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Abstract A new strategy for the early diagnosis of triple-negative breast cancer (TNBC) is urgently

needed however specific targets are lacking. EphA2 has been reported to be over-expressed in a

variety of tumors, including TNBC, and is closely related to tumor progression. In this study, we

designed a novel peptide, SD01, and tested its potential in the diagnosis of TNBC. FITC-SD01

and FITC-YSA were prepared and found to bind to the 4T1 TNBC cell line, the former showing

greater affinity. 125I-SD01 and 125I-YSA were obtained with high radiochemical yield and

radiochemical purity, and both showed a high binding affinity to 4T1 cells, with a higher Bmax in
125I-SD01. Whole-body phosphoautoradiography showed clearer imaging of tumors in the group

of 125I-SD01 than in 125I-YSA. Biodistribution demonstrated higher tumor accumulation in the
125I-SD01 group. In group of 125I-SD01, the tumor to the opposite muscle tissue (T/NT) ratio

was 5.998 ± 0.37, in contrast to 4.69 ± 0.18 in 125I-YSA group. Our results indicated that
125I-SD01 could selectively and specifically target 4T1 cells in vitro and in vivo, and showed higher

binding affinity and better imaging compared to 125I-YSA. Therefore, SD01 was deemed to be a

novel peptide with more favorable properties in terms of targeting EphA2.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Breast cancer is the most common malignant tumor in women; triple

negative breast cancer (TNBC) accounts for approximately 15–20 %

of breast cancers (Siegel et al., 2022; Jabbarzadeh Kaboli et al.,

2022). Compared with non-TNBC, TNBC is associated with high

metastasis and recurrence rates, poor prognosis, and lacks an effective

targeted therapy (Vagia et al., 2020; Sharma et al., 2020). Chemother-

apy is still the mainstay of treatment, limiting treatment options, espe-
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cially for patients in advanced stages of the disease (Jhan and

Andrechek, 2017). Therefore, we urgently need novel targets that can

be reliably used as part of the early diagnosis of TNBC.

Eph receptors are the largest family of receptor tyrosine kinases

(RTK) (Herath and Boyd, 2010). Among the 14 identified Eph recep-

tors, EphA2 is most closely related to the poor prognosis associated

with tumors (O’Malley et al., 2012; Hou et al., 2012; Liu et al., 2020;

Huang et al., 2017). EphA2 is upregulated in multiple aggressive can-

cers, such as lung cancer, breast cancer, ovarian cancer, prostate can-

cer, etc.; its expression in normal, fully-differentiated tissues is

inhibited (Amato et al., 2016; Youngblood et al., 2016; Gambini

et al., 2018; Park et al., 2013; Salem et al., 2020). Therefore, EphA2

has emerged as a specific target for tumor imaging and therapy

(Zhao et al., 2021). EphA2 is closely related to the proliferation, inva-

sion, and metastasis of TNBC (Salem et al., 2020; Brantley-Sieders

et al., 2008; Okuyama et al., 2020; Song et al., 2017; Torres-Adorno

et al., 2019).

Molecular imaging may be used to assess targetability. The tracer,

which recognizes a corresponding molecule, plays a pivotal role in such

imaging. Various targeting-probe of breast cancer have been reported,

and include peptides, antibodies, and antibody fragments (Li et al.,

2021). Compared with antibodies, peptides show faster uptake and

clearance from the blood and can reach the tumor sites rapidly while

still retaining low nanomolar binding affinities; moreover, peptides

are usually non-immunogenic (Olberg and Hjelstuen, 2010; Richter

and Wuest, 2014). At present, the SWL (SWLAYPGAVSYR) and

YSA (YSAYPDSVPMMS) peptides have been identified to specifically

target EphA2 (Zeng et al., 2021). For example, radiolabeled SWL pep-

tide was developed by labeling SWL peptide with Fluorine-18. How-

ever, the cell association experiments did not reveal a specific

binding or uptake of the radiolabeled peptide (Pretze et al., 2014).

YSA has been reported to deliver chemotherapeutic drugs to

EphA2-positive cancer cells (Wang et al., 2012). Cyclic peptides were

reported with enhanced conformal rigidity of the backbones with

potentially greater activity than linear peptides including higher meta-

bolic stability, stronger affinity, and more binding sites (Konieczny

et al., 2021; Wang et al., 2021; Li and Wei, 2017; Gunasekera et al.,

2018; Chan et al., 2021). However, no EphA2 targeting cyclic peptide

tracer was reported. Compared with SWL, YSA shows higher affinity

to EphA2 (Koolpe et al., 2002). Thus far, no YSA peptide has been

reported in TNBC molecular imaging. Thus, in this study, we designed

the cyclic peptide SD01; with YSA as the control peptide. These two

peptides were verified to specifically bind with EphA2 in 4T1 cells

in vitro. Then novel peptide-based tracers, 125I-labeled SD01 and
125I-labeled YSA, were developed to allow whole-body phosphoau-

toradiography imaging in TNBC tumor-bearing mice. Their ability

to specifically target EphA2-positive TNBC tumors in vivo was inves-

tigated. The in vitro and in vivo results show that compared to YSA,

SD01 shows more favorable properties in terms of targeting EphA2.

2. Materials and methods

2.1. Preparation and identification of SD01 and YSA

The SD01 peptide, targeting the membrane protein EphA2
was designed with a sequence of Tyr-Ser-Ala-cyclo (Lys-Tyr-

Pro-Asp-Ser-Val-Pro-Met-Met-Ser); the YSA sequence was
previously already validated. Peptides SD01 and YSA were
prepared with solid-phase peptide synthesis (SPPs) by an auto-
mated peptide synthesizer, purified by semi-preparative High-

Performance Liquid Chromatography (HPLC) and character-
ized by Mass Spectrometry (MS). The HPLC column and elu-
tion conditions were used as follows:

For SD01. Column: 4.6*250 mm, Diamonsil C18 5 lm; Sol-
vent A: 0.1 % trifluoracetic in 100 % acetonitrile; Solvent B:
0.1 % trifluoracetic in 100 % water;
Gradient:
Time (min)
 A (%)
 B (%)
 Flow rate (ml/min)
0
 24
 76
 1
25
 49
 51
 1
25.1
 100
 0
 1
30
 stop
For YSA. Column: 4.6*250 mm, Kromasil C18 5 lm; Solvent
A: 0.1 % trifluoracetic in 100 % acetonitrile; Solvent B: 0.1 %
trifluoracetic in 100 % water.

Gradient:
Time (min)
 A (%)
 B (%)
 Flow rate (ml/min)
0
 18
 82
 1
25
 43
 57
 1
25.1
 100
 0
 1
30
 stop
Then, the cytotoxicity of SD01 and YSA to target 4T1 cells
was evaluated by CCK8 assays and the cell morphology under
microscope.

2.2. Cell culture

Murine TNBC cell lines 4T1 and EMT6 were purchased from

the American Type Culture Collection (ATCC) and preserved
by the Research Center for Experimental Nuclear Medicine of
Shandong University, China. The cells were cultured in RPMI-
1640 medium supplemented with 10 % fetal bovine serum

(FBS; Sigma) and 1 % penicillin/ streptomycin (Hyclone) at
37 �C with 5 % CO2 and saturated humidity.
2.3. Determination of EphA2 expression

EphA2 protein was quantified using Western blot. Whole-cell
protein extracts from 4T1 and EMT6 cells were prepared using

RIPA lysis buffer (Servicebio). Equal amounts of protein
(20 lg) were subjected to Western blot. Proteins were resolved
and transferred onto nitrocellulose membranes. After blocking
nonspecific binding, the membranes were incubated with pri-

mary antibodies, followed by secondary antibody (Abways),
then ECL western blotting substrate (Servicebio). The primary
antibodies used in this study were EphA2 mAb (1:1000) (CST)

or b-Actin pAb (1:1000) (Abcam). Finally, the membranes
were visualized by a TANON 4200 imaging system and quan-
titatively analyzed using Image J software.

The expression of EphA2 mRNA was detected by semi-
quantitative reverse transcription (RT)-PCR. Total RNA from
4T1 and EMT6 cells was isolated using TRIzol�reagent (Invit-

rogen; Thermo Fisher Scientific, Inc.). cDNA templates were
synthesized using TransScrip� First-Strand cDNA Synthesis
SuperMix Kit (Beijing full Gold Biology Co., ltd.). PCR ampli-
fication was performed according to the instructions of an Easy-

Taq PCR kit (Beijing full Golden Biology Co., ltd.). The
following primers were used: EphA2 forward, 50-GCACAG
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GAAAGGAAGTTGTT-30 and reverse, 50-CATGTAGA
TAGGCATGTCGTCC-30. GAPDH forward, 50-GGAGCGA
GATCCCTCCAAAAT-30 and reverse, 50-GGCTGTTGTCA

TACTTCTCTCATGG-30. PCR products were electrophoresed
in agarose gels and then scanned on aUVanalyzer. Band density
was analyzed and quantified using Image J software.

2.4. Establishment of the tumor-bearing mice model

Female BALB/c mice, aged 6 to 8 weeks, were provided by

Beijing Vital River Laboratory Animal Technology Co., ltd.
4T1 or EMT6 cells were obtained using 0.25 % trypsin and
suspended in phosphate-buffered saline (PBS, 0.01 M, pH

7.4). Each mouse was subcutaneously injected with 3 � 105

cells in 100 lL over the right scapula. Mice were fed with a
routine diet, and the tumor size and body weight were moni-
tored daily. Analyses were conducted when the tumor grew

to a diameter of approximately 10 mm.

2.5. H&E and immunohistochemical staining

Tumors were isolated from 4T1 andEMT6 tumor-bearingmice,
fixed and preserved with 4 % paraformaldehyde, dehydrated
and then embedded in paraffin for sectioning. Hematoxylin-

eosin (H&E) staining was performed according to the kit man-
ufacturer’s instructions. Immunohistochemical staining with
EphA2 pAb (Bioss) was performed according to the manufac-
turer’s instructions. The slides were observed at a magnification

of 200 � and 400 �. Corresponding positive areas of sections
were analyzed (5 fields per slide) by Image-Pro Plus software,
The IOD (integrated optical density) and its corresponding area

were quantified. The AOD (average optical density) value was
obtained according to the formula AOD = IOD � area and
applied to compare the expression of the target protein.

2.6. Cell uptake of FITC-labeled SD01/YSA

Fluorescein-isothiocyanate-conjugated SD01 (FITC-SD01)

and FITC-conjugated YSA (FITC-YSA) were obtained by
coupling FITC-NHS with SD01 or YSA. FITC-SD01 and
FITC-YSA were also characterized by MS. 4T1 cells
(6 � 105/well) were seeded in serum-free RPMI-1640 medium

in 12-well plates and incubated overnight. Then the plates were
incubated with RPMI-1640 medium containing 1 mM of
FITC-SD01 or FITC-YSA. After 10 min, the medium was dis-

carded to remove excess FITC-SD01 and FITC-YSA, and
200 lL/well RPMI-1640 containing DAPI (40-6-Diamidino-2-
phenylindole, Servicebio) was added to each well and incu-

bated for 20 min at 37 �C. Following this, the medium was
removed, the cell monolayer was washed with PBS 3 times
and then bright field and the corresponding fluorescent field

were observed under inverted fluorescence microscopy (EX
475, EM 530, Axio Vert.A1, Zeiss). Fluorescence intensity
was measured and analyzed by Image-Pro Plus software.

2.7. Labelling SD01 and YSA with Na125I

The iodogen method was used to label peptides. Briefly, 2 lg of
SD01 or YSA was added to 100 lL of 0.05 M phosphate buffer

(PB, pH 7.4), followed by the addition of 3.7 MBq of Na125I
(China Isotope & Radiation Corporation, Specific Activity
629 GBq/mg); the mixture was incubated for 20 min at room
temperature, and then the reaction was stopped by adding

150 lL of 0.05 M PB (pH 7.4) and incubated for another
10 min at room temperature. The labeled compounds were
purified with a Hyper-sep C18 column (Thermo Fisher Scien-

tific). Radiochemical purity and stability in normal saline (NS)
and fetal bovine serum (FBS) were confirmed by paper chro-
matography, with a mixture of chloroform and ethanol (V/

V:9:1) used as the mobile phase. For determination of
lipophilicity of radiolabeled peptides, 5–10 lL radiolabeled
peptide (0.1–0.2 MBq) was diluted to a 500 lL volume using
HEPES buffer (pH 7.4). 500 lL of n-octanol was added to

the solution and the mixture was stirred vigorously for
30 min. Subsequently, the mixture was centrifuged. 450 lL
of the water and n-octanol phases were retrieved and cen-

trifuged again. Then the activity in 100 lL of both the HEPES
buffer phase and octanol phase was measured using a Gamma
counter (CII, WIPE TEST COUNTER, CPAINTEC) and the

octanol/water partition coefficient (Log Do/w) was calculated.

2.8. Cell uptake of 125I-SD01 and 125I-YSA in 4T1 cells

4T1 cells were seeded in a 24-well plate at 5 � 105 cells per well.
125I-SD01 in RPMI-1640 medium at a concentration of 10 nM
was added to the plates. Following incubation at room temper-
ature for 5, 10, 20, 30, 60, 90, and 120 min the supernatant was

discarded. Cells were washed twice with cold 1 � PBS (0.01 M,
pH 7.4, containing 0.1 % BSA) and harvested. The radioactiv-
ity in the cells was determined with a Gamma counter. For the

dissociation group, after 120 min of incubation, the super-
natant was removed and cells were washed twice with ice-
cold PBS. Then, fresh RPMI-1640 medium was added and

the supernatant was collected at 5, 10, 20, 30, 60, 90, and
120 min. Radioactivity in the supernatant was monitored by
using a Gamma counter. For 125I-YSA, cells were incubated

at room temperature for 5, 10, 20, 30, 60, and 90 min for the
association; for dissociation, the supernatant was replaced
with fresh medium after incubation for 90 min. The dissocia-
tion half-life, dissociation constant (Koff), and association con-

stant (Kon) were obtained through GraphPad Prism software;
the dissociation constant (Kd) value was determined according
to the equation Kd = Koff/Kon.

2.9. Binding assay of 125I-SD01 and 125I-YSA to 4T1 cells

4T1 cells were seeded in a 24-well plate at 5 � 105 cells per well.
125I-SD01 or 125I-YSA in RPMI-1640 medium (0–300 nM) was
added to the plates, then incubated at room temperature for
2 h. The supernatant was discarded, and cells were washed

twice with cold PBS, then harvested. The radioactivity in the
cells was detected by using a Gamma counter. Non-specific
binding was evaluated by the presence of excess non-labelled
SD01/YSA (75 lM) in the same wells. The maximum binding

ability (Bmax) and dissociation constant (Kd) were obtained
through GraphPad Prism software.

2.10. Dynamic Whole-Body Phosphor-Autoradiography

One day before the administration of 125I-labeled peptides, mice
were fed with 3.5 % sodium iodide solution to block thyroid
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gland uptake of iodine. Tumor-bearing or non-tumor-bearing
normal (as Control) BALB/c mice were intravenously injected
with 0.37 MBq of 125I-SD01 or 125I-YSA through the tail vein.

Whole-body dynamic phosphor-autoradiography was per-
formed at 1, 3, 6, 12, and 24 h after the injection.Mice were anes-
thetized by intraperitoneal injection with 0.6 % pentobarbital

sodium (0.1 ml/10 g body weight). Anesthetized mice were
placed with their back on the storage phosphor screen plate.
After 20min in the dark, the platewas transferred to theCyclone

Plus scanner (PerkinElmer Life Sciences) for scanning. Semi-
quantitative analysis was performed by manually drawing rect-
angular regions of interest within the target area. Digital light
units per square millimeter (DLU/mm2) were obtained using

OptiQuantTM Image Analysis Software (PerkinElmer Life
Sciences). The tumor was isolated after imaging, and ex vivo
tumor phosphor-autoradiography imagingwas thenperformed.

2.11. Ex vivo biodistribution studies

For model or control mice injected with 125I-SD01 or 125I-

YSA, biodistribution study was performed at 6 and 12 h
post-injection. After the mice were euthanized, tumors, blood,
and major tissues/organs of interest (bone, muscle, thyroid,

liver, spleen, kidney, stomach, small intestine, lung, and heart)
were obtained, weighed, and radioactivity was measured with a
Gamma counter. Tissue activity is expressed as the percent
injected dose per gram of tissue (%ID/g). The T/NT ratio (tar-

get to non-target) was defined as the ratio of radioactivity in
the tumor to that in the opposite muscle tissue.

2.12. Statistical analysis

All experiments were repeated three times at least, and the data
are expressed as mean ± standard deviation. Means were

compared using Student’s t-test. p < 0.05 was considered to
indicate a statistically significant difference.
Fig. 1 Chemical structure of two kinds of peptides. A
3. Results

3.1. Identification of synthesized SD01 and YSA

The structure of SD01 or YSA is shown in Fig. 1 Fig. 1A is the
cyclic peptide while Fig. 1B is a linear peptide. Their qual-

ity was assessed using HPLC and MS with the results shown
in Fig. 2. The purity of SD01 and YSA was over 95 %
(Fig. 2A,2C). MS analysis suggested that the correct structure

was present (MS cald for SD01: 1457.66 Da (M+H)+ and for
YSA: 1346.55 Da (M+H)+; Fig. 2B,2D). The viability of 4T1
cells did not decreased after treated with SD01 or YSA accord-
ing to the result of CCK-8 assay, SD01 and YSA had no effect

on the cell morphology under microscopy (results showed in
Supplementary Fig. 1).

3.2. Expression of EphA2 in 4T1 cells

RT-PCR and Western blot were used to confirm the expres-
sion of EphA2 in TNBC cells; the results are shown in

Fig. 3. Compared with EMT6 cells (also a TNBC cell line),
4T1 cells showed a higher expression of EphA2 mRNA and
protein (both p < 0.01).

3.3. H&E and immunohistochemical staining

To validate the expression of EphA2 in TNBC tumor tissue we
performed H&E staining and detected EphA2 with immuno-

histochemical staining (IHC). The results are shown in
Fig. 4. Typical tumor changes were found via H&E staining.
IHC staining showed EphA2-positive brown staining on the

surface and cytoplasm of tumor cells. The AOD of 4T1 tumors
was 0.180 ± 0.006; this was higher than in EMT6 tumors (0.
149 ± 0.008; p < 0.05), which suggested the higher expression

of EphA2 in 4T1 tumors.
. the structure of SD01. B. the structure of YSA.



Fig. 2 Identification of SD01 and YSA. A. HPLC-UV trace of SD01 at 220 nm channel. B. MS report of SD01. C. HPLC-UV trace of

YSA at 220 nm channel. D. MS report of YSA.
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3.4. Cell uptake of FITC-labeled SD01/YSA

To investigate whether the novel peptide SD01 binds to EphA2
on 4T1 cells, we prepared FITC-labeled SD01 and FITC-YSA.

MS analysis suggested the correct structure of FITC-SDO1/
YSA (MS cald for FITC-SD01: 1847.09 Da (M+H)+ and
for FITC-YSA: 1850.6306 Da (M+TFA+H)+; results

showed in Supplementary Fig. 1). As shown in Fig. 5, a strong
FITC-SD01 signal was visible to be mainly aggregated on the
cell membrane in 4T1 cells. In contrast, a weak signal was

observed in 4T1cells with FITC-YSA. The mean fluorescence
intensity of FITC-SD01 was 38.01 ± 0.07 and FITC-YSA
was 21.45 ± 0.08 (p < 0.01). These results indicated that
FITC-SD01 and FITC-YSA bound directly with 4T1 and

the binding of FITC-SD01 was better than that of FITC-YSA.

3.5. In vitro study of 125I-SD01 and 125I-YSA

125I-SD01 and 125I-YSA were successfully prepared with label-
ing rates over 85 % and radiochemical purity above 95 %. In
vitro stability study showed that both tracers were stable over

24 h in fetal bovine serum (FBS) (＞95 %) and normal saline
(＞85 %) (Fig. 6A). Log Do/w was found to be �1.64 ± 0.01
for 125I-SD01 and �1.45 ± 0.01 for 125I-YSA, showing that

these two tracers are hydrophilic; 125I-SD01 was slightly more
hydrophilic than 125I-YSA (p < 0.01).

The uptake of 125I-SD01/YSA by 4T1 cells suggested a
rapid association and dissociation (Fig. 6C). The maximal
125I-SD01 binding was achieved after 120 min. The dissocia-
tion half-life was 7.914 min, with Kon of 6.430 � 106 M�1min�1

and Koff of 0.08758 min�1. While maximal 125I-YSA binding
was achieved after 90 min, the dissociation half-life was

8.117 min, with Kon of 4.683 � 106 M�1min�1 and Koff of
0.08539 min�1. Kinetic binding experiments suggested that
these two radio-tracers possess similar association and dissoci-

ation constants, and both reached equilibrium similarly
quickly. The calculated Kd value for 125I-SD01 was 13.62 nM
while for 125I-YSA was 18.23 nM.

To evaluate the affinity of 125I-SD01/YSA to their receptor

EphA2, saturation binding experiments were performed in the
4T1 cell line. The Kd value of

125I-SD01 was 14.76 nM and the
Bmax value was 4884 cpm. The Kd value of

125I-YSA was found

to be 15.85 nM and the Bmax value was 4034 cpm. (Fig. 6B).
These data indicated that 125I-SD01 and 125I-YSA can specif-
ically bind to EphA2-positive 4T1 cells, and the former showed

a higher binding capacity, but with a similar affinity to EphA2.

3.6. Dynamic Whole body phosphorautoradiography

To further understand whether these tracers target EphA2
in vivo, we performed whole body phosphorautoradiography
on 4T1 tumor-bearing and control mice (Fig. 7A). The highest
radioactivity uptake in the tumor was found at 12 h after tracer

injection. For the isolated tumor ex vivo imaging at 6 and 12 h,
much higher activity was found in the 125I-SD01 than the
125I-YSA group (Fig. 7B, 7C). Tumors in the 125I-SD01 group

exhibited higher uptake at all time points compared with the
125I-YSA group. At 6 and 12 h, radioactivity DLU (digital light
units)/mm2 of tumor area reached 1.50 ± 0.05 � 105 and 1.75

± 0.15 � 105 for the 125I-SD01 group, 1.33 ± 0.05 � 105 and
1.38 ± 0.07 � 105 for the 125I-YSA group (Fig. 7C) (both
p < 0.05). The in vivo radioactivity ratio (digit light units per



Fig. 3 Expression of EphA2 in TNBC cells. A and B. The EphA2 protein expression in 4T1 and EMT6 cells (n = 3). C and D. The

EphA2 mRNA expression in 4T1 and EMT6 cells (n = 3). Representative results were from at least three independent experiments, the

data were presented as the means ± SD from three independent experiments. **p < 0.01.

Fig. 4 H&E staining and immunohistochemistry staining. A. 4T1 tumors, representative microscopy images (200 � and 400 � ) of H&E

and immunohistochemistry staining for EphA2, black arrow refers to the positive area (brown). B. EMT6 tumors, representative

microscopy images (200 � and 400 � ) of H&E staining and immunohistochemistry staining for EphA2, black arrow refers to the positive

area (brown). Representative result was from five independent experiments.

6 B. Qu et al.
mm2 from tumor to contralateral equivalent area) at 6 and 12 h
was observed to be higher in the 125I-SD01 group (1.47 ± 0.04
and 1.84 ± 0.22 for 125I-SD01 group; 1.36 ± 0.03 and

1.39 ± 0.02 for 125I-YSA group), (both p < 0.01), confirming
that 125I-SD01was a better tracer formonitoring EphA2 expres-
sion and SD01 offers promise for TNBC.
3.7. Biodistribution of 125I-SD01 and 125I-YSA.

The tissue radioactivity (%ID/g) for group of 125I-SD01 and
125I-YSA in 4T1 tumor-bearing and control mice at 6 and
12 h post-injection is presented in Table 1. At 12 h post-



Fig. 5 Binding ability of FITC-SD01 and FITC-YSA. Bright field, fluorescence (FITC and DAPI) and corresponding merge images of

4T1 cells. Images of cells under microscope 400 � which were incubated with 10-3M FITC-SD01 or 10-3M FITC-YSA. Representative

results of three independent experiments were reported.

Fig. 6 In vitro study of 125I-SD01 and 125I-YSA. A. Stability of 125I-SD01/YSA in FBS and NS changes over time. B and C. In vitro

evaluation of prepared radiolabeled tracers. Representative saturation binding curve of 125I-SD01/YSA binding to 4T1 cells (B).

Representative association and dissociation kinetics curve of 125I-SD01/YSA binding to 4T1 cells (C). The data were presented as the

means ± SD (n = 3) from three independent experiments.
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injection, the tumor uptake for the 125I-SD01 group was
2.43 ± 0. 27 % ID/g and 1.79 ± 0.18 %ID/g for the 125I-

YSA group. At this time point, the T/NT ratios were
5.99 ± 0.37 (125I-SD01) and 4.69 ± 0.18 (125I-YSA) (both
p < 0.05). 125I-SD01 had high accumulation in the tumor

and low accumulation in normal tissues. In short, the tumor
uptake of 125I-SD01 was higher compared with 125I-YSA at
12 h post-injection. Radioactivity of 125I-SD01 and 125I-YSA
was also detected in the liver, spleen, and kidney; the accumu-

lation of both tracers in the kidney was higher than in the liver
and spleen, suggesting that these two radiotracers mainly
underwent renal clearance. And in non-tumor bearing mice,
no apparent radioactivity accumulation was detected. Our

results suggested that 125I-SD01 exhibited stronger targeting
ability. These results were also found to be consistent with
our phosphor-autoradiography imaging data.
4. Discussion

TNBC is usually defined by its lack of expression of

estrogen receptor (ER), progesterone receptor (PR), and



Fig. 7 Whole-body /ex vivo phosphor-autoradiography after injection of 125I-SD01/YSA. A. Images at 1, 3, 6,12and 24 h after injection

of 125I-SD01/YSA, and black circle refers to the tumor. B. Ex vivo imaging of isolated tumor at 6 h. B. Ex vivo imaging of isolated tumor

at 12 h.

Table 1 The biodistribution for 125I-SD01 and 125I-YSA (%ID/g, n = 5)#.

Tissues 125I-SD01

6 h

125I-YSA

6 h

125I-SD01

12 h

125I-YSA

12 h

125I-SD01

12 h(Control)

125I-YSA

12 h(Control)

Blood 4.61 ± 0.59 4.59 ± 0.07 2.63 ± 0.42 3.08 ± 0.06 3.55 ± 0.28 3.92 ± 0.34

Muscle 0.43 ± 0.08 0.38 ± 0.05 0.26 ± 0.13 0.24 ± 0.08 0.51 ± 0.33 0.33 ± 0.03

Bone 0.52 ± 0.08 0.43 ± 0.08 0.31 ± 0.04 0.43 ± 0.28 0.79 ± 0.20 1.00 ± 0.07

Kidney 6.92 ± 0.66 6.55 ± 0.09 5.97 ± 0.74 4.24 ± 0.35 6.59 ± 1.04 7.24 ± 0.82

Thyroid

Stomach

4.06 ± 0.53

10.6 ± 1.30

3.57 ± 0.62

13.27 ± 1.91

2.04 ± 0.39

8.85 ± 0.82

2.48 ± 0.49

11.67 ± 1.55

2.47 ± 0.58

12.5 ± 1.83

4.89 ± 0.44

14.05 ± 1.25

Spleen

Liver

Intestine

Heart

Lung

Tumor

T/NT

1.44 ± 0.01

1.79 ± 0.05

0.96 ± 0.30

0.68 ± 0.09

1.98 ± 0.07

3.01 ± 0.27

5.20 ± 0.33*

2.34 ± 0.22

1.99 ± 0.13

074 ± 0.05

1.27 ± 0.19

1.62 ± 0.14

1.93 ± 0.44

4.24 ± 0.29

1.00 ± 0.22

0.59 ± 0.34

0.79 ± 0.46

0.64 ± 0.20

1.47 ± 0.30

2.43 ± 0.27

5.99 ± 0.37*

1.20 ± 0.16

1.28 ± 0.18

0.93 ± 0.08

0.64 ± 0.10

0.99 ± 0.10

1.78 ± 0.18

4.69 ± 0.18

1.47 ± 0.33

1.70 ± 0.16

0.99 ± 0.11

0.84 ± 0.05

1.13 ± 0.05

2.38 ± 0.27

2.48 ± 0.24

0.93 ± 0.08

1.14 ± 0.11

1.64 ± 0.20

#The tissue radioactivity for 125I-SD01 and 125I-YSA of 4T1-bearing or normal mice at 6 and 12 h post-injection. The data were presented as the

means ± SD (n = 5) from three independent experiments. *p < 0.05, 125I-SD01 vs 125I-YSA.
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human epidermal growth factor receptor 2 (HER-2) (Burande
et al., 2020). TNBC is the most aggressive type of breast can-
cer, associated with a poor prognosis, high recurrence risk,

short overall survival, and short disease-free survival. These
arise from a lack of validated, actionable molecular therapeu-
tic targets highlighting the urgent need to identify relevant
specific targets (Fosu-Mensah et al., 2015; Kutlehria et al.,
2018; Stovgaard et al., 2018; Li et al., 2020). A targeted mole-

cule with high specificity would provide a basis for the early
diagnosis of TNBC, including via imaging techniques.
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Eph proteins belong to the superfamily of transmembrane
Tyr kinase receptors (Pasquale, 2010). Eph receptors and their
ephrin ligands represent an essential communication system

that directs cellular processes such as cell repulsion, cell–cell
adhesion, cell proliferation, tissue boundary formation, cell
migration, and axon guidance (Kania and Klein, 2016). Of

these, EphA2 is one of themost widely overexpressed in tumors;
downregulating its expression typically inhibits tumorigenicity,
supporting its role in cancer malignancy (Hou et al., 2022). Sev-

eral studies have suggested that EphA2 is overexpressed in
breast cancer and that it correlates with a poor prognosis
(Brantley-Sieders et al., 2008; Okuyama et al., 2020; Liu et al.,
2018). For example, EphA2overexpression increases the aggres-

siveness and metastatic potential in preclinical breast cancer
models (Brantley-Sieders et al., 2008; Gao et al., 2021;
Lévêque et al., 2019). EphA2 overexpression reduces hormone

dependence and sensitivity to tamoxifen in breast cancer
(Gokmen-Polar et al., 2011). Furthermore, EphA2 contributes
to the tumorigenesis of TNBC cells and EphA2 expression con-

stitutes a potential prognostic factor for TNBC patients
(Okuyama et al., 2020; Nikas et al., 2022). Hence, EphA2 may
offer a promising target for TNBC. In this study, the expression

of EphA2 protein was validated in the TNBC cell line 4T1 and
EMT6. The expression of EphA2 in 4T1was significantly higher
than that in EMT6. Therefore, we hypothesized that EphA2-
targeting molecules could be used to target 4T1 tumors.

In recent years, peptides have shown potential for modulat-
ing Eph/ephrin signaling with high selectivity and binding
affinity (Noberini et al., 2012). A series of peptides that selec-

tively target the Eph receptors were identified by phage display
(Barquilla and Pasquale, 2015). For instance, three antagonis-
tic peptides (KYL, APY, and VTM) that selectively target

EphA4 have been characterized, and preclinical studies have
been conducted using the KYL peptide (KYLPYWPVLSSL)
to target EphA4 in the nervous system (Lamberto et al.,

2012). Moreover, radionuclide-labeled peptide probe was also
reported for imaging EphA2-positive tumors. For example, a
99mTc labeled SWL-specific peptide selectively targeted the
EphA2 receptor (Liu et al., 2014). However, none were trialed

in TNBC molecular imaging.
Most of the identified peptides act as antagonists, except for

peptides targeting EphA2, which function as agonists that pro-

mote receptor activation and internalization (Wang et al., 2012).
Of these, YSA is an Ephrin mimetic peptide that selectively tar-
gets the EphA2 receptor; it binds to the ephrin-binding domain

of EphA2 but not other Eph receptors (Gomez-Soler et al.,
2019). Similar to ephrin-A1, which is the physiological ligand
for EphA2, the YSA peptide is an agonist capable of activating
EphA2 signaling and inhibiting downstream oncogenic signal-

ing pathways (Mitra et al., 2010). Hence, YSA may be used as
a selective targeting agent. For example, YSA-modified
Doxorubicin-loaded liposomes have been used to deliver cyto-

toxic drugs into EphA2 expressing osteosarcoma cells, and
YSA anchored TMB (MEK inhibitor trametinib)-loaded
PEGylated nanoliposomes have improved higher intracellular

uptake of melanoma, sensitizing them to chemotherapy
(Haghiralsadat et al., 2017; Fu et al., 2019).

Unsurprisingly, considering the comparatively fragile struc-

ture of linear peptides and their relatively inferior stability, affin-
ity, and selectivity (Carlini et al., 2022; Haberman et al., 2021),
cyclic peptides have gained significance as diagnostic ligands.
Cyclic peptides have several advantages including enhanced
binding affinity and metabolic stability, such as the RGD pep-
tide and related multimeric radioligands targeting integrin
avb3 (Fu et al., 2019; Ogawa et al., 2021; Liolios et al., 2021).

In this study, we investigated whether the cyclic peptide SD01
could be used for EphA2-targeting TNBC molecular targeting
imaging and whether the cyclic peptide could improve stability

and biological activity compared with YSA.
The cyclic peptide SD01 was designed, and SD01 and YSA

were successfully synthesized and characterized. We noticed

that EphA2 was more highly expressed in the 4T1 TNBC cell
line, so in vitro studies were performed using 4T1 cells. The cel-
lular uptake of FITC-labeled SD01 or YSA showed that the
two peptides bound to 4T1 cells. We also found that the bind-

ing ability of FITC-SD01 to EphA2 was higher than FITC-
YSA. 125I-SD01 and 125I-YSA were successfully prepared to
specifically target EphA2 and the stability of 125I-SD01 in

FBS and normal saline was found to be better than 125I-
YSA, showing the robustness and stability of the cyclic
SD01. Association assay, dissociation assay, and saturation

binding experiments showed that 125I-SD01 and 125I-YSA
specifically bound to EphA2 in 4T1 cells with a high affinity.
The Bmax value showed that 125I-SD01 exhibits a higher bind-

ing capacity than 125I-YSA. There was a discrepancy of the Kd

value for YSA (Koolpe et al., 2002); the proper explanation
was that peptides could be modified with labels (e.g., fluores-
cent or radioactive probes) to obtain additional biochemical

functionalities (Zheng et al., 2014; Rokugawa et al., 2018).
From the imaging and biodistribution studies in vivo; 125I-
SD01 and 125I-YSA exhibited relatively low accumulation in

most normal tissue and organs; tracer accumulation was
observed in the tumors at all time points, which showed the
selectiveness and specificity of the peptides to the tumor

EphA2. We found that compared to the 125I-YSA group,
tumor uptake of the radio-labeled 125I-SD01 peptide was
higher and showed better tumor imaging. Notably, the T/NT

ratio indicated more specific accumulation of 125I-SD01 in
the tumor, compared to 125I-YSA. These data suggest that
125I-SD01 possesses favorable characteristics that make it suit-
able for in vivo imaging of EphA2-positive tumors. Our in vivo

and ex vivo results demonstrate that the SD01 peptide is supe-
rior to the YSA peptide in terms of EphA2 targeting.

There are some limitations of our study. The tumor/blood

ratios were a bit low in the biodistribution study. To address
this, we may focus on the optimization of the peptide such
as designing multimer derivatives of the peptide to improve

its binding affinity or accelerate its clearance from blood. We
can also study EphA2 targeting peptides with different
radioisotopes that are suitable for clinical application.

5. Conclusion

In conclusion, SD01 was successfully designed and prepared. In vitro

and in vivo experiments showed that SD01 and YSA specifically bound

to EphA2 in 4T1 cells with a high affinity. Moreover, SD01 exhibited a

higher binding capacity than YSA and possessed more advantages in

terms of TNBC noninvasive imaging. Accordingly, SD01 is a promis-

ing peptide with superior properties for targeting EphA2.
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