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Abstract: Objective: Immunotherapy plays a pivotal role in the treatment of colorectal cancer (CRC). PD-L1 has been identified to be a 
significant biomarker of response to treatment. The assessment of PD-L1 presently depends on biopsy samples - a problem that may 
be resolved with the help of a molecular imaging approach. This study devised and evaluated an 18F-and 89Zr-labelled albumin-binding 
PD-L1-targeted VHH for potential diagnostic imaging in CRC models. Methods: PD-L1 expression was initially validated in HCT-116 cell-
derived xenografts and CRC20-PDX tumors. An albumin-binding moiety was conjugated to a PD-L1-targeted VHH to construct SN-2D01. 
The 18F-labeled SN-2D01 was prepared using the AlF-RESCA chelation strategy and the probe was modified with DFO for a 89Zr radiolabel-
ing process. The evaluation of [18F]F-SN-2D01 and [89Zr]Zr-SN-2D01 through PET imaging was performed on the two tumor models and a 
quantitative analysis of tumor uptake for each tracer. Ultimately, a biodistribution study of [89Zr]Zr-SN-2D01 at 120 h post-injection (p.i.) 
was performed in both tumor models. Results: The HCT-116 cell-derived xenografts and CRC20-PDX tumors were both PD-L1-positive, 
with a higher expression observed in lesions from CRC20-PDX versus HCT-116 tumors. The 2 h p.i. of [18F]F-SN-2D01 PET showed clear 
visualization of HCT-116 and CRC20-PDX tumors, with tracer mostly cleared via hepatic and renal excretion. In PET imaging with [89Zr]
Zr-SN-2D01, the tumor uptake in both HCT-116 and CRC20-PDX slowly increased from 24 h to 120 h p.i, which peaked at 120 h. Bio-
distribution at 120 h showed tumor uptake of 11.49 ± 1.32 %ID/g for the CRC20-PDX model and 8.12 ± 1.54 %ID/g for the HCT-116 
model. Conclusion: In summary, we presented two PET probes to visualize PD-L1. Of these, [89Zr]Zr-SN-2D01 was found to have signifi-
cant capability to evaluate PD-L1 expression in CRC. The PD-L1-targeted SN-2D01 may provide a new approach in radionuclide therapy 
targeting PD-L1 in CRC.
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Introduction

Colorectal cancer (CRC) is the third most common cancer 
and the second most leading cause of cancer death glob-
ally [1-3]. The clinical management of CRC currently con-
sists of a multi-disciplinary framework comprising surgi-
cal resection, conventional chemotherapy, radiotherapy 
(RT) and molecular targeted therapy [4, 5]. Over the last 
ten years there has been marked improvement in these 
treatment regimens [6-8]. Nevertheless, the worldwide 
death rate for CRC remains unacceptably high and inci-
dence is roughly 915880 deaths per year, which is 
responsible for about 9.4% of the total cancer deaths [9]. 
Recently, due to the durable antitumor efficacy of immu-
notherapy, it has become a transformative paradigm in 
oncology, and its rapid clinical development has revo- 
lutionized the treatment landscape for CRC [10, 11]. 
According to its genetic characteristics, CRC comprises 
mismatch repair-deficient/microsatellite instability-high 
(dMMR/MSI-H) and mismatch repair-proficient/microsat-
ellite instability-low (pMMR/non-MSI-H) disease [12, 13]. 
A number of landmark clinical trials have established that 
immune checkpoint inhibitors (ICIs) can elicit strong and 
durable clinical benefit in patients with dMMR/MSI-H 

CRC. Food and Drug Administration (FDA) has approved 
several ICIs including nivolumab and pembrolizumab for 
the treatment of this patient population [14-16].

The detection of PD-L1 expression levels in patient le- 
sions enables clinicians to select candidates for immuno-
therapy rationally and predict treatment responses to 
PD-1/PD-L1 blockade. Currently, PD-L1 expression is rou-
tinely evaluated through immunohistochemical (IHC) an- 
alysis of tumor biopsy specimens, with the resulting 
PD-L1 expression score serving as a key eligibility criteri-
on for PD-1/PD-L1 targeted therapy [17, 18]. However, 
IHC-based assessment is invasive and inherently limit- 
ed by the pronounced spatiotemporal heterogeneity of 
PD-L1 expression within tumors, which precludes relia- 
ble dynamic monitoring during the treatment course [19]. 
The development of PD-L1-targeted radiotracers has 
opened new avenues for whole-body positron emission 
tomography (PET) imaging, allowing for non-invasive, re- 
peatable, and real-time quantitative characterization of 
heterogeneous PD-L1 expression across the entire tu- 
mor burden [19, 20].

Numerous radiolabeled anti-PD-L1 antibodies and pep-
tides have been studied for the development of PET 
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probes for PD-L1 evaluation [21-28]. Nanobodies (Nbs), 
also called VHHs, are derived from the variable domains 
of the heavy-chain-only antibodies found in camelids and 
serve as excellent targeting scaffolds. Compared to clas-
sic monoclonal antibodies, nanobodies possess strong 
target binding affinity and specificity, smaller size, easy 
production, and high flexibility for genetic engineering or 
conjugating with chemicals. Having a molecular weight of 
around 15 kDa, they have fast penetration and elimina-
tion from tissues and kidneys, resulting in favourable 
pharmacokinetics and high-contrast image quality [29, 
30]. Several PD-L1-targeting tracers based on VHHs  
have entered into clinical trials [31-33].

Targeted radionuclide therapy (TRT) is a clinically estab-
lished therapeutic modality [34]. While VHHs exhibit fa- 
vorable imaging characteristics, these same properties 
can limit tumor accumulation and consequently reduce 
the radiation dose delivered for therapeutic purposes 
[35]. Furthermore, the kidneys remain the primary dose-
limiting organ in VHH-based treatments, highlighting the 
urgent need to optimize the pharmacokinetic profiles of 
VHH constructs [36]. Extensive studies have demonstrat-
ed that albumin binding can effectively enhance tumor 
uptake while mitigating renal radiation burden. Notably, 
to date, no studies have reported on PET imaging utiliz-
ing PD-L1-targeted VHH-ABD constructs. In this context, 
we propose to radiolabel the PD-L1-targeting VHH-ABD 
agent SN-2D01 with two diagnostic radionuclides: 18F  
and 89Zr. The in vivo biodistribution of [18F]F-SN-2D01 
and [89Zr]Zr-SN-2D01 will be investigated in CRC mo- 
dels, with the aim of providing preclinical evidence and a 
reference for future PD-L1-directed TRT in CRC.

Materials and methods

Reagents, cell lines, and animal models

The anti-human PD-L1 ABD-VHH (SN-2D01) was supplied 
by Shenzhen Shennan Coupling Biomedical Technology 
Co., Ltd. The colorectal cancer cell line HCT-116 was 
obtained from Procell Life Science & Technology Co., Ltd. 
The tumor models were prepared using cell culture and 
standard preparation methods as per routine.

All animal procedures were performed in accordance 
with the protocols approved by the Animal Ethics 
Committee of Shenzhen PKU-HKUST Medical Center 
(approval no. 2023-631). 4-6 weeks old female Balb/c-
Nude mice were sourced from Gempharmatech Co., Ltd. 
For establishing subcutaneous xenograft models, a mix-
ture of 3-5 × 106 tumour cells was suspended with 100-
200 μL of PBS and inoculated subcutaneously in the 
mice.

The human colorectal cancer biopsy-derived tissue was 
implanted into the flank of 5-week-old female Balb/c-
Nude mice to establish CRC20 patient-derived xenograft 
(PDX) model.

Immunohistochemical staining for PD-L1

Tissues from CRC models were collected, and the  
tissue slides were stained with an anti-PD-L1 antibody 
(GB155736-100, Servicebio, 1:200). In order to block 
endogenous peroxidase activity, the sections were sub-
jected to microwave treatment for three cycles of 5-10 
min, which was then followed by incubation with 3% 
hydrogen peroxide for 15 min at room temperature. The 
sections were washed in PBS and incubated with the  
secondary antibodies at room temperature for 1 hr. 
Following washing, a 1:200 dilution of HRP-conjugated 
rabbit-specific secondary antibody was applied for 50  
min at room temperature. The immunoreactivity was 
observed by 3,3’-diaminobenzidine for 5 min, and then 
these sections are counter-stained with Mayer’s hema-
toxylin for 15 min before rinsing with distilled water.

RESCA conjugation and 18F-labeling of SN-2D01

For preparation prior to radiolabeling, PD-10 columns 
were pre-equilibrated with 10 mL of 0.05 M NaHCO3 solu-
tion (pH 8.6). Subsequently, 5 mg SN-2D01 (in PBS buf-
fer) was loaded onto the PD-10 column, and the volume 
was made up to 2.5 mL with the same 0.05 M NaHCO3 
buffer. The eluate was then collected with a further 2.5 
mL 0.05 M NaHCO3 solution which was retained for fur-
ther conjugation.

(±)H3RESCA-TFP (BDDH-1, 25 mg; Confluore Biological 
Technology) was weighed in a molar ratio of 12:1 relative 
to SN-2D01 followed by dissolving in 30 μL of DMSO. The 
SN-2D01 solution was mixed with the dissolved (±)
H3RESCA-TFP. The conjugation reaction was carried out 
at room temperature for 2 h under continuous shaking. 
The resulting mixture was then applied to a pre-equili- 
brated PD-10 column and eluted with 0.1 M CH3COONH4 
solution (pH 4.6). The collected eluate was concentrated 
using a 10 kDa molecular weight cut-off ultrafiltration 
tube (Merck). The purified RESCA-SN-2D01 conjugate was 
kept at -20°C until use in radiolabelling experiments.

For 18F-labeling, the QMA cartridge was preconditioned 
sequentially with 5 mL of sterile water for injection, 5 mL 
of air, 5 mL of 0.9% saline, and a final 5 mL of air. Cyclo- 
tron-produced enriched 18F in 500 μL of water was then 
passed through the QMA cartridge, and the filtrate was 
discarded. Subsequently, 500 μL of 0.9% saline was in- 
troduced into the cartridge, and this collection step was 
repeated twice, yielding a measured activity of 555 MBq. 
Thereafter, 8 μL of 2 mM AlCl3 solution was added, mixed 
thoroughly, and allowed to stand for 5 min. Next, 200-300 
μg of RESCA-SN-2D01 was added sequentially together 
with 100 μL of 0.1 M CH3COONH4 solution. The labeling 
reaction was allowed to proceed at room temperature for 
12 min.

Meanwhile, a PD-10 column was pre-equilibrated with  
10 mL of phosphate-buffered saline (PBS). The reaction 
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mixture was loaded onto the PD-10 column and adjust- 
ed to a final volume of 2.5 mL using the elution buffer. 
Elution was then performed by collecting 0.5 mL fractions 
into five separate tubes, and the radioactivity of each  
fraction was measured individually. The radiochemical 
purity (RCP) of the final product was determined by iTLC.

DFO conjugation and 89Zr labeling of SN-2D01

A phosphate buffered saline (PBS) solution containing 2-4 
mg SN-2D01 was prepared. The pH of the solution was 
adjusted to 8.9-9.1 by 0.1 M Na2CO3 buffer (pH 11.4). 
DFO were freshly prepared by dissolving it in DMSO and 
adding it to the SN-2D01 solution at a molar ratio of 5:1 
(DFO: SN-2D01). Reaction for the conjugation was per-
formed at room temperature for 45 min with gentle agita-
tion. Subsequently, the reaction mixture was purified on  
a PD-10 desalting column (GE Healthcare) using PBS as 
the eluent. The conjugate was then concentrated using a 
10 kDa ultrafiltration tube (Merck).

activity to the injected dose, and tracer uptake was 
expressed as percentage injected dose per gram of tis-
sue (%ID/g). 

Biodistribution study

Ex vivo biodistribution studies were carried out in CRC20-
PDX and HCT-116 tumor-bearing mice (n = 3 per group). 
Each mouse was intravenously injected with [89Zr]Zr-SN-
2D01. At 120 h post-injection, the mice were euthanized 
and major tissues, including blood, liver, heart, kidneys, 
lungs, spleen, stomach, small intestine, large intestine, 
pancreas, muscle, bone, and tumor, were collected. All 
samples were weighed and measured using a γ-counter, 
and the results were expressed as percentage of injected 
dose per gram of tissue (%ID/g).

Statistical analysis

Quantitative data are expressed as mean ± standard 
deviation (SD). Statistical analysis was carried out using 

Figure 1. Immunohistochemical analysis of PD-L1 expression in CRC20-PDX and 
HCT-116 tumors. A. Representative images of PD-L1 staining in CRC20-PDX tumor 
tissue. B. Representative images of PD-L1 staining in HCT-116 tumor tissue. Dashed 
boxes denote regions of interest that are presented at higher magnification. Scale 
bars represent 1 mm in low-magnification images and 20 μm in high-magnification 
images.

The fresh 89Zr for the radiolabeling was 
purchased from Guangdong Sinotau Mo- 
lecular Imaging Technology Co., Ltd. In 
brief, 89Zr-oxalic acid solution (20 μL, 74 
MBq) was first neutralized with 2-3 μL of 
1 M Na2CO3 buffer to adjust the pH to 7.1-
7.3. Next, 200 μL of DFO-SN-2D01 solu-
tion (200-300 μg) was placed in the re- 
action vial. The labeling reaction pro-
ceeded at room temperature for 1 h with 
mild shaking. The final 89Zr-labeled prod-
uct was purified by a PD-10 column and 
the thin-layer chromatography (TLC) was 
applied to determine radio chemical puri-
ty (RCP).

In vivo imaging studies

Small-animal imaging studies were con-
ducted in mice bearing CRC20-PDX or 
HCT-116 tumors (n = 3 per group) at 
Shenzhen Bay Laboratory/Bay Imaging 
Technology Company, China. Approxima- 
tely 7.4 MBq of [18F]F-SN-2D01 and 3.7 
MBq of [89Zr]Zr-SN-2D01 were injected 
via the tail vein for PET Imaging. During 
image acquisition, mice were anesthe-
tized with 2.0%-2.5% isoflurane. Static 
scans were acquired at the designated 
time points post-injection. PET and PET/
CT images were reconstructed using a 
three-dimensional ordered subset ex- 
pectation maximization (3D OSEM) algo-
rithm. Regions of interest (ROIs) were 
manually delineated using PMOD soft-
ware (PMOD Technologies LLC, Zurich, 
Switzerland). Quantitative analysis was 
performed by normalizing ROI-derived 
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and 2B, both tracers were prepared with high radioche- 
mical purity, exceeding 98%. Their in vitro stability was 
further evaluated in PBS at 37°C. [18F]F-SN-2D01 main-
tained an RCP above 95% after 6 h of incubation, while 
the RCP of [89Zr]Zr-SN-2D01 remained above 95% after 
96 h (Figure 2C and 2D).

Micro-PET imaging of [18F]F-SN-2D01 in HCT-116 tumor-
bearing mice

Representative PET images showed that [18F]F-SN-2D01 
accumulated in HCT-116 tumors and that the tumor signal 
became progressively more prominent from 1 to 6 h p.i. 
(Figure 3A). Quantitative ROI analysis further demon- 
strated a time-dependent increase in tracer uptake in  
the tumor, with values rising from 2.01 ± 0.66 %ID/g at 1 
h to 6.79 ± 0.67 %ID/g at 6 h p.i. (Figure 3B). Among the 
major tissues analyzed, the highest activity was obser- 
ved in the heart, followed by the liver and kidneys, where-
as muscle uptake remained low throughout the imaging 
period. At 6 h p.i., tracer uptake in the heart, liver, kidney, 
tumor, and muscle was 14.43 ± 0.40, 9.31 ± 0.77, 7.29 ± 
0.77, 6.79 ± 0.67, and 1.90 ± 0.04 %ID/g, respectively. In 
addition, the tumor-to-muscle ratio increased gradually 
over time, from 2.89 ± 0.78 at 1 h to 3.93 ± 0.88 at 6 h 

GraphPad Prism (version 9). Comparisons between two 
groups were conducted using an unpaired Student’s 
t-test. Differences were considered statistically signifi-
cant when P < 0.05.*P < 0.05; **P < 0.01; ***P < 0.001.

Results

PD-L1 expression in CRC tumor models

Immunohistochemical staining was performed to assess 
PD-L1 expression in CRC20-PDX and HCT-116 tumor tis-
sues. As presented in Figure 1A, 1B, positive PD-L1 stain-
ing was observed in both models. The staining intensity 
was more pronounced in CRC20-PDX tumors than in HCT-
116 tumors, indicating relatively higher PD-L1 expression 
in CRC20-PDX tissues.

Synthesis, radiochemistry, and stability

Radiolabeling of SN-2D01 with 18F and 89Zr was accom-
plished. The average radiochemical yield of [18F]F-SN-
2D01 was 79.34 ± 3.1% (n = 3), while [89Zr]Zr-SN-2D01 
was obtained with a radiochemical yield of 52.61 ±  
3.46% (n = 3). The molar activity of [18F]F-SN-2D01 was 
68.70 ± 4.77 GBq/μmol, while that of [89Zr]Zr-SN-2D01 
was 80.87 ± 2.78 GBq/μmol. As shown in Figure 2A  

Figure 2. Characterization of [18F]F-SN-2D01 and [89Zr]Zr-SN-2D01. A. iTLC analysis of [18F]F-SN-2D01. B. iTLC analysis of [89Zr]Zr-SN-
2D01. C. In vitro stability of [18F]F-SN-2D01. D. In vitro stability of [89Zr]Zr-SN-2D01.
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in agreement with its stronger PD-L1-positive staining. 
This trend is also consistent with previous PD-L1-tar- 
geted PET studies showing that tracer accumulation in 
tumors generally parallels PD-L1 expression levels and 
that contrast improves over time as background activity 
clears.

[89Zr]Zr-SN-2D01 immuno-PET/CT imaging in HCT-116 
tumors

[89Zr]Zr-SN-2D01 PET/CT imaging enabled clear visualiza-
tion of HCT-116 tumors from 24 to 120 h p.i. (Figure 5A). 
Quantitative analysis showed that tracer uptake in the 
tumor increased steadily over time, from approximately 
6.71 ± 0.73 %ID/g at 24 h to 7.62 ± 0.32, 8.34 ± 0.59 
%ID/g, 8.78 ± 0.34 %ID/g, and 9.37 ± 0.76 %ID/g at 48, 
72, 96, and 120 h p.i., respectively (Figure 5B). Among 
the normal organs, the liver exhibited the highest uptake 
throughout the entire imaging period, with values rising 
gradually from about 14.90 ± 0.88 %ID/g at 24 h to 15.77 
± 0.21 %ID/g, 16.47 ± 0.71 %ID/g, 17.78 ± 1.41 %ID/g, 
and 18.30 ± 1.32 %ID/g at the subsequent time points.  
In contrast, heart uptake decreased continuously over 
time, dropping from approximately 6.63 ± 0.22 %ID/g at 
24 h to 4.97 ± 0.59, 4.80 ± 0.57, 3.43 ± 0.15, and 3.06 

p.i. (Figure 3C), indicating improved tumor contrast at 
later time points.

Micro-PET imaging of [18F]F-SN-2D01 in CRC20-PDX 
tumors

The [18F]F-SN-2D01 PET imaging showed stronger tumor 
uptake in CRC20-PDX-bearing mice compared to HCT-116 
bearing mice (Figure 4), which is consistent with the 
stronger PD-L1 immunohistochemical staining in CRC20-
PDX model. Representative images showed clear tracer 
accumulation in the CRC20-PDX tumors as early as 1 h 
p.i., with tumor uptake becoming progressively more 
intense at 2, 4, and 6 h p.i. (Figure 4A). Quantitative anal-
ysis further confirmed a time-dependent increase in 
tumor uptake, reaching 6.79 ± 0.67 %ID/g at 6 h p.i. 
Among the major organs analyzed, relatively high activity 
was observed in the heart, liver, and kidneys, whereas 
uptake in muscle remained low throughout the imaging 
period (Figure 4B). As a result, the tumor-to-muscle ratio 
gradually increased over time and reached 3.56 ± 0.27 at 
6 h p.i., indicating improved tumor contrast at later time 
points (Figure 4C). Compared with the HCT-116 model, 
CRC20-PDX showed higher tumor-associated signal and 
more favorable tumor-to-background contrast, which was 

Figure 3. Micro-PET imaging of [18F]F-SN-2D01 in the HCT-116 tumor model. A. Representative micro-PET images of [18F]F-SN-2D01 in 
HCT-116 tumor-bearing mice at 1, 2, 4, and 6 h post-injection (p.i.). B. ROI analysis of [18F]F-SN-2D01 uptake in HCT-116 tumor model. 
C. Tumor-to-muscle ratio (TMR) of [18F]F-SN-2D01 in the HCT-116 tumor model.
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Quantitative analysis showed that tracer uptake in the 
CRC20-PDX tumors gradually increased over time, from 
5.93 ± 0.38 %ID/g at 24 h to 6.46 ± 1.26, 8.18 ± 1.73, 
8.40 ± 1.55, and 8.55 ± 2.18 %ID/g at 48, 72, 96, and 
120 h p.i., respectively (Figure 6B). Among the major nor-
mal tissues, the liver showed the highest uptake through-
out the imaging period, with values of 8.34 ± 0.95, 8.82 
± 1.89, 9.93 ± 1.68, 11.20 ± 3.69, and 12.20 ± 3.97 
%ID/g at 24, 48, 72, 96, and 120 h p.i., respectively. In 
contrast, heart uptake decreased progressively over time, 
from 8.13 ± 1.75 %ID/g at 24 h to 5.83 ± 1.22, 5.28 ± 
1.25, 4.30 ± 1.18, and 4.23 ± 1.28 %ID/g at the subse-
quent time points. Kidney uptake remained at a moderate 
level and exhibited only limited variation during the obser-
vation period, with values of 6.44 ± 1.20, 5.88 ± 0.90, 
6.57 ± 1.21, 6.27 ± 1.24, and 6.96 ± 0.57 %ID/g from  
24 to 120 h p.i. Muscle uptake remained low at all exam-
ined time points. Accordingly, the tumor-to-muscle ratio 
increased continuously from 4.54 ± 0.23 at 24 h to 6.14 
± 0.56, 7.93 ± 1.22, 8.26 ± 1.24, and 9.57 ± 2.28 at 48, 
72, 96, and 120 h p.i., respectively (Figure 6C), with sigin-
ificantly higher values observed at 72 (P < 0.01), 96 (P < 
0.01), and 120 h (P < 0.001) compared with 24 h, indi- 
cating progressive improvement in tumor contrast on 

± 0.33 %ID/g at 48, 72, 96, and 120 h p.i., respectively. 
Kidney uptake remained at a moderate level and showed 
only limited fluctuation during the observation period, 
measuring about 6.93 ± 0.22, 6.74 ± 0.10, 7.38 ± 1.25, 
6.74 ± 0.76, and 7.68 ± 0.38 %ID/g from 24 to 120 h p.i. 
Muscle uptake was consistently low at all time points, 
remaining around 1 %ID/g or lower. As a result, the tumor-
to-muscle ratio increased progressively from approxi-
mately 6.46 ± 0.60 at 24 h to 6.80 ± 0.44 at 48 h, 7.39 ± 
0.95 at 72 h, 10.06 ± 0.87 at 96 h, and 10.99 ± 2.44 at 
120 h p.i. (Figure 5C), with significantly higher values 
observed at 96 (P < 0.05) and 120 h (P < 0.001) com-
pared with 24 h, indicating a continuous improvement in 
tumor contrast on delayed imaging. Collectively, these 
results showed persistent tumor retention of [89Zr]Zr-SN-
2D01 in the HCT-116 model, accompanied by decreasing 
background signal in some tissues and favorable tumor 
delineation at later time points.

[89Zr]Zr-SN-2D01 immuno-PET/CT imaging in CRC20-PDX 
tumors

Similar to the findings in the HCT-116 model, [89Zr]Zr- 
SN-2D01 PET/CT imaging enabled clear visualization of 
CRC20-PDX tumors from 24 to 120 h p.i. (Figure 6A). 

Figure 4. Micro-PET imaging of [18F]F-SN-2D01 in the CRC20-PDX tumor model. A. Representative micro-PET images of [18F]F-SN-2D01 
inCRC20-PDX tumor-bearing mice at 1, 2, 4, and 6 h post-injection (p.i.). B. ROI analysis of [18F]F-SN-2D01 uptake in CRC20-PDX tumor 
model. C. Tumor-to-muscle ratio (TMR) of [18F]F-SN-2D01 in the CRC20-PDX tumor model.
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120 h p.i., with a value of 11.49 ± 1.32 %ID/g. The liver 
again displayed the highest uptake among normal organs, 
reaching 11.74 ± 2.61 %ID/g, whereas renal uptake was 
measured at 8.60 ± 1.14 %ID/g. Uptake in the spleen, 
blood, bone, and heart was lower than that in the liver and 
kidneys, while the gastrointestinal tract, pancreas, and 
muscle showed comparatively limited tracer retention.
Notably, tumor uptake in the CRC20-PDX model was sig-
nificantly higher than that in the HCT-116 model at the 
same time point (11.49 ± 1.32 vs 8.12 ± 1.54 %ID/g,  
P < 0.05). Overall, the ex vivo biodistribution data in both 
models were consistent with the PET/CT imaging find-
ings, demonstrating sustained tumor retention of [89Zr]
Zr-SN-2D01 at 120 h p.i., together with relatively high 
accumulation in the liver and kidneys.

Discussion

The rapid progression of antibody engineering has paved 
the way for new formats of antibodies. The molecular 
properties of VHHs hold potential for non-invasive molec-
ular imaging in cancer and other diseases. Several VHH-
based agents have progressed into clinical translation 

delayed imaging. Overall, the PET-derived uptake pattern 
observed in CRC20-PDX bearing mice was generally con-
sistent with that in the HCT-116 model, characterized by 
persistent tumor retention, sustained hepatic uptake, 
decreasing cardiac background activity, and improved 
tumor delineation at later imaging time points.

Ex vivo biodistribution of [89Zr]Zr-SN-2D01 in HCT-116 
and CRC20-PDX tumor models

Ex vivo biodistribution studies of [89Zr]Zr-SN-2D01 were 
performed in HCT-116 and CRC20-PDX bearing mice at 
120 h p.i. (Figure 7). In the HCT-116 model, substantial 
tumor uptake of [89Zr]Zr-SN-2D01 was observed at 120 h 
p.i., reaching 8.12 ± 1.54 %ID/g. Among the normal tis-
sues examined, the liver showed the highest uptake, with 
a value of 14.03 ± 2.16 %ID/g, followed by the kidneys at 
8.17 ± 1.61 %ID/g. Moderate activity was also detected  
in the spleen, lungs, and blood, with values of 5.16 ± 
1.20, 4.69 ± 2.39, and 4.45 ± 2.06 %ID/g, respectively.  
In contrast, uptake in the heart, bone, stomach, small 
intestine, large intestine, pancreas, and muscle remained 
relatively low. Similarly, in the CRC20-PDX model, [89Zr]
Zr-SN-2D01 exhibited prominent tumor accumulation at 

Figure 5. [89Zr]Zr-SN-2D01 immuno-PET/CT imaging in the HCT-116 tumor model. A. Representative PET/CT images of HCT-116 tumor-
bearing mice acquired at 24, 48, 72, 96, and 120 h post-injection (p.i.) of [89Zr]Zr-SN-2D01. B. ROI analysis of [89Zr]Zr-SN-2D01 uptake 
in HCT-116 tumor model. C. Tumor-to-muscle ratio (TMR) of [89Zr]Zr-SN-2D01 in HCT-116 tumor-bearing mice. Data are represented as 
mean ± SD,*P < 0.05, ***P < 0.001.



PD-L1 PET imaging in colorectal cancer

138	 Am J Nucl Med Mol Imaging 2026;16(3):131-142

Figure 6. [89Zr]Zr-SN-2D01 immuno-PET/CT imaging in the CRC20-PDX tumor model. A. Representative PET/CT images of CRC20-PDX 
tumor-bearing mice acquired at 24, 48, 72, 96, and 120 h post-injection (p.i.) of [89Zr]Zr-SN-2D01. B. ROI analysis of [89Zr]Zr-SN-2D01 
uptake in CRC20-PDX tumor model. C. Tumor-to-muscle ratio (TMR) of [89Zr]Zr-SN-2D01 in CRC20-PDX tumor-bearing mice. Data are 
represented as mean ± SD, **P < 0.01, ***P < 0.001.

Figure 7. Ex vivo biodistribution of [89Zr]Zr-SN-2D01 in HCT-116 and CRC20-PDX tu-
mor-bearing mice at 120 h p.i. Data are presented as mean ± SD. *P < 0.05.

[19, 37-40]. The inherent limitations of VHHs in vivo 
include relatively low tumor retention and rapid clearance 
from blood that adversely affects imaging signal-to-noise 
ratio and overall detection performance. The fusion of 
VHHs with an ABD through genetic engineering is an ef- 
fective approach to improve tumour uptake, facilitate a 
longer circulatory half-life and improve the imaging con-

trast [41-43], thereby facilitating the de- 
velopment of high-performance targeted 
imaging probes. In this study, we con-
structed a PD-L1-targeted VHH-ABD fu- 
sion protein, SN-2D01, which was radio-
labeled with 18F and 89Zr, respectively. We 
performed systematic evaluation and 
compared the performance of these two 
probes for non-invasive quantification of 
PD-L1 expression in CRC models, which 
is expected to lay the rational basis for 
optimizing PD-L1-directed immunoPET 
imaging.

In vitro stability assessments demon-
strated that [18F]F-SN-2D01and [89Zr]
Zr-SN-2D01 maintained excellent radio-

chemical purity (RCP > 95%) for durations of at least 6 
hours and 96 hours, respectively. The results were simi- 
lar to the favorable stability profiles of other labelled anti-
bodies reported in literature [44, 45]. As 18F is the most 
commonly used PET radionuclide, it promotes operational 
practicality in the clinics because of its optimal physical 
half-life (t1/2 = 118 min) [46, 47]. In this study, 18F-labeled 
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2D01 gradually increased from 8 %ID/g at 24 h to 17 
%ID/g at 120 h. This progressive hepatic accumulation 
indicates a potential risk of hepatotoxicity, necessitating 
careful dose optimization and safety monitoring in subse-
quent RIT studies. To improve clearance and reduce liver 
uptake, the optimization of chemical structure such as 
adjusting the isoelectric point or modifying the ABD sh- 
ould be performed in our future study. 

In the present study, PD-L1 expression was evaluated in 
both CRC20-PDX and HCT-116 tumor models. The results 
confirmed that both models were PD-L1 positive, with 
higher levels of PD-L1 expression observed in CRC20-
PDX tumors compared to HCT-116 tumors. Consistent 
with this expression profile, biodistribution of [89Zr]Zr- 
SN-2D01 exhibited significantly higher tumor uptake in 
CRC20-PDX tumors than in HCT-116 tumors at 120 h p.i. 
Collectively, these findings demonstrate that [89Zr]Zr-SN-
2D01 facilitates the quantitative assessment of PD-L1 
expression levels in CRC. However, certain discrepancies 
were noted between the quantitative data obtained from 
[89Zr]Zr-SN-2D01 PET imaging and ex vivo biodistribution 
analysis. The discrepancy between PET-derived ROI quan-
tification and ex vivo biodistribution may be due to par- 
tial volume effects, spillover from adjacent tissues, and 
attenuation correction artifacts, providing context for the 
small differences observed.

The present study has several limitations which are worth 
considering. The lack of in vitro assays that determine 
binding affinities and competitive blocking experiments 
for [89Zr]Zr-SN-2D01 precludes confirmation of target- 
specific binding. Also, further studies are needed to as- 
sess the relationship between PD-L1 expression levels 
and the predictive or evaluative capacity of [89Zr]Zr-SN-
2D01H in CRC models for immunotherapeutic respons- 
es. Furthermore, all these studies were done in athymic 
nude mice having an incompletely functioning immune 
system. Because Balb/c-Nude mice lack endogenous 
T-cells, the baseline PD-L1 expression in these xeno- 
grafts may differ from that in clinical human tumors, as 
T-cell-derived cytokines such as interferon-γ, which dy- 
namically modulate PD-L1, are absent. Therefore, future 
studies are necessary to validate the clinical translation 
potential of this probe in immunocompetent tumor mod-
els to more accurately replicate the tumor immune mi- 
croenvironment. 

Conclusions

We successfully evaluated 18F- and 89Zr-labeled PD-L1-
targeting ABD-VHH (SN-2D01) in CRC models. [89Zr]Zr- 
SN-2D01 had enhanced imaging contrast than [18F]F- 
SN-2D01. The [89Zr]Zr-SN-2D01 showed promise in nonin-
vasively detecting PD-L1 positive CRC tumors and as- 
sessing tissue heterogeneity. Moreover, this non-invasive 
imaging technique could help identify patients with a 
response to anti-PD-L1 therapy overcoming the limita-
tions of IHC.

SN-2D01 was employed to characterize short-term bio- 
distribution in CRC models from 1 to 6 h p.i. Visible tumor 
accumulation of [18F]F-SN-2D01 was seen as early as 2 h 
in HCT-116 and CRC20-PDX models, with TMR exceed- 
ing 3 at this time point. Over the time, both the tumor 
uptake and TMR value progressively increased. Moreover, 
liver and kidney radioactivity levels were less than 10 % 
ID/g within 6 hours, and heart uptake was less than 20 
%ID/g. By contrast, Li et al. have developed the CD70  
targeted probe [64Cu]Cu-NOTA-ABDB6, which showed sig-
nificantly higher initial uptakes in the kidney (~20 %ID/g), 
liver (~20 %ID/g), and heart (~30 %ID/g) at 1 hour [42]. 
These results imply that [18F]F-SN-2D01 is primarily elimi-
nated via the renal and hepatobiliary pathways, exhibiting 
a more favorable normal organ distribution in comparison 
to the previously reported ABD-conjugated nanobodies.

Given the prolonged blood half-life conferred by ABD con-
jugation, SN-2D01 was labeled with long-lived radionu-
clides (e.g., 89Zr, 64Cu) to enable multi-day in vivo distribu-
tion profiling. In the present study, we further developed 
[89Zr]Zr-SN-2D01 and evaluated its performance in CRC 
models. Serial imaging revealed a progressive increase  
in tumor uptake over 120 hours, with peak accumulation 
reaching 8.55 ± 2.18 %ID/g in CRC20-PDX and 9.37 ± 
0.76 %ID/g in HCT-116 models, respectively. Corres- 
pondingly, TMR in both models approached ~10 at 120 h, 
supporting high-contrast tumor delineation. Notably, com-
parative analysis with prior literature highlights the favor-
able targeting characteristics of [89Zr]Zr-SN-2D01. Cao et 
al. [48] reported that 89Zr-labeled bispecific antibody ATG-
101 (targeting PD-L1/4-1BB) achieved maximal tumor 
uptake (~10 %ID/g) on day 3, whereas 89Zr-labeled anti-
PD-L1 monoclonal antibody showed peak tumor uptake 
below 10 %ID/g. Similarly, Zhang et al. [41] demonstrated 
that 89Zr-labeled ABD-fused CD47 nanobody (ABDC2) 
reached peak tumor accumulation at 72 h. Collectively, 
these data indicate that the maximum tumor uptake of 
[89Zr]Zr-SN-2D01 is comparable to that of [89Zr]Zr-anti-
PD-L1. However, a key distinction lies in its sustained 
tumor retention: [89Zr]Zr-SN-2D01 exhibited progressive 
uptake peaking at 120 h, suggesting that the ABD fu- 
sion strategy employed herein more effectively prolongs 
intratumoral persistence. This property is highly desirable 
and may translate to improved therapeutic efficacy for 
future PD-L1-targeted radioimmunotherapy (RIT) applica- 
tions.

Regarding off-target organ distribution, splenic uptake is 
a critical consideration due to its association with hema-
tologic toxicity [49]. Over a 10-day monitoring period, 
[89Zr]Zr-ATG-101 demonstrated persistent splenic accu-
mulation (~10 %ID/g) [48], which may contribute to mye- 
losuppression, such as leukopenia and thrombocytope-
nia. In contrast, the splenic uptake of [89Zr]Zr-SN-2D01  
at 120 h was significantly lower (~5 %ID/g), suggesting a 
more favorable hematologic safety profile for potential RIT 
development. However, a notable limitation was identi- 
fied in hepatic biodistribution: liver uptake of [89Zr]Zr-SN-
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