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Abstract: HER2 overexpression is associated with various tumor types and prompted the development of targeted therapies. Previously, 
iso-[211At]SGMAB-5F7 was developed as a HER2-targeted alpha therapy agent, demonstrating promising therapeutic efficacy in the pre-
clinical stage. Aiming for an 18F-labeled tracer for companion diagnostics in clinical translation, we employed the Al18F-RESCA strategy in 
our current work and investigated whether [18F]AlF-RESCA-5F7 could visualize HER2 expression in vivo. [18F]AlF-RESCA-5F7 was attained 
with high radiochemical purity (> 99%) and molar activity in the range of 16.5 ± 8.8 GBq/μmol (n = 8). Compared to previously reported 
radiotracers that contained 5F7 as the HER2-targeting carrier and fluorine-18 as the positron-emitting isotope, the radiosynthesis was 
simplified to one single step within 30 min. The dissociation constant of [18F]AlF-RESCA-5F7 was determined as 3.3 nM via saturation 
binding assay using SKOV3 ovarian carcinoma cells. Tumor uptake of the novel tracer in Balb/c nude mice bearing SKOV3 xenografts 
was 4.69 ± 1.51, 3.34 ± 0.82 and 3.77 ± 0.99 %ID/g at 1, 2, and 4 h post-injection. Even though high retention of radioactivity was 
seen in the kidneys, micro-PET/CT imaging of [18F]AlF-RESCA-5F7 delineated the tumor up to 4 h post-injection with minimal activity in 
the gallbladder, intestines, and bone. This study suggests that [18F]AlF-RESCA-5F7 is a promising HER2 PET radiotracer with an eased 
radiolabeling method. Whether [18F]AlF-RESCA-5F7 could work as a companion diagnostic agent to assist in patient stratification and 
treatment monitoring of iso-[211At]SGMAB-5F7 warrants further investigation.
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Introduction

Receptor tyrosine-protein kinase erbB-2, also called 
HER2, is a member of the epidermal growth factor recep-
tor family of receptor tyrosine kinases. Overexpression of 
HER2 promotes cellular proliferation and tumorigenesis 
via the autophosphorylation of tyrosine residues within 
the cytoplasmic domain of the heterodimer [1]. Anti-HER2 
monoclonal antibody, such as trastuzumab and pertu-
zumab, was approved for the treatment against HER2-
positive breast cancer. Besides, HER2-targeted therapies 
are tested in clinics for patients with other solid tumors 
containing HER2 overexpression and/or amplification [2]. 
With patient stratification and treatment monitoring 
goals, the development of radioligands has gained sub-
stantial interest in non-invasively visualizing HER2 via 
positron emission tomography (PET) [3-5].

Single-domain antibody fragments (sdAb), or VHH or 
nanobody, are the smallest natural antigen-binding frag-
ments derived from Camelids [6]. The low molecular 
weight of 12-15 kDa allows nanobodies to clear faster 
from the blood than the intact antibody and thus makes 
them ideal for labeling with fluorine-18 for PET imaging [7, 
8]. 5F7, an anti-HER2 sdAb, was previously conjugated 
with various prosthetic agents for 18F-labeling, as shown 
in Figure 1A [9-11]. Generally, these molecular probes 
exhibited excellent PET tumor imaging in athymic mice 
bearing SKOV3 or BT474 xenograft with low background 

activity levels in normal tissues, except the bladder or/
and the kidneys. However, their radiosyntheses usually 
request at least two steps, including the radiofluorination 
of a prosthetic agent and subsequent reaction with lysine 
residues of 5F7 in borate buffer or trans-cyclooctene 
(TCO) functionalized 5F7 via the inverse electron-demand 
Diels-Alder reaction. The total synthesis time is usually 
long with a low-to-moderate radiochemical yield (RCY), up 
to 20% decay-corrected RCY in the case of [18F]FN-GK-
5F7. Most recently, iso-[211At]SGMAB-5F7 (Figure 1B) was 
reported as a promising agent for targeted alpha therapy 
of HER2-expressing cancers in the preclinical stage [12]. 
Thus, a simplified 18F-labeling 5F7 is highly attractive  
for companion diagnostics, particularly in future clinical 
translation.

The Al18F labeling method has become convenient for 
attaining 18F-labeled biomolecules [13]. It allows radio-
fluorination with a one-step procedure via forming alumi-
num monofluoride ({Al18F}2+), which is trapped in the che- 
lator-conjugated peptide or protein. Conventional Al18F-
strategy using macrocyclic chelators, such as 1,4,7-tri-
azacyclononane-1,4,7-triacetic acid (NOTA) and 1,4,7-tri-
azacyclononane-1,4-diacetic acid (NODA), generally re- 
quests high temperature (> 100°C). Such harsh condi-
tions are not compatible with heat-sensitive biomolecules. 
Recently, Cleeren et al. published a new Al18F-chelation 
employing a tetrafluorophenyl ester derivative of the 
restrained complexing agent [(±)-H3RESCA-TFP], an acy-
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clic pentadentate ligand with an N2O3 coordinative set 
[14]. This approach achieved efficient radiolabeling at 
room temperature, and the resulting Al18F-complex dem-
onstrated high in vivo stability in preclinical and clinical 
studies [15, 16]. In the present work, we report on the 
radiosynthesis of [18F]AlF-RESCA-5F7 (Figure 1C) to sim-
ply the previously reported radiofluorination approach. 
The in vitro stability of the tracer was investigated in the 
final formulation. Biological evaluations were conducted 
to investigate its kinetic profile, including cellular reten-
tion and internalization, biodistribution, and PET imaging.

Materials and methods

General

All reagents were obtained from commercially available 
resources and used without further purification except 
where noted. The human ovarian cancer cell line SKOV3 
was purchased from the National Collection of Authen- 
ticated Cell Cultures (Shanghai, China). The cells were  
routinely grown in MCCOY’S 5A medium supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin and 
streptomycin in an atmosphere containing 5% CO2 at 
37°C. All animal experiments were approved by the 
Institutional Animal Care and Use Committee of Fudan 
University (202308037S).

Preparation of (±)-H3RESCA-5F7 conjugates

The anti-HER2 sdAb 5F7 was kindly provided by Zentera 
Therapeutics (Shanghai, China). Adjusting pH to 8.5 using 
0.05 M sodium carbonate-bicarbonate buffer, an exces-
sive amount of (±)-H3RESCA-TFP (10 eq) with the acyclic 
chelator was added and coupled to the 5F7. The reaction 

was shaken at room temperature for 2 h. Afterward, the 
mixture was loaded to a pre-conditioned PD-10 column 
(GE Healthcare), and 0.1 M ammonium acetate buffer (pH 
4.4-4.6) was employed as an eluent. The concentration in 
each fraction was measured with Nanodrop (Mettler 
Toledo GmbH, UV5NANO), and the molar extinction coef-
ficient for 5F7 was set to 21555 M-1·cm-1 [17]. Peak frac-
tions were combined and stored at -20°C until the day of 
radiolabeling.

Radiochemistry

The no-carrier-added [18F]fluoride was obtained by the 
bombardment of 98% enriched 18O-water via 18O (p,n)18F 
nuclear reaction with 11 MeV protons in a RDS 111 cyclo-
tron (Siemens, Germany). An aqueous solution containing 
[18F]F- was trapped on a QMA cartridge (Sep-Pak Accell 
Plus QMA Light cartridge). The cartridge was rinsed with 5 
mL of deionized water. The concentrated [18F]F- was elut-
ed with 0.9% NaCl (wt/vol) and collected in the LoBind 
Eppendorf tube. Pipette 10 μL of 2 mM AlCl3 into an ali-
quot of the eluted [18F]F- (> 1.1 GBq, 100 μL), and the 
resulting solution was incubated at room temperature for 
5 min before the addition of (±)-H3RESCA-5F7 (200 μg, 
16 nmol). After incubation at room temperature for 10 
min, the mixture was purified using a PD-10 column with 
saline as an eluent. The radiochemical purity (RCP) of [18F]
AlF-RESCA-5F7 was determined by radio-TLC (Mini-Scan, 
Eckert & Ziegler Radiopharma, Inc. MS-100) using 0.01 M 
phosphate-buffered saline (PBS) buffer as the mobile 
phase. The size exclusion-chromatography (SEC) on Ul- 
tiMate™ 3000 HPLC systems equipped with a UV detec-
tor and a radioactive detector (Gabi Nova, Mid Energy, 2 × 
2”NaI-PMT) using TSKgel UP-SW2000 column (2 μm, 4.6 

Figure 1. A. 18F-radiolabeling 5F7 via a variety of prosthetic agents; B. Chemical structures of iso-[211At]SGMAB-5F7; C. [18F]AlF-RESCA-
5F7 labeled and evaluated in present work.
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mm × 30 cm, Tosoh Bioscience LLC, King of Prussia, PA). 
0.01 M PBS containing 3% NaN3 was employed as the  
eluent with a flow of 0.35 mL/min under the wavelength 
of 280 nm. The radiochemical yield (RCY) was determined 
as the ratio of the [18F]AlF-RESCA-5F7 to the total radioac-
tivity in the aliquot with decay correction.

In vitro stability

The in vitro stability of [18F]AlF-RESCA-5F7 complexes was 
investigated as previously reported [18]. Briefly, [18F]AlF-
RESCA-5F7 in the final formulation was stored at room 
temperature for 4 h and analyzed by SEC using 0.01 M 
PBS buffer as the mobile phase.

Determination of dissociation constant (Kd)

The 24-well plate was seeded with approx. 1 × 105 cells 
per well 24 h before the experiment. On the experimental 
day, the monolayers were rinsed twice with ice-cold PBS 
(pH = 7.4). [18F]AlF-RESCA-5F7 (~20 GBq/μmol) was pre-
pared in cold PBS with concentrations. After 2 h incuba-
tion at 4°C, the medium was removed. The plate was then 
washed twice with cold PBS and lysed with 300 μL of 1 M 
NaOH for 20 min. The lysates were collected and mea-
sured in an automatic Gamma Counter (Wizard® 2470, 
PerkinElmer, USA). Nonspecific binding was defined by  
co-incubation of 23 μM trastuzumab. The nonlinear 
regression was fitted in GraphPad Prism Software (One-
site - Total and nonspecific binding, version 9.5.0) to cal-
culate the Kd.

Cellular retention and internalization

The assay was conducted in triplet, as previously reported 
[19]. Briefly, the harvested cells were seeded in 6-well 
plates with several 1 × 106 cells/well and incubated with 
3 mL MCCOY’S 5A medium supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin and streptomycin 
24 h before the experiment. On the experimental day, 
cells in each well were incubated with [18F]AlF-RESCA-5F7 
(0.296 MBq) dissolved in MCCOY’S 5A medium at 4°C for 
0.5 h. After washing with PBS, the plate was replenished 
with fresh medium and incubated at 37°C. At 1, 2, and 4 
h of incubation, the medium was removed, and the cells 
were quickly washed twice with ice-cold PBS buffer (pH = 
7.4) containing 0.2% bovine serum albumin (BSA). The 
membrane-bound radioactivity was dissociated using ice-
cold 0.2 M glycine buffer (0.15 M NaCl, 4 M urea, pH = 2) 
[20]. The remaining activity was considered internalized. 
The lysates were collected by incubating with 1 M NaOH 
for 20 min at room temperature, and the radioactivity was 
measured with an automatic Gamma Counter (Wizard® 
2470, PerkinElmer, USA). The results were expressed as 
the percentages of initially bound activity.

Biodistribution

A group of four Balb/c mice bearing SKOV3 xenografts 
received [18F]AlF-RESCA-5F7 (2.95 MBq, 3.9 μg) in 100 
μL saline via the tail vein. The animal was sacrificed by 
decapitation under anesthesia at 1, 2, and 4 h post-injec-

Figure 2. A. Radiosynthesis of [18F]AlF-RESCA-5F7; B. Radio-thin-layer chromatograms of reaction mixture, [18F]AlF-RESCA-5F7 and [18F]
AlF-RESCA-5F7 after 4 h storage at room temperature; C. Co-injection of [18F]AlF-RESCA-5F7 and (±)-H3RESCA-5F7 using size exclusion 
chromatography.
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Figure 3. A. Saturation binding curves of [18F]AlF-RESCA-5F7 in the SKOV3 cells to de-
termine Kd value. B. Cellular internalization of [18F]AlF-RESCA-5F7 in SKOV3 cells. The 
results are presented as surface-bound and internalized fractions of the radioactivity 
initially bound to the cells after 1, 2 and 4 h incubation at 4°C.

tion, and the organs of interest, including blood, brain, 
heart, liver, spleen, lungs, kidney, muscle, bone, and 
tumor, were dissected, weighed and counted in an auto-
matic Gamma Counter (Wizard® 2470, PerkinElmer, USA).

PET imaging

[18F]AlF-RESCA-5F7 (3.07 MBq, 3.2 μg) was intravenously 
injected into SKOV3 xenograft tumor-bearing mice (n = 3). 
The experiment used the Inveon microPET-CT scanner 
(Siemens Inc., The United States). At 1, 2, and 4 h post-
injection, the animal was anesthetized using 2-3% iso- 
flurane with an isoflurane vaporizer (Molecular Imaging 
Products Company, United States), and static PET/CT 
imaging was obtained for 15 min using a procedure previ-
ously described [21]. 5F7 (80 mg/kg, formulated in PBS 
buffer) was co-injected with the radiotracer for blocking 
studies. The data was reconstructed using the order- 
ed subsets expectation maximization 3D algorithm 
(OSEM3D), reviewed in the Inveon Research Workplace 
(IRW) software (Siemens), and analyzed using PMOD soft-
ware (version 4.401, PMOD Technologies Ltd., Zurich, 
Switzerland).

Immunohistochemistry of HER2 expres-
sion

SKOV3 xenograft was collected from sac-
rificed animals and cut into a thickness of 
3 μm. Recombinant Anti-HER2 antibody 
(1:1000 dilution; Abcam, ab214275) was 
used to stained HER2 expression and 
detected by OptiView DAB IHC Detection 
Kit (KeyGEN, KGB4101-5).

Results and discussion

Radiochemistry

The preparation of (±)-H3RESCA-5F7 and 
the radiosynthesis of [18F]AlF-RESCA-5F7 
are presented in Figure 2A. 10-fold mo- 

lar excess of (±)-H3RESCA-TFP was coupled to 5F7, and 
the mixture was purified by PD-10 column to obtain 
(±)-H3RESCA-5F7. On the experimental day, the RESCA-
conjugated 5F7 reacted with an aqueous solution of the 
Al18F complex. [18F]AlF-RESCA-5F7 was obtained in 20% 
decay-corrected radiochemical yield (RCY), and the total 
synthesis time was around 30 min. The radiochemical 
purity was above 95% as determined by radio-thin-layer 
chromatography (Figure 2B) with a molar activity in the 
range of 16.5 ± 8.8 GBq/μmol (n = 8). As depicted in 
Figure 2C, co-injection with (±)-H3RESCA-5F7 confirmed 
the identity of the tracer, and the product in the final for-
mulation was stable after 4 h storage at room tempera-
ture. Compared to those of [18F]TFPFN (Two-step with 
decay-corrected RCY of 4.0 ± 2.0% in 95 min) and [18F]
FN-GK-5F7 (Two-step with decay-corrected 20.0 ± 3.0% 
in 90 min) [10, 11], the 18F-radiolabeling of [18F]AlF-RESCA-
5F7 was completed in one-step within 30 min and pro-
vided the desired product with moderate molar activity 
and high radiochemical purity.

Cellular assays

The Kd value of [18F]AlF-RESCA-5F7 was determined as 
3.3 nM via saturation binding assay using HER2-positive 
SKOV3 ovarian carcinoma cells (95% confidence intervals 
[CIs] of 2.5-4.4 nM), as shown in Figure 3A. This is similar 
to those reported for [18F]TFPFN (2.7 nM) and [18F]FN-GK-
5F7 (5.4 nM) [10, 11]. After 0.5 h incubation at 4°C, the 
plate was washed with PBS, and the remaining radioactiv-
ity was considered as initially bound activity. The intracel-
lular uptakes of [18F]AlF-RESCA-5F7 were measured as 
9%, 11%, and 11% after incubating the plate 1, 2, and 4 h 
at 37°C, respectively. As shown in Figure 3B, most of the 
radiotracer bound to HER2 targets at the surface of the 
cells. The total cell-bound activity (surface-bound plus 
internalized) remained above 80% throughout the experi-
ment, suggesting the long retention time of the tracer on 
the targets.

Table 1. Biodistribution of [18F]AlF-RESCA-5F7 in Balb/c 
mice bearing SKOV3 xenograftsa

Organ 1 h 2 h 4 h
Heart 0.34 ± 0.04 0.14 ± 0.01 0.11 ± 0.01
Liver 1.06 ± 0.19 0.75 ± 0.12 0.47 ± 0.09
Spleen 0.44 ± 0.18 0.22 ± 0.01 0.20 ± 0.08
Lung 0.79 ± 0.17 0.34 ± 0.03 0.25 ± 0.01
Kidney 23.29 ± 6.67 15.29 ± 4.16 8.53 ± 1.76
Bone 2.61 ± 0.62 2.43 ± 0.09 2.98 ± 0.47
Stomachb 0.06 ± 0.01 0.02 ± 0.003 0.02 ± 0.003
Muscle 0.38 ± 0.17 0.12 ± 0.03 0.29 ± 0.26
Small Intestineb 0.07 ± 0.01 0.04 ± 0.01 0.15 ± 0.005
Tumor 4.69 ± 1.51 3.34 ± 0.82 3.77 ± 0.99
Blood 0.68 ± 0.43 0.52 ± 0.27 0.09 ± 0.02
aData are means of %ID/g of tissue ± SD (n = 4). b%ID/organ.
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Figure 4. Tumor-to-kidney (A), tumor-to-blood (B), tumor-to-muscle (C) ratios after administration of [18F]AlF-RESCA-5F7 in Balb/c mice 
with subcutaneous SKOV3 xenografts.

Figure 5. A. Representative maximum intensity projection images obtained from mi-
croPET/CT imaging of a mouse bearing SKOV3 xenograft at 1, 2, and 4 h post-injec-
tion of [18F]AlF-RESCA-5F7 and blocking study at 1 h with a 500-fold molar excess 
of cold 5F7. T, tumor; GB, gallbladder; K, kidney; Int, intestine; B, bladder. B. HER2 
immunohistochemical staining for SKOV3 xenograft.

Biodistribution

Encouraged by the promising results in vitro, biodistribu-
tion was carried out using nude mice bearing SKOV3 
xenografts. The results were expressed as the percent-
age of normalized injected dose per gram tissue (%ID/g) 
and summarized in Table 1. At 1 h post-injection, tumor 
uptake of [18F]AlF-RESCA-5F7 (4.69 ± 1.51 %ID/g) was 
similar to [18F]FN-GK-5F7 (3.71 ± 1.51 %ID/g) in the previ-

ous report. Afterward, the tumor radioac-
tivity accumulation remained at 3.34 ± 
0.82 %ID/g and 3.77 ± 0.99 %ID/g at 2 
and 4 h post-injection, respectively [11]. 
Consistent with previous reports, high 
levels of radioactivity were found in the 
kidneys due to metabolism. 63% of kid-
ney radioactivity accumulation washed 
out at 4 h post-injection, leading to an 
increased tumor-to-kidney ratio (Figure 
4A). Similarly, at 4 h post-injection, the 
radioactive uptake in the blood reduced 
to 0.09 ± 0.02 %ID/g and contributed to 
the high tumor-to-blood ratio (~44-fold, 
Figure 4B). As shown in Figure 4C, the 
maximal tumor-to-muscle ratio reached 
28-fold after 2 h administration of [18F]
AlF-RESCA-5F7. The novel tracer demon-
strated similar tumor uptake as previ-
ously shown by [18F]FN-GK-5F7 in nude 
mice bearing SKOV3 xenografts. How- 
ever, the clearance rate of the radioactiv-
ity from the kidney was significantly slow-
er. This could be explained by the renal 
brush border enzyme-cleavable linker in 
[18F]FN-GK-5F7 [11]. The radioactivity 
accumulated in the bone was moderate 
overtime (< 3 %ID/g at 4 h post-injection), 
which is similar to that reported for [18F]
AlF-RESCA-MIRC213 (2.95 ± 0.75 %ID/g) 
[16] and lower than [18F]AlF-RESCA-IL2 
(3.9 ± 1.2 %ID/g) [22] in Balb/C mice.

MicroPET/CT imaging

We further evaluated [18F]AlF-RESCA-5F7 in vivo by 
microPET/CT imaging. Representative maximum inten- 
sity projection (MIP) microPET/CT images from a Balb/c 
mouse bearing SKOV3 xenograft are shown in Figure 5A. 
Early to 1 h post-injection, the tracer delineated the tumor 
in the animal model, and the tumor uptakes calculated 
from maximal standardized uptake values were 1.4 ± 0.1, 
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1.3 ± 0.2, and 1.3 ± 0.01 at 1, 2, and 4 h post-injection of 
[18F]AlF-RESCA-5F7, respectively. Co-injection with a 500-
fold molar excess of 5F7 significantly reduced the radio-
activity accumulated in the SKOV3 xenograft, confirming 
the specificity of [18F]AlF-RESCA-5F7 in vivo. The slice cut 
from the SKOV3 xenograft was then confirmed to be 
HER2-antigen positive using immunohistochemical stain-
ing, as shown in Figure 5B. Consistent with results from 
ex vivo biodistribution, the kidney radioactivity accumula-
tion slowly washed out over time, and the tumor-to-kidney 
ratio reached maximal at 4 h post-injection. In compari-
son with the PET images from [18F]TFPFN [10], we didn’t 
observe profound radioactivity accumulated in the intes-
tine. This may be explained by the difference between the 
radiolabeling prosthetic agents, which results in different 
metabolites with various lipophilicity.

Conclusion

Owing to the novel Al18F-RESCA method, we simplified the 
radiofluorination of 5F7 and prepared [18F]AlF-RESCA-5F7 
with one-step production. The total synthesis time was 
shortened to 30 min, and the tracer was attained with 
high radiochemical purity and molar activity qualified for 
in vitro/in vivo biological evaluations. Saturation binding 
assay using SKOV3 ovarian carcinoma cells suggests that 
the novel tracer maintained a high affinity towards HER2. 
The long retention time of [18F]AlF-RESCA-5F7 in the tar-
get sites was proved sequentially by in vitro cellular assay, 
ex vivo biodistribution, and in vivo microPET/CT imaging. 
In Balb/c nude mice bearing SKOV3 xenografts, [18F]AlF-
RESCA-5F7 exhibited high tumor-to-blood ratios early to  
1 h post-injection, and HER2-positive tumor xenografts 
were visualized. While the radioactivity in kidneys showed 
moderate clearance, no severe defluorination was ob- 
served from PET images. Our study developed [18F]AlF-
RESCA-5F7 as a novel molecular probe for HER2 tumor 
imaging. Its simple radiosynthesis and capacity to map 
HER2 in vivo provide a valuable tool for targeted alpha 
therapy using 5F7 as a HER2-specific carrier.
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