
Vol.:(0123456789)

Journal of Radioanalytical and Nuclear Chemistry (2024) 333:2059–2068 
https://doi.org/10.1007/s10967-024-09391-z

Evaluation of 18F‑AlF‑labeled IF7 dimer as a promising molecular 
probe for tumor targeting PET imaging in mice

Zhigang Du1 · Xinyu Xue1 · Wenfang Liao1 · Qinyue Gao1 · Fei Chen1   · Bao Zhu1

Received: 22 November 2023 / Accepted: 19 January 2024 / Published online: 20 February 2024 
© Akadémiai Kiadó, Budapest, Hungary 2024

Abstract
Molecular imaging technologies, such as PET imaging, have evolved into powerful tools for tumor diagnosis. Radiolabeled 
dimeric molecular probes have emerged as a promising strategy in PET imaging due to their outstanding characteristics. IF7, 
a peptide targeting Anxa1 overexpressed in endothelial cells of various tumor blood vessels, serves as an excellent tumor-
targeting agent. This research aims to prepare IF7 dimer and evaluate its imaging performance and biological characteristics. 
The biological properties of the tracer were evaluated through in vitro experiments using U87 cells. MicroPET imaging and 
biodistribution were also studied in tumor-bearing mice. MicroPET studies showed a high tumor uptake at 30 and 60 min 
post-injection with 4.09 ± 0.83%ID/g and 2.66 ± 0.55%ID/g, respectively. Co-injection of excess nonradiolabelled peptide 
significantly reduced tumor uptake at 30 min (0.33 ± 0.15%ID/g), confirming the tumor-targeting specificity of IF7 dimer. 
The IF7 dimer tracer demonstrated excellent imaging performance as a tumor-targeting molecular probe, indicating potential 
clinical applicability and offering new possibilities for future early tumor diagnosis.
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Introduction

Molecular nuclear medicine employs radioactive isotopes 
as tracers to investigate intricate molecular-level biologi-
cal processes within the human body. Utilizing nuclear 
medicine imaging technology, it offers real-time insights 
into cellular activity, metabolism, and functionality. This 
capability facilitates accurate disease diagnosis, ongoing 
treatment monitoring, and the delivery of personalized 
medical care [1, 2]. Positron emission tomography (PET) 
stands as an advanced nuclear medical imaging technol-
ogy, distinguished by its significant advantages. This 
method furnishes molecular-level insights into biological 

organisms, offering valuable data on cellular activities and 
metabolic processes. Such information is pivotal for early 
disease diagnosis and treatment monitoring. Additionally, 
PET plays a substantial role in various fields, including 
oncology, neuroscience, and cardiology, thereby enhanc-
ing medical diagnostics' accuracy and personalized treat-
ment strategies [3]. Fluorine-18 (18F) stands out as the 
optimal positron-emitting radionuclide for positron emis-
sion tomography (PET) probes. With a well-suited half-
life of 109.8 min that aligns with various in vivo biological 
ligands, low positron energy (Emean = 0.25 MeV), and 
convenient accessibility via cyclotrons, 18F enhances spa-
tial resolution in PET/CT imaging. Its widespread use as 

Graphical abstract

Keywords  Annexin-A1 · Al18F · GGGRDN-IF7 · PET imaging · Dimeric molecular probe



2061Journal of Radioanalytical and Nuclear Chemistry (2024) 333:2059–2068	

a PET imaging tracer is attributed to these advantageous 
characteristics [4, 5].

Annexins constitute a widely distributed class of calcium 
(Ca2+)-dependent phospholipid-binding proteins. They have 
specific affinities for phosphatidylserine (PS) and play vital 
roles in diverse Ca2+-dependent membrane-related pro-
cesses, such as cell exocytosis, endocytosis, vesicle trans-
port, blood clot regulation, and inflammatory responses. 
These activities significantly contribute to the pathogenesis 
and progression of many human diseases [6, 7]. Annexin-
A1 (Anxa1), a member of the Annexin family, is detected on 
the endothelial cell surface of tumor vasculature in various 
mouse and human tumor types, making it a crucial tumor 
vascular marker [8]. Anxa1 is a multifunctional protein 
involved in various biological processes, including tumor 
angiogenesis, inflammation, neuroendocrine signaling, 
apoptosis, and membrane transport [9]. These attributes ren-
der Anxa1 a suitable target for tumor imaging and therapy.

Research conducted by Shingo Hatakeyama and col-
leagues identified a unique set of peptides capable of mim-
icking the binding of heparin to Anxa1 [10]. Among these 
peptides, IF7 (IFLLWQR) exhibits a specific affinity for the 
tumor vascular receptor Anxa1. IF7 is a concise 7-amino 
acid peptide proven valuable for imaging mouse tumors[11]. 
Moreover, it can bind to anticancer drugs, inhibiting the 
growth of various tumors in mouse models [10, 12]. In 
our previous research, we developed 68Ga-NOTA-IF7 and 
18F-AlF-NOTA-IF7 molecular probes for imaging mouse 
tumors [13, 14]. The findings indicated that while these 
imaging agents did accumulate at the tumor site, they also 
displayed elevated background signals and lacked precise 
targeting in the tumor-bearing mice. Additionally, while 
maintaining the biological activity of IF7, we implemented 
targeted modifications to the peptide molecule. Employing 
Gly-Gly-Gly-Arg-Asp-Asn (GGGRDN) as a novel hydro-
philic peptide linker, we subsequently synthesized 99mTc-p-
SCN-Bn-DTPA-GGGRDN-IF7 and 18F-Al-NODA-Bn-p-
SCN-GGGRDN-IF7. Imaging results showed a substantial 
accumulation of the molecular probes at the tumor site, 
indicating a favorable target-to-background ratio [15, 16].

Recent studies indicate that dimeric tracers demonstrate 
superior tumor uptake and prolonged retention when com-
pared to their monomeric counterparts [17–21]. Guided by 
the concept of dimeric PET probes our objective is to cre-
ate a dimer by linking two molecules, GGGRDN and IF7, 
using lysine as a connector. This dimer will maintain the 
peptide's biological activity, improve in vivo stability, and 
enable radioisotope labeling.

In this study, we synthesized 18F-AlF-p-SCN-NOTA-
(GGGRDN-IF7)2-Lys and employed it as a novel radiotracer 
for imaging in tumor-bearing mice. We conducted in vitro 
cell binding studies with U87 cells and performed in vivo 
evaluations using xenograft U87 tumor-bearing mice.

Materials and methods

General

The custom-synthesized GGGRDN-IF7 dimer (GGGRDN-
IF7)2-Lys, obtained from Apeptide Co. Ltd, (Shang-
hai, China), exhibited a chemical purity exceeding 95%. 
p-SCN-Bn-NOTA was purchased from Macrocy-clics Co. 
Ltd, (USA). All commercially available chemicals were of 
analytical grade and required no further purification. The 
U87 tumor cell line was sourced from the Cell Bank of the 
Shanghai Institute for Biological Sciences. Nude mice were 
sourced from Shanghai SLAC Laboratory Animal Co. Ltd. 
Radiolabeled compounds were analyzed using RP-HPLC on 
a Waters Breeze system, equipped with a Radiomatic 610TR 
flow scintillation analyzer (Perkin-Elmer) and a Waters 2487 
dual λ absorbance detector. Analytical HPLC employed a 
C18 column (Luna 5 μm, 250 × 4.6 mm, Phenomenex) with 
a flow rate of 1 mL/min. The buffer system consisted of 
buffer A (0.1% v/v trifluoroacetic acid in H2O) and buffer 
B (0.1% v/v trifluoroacetic acid in acetonitrile). A gradient 
from 95% buffer A at 0–2 min to 35% buffer A at 35 min 
was applied.

Statistical analysis was conducted using SPSS 17.0 soft-
ware, and the results are presented as mean ± standard devia-
tion (SD). The two-sample t-test was employed for statistical 
analysis, with p-values less than 0.05 considered statistically 
significant.

Tumor model establishment

Subcutaneously inoculated 1 × 10^7 cells into the right ante-
rior flank of female Balb/c nude mice (SLAC Experimental 
Animal Co. Ltd) to establish the U87 tumor model. Utilized 
U87 Balb/c nude mice (6–8 weeks old, female, 16–20 g), 
housed in specific pathogen-free (SPF) individually ven-
tilated cages (IVCs), with ad libitum access to food and 
water. Allowed the tumor on the right side of the mouse to 
reach a diameter of approximately 0.5–1 cm (approximately 
2–3 weeks) before conducting imaging and in vivo biodis-
tribution experiments.

Synthesis and radiolabeling

Radiolabeling of the compound was conducted using 
p-SCN-NOTA-(GGGRDN-IF7)2-Lys. Specifically, 5.57 mg 
of (GGGRDN-IF7)2-Lys and 1.00 mg of p-SCN-NOTA (in 
excess) in a molar ratio of 1:1.3 were dissolved in 1 mL of 
Dimethylsulfoxide (DMSO) and 30 μL N, N-diisopropyl-
ethylamine (DIPEA), sealed under nitrogen and stirred at 
37 °C overnight. The reaction mixture underwent purifica-
tion using preparative HPLC (column: C18, 10 × 250 mm; 
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mobile phase: A, water + 0.1% TFA; B, acetonitrile + 0.1% 
TFA; gradient: 95% A from 0–2 min to 35% A at 35 min). 
The resulting product, p-SCN-NOTA-(GGGRDN-IF7)2-Lys, 
was measured and analyzed by mass spectrometry (MS), 
[M + 4H]4+  = 929, calc: 3712.17 (C166H248N50O46S).

For radiolabeling, 500 μg of p-SCN-NOTA-(GGGRDN-
IF7)2-Lys were dissolved in 20 μL of anhydrous DMSO. 
Then, 5 μL of 2 mmol/L AlCl3, 10 μL of 0.2 M sodium 
acetate buffer (pH 4), and 1110 MBq (30 mCi, 30 μL) of 
18F or a higher amount, dissolved in four times the total 
volume of acetonitrile (pH = 4.5), were added. The reac-
tion mixture was heated at 100 °C in an oil bath for 10 min. 
After cooling, the solution was diluted on a Varian Bond 
Elut C18 column (using 10 mL of anhydrous ethanol and 
10 mL of deionized water). The radioactive activity on the 
column was measured. The C18 column was washed with 
10 mL of PBS followed by 5 mL of distilled water to elimi-
nate impurities. This washing process was repeated until 
the radioactive activity of the C18 column remained stable 
after two consecutive washes, with the change being less 
than 3.7 MBq (100 μCi). Finally, the C18 column was eluted 
with 0.3 mL of hydrochloric acid ethanol to obtain the prod-
uct. The radiochemical purity of 18F-AlF-p-SCN-NOTA-
(GGGRDN-IF7)2-Lys was determined via radio-HPLC (C18 
column, 4.6 × 250 mm; mobile phase: A, water + 0.1% TFA; 
B, acetonitrile + 0.1% TFA; gradient: 95% A from 2 min to 
35% A at 35 min).

Partition coefficient and in vitro stability

Diluted 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys in 
PBS to a concentration of 37 kBq (1 μCi)/mL. Took 0.5 mL 
of the diluted solution and placed it in each of the three cen-
trifuge tubes. Added 0.5 mL of n-octanol to each tube, mixed 
thoroughly, and centrifuged at 3000 × rpm for 5 min at room 
temperature. Took 100 μL from the upper layer (organic 
phase) and 100 μL from the lower layer (aqueous phase). 
Measured the radioactivity of each tube using a γ counter 
(CPM). Finally, the partition coefficient (log P) was calcu-
lated as the ratio of the average CPM values for the organic 
and aqueous phases. In vitro stability testing of 18F-AlF-p-
SCN-NOTA-(GGGRDN-IF7)2-Lys was conducted in healthy 
human plasma at 10, 30, 60, and 120 min using radio-HPLC. 
The stability of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-
Lys in PBS and human plasma was assessed by measuring 
radiochemical purity using an HPLC method at various time 
intervals. The radiolabeled compound (1 mCi/ml) underwent 
incubation in 2 ml of the corresponding solution/medium at 
37 °C for 120 min. At predefined time points, an aliquot of 
the PBS solution was directly injected into HPLC, while the 
serum was passed through a Sep-Pak C18 cartridge, washed 
with 500 μl PBS buffer, and eluted with 500 μl acetonitrile 
(ACN) containing 0.1% TFA.

Cell uptake inhibition and competitive binding 
assays

Cell uptake studies involved U87 cells cultured in 24-well 
plates (4 × 105 cells per well). U87 cells were incubated with 
18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys at 370 kBq 
(10 μCi) per milliliter for 10, 30, 60, and 120 min at 37 °C 
in a 5% CO2 incubator. In the inhibition group, nonradi-
olabelled (GGGRDN-IF7)2-Lys (1 μg/well) was added and 
incubated for 30 min before repeating the previous steps. 
After incubation, the cells were lysed with 200 μL of 0.1 M 
NaOH, and the radioactivity was measured using a gamma 
counter. For the competitive binding assay, U87 cells were 
incubated in 24-well plates with varying concentrations 
of non-radioactive precursor 250 μL (0.1 nM to 10 μM) 
and 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys 250 μL 
(2 μCi) for 2 h at 37 °C. After incubation, the cells were 
lysed with 200 μL of 0.1 M NaOH, and the radioactivity 
was measured. IC50 values were calculated using nonlinear 
regression.

Biodistribution studies

In a biodistribution study, Female Balb/c nude mice bearing 
U87 tumors (n = 4) received intravenous injections of 200 μL 
of 740 kBq (20 μCi) of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys. Biodistribution studies were conducted at 30, 60, 
and 120 min post-injection. In blocking experiment, tumor-
bearing mice were coinjected with excess nonradiolabelled 
(GGGRDN-IF7)2-Lys. Blood, tumor, and major organs were 
collected and wet-weighed. The radioactivity in these tis-
sues was measured using a gamma counter (1470 Automatic 
Gamma Counter, PerkinElmer, USA). The results were pre-
sented as the percentage injected dose per gram of tissue 
(%ID/g). For each mouse, the radioactivity of the tissue sam-
ples was calibrated against a known aliquot of the injected 
activity. The mean uptake (%ID/g) for each group of animals 
was calculated with standard deviations.

MicroPET imaging

Balb/c nude mice bearing tumors were administered 200 μL 
of 3.7 MBq (100 μCi) 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys. Additionally, three tumor-bearing mice under-
went a blocking experiment, receiving a tail vein injection of 
excess nonradiolabelled (GGGRDN-IF7)2-Lys. 30 min later, 
they were injected with 3.7 MBq (100 μCi) of 18F-AlF-p-
SCN-NOTA-(GGGRDN-IF7)2-Lys. The mice were anesthe-
tized and positioned on an imaging bed for microPET imag-
ing using version 1.4 of the Siemens Preclinical Solutions 
software. Static microPET scans were conducted at 30, 60, 
90, and 120 min post-injection, as well as at 30 min post-
blocking (n = 3). Analysis was performed using the Inveon 



2063Journal of Radioanalytical and Nuclear Chemistry (2024) 333:2059–2068	

Acquisition Workplace software (version 1.4; Siemens Pre-
clinical Solutions). Regions of interest (ROI) were deline-
ated around the tumors and major organs on the microPET 

images. The SUVmax for both tumor and muscle was calcu-
lated, and the tumor-to-muscle ratio was determined.

Fig. 1   Synthesis of 18F-Al-p-
SCN-NOTA-(GGGRDN-IF7)2-
Lys
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Results

Synthesis and radiolabeling

In the presence of DIPEA, p-SCN-NOTA-(GGGRDN-
IF7)2-Lys was synthesized by direct coupling  (GGGRDN-
IF7)2-Lys with activated NOTA, yielding 38%. The p-SCN-
NOTA-(GGGRDN-IF7)2-Lys is synthesized at the milligram 
scale, purified using semi-preparative HPLC to obtain a pure 
product, and can be further utilized following lyophilization 

Fig. 2   HPLC radiochromatogram of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys

Fig. 3   The HPLC radio chromatogram of radiolabeled 18F-AlF-p-
SCN-NOTA-(GGGRDN-IF7)2-Lys compounds incubated in human 
plasma for 10, 30, 60, and 120 min

Fig. 4   Tracer uptake in U87 cells at different time points after the 
addition of.18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys (10 μCi)

Fig. 5   Competitive binding of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys in U87 cells. The IC50 of (GGGRDN-IF7)2-Lys was calcu-
lated to be 75.1 nM
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and weighing. The identity of nonradioactive compounds 
was determined by MALDI-TOF, which observed m/z ions 
that matched their calculated molecular weights. The synthe-
sis and labeling steps of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys are shown in Fig. 1. The entire labeling process 
can be accomplished within 20 min, with a decay-corrected 
yield achieved at 65 ± 3.5% (n = 5). The radiochemical 
purity of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys was 
more than 97%. In our preparation of this tracer, 10 nmol 
of p-SCN-NOTA-(GGGRDN-IF7)2-Lys was used to make 
18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys. The HPLC 
chromatogram of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-
Lys was presented in Fig. 2. The retention time of 18F-AlF-
p-SCN-NOTA-(GGGRDN-IF7)2-Lys was 18.5 min.

Partition coefficient and in vitro stability

The oil–water partition coefficient (LogP) for 18F-AlF-p-
SCN-NOTA-(GGGRDN-IF7)2-Lys is − 1.86 ± 0.07, indi-
cating a predominant concentration in the aqueous phase and 
confirming the probe's notable hydrophilicity. Radio-high-
performance liquid chromatography (HPLC) results affirm 
the exceptional stability of the synthesized 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys in vitro. The retention time in 
HPLC remains consistently unchanged for at least 120 min 
in both physiological saline and plasma, maintaining a radio-
chemical purity exceeding 95% (Fig. 3 and Fig. S2).

Cell uptake inhibition and competitive binding

As illustrated in Fig. 4, the time-dependent increase in cel-
lular uptake values of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys in U87 cells, escalating from 2.19 ± 0.15%AD 
at 10 min to 3.69 ± 0.12%AD at 120 min (n = 5), which 
could be blocked by the addition of excess nonradiolabelled 
(GGGRDN-IF7)2-Lys at 120 min (0.78 ± 0.05 AD%), indi-
cating the specific binding between 18F-AlF-p-SCN-NOTA-
(GGGRDN-IF7)2-Lys and U87 cells. The IC50 values of dis-
placement the 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys 
with (GGGRDN-IF7)2-Lys was 75.1 nM (Fig. 5). This value 
aligns with other monomeric IF7 molecular probes, indicat-
ing that the dimerization of the molecular probe has minimal 
impact on its affinity.

Biodistribution studies

To assess the in vivo pharmacokinetic characteristics of 
18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys, we con-
ducted a biodistribution study using U87 tumor-bearing 
mice. As depicted in Fig. 6 and Table 1, the tumor uptake 

Fig. 6   Biodistribution of 
18F-AlF-p-SCN-NOTA-
(GGGRDN-IF7)2-Lys in U87 
tumor bearing mice (n = 4). 
The uptake of 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys 
in tumors was blocked by 
co-injection of (GGGRDN-
IF7)2-Lys

Table 1   F Biodistribution of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys in U87 tumor-bearing mice (n = 4)

Tissue 30 min 60 min 120 min 30 min Block

Tumor 4.97 ± 0.80 2.74 ± 0.11 1.26 ± 0.12 0.49 ± 0.18
Heart 0.73 ± 0.07 0.45 ± 0.04 0.37 ± 0.02 0.57 ± 0.07
Liver 9.78 ± 0.30 7.95 ± 0.66 6.26 ± 0.81 8.72 ± 0.51
Spleen 0.64 ± 0.04 0.45 ± 0.11 0.36 ± 0.10 0.58 ± 0.03
Lung 0.67 ± 0.06 0.59 ± 0.09 0.46 ± 0.10 0.69 ± 0.06
Kidney 16.01 ± 0.85 11.31 ± 1.26 7.57 ± 0.75 15.29 ± 0.87
Muscle 0.52 ± 0.08 0.33 ± 0.03 0.28 ± 0.09 0.37 ± 0.03
Bone 0.62 ± 0.04 0.87 ± 0.03 0.75 ± 0.04 0.54 ± 0.09
Stomach 1.27 ± 0.10 0.44 ± 0.02 0.31 ± 0.08 1.22 ± 0.15
Small intes-

tine
0.96 ± 0.14 0.52 ± 0.04 0.38 ± 0.13 1.03 ± 0.19

Tumor/mus-
cle

10.03 ± 3.08 8.40 ± 1.10 5.17 ± 2.09 1.37 ± 0.60
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of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys at 30, 
60, and 120 min post-injection were 4.97 ± 0.80%ID/g, 
2.74 ± 0.11%ID/g, and 1.26 ± 0.12%ID/g, respectively. These 
values were significantly higher than those observed in nor-
mal organs, such as the heart, intestines, muscles, and bones, 
where uptake remained below 1%ID/g within 120  min 
post-injection. Hepatic and renal metabolism primarily 
governed the fate of 18F-AlF-p-SCN-NOTA-(GGGRDN-
IF7)2-Lys, with the kidney exhibiting the highest uptake 
at 16.01 ± 0.85%ID/g 30 min post-injection, followed by 
the liver at 9.78 ± 0.30%ID/g. Co-injection of (GGGRDN-
IF7)2-Lys almost entirely blocked tumor uptake at 30 min 
(0.49 ± 0.18%ID/g).

MicroPET imaging

The representative decay-corrected images at different time 
points post-injection of the radiotracer are shown in Fig. 7. 
The U87 tumor is clearly observable, and 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys demonstrates a favorable 
tumor-to-background ratio. Quantitative analysis of regions 
of interest (ROI) indicates the following tumor uptake values 
at different time intervals post-injection: 4.09 ± 0.83%ID/g, 
2.66 ± 0.55%ID/g 1.32 ± 0.58%ID/g and 0.55 ± 0.29%ID/g at 
30, 60, 90 and 120 min, respectively. The imaging illustrates 
the primary accumulation of the radiolabeled probe in the 
liver, kidneys, and the tumor site.

To evaluate targeting specificity, nonradiola-
belled (GGGRDN-IF7)2-Lys was co-injection with 

18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys. In U87 
tumor-bearing mice, there was a significant inhibition of 
tumor uptake at 30 min, reducing the tumor uptake value to 
0.33 ± 0.15% ID/g (Fig. 7).

Discussion

The labeling process for most peptide-based radiotracers is 
often time-consuming, involves complex multi-step radioac-
tive synthesis, and typically yields low radiochemical yields 
[22]. Therefore, we selected the Al18F one-step labeling 
method, offering a straightforward process, reduced process-
ing time, high efficiency, and ease of clinical translation [23, 
24]. A study by Carine San et al. in 2023 employed a design 
of experiments (DoE) approach to determine various rel-
evant chemical reaction conditions for Al18F labeling [25]. 
These conditions were validated experimentally, including 
maintaining a pH value of 4.5 and setting the concentration 
of p-SCN-NOTA-(GGGRDN-IF7)2-Lys at 450 μM with a 
1:1 ratio of p-SCN-NOTA-(GGGRDN-IF7)2-Lys to AlCl3. 
Under these optimized conditions, the radiochemical labe-
ling rate was achieved at 65 ± 3.5% (n = 5).

In microPET imaging, IF7 demonstrates substantial 
uptake at the tumor site but suffers from poor hydrophi-
licity, resulting in elevated uptake and slow clearance in 
organs like the liver, stomach, and intestines [14]. These 
issues impede imaging effectiveness and diagnostic capa-
bilities. Therefore, we undertook the modification of IF7 to 

Fig. 7   MicroPET imaging of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys in U87 and blocked U87 tumor-bearing mice. Arrows indicate 
tumors
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alter its pharmacokinetic properties. The modified peptide, 
Gly-Arg-Asp-Asn (GGGRDN), serves as a new hydrophilic 
peptide linker. Compared to IF7, the synthesis of GGGRDN 
is more straightforward, more accessible, and reduces steric 
hindrance while enhancing hydrophilicity. This modifica-
tion significantly improves the in vivo pharmacokinetics of 
peptides [26].

Previously, we developed 18F-Al-NODA-Bn-p-SCN-
GGGRDN-IF7, a PET tracer that demonstrated excellent 
pharmacokinetic effects and PET imaging results [16]. To 
further enhance the probe's targeting ability with Anax1 
based on multivalency, we connected two GGGRDN-IF7 
molecules using lysine (lys). Lysine is a natural amino acid 
found in living organisms, making it biocompatible in bio-
logical systems. This reduces the risk of immune or toxic 
reactions when lysine is used to link biomolecules. The 
amino group in the lysine's side chain was used to react with 
the bifunctional chelator NOTA for labeling. This approach 
avoids connecting NOTA to the peptide chain of GGGRDN-
IF7, preserving its performance.

In vitro, investigations revealed that the compound, 
when incubated individually in physiological saline and 
fresh human serum at 37 °C, maintained consistent peak 
retention time and peak shape on HPLC for up to 120 min. 
It exhibited remarkable stability, boasting a radiochemical 
purity (RCP > 97%). The IC50 values for the dimeric molecu-
lar probe and the monomer were 75.1 nM and 129.5 nM, 
respectively [16]. These findings suggest that the dimerized 
GGGRDN-IF7 molecular probe possesses enhanced recep-
tor binding affinity compared to the monomer.

In Li's research [27], it was observed that the tetrameric 
RGD peptide labeled with 68Ga exhibited the highest tumor 
uptake. However, its relatively poor tumor-to-kidney ratio 
rendered this compound less practical when compared to its 
dimeric and monomeric counterparts. Moreover, both the 
dimeric and monomeric peptides displayed similar tumor-to-
kidney ratios, but the dimeric peptide demonstrated higher 
tumor uptake and prolonged tumor retention time.

The 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys was 
evaluated with microPET imaging and biodistribution 
studies in the U87 tumor-bearing mice. Results indicated 
substantial tumor uptake, predominantly cleared through 
the liver and kidneys. In contrast to the earlier synthe-
sized 18F-AlF-NOTA-IF7, which exhibited notable tumor 
uptake but elevated radioactive levels in the gastrointestinal 
tract [14], the novel dimeric molecular probe significantly 
reduced gastrointestinal radioactive uptake while enhanc-
ing tumor uptake. Remarkably, 18F-AlF-p-SCN-NOTA-
(GGGRDN-IF7)2-Lys displayed no uptake in the bones, 
maintaining stable values within 120  min, suggesting 
excellent in vivo stability with minimal 18F detachment. In 
contrast to the monomeric GGGRDN-IF7 molecular probe, 
the dimeric (GGGRDN-IF7)2-Lys showed no significant 

difference in tumor uptake. However, (GGGRDN-IF7)2-
Lys exhibited a slight reduction in uptake in major organs 
such as the liver and kidneys at 30 min compared to the 
monomer (10.32 ± 2.72%ID/g vs. 9.78 ± 0.30%ID/g and 
17.24 ± 4.56%ID/g vs. 16.01 ± 0.85%ID/g, respectively) 
[16]. The absolute uptake in tumors and the tumor/non-
tumor ratio are vital benchmarks for assessing PET imag-
ing tracers. Typically, the tumor/non-tumor ratio holds 
greater significance since the primary objective of imag-
ing is lesion visualization. Elevated tumor/non-tumor ratios 
assist in precisely outlining the position and boundaries of 
malignant lesions in relation to surrounding tissues. Further-
more, based on imaging and biodistribution data in tumor-
bearing mice, the dimeric molecular probe, 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys, appeared to be a superior 
tracer compared to 18F-AlF-NOTA-IF7 and 18F-Al-NODA-
Bn-p-SCN-GGGRDN-IF7 to some extent [14, 16]. Con-
sistent with PET imaging, biodistribution studies showed 
significant radioactive accumulation in the tumor. At 30, 
60, and 120 min post-injection, the tumor uptake rates for 
18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys in U87 tumor-
bearing mice were 4.97 ± 0.80%ID/g, 2.74 ± 0.11%ID/g, and 
1.26 ± 0.12%ID/g, respectively. In vivo blocking experi-
ments also demonstrated that co-injection with (GGGRDN-
IF7)2-Lys could block over 90% of radioactive uptake in 
the tumor at 30 min post-injection (4.97 ± 0.80%ID/g vs. 
0.49 ± 0.18%ID/g), surpassing the 75% observed in the mon-
omeric 18F-Al-NODA-Bn-p-SCN-GGGRDN-IF7 blocking 
experiment [16], confirming the specific uptake mediated 
by Anxa1 of 18F-AlF-p-SCN-NOTA-(GGGRDN-IF7)2-Lys.

Conclusion

In this study, we successfully developed 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys, a radiopharmaceutical 
probe designed to target Anxa1. This development holds 
great promise for advancing early cancer diagnostics. The 
uncomplicated manual radiolabeling process, combined with 
its high yield and specific activity, underscores the practi-
cality of this probe for clinical applications. In preclinical 
studies involving U87 tumor-bearing mice, 18F-AlF-p-SCN-
NOTA-(GGGRDN-IF7)2-Lys exhibited remarkable imaging 
efficacy, offering clear tumor visualization. This achieve-
ment marks a significant stride towards enhancing cancer 
diagnosis and management.
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