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A B S T R A C T

Recently, we selected a novel anti-hPD-L1-specific HCAb named Nb6 with high affinity (EC50 = 0.65 ng/mL) for
potential hPD-L1 targeted non-invasive PET imaging. In this research, Nb6 was conjugated with the bifunctional
chelator NCS-Bz-NOTA ((2-[(4-Isothiocyanophenyl) methyl]-1,4,7-triazacy-clononane-1,4,7-triacetic acid)) and
further labeled with radio-nuclide 64Cu. 64Cu-NOTA-Nb6 was prepared with over 95% labeling yield, over 99%
radiochemical purity and 14–16 GBq/μmol specific activity after PD-10 column purification. It shows good
stability in 0.01 M PBS and 5% HSA solutions. 64Cu-NOTA-Nb6 has a high binding affinity to 3.60 nM which was
tested by human lung adenocarcinoma A549 cell lines. Tumor lesion can be clearly observed from 20 h to 38 h
by Micro-PET equipment after 64Cu-NOTA-Nb6 administration. The study revealed that 64Cu-NOTA-Nb6 has
good lesion detection ability, high ratios between tumor and non-tumor signal and can specifically target A549
xenografted tumor model. Taken together of good stability, high binding affinity, and tumor detection ability,
64Cu labeled Nb6 is a promising radio-tracer in diagnosing of hPD-L1 overexpression tumor, supposed to monitor
PD-L1overexpression tumor progression and guide targeted therapy with PET molecular imaging.

Among cancers, lung cancer is the leading cause of death world-
wide.1,2 Non-small cell lung cancer (NSCLC) accounts for the vast ma-
jority of lung cancer. The traditional treatment of NSCLC is surgery,
radiotherapy, and chemotherapy, to which the response of tumors is
poor and may have great side effects. Therefore, the diagnosis, the
evaluation of treatment and the prognosis of lung cancer are particu-
larly important. With the rise of immunotherapy, many inhibitors of
immune checkpoint have been developed, among which anti-PD-1/PD-
L1 antibodies provide a new idea for the treatment of NSCLC. However,
there are some problems in immunotherapy-based on anti-PD-1/PD-L1
antibodies. No response was shown in many NSCLC patients and even
serious immune-related adverse reactions were observed.3,4

Fortunately, PD-L1 expression by Immunohistochemistry (IHC), the
main pathological examination and clinical diagnosis for cancer pa-
tients, correlates with response and survival following the PD-L1
monoclonal antibody (mAb) immunotherapy.4 Therefore, accurate ex-
amination of PD-L1 expression in tumors is the key to NSCLC im-
munological checkpoint inhibitors treatments. Due to the

heterogeneity5,6 and dynamic expression of tumor-associated antigens
or tumor-specific antigens, IHC has limitations in PD-L1 expression. But
semi-quantitative molecular imaging technology Positron Emission
Tomography Computed Tomography (PET/CT),7,8 with its high sensi-
tivity, specificity, whole-body imaging and safety,9 can provide near-
real-time information about receptors’ expression levels and take pa-
tients’ individual response into account, allowing doctors to predict
which patients may benefit from immunotherapy, therefore avoiding
ineffective treatment and adverse effect.

With the advent of PET/CT, the study of PET/CT molecular probes
is flourishing in clinical diagnosis and cancer treatments. Even studies
of Nbs whose relative molecular mass are only about 12–15 kDa have
been carried out.

Nbs was discovered in 1993 by Hamers Casterman.10 Hamers Cas-
terman’s team found a large number of heavy chain-only antibodies
(HCAbs) in the serum of camels. HCAbs lacked light chains and con-
tained only heavy-chain. The variable region of heavy chain equipped
with antigen-binding activity in HCAbs was extracted and used as a new
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antibody, also known as a single-domain antibody (sdAb) or variable
domain of the heavy-chain of heavy-chain antibody (VHH).11 In addi-
tion to weak immunogenicity, nanobodies have high affinity and spe-
cificity, good solubility, improved stability, well-performed acid-re-
sistance.12 And compared with monoclonal antibodies, nanobodies
have a higher penetration rate in tissues and can be quickly cleared
through the kidney.13 Now, nanobodies are widely used in molecular
imaging. For example, Broos K14 and his team have undertaken non-
invasive SPECT/CT imaging murine tumor models with positive PD-L1
expression by using 99mTc-labeled PD-L1-specific Nbs.

The Nb6 (relative molecular mass is 77837.357 Da) used in this
research is two anti-hPD-L1 VHHs linking with Fc.12 Most recently, we
reported the I-124 radio-labeled PD-L1 Nb6 is useful for non-invasive
PET imaging in the osteosarcoma tumor model.15 Here, we produced
64Cu-NOTA-Nb6 and applied it to PET molecular imaging. The synthesis
and labeling process is shown in Fig. 1.

The 1 × 10−5 mol Nb6 was reacted with 5 × 10−5 mol bifunctional
chelator NCS-Bz-NOTA whose relative molecular mass is 450.5 Da
overnight at pH 8.0–8.5 0.1 M NaHCO3 solutions. The product was
purified through a disposable PD-10 desalting column. The concentra-
tions of collected protein were measured by a NanoDrop 2000
UV–Visible Spectrophotometer; the relative molecular mass of Nb6 and
modified Nb6 were measured by MALDI-TOF-MS. The results showed
each Nb6 antibody was conjugated with 1.13 NCS-Bz-NOTA on average
(Fig. 2).

We produced the radionuclide 64Cu with the total radioactivity
greater than 150 mCi and specific activity 5.6 GBq/µ moL.4.60 nmol
NOTA-Nb6 was radiolabeled with 74 GBq 64CuCl2 at pH 5.5 0.1 M
NaAc solutions under room temperature for 30 min. 5 μL product was
taken as a tested sample mixed with saturated EDTA and developed
through 0.9% NaCl developing solvent. And then tested by Radio-TLC,
which suggested over 95% labeling yield and over 99% radiochemical
purity after purified through disposable PD-10 desalting column
(Fig. 3). The specific activity was 14–16 GBq/μmol by calculation.

The stability of 64Cu-NOTA-Nb6 was tested through Radio-TLC.
After placed in Phosphate Buffered Saline (PBS) and human serum al-
bumin (HSA) separately for 12 h, 100% 64Cu-NOTA- Nb6 retained its
original structure. The radio chemical purity of 64Cu-NOTA-Nb6 was up
to 97.97% after placed in PBS for 18 h and 88.97% after 36 h at 37 °C.
And after placed in HSA for 18 h and 36 h, the radiochemical purity of
64Cu-NOTA-Nb6 was up to 97.23% and 95.43% respectively (Fig. 4),
indicating that 64Cu-NOTA-Nb6 performed well in vitro stability in both
PBS and HSA and can be placed in vitro for a long period of time before
application.

Saturation binding studies were performed with 64Cu-NOTA-Nb6 in
A549 lung tumor cell lines. Eight test A549 lung tumor cell solutions
(n = 4) were incubated in 64Cu-NOTA-Nb6 from the 1.4 nM to 28.1 nM.
The incubating medium in two 24-well plates was removed before 2 h
of experiment. And added a new medium containing no fetal bovine
serum (FBS), replacing 24-well plates in a 37 °C incubator. After 2 h,
A549 lung tumor cells were exposed to increasing concentrations of
64Cu-NOTA-Nb6 (1.4 nM to 28 nM) and in a total volume of 320 μL 1%
PBS (pH 7.4) for 2 h at 37 °C, and then washed three times with ice-cold
1% PBS. Digested and lysis cell with 350 μL 1 M NaOH for 3 min and
tested radioactivity of each solution. Data were analyzed through Graph
Pad Prism Software to determine the Kd and Bmax values. The Bmax
values were 5165 and the Kd was 3.60 nM, according to a one-site
binding model (Fig. 5). The result indicates that 64Cu-NOTA-Nb6 can
specifically bind A549 lung tumor cells with good affinity.

We chose A549 xenografted tumor model as our experimental mice.
After injecting A549 tumor-bearing mice with 14.8 MBq 64Cu-NOTA-
Nb6, we collected Micro-PET images at 2 h, 6 h, 20 h, and 38 h and 50 h
post-injection, which are shown in Fig. 6(a–c). The images were re-
constructed and analyzed by Sedecal 3D OSEM system. The standard
uptake value (SUV) means of tumor, lung, heart, liver, muscle, thyroid,
the brain was analyzed by Image. According to the imaging results, it
was speculated that some 64Cu-NOTA-Nb6 was still circulating in the
blood within 6 h after injection, and some were metabolized by the
liver, but 64Cu-NOTA-Nb6 did not fully combine with the tumor. 64Cu-
NOTA-Nb6 was further metabolized through the liver over time. The
accumulation of 64Cu-NOTA-Nb6 in the liver was getting growingly
higher, and the accumulation in the tumor was gradually increasing.
The SUVmean ratios of T/NT gradually increased with time. The
SUVmean ratios of tumor/heart increased from 0.218 to 2.062, and that
of tumor/liver raised from 0.149 to 1.604, as shown in Fig. 6(d). The
images and the SUVs showed that before 20 h, 64Cu-NOTA-Nb6 has not
fully combined with tumors. After 38 h, due to the decay of 64Cu (t1/
2 = 12.7 h), the resolution ratio of Micro-PET images is low, which is
not appropriate to observe, Therefore, the observation of tumors

Fig. 1. The labeling procedure of 64Cu-NOTA-Nb6.

Fig. 2. MALDI-TOF Mass Spectrometric Charts of Nb6 (a) and NCS-Bz-NOTA-Nb6 (b).
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between 20 h to 38 h after the injection is best.
Our previously report15 confirmed that 124I-anti-hPD-L1 Nb6 may

provide a novel strategy to screen osteosarcoma patients. However, 124I
is not easily available and has a long half-life of 4.176 D. Compared
with 124I, 64Cu is more readily available and has a shorter half-life
12.7 h, which better matches the metabolic time of NB6 and is con-
venient for clinical use, and the radiation dose is low. In our experi-
ments, results indicate with the circulations of this 64Cu-NOTA-Nb6
probe, tumor to normal organ ratios increased from 2 to 50 h.

Combined with 4.2 nM Kd value in cell binding experiments. 64Cu-
NOTA-Nb6 exhibits tumor-targeting ability in lung cancer A549 xeno-
graft mice models.

In summary, this research successfully demonstrates that 64Cu can
label NOTA-Nb6 with high labeling yield and specific activity. 64Cu-
NOTA-Nb6 is equipped with great stability in vitro, satisfactory affinity
to A549 lung tumor cells. The Micro-PET images suggested that 64Cu-
NOTA-Nb6 concentrated highly in A549 lung tumor, and 20 h to 38 h
post-injection is best for observation. All results approved that 64Cu-
NOTA-Nb6 is a promising probe in NSCLC diagnosis, lesion detection
and guidance of targeted therapy with PET molecular imaging. It is

Fig. 3. Radio-TLC imagine of 64CuCl2 (a); Radio-TLC chromatograms of 64Cu-NOTA-Nb6 (b).

Fig. 4. Radiochemical purity (RCP) of 64Cu-NOTA-Nb6 in PBS and HSA system
respectively tested by Radio-TLC.

Fig. 5. Binding affinity measurement of 64Cu-NOTA-Nb6 to A549 lung tumor
cells. A549 lung tumor cells were exposed to increasing concentrations of 64Cu-
NOTA-Nb6 for 2 h at 37 °C.

Fig. 6. Micro-PET imaging of the 64Cu-NOTA-Nb6 in mice bearing A549 tu-
mors. The Micro-PET images were collected at 2 h, 6 h (a), 20 h (b), 38 h (c) and
50 h. The tumor was pointed out with red arrows. T/NT(n = 3) SUVmean ratios
at each time point after injection of 64Cu-NOTA-Nb6 (d). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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possible to stratify cancers and predict the prognosis of NSCLC in the
clinic with 64Cu-NOTA-Nb6 so as to assist doctors in determining
treatment strategies and to reduce ineffective treatment as well as avoid
potential side effects. Nb6 can also be used in combined clinical treat-
ments of tumors, which is expected to achieve clinical transformation in
a short time.
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