed by in vitro MR imaging. As shown in Fig. 3a,
the T2 signal intensity of 4 T1 cells incubated with cFK-
9-USPIO was remarkably lower than that of cFK-9-
USPIO with excess cFK-9, but no obvious difference in
T2 signal was observed in HEK293 cells incubated with
cFK-9-USPIO or cFK-9-USPIO with excess cFK-9. The
reduction in T2 values in 4 T1 cells incubated with cFK-
9-USPIO was significantly higher than that with excess
cFK-9 (P < 0.001, Fig. 3b). In addition, the reduction of
T2 in 4 T1 cells incubated with cFK-9-USPIO was higher
than that in HEK293 cells (P < 0.001, Fig. 3b). There was
no statistically significant difference among the T2
values of 4 T1 and HEK293 cells that were not exposed
to the targeted probes (110.18 ± 0.44 vs. 110.47 ± 0.84
ms).

In vivo MRI of the selective binding of the targeted
nanoprobe cFK-9-USPIO to integrin αvβ6-positive 4 T1
tumors
The results in Fig. 4 show the MR imaging of mice
transplanted with integrin αvβ6-positive 4 T1 and integ-
rin αvβ6-negative HEK293 tumors at different time
points after respective injection of cFK-9-USPIO or con-
trol USPIO. By comparing the T2-weighted images of
tumor-bearing mice at 3.0 T before and after injection
with targeted cFK-9-USPIO nanoparticles, we found that
T2 signal intensity gradually reduced in 4 T1 tumors

after cFK-9-USPIO circulation for 8 h, and the reduced
T2 signal effect remained in the tumor area after 24 h.
On the contrary, a slight reduction of T2 signal intensity
was observed in 4 T1 tumor-bearing mice injected with
control USPIO (Fig. 4b) and HEK293 tumor-bearing
mice injected with cFK-9-USPIO (Fig. 4c), which illus-
trated that cFK-9-USPIO was preferentially accumulated
in integrin αvβ6-positive tumor tissues. T2 values in 4 T1
tumors remarkably decreased within 8 h of injection
with targeted cFK-9-USPIO, and the T2 value reached a
minimum at 18.06 ms (Fig. 4d). Further quantitative ana-
lysis (Fig. 4e) showed that the ΔT2 values in 4 T1
tumor-bearing mice injected with cFK-9-USPIO were
significantly higher than those in 4 T1 mice injected with
plain USPIO at 8 h, 12 h and 24 h (12.32 ± 0.44 vs.
2.98 ± 1.16 ms, 9.77 ± 0.61 vs. 2.66 ± 1.34ms, 8.78 ± 0.94
vs. 2.85 ± 1.34 ms; P < 0.001). Significantly higher ΔT2
values were also detected in 4 T1 tumor-bearing mice
injected with cFK-9-USPIO than in HEK293 tumor-
bearing mice (Fig. 4e, f (1, 10) = 52.462; P < 0.001). Inter-
estingly, T2 signals in the liver and spleen (Supplemen-
tary Fig. 3) also decreased after 1 h of administration of
cFK-9-USPIO and remained decreased until 24 h. On
the contrary, no obvious T2 signal intensity changes
were detected in the kidney and muscle after injection
with cFK-9-USPIO.
Prussian blue stained and H&E stained sections of the

tumor, liver, spleen, kidney, and muscle of 4 T1 and
HEK 293 tumor-bearing mice are shown in Fig. 5.
Prussian blue staining of tissue sections showed high

levels of iron positive cells in the tumors of 4 T1 tumor-
bearing mice injected with targeted cFK-9-USPIO and
fewer iron-containing cells in the tumors of 4 T1 tumor-
bearing mice injected with non-targeting USPIO at 8 h.

Fig. 3 Cytological verification of targeting ability of cFK-9-USPIO nanoparticles using MRI. The harvested 4 T1 and HEK293 cells were incubated
with medium containing cFK-9-USPIO or cFK-9-USPIO with excess cFK-9 peptides. a MR image shows decreased T2 signal in 4 T1 cell phantoms
incubated with cFK-9-USPIO compared to HEK293 cells or control, and higher T2 signal in 4 T1 cell phantoms incubated with cFK-9-USPIO with
excess cFK-9 peptides than cFK-9-USPIO only. b Quantitative plots of differences in the reduction of T2 values of 4 T1 cells incubated with cFK-9-
USPIO compared to that of 4 T1 cells incubated cFK-9-USPIO with excess cFK-9 peptides. In addition, the reduction of T2 values in 4 T1 incubated
with cFK-9-USPIO is higher than HEK293. ***, p < 0.001
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In addition, as shown in Supplementary Fig. 4, low to
intermediate levels of iron-containing cells were also ob-
served in the livers and spleens of 4 T1 tumor-bearing
mice in both targeted cFK-9-USPIO injection and non-
targeting USPIO injection groups at 8 h. In the HEK293
tumor-bearing mice group, low to intermediate levels of
iron-positive cells were present in the liver and spleen, but
no obvious iron-containing cells were detected in the
tumor tissues 8 h after injection with targeted cFK-9-
USPIO (Supplementary Fig. 4), which suggested that cFK-
9-USPIO specifically targeted the integrin αvβ6-positive
tumor. In addition, no tissue damage was detected in
H&E-stained sections of the liver, spleen, kidney, and
muscle tissues after injection of cFK-9-USPIO (Fig. 5).

Immunohistochemical (IHC) analysis
As shown in Supplementary Fig. 5, integrin αvβ6 expres-
sion in 4 T1 tumor tissues was much higher than that in

HEK293 tumor tissues. It is expected that our designed
targeted cyclic RGD nonapeptide-conjugated USPIO
nanoparticles hold great promise for application in in-
tegrin αvβ6 MR molecular imaging.

Discussion
In this study, we developed a novel RXDLXXL motif-
based MR nanoprobe with a simple preparation process
and evaluated its imaging capability in vivo. Our findings
suggest that integrin αvβ6-targeted nanoparticles specif-
ically bound to integrin αvβ6-positive tumor cells in vitro
and selectively accumulated in xenograft tumors, which
was detected by in vivo MRI.
Noninvasive visualization and quantification of integ-

rin αvβ6 expression levels in vivo have greatly contrib-
uted to the understanding of the mechanisms of
tumorigenesis and hold great promise for earlier screen-
ing. Recently, integrin αvβ6 was identified as the

Fig. 4 In vivo MRI of xenograft tumor-bearing nude mice. Axial MRI images of the 4 T1 xenograft tumor-bearing nude mice at different time
points after tail-vein injection of cFK-9-USPIO (a) or USPIO (b). An evidently decreased T2 signal was observed in tumor 8 h after administration of
cFK-9-USPIO probes through tail vein. In contrast, no obvious T2 signal decrease was found in 4 T1 tumor received USPIO injection. c No obvious
T2 signal changes in HEK293 tumor after tail-vein injection of cFK-9-USPIO probes. d Quantitative T2 values of 4 T1 and HEK293 tumor-bearing
mice after cFK-9-USPIO or USPIO injection at different time points. e Δ T2 values of 4 T1 tumors received cFK-9-USPIO probe and plain USPIO, and
HEK293 tumors received cFK-9-USPIO probes injection at 1 h, 8 h, 12 h, 24 h
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molecular target in 4 T1 and BxPC3 cells. Expression of
αvβ6 correlates with poor patient survival [28]. This
study demonstrated that MRI with a novel cFK-9-
coupled USPIO could efficiently identify tumors in a 4
T1 xenograft model. The specificity of integrin αvβ6-tar-
geted nanoparticles was investigated in vitro and in vivo.
Compared to control plain USPIOs, 4 T1 cells had a
higher uptake of cFK-9-USPIO, which could be reduced
after competition with uncoupled peptides, which veri-
fied the specific binding of cFK-9-USPIO to integrin
αvβ6. For in vivo experiments, 4 T1 tumor models were
used in which integrin αvβ6 was solely expressed on the
tumor, making these models ideal for investigating the
potential of DLXXL-based probes to image tumor
localization. The results of the present study demon-
strated that cFK-9-USPIO showed a heterogeneous sig-
nal decrease mainly in the periphery and some central
areas of the tumor, which is consistent with the charac-
teristic abundant angiogenesis and integrin αvβ6 expres-
sion pattern of the tumor [3]. Quantitative analysis also
indicated that the T2 relaxation time decreased

significantly more after injection of cFK-9-USPIO than
after injection of plain control particles. Taken together,
these findings suggest that cFK-9-USPIO is able to spe-
cifically and efficiently probe tumorigenesis in a human
4 T1 xenograft model using MRI. The availability of
αvβ6-targeted peptides provides an exciting toolbox for
targeting different tumor phenotypes.
Compared to other molecular imaging approaches,

such as single-photon emission computed tomography
(SPECT), positron emission tomography (PET), optical
imaging and ultrasound imaging, MR imaging can pro-
vide the most exquisite anatomical soft tissue details
with high spatial resolution [19, 20]. USPIO nanoparti-
cles have been developed as an imaging contrast agent
in a considerable number of studies for MR targeted
molecular imaging [26, 29–31]. Upon surfacemodifica-
tion, the USPIO nanoparticles can be conjugated with
various targeting moieties, such as antibodies, peptides,
polysaccharides, nucleotides, and ligands, to develop tar-
geted nanoprobes [22, 23]. However, MRI has a rela-
tively low sensitivity compared to nuclear medicine.

Fig. 5 (a) Prussian blue, hematoxylin and eosin (H&E) staining of tumor tissues and liver, spleen, kidney, muscle tissues in the 4 T1 and HEK293
xenograft tumor-bearing BALB/c nude mice at 0 h, 8 h after the injection of cFK-9-USPIO or USPIO. A large number of iron blue particles were
observed in the 4 T1 tumor tissues but few particles are found in HEK293 tumor tissues from mice injected with cFK-9-USPIO at 8 h. A few blue
iron particles are found in liver and spleen tissues of 4 T1 and HEK293 tumor-bearing mice received cFK-9-USPIO at 8 h. For the 4 T1 tumor-
bearing mice received USPIO, iron-positive cells were hardly observed in tumor tissues and a few iron blue particles are found in liver and spleen
tissues at 8 h. No iron-positive cell is observed in kidney and muscle tissues in 4 T1 neither HEK293 tumor-bearing mice
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Therefore, there is an urgent need to increase the select-
ivity of cFK-9-USPIO MR molecular probes that can ac-
cumulate in the target αvβ6-positive tumor cells and
induce a significant T2 signal change in the tissue to be
detected by MRI. To tackle this problem, different syn-
thetic molar ratio protocols for improving binding affin-
ity were subsequently attempted in our in vitro studies.
Our data suggest that the 1:200 ratio of cyclic RGD non-
apeptides to USPIO used in synthesis could significantly
reduce T2 signal intensity and quantitative T2 values
when incubated with 4 T1 cell suspension. In the present
study, the core size of cFK-9-USPIO determined by
TEM was 5.54 ± 1.01 nm, which allows these nanoparti-
cles to readily penetrate into the target tumor tissue
through the compromised vascular endothelium. In
addition, our targeted probes cFK-9-USPIO possessed
distinct T2 relaxivity (122.8 mM− 1 s− 1), which could re-
markably shorten T2 relaxation time and result in a de-
crease in T2 signal intensity in MR imaging in the
targeted areas.
In our study, integrin αvβ6-expressing 4 T1 cells and

αvβ6-negative HEK293 cells were used to establish the
positive and negative control models, respectively. Our
experimental results showed that the targeted probe suc-
cessfully reduced T2 signal intensity in the in vitro MRI
of integrin αvβ6-positive tumor cell phantoms and the
in vivo MRI of αvβ6-expressing tumor xenografts. More-
over, a large number of iron-containing cells were de-
tected by Prussian blue staining of 4 T1 tumor tissues,
which further confirmed that our targeted probes cFK-
9-USPIO were truly binding to the integrin αvβ6-positive
tumor. These data confirmed that targeted cFK-9-
USPIO nanoparticles in our in vivo experiments were
successfully administered as effective MR contrast agents
due to distinct T2 relaxivity, and the coupled cyclic RGD
nonapeptides (cFK-9) could mediate targeted binding in
integrin αvβ6-positive tumors, so as to achieve MR-
targeted imaging at molecular imaging.
Furthermore, significant T2 signal intensity reduction

was also observed in the liver and spleen of mice
injected with cFK-9-USPIO nanoparticles, and Prussian
blue staining detected moderate quantities of iron-
positive cells. In contrast, few iron-positive cells were de-
tected in the kidney and muscle tissue sections by Prus-
sian blue staining. These experimental results are
consistent with those of previously published studies [26,
32]. This phenomenon could be explained by nanoparti-
cle clearance mediated by macrophages in the liver and
spleen. Previous studies have shown that intravenously
administered nanoparticles undergo opsonization by
interacting with serum proteins and are eventually
cleared by the mononuclear phagocytic system (MPS),
leading to non-specific accumulation of nanoparticles in
organs including the liver and spleen [22, 33]. In

addition, a slight reduction in T2 signal intensity and
few iron-positive cells in Prussian blue staining of 4 T1
with non-targeted USPIO and HEK293 with targeted
USPIO were observed in our experiments. This
phenomenon could be explained by the prerequisite of
“passive targeting”, driven by the enhanced permeability
and retention (EPR) effect. Nanoprobes tend to accumu-
late in tumor tissues via leaky tumor vasculature and
dysfunctional lymphatic drainage, known as the en-
hanced permeability and retention (EPR) effect, leading
to low levels of non-specific accumulation of off-
targeted unbound nanoparticles at tumor sites [34, 35].
Due to the non-specific uptake by the reticuloendothelial
system and the EPR effect-mediated accumulation of
off-targeted unbound nanoparticles, the sensitivity of
nanoprobe-targeted imaging is relatively low in compari-
son with small-molecule radiotracers that are able to
more easily penetrate the biological membrane when
considering therapy monitoring [36–38]. Enhancing ac-
tive targeting to achieve a high signal-to-noise ratio is
worth exploring in the future.
There are some limitations to our study. First, a sub-

cutaneous transplantation tumor model was used in our
in vivo MRI study, which could not reflect the influence
of the tumor microenvironment. Second, our targeted
probes, as USPIO-based nanoparticles, were nonspecifi-
cally cleared by the reticuloendothelial system (RES) to a
great extent. Currently, PEGylation and cell membrane-
camouflaging are the most common approaches to en-
hance the biocompatibility of nanoparticles and reduce
their non-specific elimination by reticuloendothelial sys-
tem (RES) uptake [39–42]. Various surface modifications
can be applied, including different polymer coatings
such as PEG or dextran, or cell-membrane-camouflaged
nanoparticles to prevent our targeted nanoparticles from
being rapidly recognized by macrophages in the liver
and spleen and prolong their blood circulation when ad-
ministered intravenously in future research. Third, the
presence of passive targeting mediated by the EPR effect
and nonspecific accumulation of off-targeted unbound
nanoparticles in the tumor lead to “noise” background
signal reduction, that interferes with quantitative target-
ing imaging analysis. Improving the efficiency of active
targeting in relation to off-targeted unbound nanoprobes
is essential for tumor-targeted imaging and precision
therapy. Recent studies indicated that high-affinity li-
gands and smaller sized nanoparticles could help achieve
a high level of active targeting and reduce the interfer-
ence mediated by the EPR effect [43, 44]. This question
is worthy of consideration in our subsequent research.
Fourth, apart from the single-mode diagnostic utility of
MR targeted imaging, the translational potential of iron-
based nanoprobes is relatively limited. The molecules of
iron-based nanoparticles are relatively large compared to
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small-molecule targeting probes, leading to a poorer
ability to penetrate biological membranes. In addition,
the cytotoxicity and immunotoxicity of iron-based
nanoprobes limit their application. Designing novel for-
mulations with better biocompatibility and reducing the
iron-mediated toxicity may assist in expanding transla-
tional applications [21, 34]. Moreover, multimodal im-
aging that combines different imaging modalities
possesses superior ability to detect tumors, and we are
currently exploring the feasibility of dual magnetic res-
onance/fluorescence imaging for targeting integrin αvβ6
at the molecular level.

Conclusions
In conclusion, we designed novel integrin αvβ6-targeted
nanoparticles and verified that these nanoparticles spe-
cifically bound to integrin αvβ6-positive tumor cells
in vitro and selectively accumulated in xenograft tumors
using in vivo MRI approaches. Our findings demonstrate
that integrin αvβ6-targeted nanoparticles have great po-
tential for use in the detection of various αvβ6-rich can-
cers with MR molecular imaging.
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