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positive gastric cancer with a novel
18F-labeled ZHER2:342 probe

Yunyun Pan,†a Zhengyang Yang, †a Yuping Xu,b Zhicheng Bai,b Donghui Pan,b

Runlin Yang,b Lizhen Wang,b Wenxian Guan *a and Min Yang*b

To realize the diagnosis of HER2-positive gastric cancer via PET imaging, herein, a new kind of 18F-labeled

HER2 affibody probe was created; the bifunctional maleimide derivative 1,4,7-triazacyclononane-1,4,7-

triacetic acid (NOTA-MAL) was first coupled to a polypeptide, and the resulting compound was

subsequently labeled with the 18FAl complex. The binding characteristics of the probe were assessed using

both in vitro studies and in vivo microPET imaging and biodistribution experiments. Immunohistochemical

staining was performed to confirm the expression level of HER2 in the studied cell lines and tumors. The

probe was successfully produced with the radiochemical purity of more than 95%. The NCI N87 cell-

associated radioactivity was 19.31 � 1.01% AD, and it decreased to 0.83 � 0.04% AD per 106 cells after

blocking HER2 as early as 15 minutes post-incubation (p < 0.05). A competition binding assay between

radiolabeled and non-radioactive affibody molecules with NCI N87 indicated that the IC50 was 8.10 nM.

The microPET imaging and biodistribution of human gastric cancer xenografts demonstrated that the

probe could specifically accumulate in tumors at early time points. Protein detection confirmed a strong

HER2 expression in NCIN87 and a weak HER2 expression in SGC7901. In conclusion, 18FAl-NOTA-MAL-

Cys-GGGRDN(M0)-ZHER2:342 was successfully prepared via a one-step method. The favorable preclinical

data showed specific and effective tumor targeting capacity of the proposed probe; this revealed that the

probe proposed herein might have potential application in gastric cancer imaging.
1 Introduction

Gastric cancer, one of the most common malignancies, is the
second highest contributor to cancer-related mortality in the
world.1 About 950 000 new cases of gastric cancer occurred in
2015 worldwide, and more than 70% of gastric cancer cases
occurred in the developing countries, half of which occurred in
Eastern Asia (primarily in China).2 Currently, surgical operation
may be the only method to realize a radical cure.3 An accurate
preoperative staging, especially that of the lymph node stage, of
gastric cancer plays a vital role in determining an appropriate
surgical method. Previous studies have focused on the role of
18FDG-PET in the staging of gastric cancer.4–7 The diagnostic
effect of 18FDG-PET on gastric cancer is still controversial8

mainly due to the low sensitivity of 18FDG-PET. The mechanism
of action of 18FDG-PET reects active glucose metabolism
associated with many kinds of tumors and may lead to limited
sensitivity and specicity. The sensitivity and specicity of
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18FDG-PET in lymph node detection was 21–40% and 89–100%,
respectively.6 Consequently, to improve the diagnosis of gastric
cancer by PET imaging, it is necessary to explore new kinds of
agents targeting the biomarkers on primary or metastatic
lesions.

Overexpression/amplication of HER2 occurs in diverse
tumors and is correlated with cell proliferation and differenti-
ation and initiation of cancer formation.9 HER2 is a positive
biomarker for the development and progression of gastric
cancer. HER2 overexpression has been found in approximately
20–30% gastric cancer cases.10–12 Currently, drugs, such as
trastuzumab and lapatinib, targeting the HER2-positive gastric
cancer are being extensively used as part of the treatment for
patients with advanced gastric cancer as they seem to be more
effective;13,14 however, only few studies have been reported on
gastric cancer-targeted diagnosis, especially with the HER2
protein as the target.

Affibody molecules are a novel class of polypeptides that
originate from the scaffold Z domain derived from the B
domain of the staphylococcal protein A.15 Affibodies have shown
many superiorities over antibodies and their derivatives. Due to
their small size, the affibody molecules exhibit complementary
capabilities to antibodies and a number of desired properties
for targeted applications;16 especially, size reduction leads to
faster rate of blood clearance and improved tissue penetration;
This journal is © The Royal Society of Chemistry 2019
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moreover, affibody molecules have extraordinarily high affinity
to targets, which is important for improving the targeting ability
of drugs. All these features demonstrate that affibodies,
including anti-HER2 binders, have the potential to function as
ideal targeting carriers.

Herein, we aimed to accomplish the site-specic labelling of
a novel ZHER2:342 derivative and evaluate its targeting tracing
capacity using HER2-expressing gastric cancer models.

2 Experimental
2.1. Labeling chemistry and quality control

2.1.1 General. Cys-GGGRDN(M0)-ZHER2:342 was kindly
gied by the Jiangsu Institute of Nuclear Medicine, and its
chemical purity was greater than 95%. The maleimide deriva-
tive 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA-MAL)
was purchased from CheMatech (Dijon, France). 18F was
generated from a cyclotron through the proton irradiation of
18O-enriched water (HM67, Sumitomo Heavy Industries). All
other commercially obtained chemicals were of analytical grade
and used without further purication. The Waters high-
performance liquid chromatography (HPLC) system with the
Waters 2998 photodiode array detector (PDA) and the prepara-
tive C18 HPLC column (5 mm, 250 � 19 mm, Waters
130Xbridge) was used to purify the precursor. Another Waters
RP-HPLC system equipped with the Radiometric 610TR ow
scintillation analyzer (Perkin Elmer), the Waters 2487 dual l
absorbance detector and the Luna C18 HPLC column (5 mm, 250
� 4.6 mm, Phenomenex) was used to analyze the radiolabeled
compounds. The mobile phases A and B were 0.1% v/v tri-
uoroacetic acid in water and 0.1% v/v triuoroacetic acid in
acetonitrile, respectively.

2.1.2 Preparation of NOTA-MAL-Cys-M0-ZHER2:342. The
precursor was obtained via the conjugation reaction of NOTA-
MAL with Cys-M0-ZHER2:342 in the ammonium acetate–acetoni-
trile buffer (pH 7–8). The solutions were stirred overnight at
40 �C. The primary product was then injected into the prepar-
ative HPLC column; the gradient elution condition was as
follows: the mobile phase changed from 95% A and 5% B (0–2
min) to 35% A and 65% B at 35 min at the ow rate of 5
mL min�1. Then, the compounds were freeze-dried for storage.

2.1.3 Preparation of 18FAl-NOTA-MAL-Cys-M0-ZHER2:342. A
solution of NOTA-MAL-Cys-M0-ZHER2:342 (300 mg, 38 nmol) in
sodium acetate buffer (20 mL, 0.2 M, pH 4) was added to
a solution of aluminum chloride (6 mL, 2 mM in sodium acetate
buffer, 0.5 M, pH 4) and 18F� (�3700 MBq) in 100 mL target
water. Aer being heated at 100 �C for 10 min, the content of the
vial was diluted with 10 mL water and loaded onto the activated
Varian BOND ELUT C18 column. The column was washed with
10 mL PBS, and then, the desired content was eluted with 300
mL of 10 mM HCl in ethanol. The nal product was recon-
stituted in saline and passed through a 0.22 mm Millipore lter
into a sterile vial. The product was analyzed by analytical HPLC.
The elution condition was the same as that in the case of
preparative HPLC except that the ow rate was set at 1
mLmin�1. The scheme of the synthesis of the probe is shown in
Fig. 1.
This journal is © The Royal Society of Chemistry 2019
2.2. Cell culture and tumor model

The human gastric cancer cell lines NCI N87 (HER2-positive cell
lines) and SGC 7901 (HER2-negative cell lines) were purchased
from ATCC. Both cell lines were maintained in RPMI 1640
media (Gibco, USA) supplemented with 10% fetal bovine serum
(Gibco, USA). The cells were cultured in a culture ask at 37 �C
under a humidied atmosphere containing 5% CO2.

All animal experiments were performed in accordance with
the principles and procedures formulated by the National
Animal Care and Use Committee. In addition, all animal
experiments were approved by the Institutional Animal Care
and Use Committee (IACUC) of Nanjing University. In the
experiments with tumor-bearing mice, six- to eight-week-old
female BALB/c nude mice were subcutaneously implanted
with 1 � 107 of NCI N87 or 1 � 106 of SGC7901 cells on the
shoulder. When the tumors grew to a diameter of about 4 mm,
the mice were used for PET imaging and biodistribution
experiments.
2.3. In vitro cell binding study

The in vitro cell uptake and blocking assays were performed to
assess the binding characteristics of the probe. The suspension
containing 1 � 106 cells was added to each of the g count tubes
on the day of labeling. A serum-free medium containing 1 mCi
radiolabeled conjugates was added to the abovementioned
tubes, and then, the solutions were gently mixed. The cells were
incubated with the complex compounds at 37 �C for different
time periods. At preplanned time points (i.e. 15, 30, 60, and
120 min aer incubation), the corresponding tubes were
centrifuged at 3000 rounds per minute for 5 min, and the cell
pellets were formed. Then, the supernatant was completely
removed, and the cell deposit was washed twice with PBS, fol-
lowed by centrifugation. Moreover, the supernatant was dis-
carded, and the radioactivity of the cell pellets in the tubes was
measured using a g counter (Perkin-Elmer, USA). For the
blocking group, the HER2 proteins on NCI N87 were pre-
saturated with an excess of non-labeled affibody 10 min
before adding the labeled conjugates. The remaining steps were
similar to those performed in the binding studies. The analysis
was conducted in triplicate. The uptake results have been re-
ported as the percentage of the added dose (%AD).
2.4. In vitro competition assay

The competition binding assay was conducted to study the
affinity of the probe to HER2 with NCI N87. The cells were
plated on a 96-well board at the cell density of 1 � 105 per
aperture a day before conducting the experiments; aer being
washed twice with PBS, a binding buffer (serum-free medium),
and a diluted competitor prepared herein (Cys-M0-ZHER2:342),
the 18F-labeled ligand was successively added to each cell dish
to generate various concentration gradients of the competitor
(from 0 to 2500 nM) and ensure the total volume of 200 mL. The
board was placed at 37 �C for 1 hour. Thereaer, the superna-
tant liquid was removed, the wells were washed twice with ice-
cold PBS, and the cells were then lysed with 0.1 M NaOH. The
RSC Adv., 2019, 9, 10990–10998 | 10991
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Fig. 1 The synthesis procedure of 18F-NOTA-MAL-Cys-M0-ZHER2:342.
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basic solutions were obtained, and the cells were washed with
room-temperature PBS to completely acquire residual radioac-
tivity; moreover, the cells were obtained and pooled with the
corresponding alkaline solution in the g counter tubes. Radio-
activity was measured using the g counter and analyzed via
GraphPad Prism 5.0 (GraphPad Soware, San Diego, USA). The
IC50 value was calculated by the nonlinear regression model.
2.5. Immunohistochemical (IHC) staining

IHC staining was performed to investigate the levels of HER2 in
cells and tumor tissues; the procedures of the IHC staining for
both cells and tissues were conducted according to the manu-
facturer's instructions. For cell staining, the cells were plated on
a 24-well board to an appropriate density in advance. For tissue
staining, the fresh tumor tissues were xed in a prepared xa-
tion uid. Sections were obtained by transferring the paraffin-
embedded tissues onto a polylysine-coated slide with the
thickness of 5 mm. The samples were co-incubated with the
rabbit anti-HER2 antibody (GeneTech, China) for 2 hours at
room temperature, followed by incubation with a goat anti-
rabbit antibody (Vazyme Biotech, China) for 20 minutes.
2.6. Western blot

The cells were seeded in 60 mm dishes followed by incubation
until the cells reached a conuence of 90%. The cells were then
treated with lysis buffer on ice for 10 minutes, and cell lysates
were obtained and centrifuged at 10 000–14 000 rcf at 4 �C for
5 min. The supernatant was stored at �20 �C until needed. The
protein amount was measured using the BCA™ protein assay
kit (Beyotime, China) and normalized using a bovine serum
albumin concentration curve. The normalized samples with the
same amount were subjected to sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) at 200 V for 35 min
on a purchased gel (Invitrogen, USA) and then transferred to
a polyvinylidene uoride membrane (PVDF) at 150 mA for
90 min. The blots were blocked with 5% skimmilk, dissolved in
TBST for 1 h followed by washing three times with TBST, and
10992 | RSC Adv., 2019, 9, 10990–10998
then incubated overnight with a primary antibody (Abcam, UK)
at 4 �C. Aer being washed again, the membranes were incu-
bated with a secondary antibody (Abcam, UK) at room temper-
ature for 2 h. Then, a western blot detection reagent was added
to the membrane followed by visualization using the common
lm exposure method.

2.7. MicroPET imaging

Mice bearing tumors were injected with a diluted probe (3 MBq/
200 mL/mouse) via the tail vein. The mice were anesthetized by
isourane inhalation and placed in a prone position at the
center of a scanner. Images were acquired at 0.5, 1, 2, and 4 h
post injection for 10 minutes (three mice per group). The
blocking groups were administered with blocking agents half
an hour before the probe was injected. MicroPET imaging was
performed using a microPET scanner (Siemens Medical Solu-
tions, Germany). The regions of interest analysis for tumor and
major organs was performed using the vendor soware ASI Pro
6.7.1.1. The data was obtained from the max uptake level in the
multiple ROI volume.

2.8. Biodistribution study

The animals were randomly assigned into different groups of
three each. Animals were administered 1.3 MBq-radiolabeled
conjugates in 100 mL normal saline, and the standard of the
injected radioactive conjugates was simultaneously prepared. At
predesignated time points, the mice were sacriced. The main
organs were obtained and weighed. The tissue uptake values
were measured along with the standard using the g counter and
expressed as the percentage of the injected dose per gram of
tissue (% ID g�1).

2.9. Statistical analysis

Quantitative data were expressed as mean � SD. Statistical
analysis was performed using GraphPad Prism 5. The Student T
test was used to compare the numerical data. p < 0.05 was
considered statistically signicant.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10271f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
A

pr
il 

20
19

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 5
:3

6:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 Results
3.1. Radiolabeling and quality control

The HPLC analysis of NOTA-MAL-Cys-M0-ZHER2:342 indicated
that the purity of the compound was more than 95% (Fig. 2a).
Fig. 2 (a) HPLC analysis of an unlabeled intermediate. (b) MS data of an unlab

This journal is © The Royal Society of Chemistry 2019
The MS data conrmed that the relative molecular mass of this
unlabeled intermediate was approximately 7790 (Fig. 2b).
Furthermore, the HER2 targeting affibody was labeled with 18F
using the 18FAl one-step method. The radiochemical purity of
the product was more than 95% (Fig. 2c). The same retention
eled intermediate. (c) HPLC analysis of 18FAl-NOTA-MAL-Cys-M0-ZHER2:342.

RSC Adv., 2019, 9, 10990–10998 | 10993
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time (about 15 minutes) for the precursor and the labeled
product preliminarily and basically indicated that the structure
of the product was correct (Fig. 2a and c).
3.2. In vitro binding properties

The results of the in vitro cell-associated radioactivity as
a function of time during the continuous incubation of gastric
cancer cells with the 18F labeled ZHER2:342 at 37 �C are shown in
Fig. 3a. The NCI N87 cell-associated radioactivity was close to
the plateau (approximately 19.31 � 1.01% ID/106 cells) as early
as 15 minutes aer incubation. Blocking analysis demonstrated
that the binding of 18F-ZHER:342 to the living HER2 overex-
pressed cells was receptor-mediated since the cell binding level
reduced from 19.31� 1.01% ID/106 cells to 0.83� 0.04% ID/106

cells (p < 0.05).
Competition binding assay with NCI N87 indicated that the

probe could be displaced by unlabeled molecules of increasing
concentration (Fig. 3b). The calculated IC50 of 8.10 nM
demonstrated high binding affinity of Cys-M0-ZHER2:342 to
HER2. This experiment also provided evidence for the receptor-
mediated specic binding of Cys-M0-ZHER2:342 to HER2.
3.3. Protein detection

The IHC staining (both cells and tissues) and western blot were
carried out to detect the HER2 protein expression. Both the NCI
N87 cells and tumors were HER2 strong positive, and the HER2
proteins were mainly located on the membrane surface (dyed
dark brown) (Fig. 4a and b); however, SGC7901 showed a weak
HER2 expression level (Fig. 4c and d). Since the main function
of IHC staining is localization, western blot has been performed
for the semi quantitative assay of the cells. The mean density
ratio of HER2 to actin for NCI N87 and SGC7901 was 1.03 and
0.43, respectively (p < 0.05) (Fig. 4e and f).
3.4. PET imaging and ROI analysis

The microPET imaging of nude mice bearing different human
gastric cancer xenogras and the ROI qualitative analysis
results are shown in Fig. 5. The NCI N87 tumors were shown
Fig. 3 (a) Cell uptake and blocking assay Cells with different HER2 expr
and 120 min. Cell-associated radioactivity was measured by the g counte
described as the cell uptake percentage accounting for the initial binding

10994 | RSC Adv., 2019, 9, 10990–10998
clearly and intensively at all studied time points (Fig. 5a). The
probe could quickly accumulate at the tumor site and nearly
reached plateau with 14.05 � 1.43% ID g�1 as soon as 30 min
aer injection. The uptake remained at the level of 14.34 �
0.99% ID g�1 until 4 h post injection (Fig. 5d). Aer pre-
saturating HER2 with cold compounds, the tumor uptake
level decreased to 2.01 � 0.08% ID g�1 at 1 h p.i. (Fig. 5b and e).
This remarkable reduction (p < 0.05) was in agreement with the
in vitro data. As expected, there was no obvious uptake in the
control SGC 7901 xenogras (Fig. 5c). The weak absorption of
2.41 � 0.23% ID g�1 was obtained at 1 h p.i. (Fig. 5e), which was
comparable to that of the blocking group and suggested that the
radioactivity concentration in SGC 7901 was mainly due to
nonspecic accumulation. The liver and intestinal tract are not
shown in the images. The bladder was the major non-targeting
uptake organ; this indicated that the probe was mainly elimi-
nated via the renal tract.
3.5. Biodistribution

Biodistribution studies were performed to further investigate
the in vivo localization of 18FAl-NOTA-MAL-Cys-M0-ZHER2:342.
The results of the biodistribution studies are summarized in
Table 1. The tumor accumulation of the tracer was 6.72� 1.94%
ID g�1 at 30 min p.i. and remained at the high level of 7.37 �
1.26% ID g�1 until 2 h p.i. The uptake values of liver were
signicantly lower than those of the tumors at all time points
with the tumor-to-liver uptake value ratio of 5.35 � 0.69 at
60 min p.i.; the tumor-to-blood uptake value ratio of 5.71 � 0.14
at 30 min p.i. and 11.85 � 1.93 at 2 h p.i. suggested a fast blood
clearance rate. The radioactivity concentrations in all other
normal organs except the kidney were very lower than those in
the tumors. The kidney was themain non-specic uptake organ.
Fig. 6a and b show the uptake values and tumors to normal
tissue ratios. A two-week observation of mice was performed to
evaluate the adverse effect of affibodies in vivo, and no adverse
effects were observed aer the injection. The diet and move-
ment of the mice was as usual, and most of them died of cancer
cachexia in about a month.
ession levels were incubated with radiopharmaceuticals for 15, 30, 60,
r and presented as % AD. (b) Competition binding assay. The plots were
radioactivity. The data are of competitor-free group (n¼ 3, mean� SD).

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10271f


Fig. 4 HER2 test with IHC staining and western blot. NCI N87 cells and tumors ((a)�200 fold; (b)�400 fold) exhibited strong positive expression
of HER2. HER2 proteins were mainly located on the cell membrane surface (dyed dark brown). SGC 7901 cells and tumors showed weak staining
((c)�200 fold; (d)�200 fold) when compared with the NCI N87 groups. The western blot results in (e) represent the actin and HER2 in SGC7901
(left) and NCI N87 (right). The mean density ratio of NCI N87 was significantly higher than that of SGC7901 (p < 0.05) (f).
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4 Discussion

Tumor-targeted studies focusing on HER2 have been under
active investigation and have made signicant progress for
a myriad of cancers. The Food and Drug Administration has
approved that trastuzumab can be used to clinically treat
patients with HER2-positive metastatic gastric cancer and
gastroesophageal junction cancer.17 HER2-targeted molecular
therapies for gastric cancer have attracted extensive interest and
become one of the research hotspots.11,18 However, only few
studies have been reported on the targeted diagnosis of gastric
cancer. The available molecule for the diagnosis of gastric
cancer via PET is primarily 18FDG, which does not have strong
targeting capacity. Therefore, to meet the requirements of tar-
geted diagnosis and staging of gastric cancer, it is important to
nd a suitable and HER2-directed probe.

In the past few years, affibodies have attracted extensive
interest because of their superiority over antibody-based
tracers. A direct comparison between 124I-labeled ZHER2:342

and trastuzumab shows that the affibody molecules have
superior properties mainly due to their small size. The tumor-
to-normal organ ratios were remarkably higher for ZHER2:342

even if the absolute tumor uptake was higher in the radio-
labeled trastuzumab group of NCI N87 xenogras.19 The
sensitivity of imaging largely depends on the tumor to organ
contrast.20 A high tumor-to-normal organ ratio can improve the
sensitivity of imaging due to the rapid clearance rate and strong
tissue penetration ability of drugs towards normal tissues.
This journal is © The Royal Society of Chemistry 2019
Different kinds of affibodies have been radiolabeled with both
single photon (99mTc21 and 111In22) and positron nuclides
(68Ga,23,24 64Cu,25 and 89Zr26) for diagnostic applications.
Compared to single-photon emission computed tomography
(SPECT), PET provides better spatial and temporal resolution.
18F is one of the most clinically used positron emitters with
ideal nuclear physics properties (almost 100%, 0.64 MeV, t1/2 ¼
109.5 min), which make it suitable for labeling small molecule
polypeptides and PET imaging with better spatial resolutions.20

A variety of methods have been used to label peptides with
18F,27–29 and the 18FAl one-step method has shown attractive
merits among them. Our teams have successfully accomplished
18F radiolabeling of several vectors using this process.30–32

Hence, we also chose this method to realize site-specic label-
ling by introducing a unique cysteine to the N-terminal of
ZHER2:342. Gly-Gly-Gly-Arg-Asp-Asn (GGGRDN) is a new kind of
hydrophilic linker with favorable properties. Oligo-glycine can
reduce the steric hindrance encountered during labeling. The
positively charged Arg and negatively charged Asp form an ion
pair that is benecial for increasing hydrophilicity. The neutral
Asn also acts as a hydrophilic spacer. Our previous studies have
proved that the modied ATBBN peptides (18F-FP-
MATBBN,68Ga-NOTA-MATBBN) have enhanced hydrophilicity,
and better contrast imaging with clear lower abdominal back-
ground could be acquired when compared with the case of
respective unmodied peptides (18F-FP-ATBBN,68Ga-NOTA-
ATBBN).33,34 Decreased liver and intestine non-specic accu-
mulation was critical for mapping the abdominal primary and
RSC Adv., 2019, 9, 10990–10998 | 10995

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10271f


Fig. 5 MicroPET imaging and ROI analysis. The images of NCI N87 (0.5 h, 1 h, 2 h, and 4 h p.i.) (a) and SGC7901 (1 h p.i.) models (c) acquired at
different time points after administration. Blocking images of the NCI N87 models were also obtained at 1 h p.i. (b). The ROI analysis results are
shown in (d) and (e). The uptake data were described as % ID g�1 (n ¼ 3, mean � SD).
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secondary lesions. Based on the previously reported promising
results, we intended to improve the ZHER2:342-based radiotracers
by inserting an M0 linker at the N-terminal. Therefore, we
established a novel kind of HER2-targeted probe (18FAl-NOTA-
MAL-Cys-M0-ZHER2:342) that functioned as an imaging agent,
and it was used to target gastric cancer for the rst time.

The probe showed inspiring HER2 binding affinity and
specicity. Its affinity in the low nanomolar range was compa-
rable to that of another kind of anti-HER2 affibody, 18F-NOTA-
Table 1 Biodistribution results for 18FAl-NOTA-MAL-Cys-M0-
ZHER2:342 in NCI N87 xenograft models (n ¼ 3 per group)

Organs (% ID g�1) 30 min 60 min 120 min

Blood 1.32 � 0.38 0.75 � 0.17 0.72 � 0.21
Brain 0.11 � 0.06 0.06 � 0.01 0.06 � 0.01
Liver 1.58 � 0.50 1.37 � 0.34 1.89 � 0.06
Spleen 0.70 � 0.34 0.55 � 0.09 0.84 � 0.18
Kidney 238.75 � 2.0 310.56 � 44.51 379.80 � 16.42
Stomach 0.59 � 0.15 0.36 � 0.17 0.29 � 0.25
Intestine 1.07 � 0.11 1.07 � 0.06 1.01 � 0.23
Muscle 1.05 � 0.78 0.38 � 0.11 0.61 � 0.17
Pancreas 0.53 � 0.13 0.34 � 0.06 0.29 � 0.03
Fat 0.81 � 0.34 0.61 � 0.26 0.89 � 0.35
Bone 1.73 � 0.51 1.42 � 0.59 1.54 � 0.53
Tumor 6.72 � 1.94 7.00 � 1.42 7.37 � 1.26

10996 | RSC Adv., 2019, 9, 10990–10998
ZHER2:2395, towards the SKOV3 cells (8.1 nM versus 5.0 nM,
respectively).35 The appreciably lower cell-associated radioac-
tivity for SGC 7901 reected the lower expression level of HER2,
which was consistent with the protein detection results and
comparable to that observed in the blocking group; this further
conrmed the binding specicity of the probe. HER2-positive
NCI N87 tumors could be clearly visualized at early time
points and were clearly observed until 4 h p.i. via microPET
imaging. However, the SGC7901 tumors only displayed rough
sketches. These imaging results revealed that the probe could
quickly accumulate in the HER2 overexpressing tumors and had
strong targeted retention ability. The tissue uptake data ob-
tained via the biodistribution studies were overall lower than
those obtained via the microPET imaging. The possible reason
was that in the imaging studies, the radioactivity was obtained
from the max pixel values within the multiple ROI volume,
whereas in the biodistribution studies, it was obtained from the
mean uptake concentration, which considered all parts of the
organ. Overall, the biodistribution results corresponded well
with the microPET imaging results and exhibited favorable
tumor targeting capability of radiopharmaceuticals. The T/B
ratios were similar to that of 18F-FBEM-ZHER2:342 observed in
the SKOV3models at 1 h p.i. ((9.74� 0.77)% ID g�1 versus (7.5�
4.5)% ID g�1); however they were lower at 2 h p.i. ((12.7 �
1.73)% ID g�1 versus (23� 5.5)% ID g�1). This indicated that the
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 In vivo biodistribution. Biodistribution of the probe in NCI N87 models at different time points after injection (a). Tumor-to-normal tissue
ratios of main organs (b). Data are presented as an average � SD from three animals per group (n ¼ 3, mean � SD).
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clearance rate of 18FAl-NOTA-MAL-cys-M0-ZHER2:342 from circu-
lation was relatively slower than that of FBEM-ZHER2:342 in the
rst two hours. However, the images obtained were of high
contrast despite the relatively slower blood clearance. It could
be concluded that the tumor-to-organ ratios would further
increase over time, as reported in other previous studies.19,36

Thus, biodistribution for a longer time may be necessary to
further assay the in vivo properties of the probe. The radioac-
tivities in the liver were under 2% ID g�1 at all the studied time
points. The excretion of the probe predominantly occurred via
the urinary tract with the highest accumulation of the probe
among all the nontargeted organs due to the small size of the
probe and the introduction of a hydrophilic group. Another
possible explanation was that radiolabeling using the 18FAl
method was residualizing; this was similar to the case of radi-
ometal labels with long-term retention in the renal tract.

Overall, the 18F-labeled ZHER2:342 modied with GGGRDN is
a promising probe to target gastric cancer with high contrast
and may improve the diagnosis and staging of gastric cancer. It
is necessary to further evaluate its features by directly
comparing it with 18F-labeled ZHER2:342 without modication
under the same conditions.
5 Conclusion

Herein, hydrophilic GGGRDN-modied ZHER2:342 was success-
fully conjugated to NOTA-MAL and conveniently tagged with 18F
using the 18FAl one-step method. The obtained 18FAl-NOTA-
MAL-Cys-GGGRDN-ZHER2:342 could trace gastric cancer with
high specicity, affinity and tumor-targeting property. 18FAl-
NOTA-MAL-cys-GGGRDN-ZHER2:342 is a promising tumor-
targeted tool that may improve the diagnosis of HER2-positive
gastric cancer.
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Abbreviation
HER2
 Human epidermal growth factor receptor-2

PET
 Positron emission tomography

18FDG
 18F-deoxyglucose

HPLC
 High-performance liquid chromatography

MS
 Mass spectrometry

PDA
 Photodiode array detector

PBS
 Phosphate-buffered saline

IHC
 Immunohistochemical

ROI
 Region of interest

SD
 Standard deviation

SPECT
 Single-photon emission computed tomography

GGGRDN
 Gly-Gly-Gly-Arg-Asp-Asn
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