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Nuclear medicine imaging plays a critical role in early diagnosis, treatment planning, and monitoring
by enabling real-time, non-invasive visualization of molecular processes. Conventional radiotracers, such
as ['8F|F-FDG, often suffer from limited specificity and unfavorable pharmacokinetics. Nanobodies, with
their small size, high affinity, deep tissue penetration, and low immunogenicity, have emerged as valuable
tools for molecular imaging. Nanobody-based radiotracers have shown promise across oncology, neurol-
ogy, and immune-related diseases, supporting precision diagnostics and individualized treatment moni-
toring. However, challenges such as renal retention and short plasma half-life still hinder clinical trans-
lation. In this review, we present the structural and functional advantages of nanobodies and summarize
the key advances, challenges, and future prospects of nanobody-based radiopharmaceuticals in nuclear

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Accurate and early disease diagnosis is critical for improv-
ing patient survival and guiding therapeutic decisions [1]. Nu-
clear medicine imaging, particularly positron emission tomography
(PET) and single-photon emission computed tomography (SPECT),
has revolutionized medical diagnostics by enabling real-time, non-
invasive visualization of biological processes at the molecular
level [2-4]. These techniques utilize radiopharmaceuticals that
selectively bind to disease-specific biomarkers, providing high-
resolution imaging for disease localization, staging, and treatment
monitoring [5,6].

Conventional radiotracers, such as [!®F]fluorodeoxyglucose
(['8F]F-FDG), are widely used in PET imaging to assess glucose
metabolism in tumors [7]. However, ['8F]F-FDG lacks specificity, as
inflammatory and infectious lesions also exhibit high uptake, lead-
ing to false-positive results [8-12]. To improve tumor specificity,
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targeted radiotracers, including monoclonal antibodies (mAbs),
small molecules, and peptide-based probes, have been developed
[13]. Despite these advancements, each class of radiotracers has in-
herent limitations: mAbs exhibit poor tumor penetration and pro-
longed circulation times [14]; small molecules often lack sufficient
specificity and undergo rapid renal clearance [15]; and peptide-
based tracers are prone to enzymatic degradation and display rela-
tively low binding affinity [16]. These challenges continue to hinder
the development of radiotracers with optimal imaging efficacy.

To overcome these limitations, nanobodies, also called single-
domain antibodies (sdAbs) or heavy-chain variable domain an-
tibodies (VHHs), have emerged as a promising platform in
nuclear medicine imaging [14]. Nanobodies, the single-domain
antigen-binding fragments derived from heavy-chain-only antibod-
ies (HCADbs) of camelids, possess several advantages over conven-
tional mAbs, including smaller molecular size (~15kDa), enhanced
tissue penetration, rapid systemic clearance, and reduced immuno-
genicity [17-21]. These properties make nanobodies particularly
well-suited for molecular imaging and theranostic applications,
where rapid targeting and minimal off-target effects are essential.

The integration of nanobody technology with radiopharmaceu-
ticals has driven significant progress in PET and SPECT imag-
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Fig. 1. (A) Key advantages of nanobody-based radiotracers. (B) Overview of targets
for nanobody-based radiotracers in nuclear medicine.

ing. Recent advancements in nanobody engineering have led to
the development of high-performance radiotracers targeting onco-
genic biomarkers such as human epidermal growth factor recep-
tor 2 (HER2), prostate-specific membrane antigen (PSMA), and
programmed death-ligand 1 (PD-L1), facilitating early tumor de-
tection and personalized treatment planning [22]. Beyond oncol-
ogy, nanobody-based imaging has expanded into other disease ar-
eas, including neuroinflammation and immune system disorders,
broadening the landscape of molecular diagnostics [23].

Despite these promising advancements, the clinical translation
of nanobody-based radiopharmaceuticals still faces several chal-
lenges, including the optimization of radiolabeling strategies, re-
duction of renal retentio and prolongation of circulation half-life to
meet therapeutic demands. Additionally, the integration of artificial
intelligence (Al) is expected to revolutionize the field by acceler-
ating the discovery, optimization, and radiolabeling of nanobody-
based tracers, ultimately enhancing imaging accuracy and thera-
peutic efficacy.

This review provides a comprehensive analysis of the latest de-
velopments in nanobody-based radiotracers for nuclear medicine
imaging. As the field continues to evolve, nanobody-based radio-
pharmaceuticals are expected to play a central role in advancing
nuclear medicine, ultimately improving diagnostic accuracy, thera-
peutic efficacy, and patient outcomes across multiple disease do-
mains (Fig. 1).

2. Nanobody concept and key characteristics
2.1. Introduction to nanobody technology

Since their discovery in the early 1990s [24], nanobodies have
garnered significant attention as a promising alternative to conven-
tional mAbs due to their small molecular size (~12-15kDa), high
stability, and remarkable target specificity [25]. Unlike conventional
antibodies, which are composed of two heavy and two light chains,
nanobodies lack light chains and possess a single variable domain
that mediates antigen recognition (Fig. S1 in Supporting informa-
tion) [26]. Their unique advantages arise from several key struc-
tural and biochemical characteristics, as outlined below.
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(1) High affinity and broad epitope recognition: Nanobodies pos-
sess high antigen-binding affinities (nmol/L-pmol/L range) and
owing to their elongated complementarity-determining region
3 (CDR3) loops, can target hidden or conformational epitopes
often inaccessible to conventional antibodies [21,27].

(2) Small size and enhanced tissue penetration: Their small size

(~12-15KkDa) facilitates superior tissue penetration, especially

in solid tumors, and allows for rapid renal clearance, enhancing

the target-to-background ratio and improving diagnostic sensi-

tivity and specificity [19].

Exceptional stability and solubility: Structural features in their

framework regions (FR), such as hydrophilic residue substitu-

tions, confer high solubility, resistance to aggregation, and sta-
bility under extreme thermal, pH, and enzymatic conditions,
enabling robust performance in complex biological environ-
ments and facilitating storage and transport (Fig. S2 in Support-

ing information) [21,26,28].

(4) Low immunogenicity: VHH domains share high sequence ho-
mology (~80%) with human VH3 family genes, resulting in
low immunogenicity and reduced anti-drug antibody (ADA) re-
sponses, which supports their therapeutic use in humans [29].

(5) Cost-effective production and engineering flexibility: Nanobod-

ies are amenable to high-yield microbial expression systems

(e.g., Escherichia coli (E. coli), yeast), and their simple architec-

ture enables versatile engineering into multivalent or albumin-

fused constructs to enhance pharmacokinetics and function

[30].

Suitability for nuclear medicine imaging: Their small size,

high stability, rapid clearance, and strong target affinity make

nanobodies particularly suitable for radiolabeling in nuclear
imaging, outperforming conventional antibodies in signal-to-

noise ratio and imaging resolution [31].

(3
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2.2. Comparison of different radiotracers for molecular imaging

Radiotracers based on monoclonal antibodies, small molecules,
and peptides each play important roles in molecular imaging but
face inherent limitations. Monoclonal antibodies offer high speci-
ficity and affinity for tumor antigens but suffer from large size and
prolonged circulation, leading to slow tumor penetration and de-
layed imaging times [14,32,33]. Small molecules provide rapid tu-
mor uptake and deep tissue penetration, yet often lack specificity
and are rapidly cleared renally, causing background interference
[15,34]. Peptide-based tracers balance these traits with moderate
size and receptor specificity [35], enabling faster clearance than
mAbs but facing challenges such as lower binding affinity and en-
zymatic degradation that affect imaging accuracy and signal reten-
tion [36]. To systematically evaluate the advantages and limitations
of various radiotracer classes, their key properties are summarized
in Table S1 (Supporting information).

3. Design and radiolabeling strategies of nanobody-based
radiotracers

3.1. Radionuclide selection

PET employs radionuclides such as BF (T;;,=110min), 58Ga
(T1,=68min), and 89Zr (T;;,=78.4h), offering high sensitiv-
ity and spatial resolution for molecular imaging [37]. !8F en-
ables efficient, scalable radiolabeling via covalent strategies (e.g.,
click chemistry) [38], while 68Ga is favored for rapid imag-
ing using chelators like 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (DOTA), 1,4,7-triazacyclononane-1,4,7-triacetic acid
(NOTA), and 1,4,7-triazacyclononane,1-glutaric acid-4,7-acetic acid
(NODAGA) [39]. In contrast, the long half-life of 89Zr suits full-
length antibodies but is suboptimal for nanobody tracers due
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to prolonged background retention [40]. SPECT, using y-emitting
isotopes such as 9™Tc (T;,=6h) and ™MIn (T;,=2.8 d), re-
mains cost-effective and widely accessible. 99~Tc is well-suited
to nanobody labeling via HYNIC or MAG3, whereas ''In bet-
ter matches the pharmacokinetics of conventional antibodies than
nanobodies [41]. The commonly used radionuclides are listed in
Table S2 (Supporting information).

3.2. Radiolabeling methods

Radiolabeling of nanobodies can be broadly categorized into di-
rect labeling and indirect labeling, each with distinct advantages
and limitations.

3.2.1. Direct labeling

Direct radiolabeling involves the covalent attachment of ra-
dionuclides to nanobodies via reactive functional groups or chem-
ically modified sites on the nanobody surface [42]. For example,
the 5F7 nanobody was directly radioiodinated using the lodogen
method [43]. This approach is characterized by high labeling ef-
ficiency, simplified synthesis, and reduced processing time, as it
eliminates the need for bifunctional chelators. However, labeling
conditions such as high temperatures or harsh chemical environ-
ments may negatively impact the biological activity of nanobodies
[44].

3.2.2. Indirect labeling

Indirect labeling employs bifunctional chelators (e.g., DOTA,
NOTA, NODAGA) to stably coordinate radionuclides in vivo [45].
Though effective, it involves complex synthesis and may alter
nanobody properties while increasing cost [46].

(1) Lysine (Lys)- and glycine (Gly)-based labeling: Lys and random
Gly based labeling is the most commonly used method for anti-
body modification in clinical practice. However, its non-specific
nature allows multiple Lys residues to react, potentially affect-
ing the CDRs, weakening antigen binding, and reducing imag-
ing or therapeutic efficacy [47]. To overcome these limitations,
site-specific conjugation introduces a unique cysteine into a
non-functional nanobody region, enabling selective maleimide
coupling [48]. This strategy offers a robust approach for site-
specific radiolabeling of nanobodies.

(2) One-pot Al-8F labeling: Traditional !8F labeling often requires

harsh conditions unsuitable for sensitive biomolecules like

nanobodies. The one-pot Al-'8F method forms a stable Al-18F
complex with a chelator conjugated to the biomolecule, offer-
ing mild conditions, simplicity, and short reaction time. This ef-
ficient and versatile strategy has attracted growing interest in

PET probe development [49].

Click chemistry-mediated labeling: Click chemistry, known for

rapid reactions and high yields, is widely used in radiolabeled

probe development. The copper-catalyzed azide-alkyne reaction

(CuAAC) is common but limited by copper’s incompatibility

with biological systems. To address this, strain-promoted azide-

alkyne cycloaddition (SPAAC) was developed [50]. Additionally,
the inverse electron-demand Diels-Alder (IEDDA) reaction be-
tween tetrazine and trans-cyclooctene offers exceptionally fast
kinetics, promoting its broad use in radiopharmaceutical chem-

istry [51].

(4) Enzyme-mediated labeling: Sortase A (SrtA) recognizes an
LPXTG motif and catalyzes ligation to N-terminal oligoglycine-
bearing molecules (e.g., GGGGK), enabling site-specific 9°™Tc la-
beling [52]. Similarly, microbial transglutaminase (mTGase) tar-
gets a C-terminal glutamine, forming stable amide bonds with
primary amines for efficient, mild labeling [53].

—
W
—
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(5) Pretargeting strategies: Pre-targeting enhances nanobody imag-
ing specificity and contrast by separating targeting and radiola-
beling, reducing non-specific radiation and off-target accumula-
tion [54]. It suits short-lived radionuclides and rapid nanobody
kinetics, enabling flexible multi-modal and multi-target imag-
ing for broader diagnostic and therapeutic use [55].

4. Applications of nanobody-based radiotracers in nuclear
medicine imaging

Here, we categorize the major applications of nanobody-based
radiotracers into three domains: Tumor imaging, neuroimaging,
and imaging of other diseases (Tables S3 and S4 in Supporting
information). We further discuss the advantages and limitations
of representative tracers from both research and translational per-
spectives.

4.1. Tumor imaging

4.1.1. Tumor cell-targeted nanobody radiotracers
(1) HER2-targeted nanobody radiotracers

HER2 is a receptor tyrosine kinase belonging to the EGFR fam-
ily, and its overexpression is associated with various malignancies,
including breast cancer, gastric cancer, and lung cancer [56-58].
While mAbs such as trastuzumab have been successfully utilized
in HER2-positive breast cancer therapy [57,58], challenges such
as HER2 heterogeneity and low HER2 expression in certain tu-
mors necessitate the development of highly sensitive, non-invasive
molecular imaging approaches to optimize HER2-targeted treat-
ment strategies.

[68Ga]Ga-NOTA-2Rs15d, the first HER2-specific nanobody PET
tracer to enter clinical trials, demonstrated high tumor uptake and
rapid blood clearance in HER2-positive breast cancer patients dur-
ing a Phase I clinical trial (NCT03331601). The study was further
expanded in Phase II trials (NCT03331601, NCT03924466) to eval-
uate its imaging efficacy in brain metastases and other HER2-
expressing malignancies [59]. However, significant renal uptake
of this tracer may limit its sensitivity for abdominal imaging. In
contrast, [#*™MTc]Tc-NM-02, a SPECT-based imaging agent, exhib-
ited lower off-target renal accumulation in a Phase I clinical study
(NCT04040686) and demonstrated improved sensitivity in detect-
ing metastatic breast cancer, particularly in lesions with low HER2
expression or high heterogeneity [60].

(2) CEA-targeted nanobody radiotracers

Carcinoembryonic antigen (CEA, CEACAM5) is an important tu-
mor biomarker for malignancies such as colorectal cancer (CRC)
and gastric cancer [61,62]. [3Ga]Ga-HNIO1, a CEA-targeted PET
tracer, has demonstrated low immunogenicity, high tumor contrast,
and rapid clearance, enabling high-quality imaging within 30 min.
However, its elevated renal and normal colon tissue uptake may
compromise the sensitivity of abdominal lesion detection [63]. An-
other promising CEA-targeted nanobody, Nb41, has been explored
for both PET imaging and near-infrared fluorescence (NIRF) intra-
operative navigation imaging. Preclinical studies indicate efficient
tumor accumulation and prolonged retention, suggesting its poten-
tial for precision-guided CRC resection [64].

(3) Trop2-targeted nanobody radiotracers

Trophoblast cell surface antigen 2 (Trop2) is a broadly ex-
pressed tumor marker implicated in multiple epithelial cancers. A
nanobody-based PET tracer, [®8Ga]Ga-NOTA-T4, was recently devel-
oped to enable noninvasive imaging of Trop2 expression hetero-
geneity in both preclinical tumor models and ten patients with
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solid tumors (NCT06203574) [65]. To optimize pharmacokinetics,
a milder ['8F]AIF-RESCA labeling strategy was used to develop
['8F]AIF-RESCA-T4 and its His-tag-free variant RT4, both exhibit-
ing improved in vivo performance and clinical translation potential
[66].

(4) CD70-targeted nanobody radiotracers

CD70 is highly expressed in over 80% of clear cell renal cell
carcinomas (ccRCC), but shows minimal distribution in normal
tissue [67]. Based on this, Wei et al. developed ['8FJRCCB6, a
CD70-targeted nanobody-based PET tracer, which demonstrated ef-
fective detection of tumor burden and metastases in ccRCC pa-
tients (NCT06148220) [68]. To address elevated renal signals, re-
moval of the His-tag significantly reduced non-specific renal up-
take (SUVmax =56) while maintaining high tumor accumulation
(SUVmax = 129) [69-71]. This highlights the value of molecular en-
gineering in improving imaging contrast for renal malignancies.

4.1.2. Tumor stroma imaging
(1) Nanobody-based radiotracers targeting stromal cells

Fibroblast activation protein (FAP) serves as a specific marker
of cancer-associated fibroblasts (CAFs) and is overexpressed in the
stroma of more than 90% of epithelial malignancies [72-74]. The
Xu research team engineered the anti-FAP nanobody AMS002-1
[75]. The radiolabeled derivative, [39Zr]Zr-AMS002-1-Fc, demon-
strated high tumor affinity for FAP-positive tumors. As shown in
Fig. S3 (Supporting information), another promising FAP-targeting
nanobody, 4AH29, was investigated by the Dekempeneer research
team [76] (Fig. S3A). This nanobody exhibits sub-nanomolar affin-
ity for both human and murine FAP (Fig. S3B), while maintaining
enzymatic activity (Fig. S3C). Radiolabeled [68Ga]Ga-DOTA-4AH29
and [B']I-GMIB-4AH29 successfully enabled specific imaging of
FAP-positive tumors in murine models (Figs. S3D and E). However,
both [13'1]I-GMIB-4AH29 and [225Ac]Ac-DOTA-4AH29 exhibited no-
table nephrotoxicity during treatment, highlighting the need for fu-
ture studies to optimize dosing strategies and mitigate renal toxic-
ity to improve clinical applicability.

(2) Nanobody-based radiotracers targeting extracellular matrix
(ECM) proteins

In the tumor microenvironment (TME), ECM remodeling pro-
motes cancer growth, invasion, and immune evasion [77,78]. NJB2
is a promising candidate for diagnostic imaging. The anti-ECM
nanobody NJB2 enables PET/CT imaging of primary and metastatic
lesions in models of breast cancer, melanoma, and pancreatic duc-
tal adenocarcinoma (PDAC) within 2 h, outperforming conventional
['8F]F-FDG PET/CT. Additionally, NJB2 facilitates lesion detection in
bleomycin-induced pulmonary fibrosis models, highlighting its po-
tential as a broad-spectrum imaging agent.

4.1.3. Tumor neovascularization

Angiogenesis is essential for tumor growth and metastasis, with
vascular endothelial growth factor2 (VEGFR2) and neuropilin-1
(NRP-1) as key regulators highly expressed in tumor vasculature.
VEGFR2’s limited presence in normal vessels makes it a prime
target for anti-angiogenic therapy [79,80]. The Karami research
team screened a camel-derived immune nanobody library and suc-
cessfully identified nanobody candidates with high specificity and
nanomolar-level affinity for both VEGFR2 and NRP-1 [81]. These
nanobodies exhibited promising efficacy in both in vitro and in vivo
models, demonstrating their potential as novel tools for tumor vas-
cular imaging and targeted therapy. Future studies are expected to
explore the integration of these nanobody-based probes with mul-
timodal imaging technologies, such as PET and fluorescence imag-
ing, to enable precise tumor visualization and facilitate theranostic
applications.
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4.1.4. Tumor immune-related targets
(1) CD8-targeted nanobody radiotracers

CD8 is a key immune marker expressed on cytotoxic T cells,
and its infiltration level within tumors serves as an important
indicator for evaluating immunotherapy efficacy [82]. [®8Ga]Ga-
NOTA-SNAOO6a, synthesized through condensation coupling (Fig.
S4A in Supporting information), demonstrated high specificity
and affinity for CD8* T cells both in vitro and in vivo (Figs.
S4B and C in Supporting information) [83]. Researchers engi-
neered a variant, [58Ga]Ga-NOTA-SNAOOGa, by eliminating the His6
tag from [68Ga]Ga-NOTA-SNAOO6a. The improved probe success-
fully quantified CD8* T-cell distribution in Phase I clinical tri-
als (NCT05126927), providing valuable insights for assessing tumor
immunotherapy responses and developing personalized treatment
strategies [84].

(2) CD38-targeted nanobody radiotracers

CD38 is a transmembrane glycoprotein widely expressed in im-
mune and epithelial cells and is overexpressed in multiple ma-
lignancies, including multiple myeloma (MM). However, current
imaging techniques exhibit limited sensitivity in detecting minimal
residual disease (MRD) [85]. In preclinical studies, the nanobody
2F8 demonstrated strong targeting and imaging capability for
CD38-positive tumor cells following radiolabeling, along with sig-
nificant therapeutic efficacy in a CD38-positive MM xenograft
model [86]. Additionally, [3Ga]Ga-NOTA-Nb1053, an immunoPET
imaging probe, exhibited robust imaging performance in both sub-
cutaneous and orthotopic MM lesions [87,88]. Despite promising
preclinical and early clinical findings, CD38-targeted nanobody-
based PET/SPECT imaging remains in the early stages of clinical
validation, warranting further trials to establish safety and efficacy.

(3) PD-L1-targeted nanobody radiotracers

PD-L1 is a widely studied immune checkpoint molecule that
is highly expressed in various tumors and contributes to immune
evasion within the TME [89]. Molecular imaging probes targeting
the PD-1/PD-L1 axis have made significant strides in both clin-
ical and preclinical research [90]. These probes not only enable
noninvasive assessment of PD-1/PD-L1 expression within tumors
but also reveal spatial heterogeneity in the TME, offering poten-
tial for precise patient stratification and response prediction in im-
munotherapy. For example, the SPECT tracer [?°™Tc|Tc-NM-01 has
enabled accurate visualization of PD-L1 expression in non-small
cell lung cancer (NSCLC) within 2h post-injection (NCT02978196)
[91], improving the identification of responders. Ongoing Phase I
(NCT04436406) and Phase II (NCT04992715) trials are further eval-
uating its predictive value for PD-1 blockade therapy [92,93].

Meanwhile, the PET tracer [58Ga]Ga-APNO9 showed strong cor-
relation with PD-L1 immunohistochemistry (NCT05156515) [94].
Building on this progress, researchers have explored strategies
to enhance imaging quality and clinical utility by improving in
vivo probe performance. For instance, based on the nanobody
RW102, incorporation of an albumin-binding domain (ABD035) ex-
tended blood circulation time. Compared to unmodified [®8Ga]Ga-
NOTA-RW102, the modified tracers [64Cu]Cu-NOTA-ABDRW102 and
[89Zr]Zr-DFO-ABDRW102 exhibited higher tumor uptake and im-
proved in vivo stability (NCT06165874), supporting increased imag-
ing sensitivity and delayed imaging capabilities for PD-L1 visualiza-
tion [95].

4.2. Neuroimaging

4.2.1. Neurodisease-related targets
(1) Tau-targeted nanobody radiotracers
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B-Amyloid peptide (AB) and Tau protein are two hallmark
pathological features of Alzheimer’s disease (AD) [96], character-
ized by extracellular plaque deposition and intracellular neurofib-
rillary tangles (NFTs), respectively [97]. Among these, Tau protein
deposition exhibits a stronger correlation with cognitive decline
and neurodegeneration [98]. A nanobody named 2C5 (isoelectric
point: 7.18) exhibits high affinity and specificity for tau oligomers.
Radiolabeling via a tricarbonyl approach yielded [#*™Tc]Tc-2C5
with high radiochemical purity, good stability. However, brain up-
take in healthy mice remained low at 5, 10 and 15min post-
injection, potentially due to its relatively low pl, negative logP
value, and the use of non-pathological models. Prior studies show
blood-brain barrier (BBB) penetration requires higher isoelectric
points [14,99], but research on this remains limited. Future work
should focus on modifying nanobody properties to improve brain
uptake and tau imaging.

(2) Glial fibrillary acidic protein (GFAP)-targeted nanobody ra-
diotracers

GFAP is a key marker of reactive astrocytes and neuroinflam-
mation [100,101]. To enable targeted imaging, Li et al. developed
a nanobody E9 with high specificity for GFAP, capable of crossing
the BBB and labeling astrocytes in the brain [99]. To enhance brain
uptake, Morito et al. fused E9 with a brain shuttle peptide ApoE
(159-167), using flexible (EGA) and rigid (EEA) linkers. Among the
resulting radiotracers, ['8F]F-EEA showed higher GFAP affinity and
lower nonspecific binding, though PET failed to reveal clear re-
gional differences, possibly due to low dose or background signal
interference [101].

4.2.2. Nanobody strategies for BBB penetration

The BBB limits molecular access to the central nervous sys-
tem (CNS), complicating neuroimaging and therapy [102]. To over-
come this, nanobody-based shuttles targeting receptors like TfR
have been developed [103,104]. Sehlin et al created a TfR1-
binding nanobody TXB2 and fused it to the anti-Af antibody bap-
ineuzumab (Bapi), forming Bapi-TXB2. Radiolabeled ['2°I]I-Bapi-
TXB2 showed strong TfR1 affinity and enabled enhanced BBB pene-
tration, achieving threefold higher brain uptake than ['251]I-Bapi in
wild-type mice. In ArcSwe transgenic mice, it exhibited more uni-
form brain distribution, highlighting its potential to improve CNS
delivery while reducing systemic exposure.

4.3. Imaging of other diseases

4.3.1. Inflammation imaging

Vascular cell adhesion molecule-1 (VCAM-1, CD106) is a 90 kDa
glycoprotein expressed on endothelial cells [105], playing a pivotal
role in diseases such as atherosclerosis, chronic hepatitis and can-
cer [106-111]. Broisat et al. developed a high-affinity nanobody,
cAbVCAM1-5, with cross-reactivity to human and murine VCAM-
1. [9¥™Tc]Tc-cAbVCAM1-5 enabled SPECT imaging in ApoE”- mice,
demonstrating strong lesion uptake that correlated with dis-
ease severity, indicating its sensitivity as a tool for monitoring
atherosclerotic lesions. In non-alcoholic fatty liver disease (NAFLD)
models, [9°™Tc]Tc-cAbVCAM1-5 sensitively detected hepatic in-
flammation and monitored its progression and resolution [111].

4.3.2. Diabetes imaging

Dipeptidyl peptidase 6 (DPP6) has been identified as a specific
marker for pancreatic 8-cells and «-cells [112,113]. Balhuizen et al.
developed the nanobody 4hD29, which specifically binds to DPP6
[113]. In immunodeficient mice, SPECT/CT imaging using [?°™Tc]|Tc-
4hD29 demonstrated highly specific binding to DPP6-expressing
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human pancreatic islets and Kelly neuroblastoma cells, with min-
imal background signal [114]. However, given that DPP6 is ex-
pressed in both B-cells and «-cells, the use of this tracer may limit
the precise quantification of S-cell mass [115].

4.3.3. Autoimmune disease imaging

Complement receptor Ig superfamily (CRIg) is a biomarker of
synovial resident macrophages, and its expression is significantly
upregulated in the synovium of rheumatoid arthritis (RA) patients
[116]. Zheng et al. developed the nanobody NbV4m119, which
specifically targets CRIg [117]. In collagen-induced arthritis (CIA)
mouse models, [**™Tc]Tc-NbV4m119 uptake was found to correlate
with arthritis severity scores, with the tracer successfully detect-
ing early inflammatory signals in asymptomatic mice. These find-
ings suggest that [#*™Tc]Tc-NbV4m119 may serve as an effective
tool for the early prediction, diagnosis, and therapeutic monitoring
of RA.

5. Challenges

While nanobody-based radiotracers offer unique advantages in
nuclear medicine imaging, their clinical translation faces several
challenges.

5.1. Renal retention

Due to their small molecular size, nanobodies undergo rapid
glomerular filtration and subsequent tubular reabsorption, leading
to high renal accumulation. Particularly in urogenital tumors such
as renal, bladder, and prostate cancers, high background signals
in the kidneys may obscure lesions or interfere with delineation
of tumor margins, significantly compromising diagnostic accuracy
[118]. Therefore, mitigating renal uptake remains a critical chal-
lenge for the clinical translation of nanobody radiotracers.

Several strategies have been explored to reduce renal reten-
tion. Co-administration of lysine or plasma expanders such as
Gelofusine® has been shown to reduce renal retention of radio-
tracers by competitively inhibiting reabsorption through endocytic
receptors like megalin and cubulin. Gelofusine® reduced the ra-
diation dose of [?*™Tc|Tc-NM-02 to the kidneys by nearly 50%
(0.06 £0.007 vs. 0.129 mSv/MBq) in breast cancer patients [119-
121].

Amino acid tags are widely used for the expression and pu-
rification of antibodies and nanobodies. However, the incorpora-
tion of charged amino acid tags can significantly alter the polarity
of nanobodies, thereby influencing their biodistribution. Removal
of the His-tag has been proposed to reduce tubular reabsorp-
tion by minimizing interactions with anionic renal receptors. This
strategy effectively decreases non-specific renal retention (cortical
SUVmax =56) without compromising tumor uptake (SUVmax=
129) [71], offering a practical approach to enhance the diagnostic
accuracy of primary renal cancers.

Another promising strategy to reduce renal retention involves
site-specific radiolabeling using cleavable linkers that are sensi-
tive to renal brush border enzymes (RBBEs). Zhou et al. utilized
click chemistry to incorporate an RBBE-cleavable Gly-Lys linker
into nanobodies, which promotes the formation of radiometabo-
lites with membrane permeability or low reabsorption, enabling
rapid urinary excretion and reducing renal radioactivity by 5-6-fold
[122].

Furthermore, PEGylation and albumin-binding modifications
have been shown to effectively reduce renal retention of nanobod-
ies by enhancing hydrophilicity and modulating molecular size.
Short-chain PEG reduces renal radioactivity by 4-6-fold, while
longer chains improve clearance but significantly impair target
binding due to steric hindrance. Balancing high tumor targeting
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with low renal toxicity remains critical. In Zhang et al’s study,
incorporation of ABD035 decreased renal accumulation by 2.2-
fold, representing a promising method to mitigate renal toxicity
[123,124].

5.2. Short blood half-life

While rapid systemic clearance of nanobodies enhances imag-
ing contrast, it may hinder applications such as radionuclide ther-
apy. Optimizing the pharmacokinetic profile of nanobody tracers is
crucial for enhancing their clinical performance.

As previously described, PEGylation forms a steric shield that
protects nanobodies from proteolytic degradation, and simultane-
ously increases their hydrodynamic size, thereby reducing rapid re-
nal clearance [124]. In comparison, fusion with ABD or IgG-binding
domain (IgBD) offers a more advantageous strategy [64,125,126].
After binding to albumin, Nb-ABD undergoes neonatal Fc receptor
(FcRn)-mediated recycling, extending blood circulation and reduc-
ing renal uptake. For example, Zhang et al. reported that conjuga-
tion of ABDO35 to the nanobody increased the blood circulation
of [68Ga]Ga-NOTA-ABDC2 by 13.9-fold [64,123]. Similarly, a novel
IgG-binding nanobody, [#*™Tc]Tc-MIRC213-709, exhibited distribu-
tion and elimination half-lives (Tyj,« and Tyjg) that were 6.74-
and 19.04-fold longer, respectively, compared to the control [127].

PASylation, a strategy involving the attachment of proline-,
alanine-, and serine-rich sequences to nanobody surfaces, in-
creases hydrophilicity and molecular size, reducing renal clearance
and extending systemic half-life [128]. Yang et al. provided com-
pelling evidence that the half-life of PASylated nanobodies is 3.8
times that of unmodified nanobodies (0.96 h vs. 0.25h) [129]. Fur-
thermore, adjusting the injected dose and optimizing the imaging
time window can enhance image quality. For instance, modifying
the timing of PET/SPECT imaging based on tracer kinetics may al-
low for improved signal-to-background ratios, ensuring optimal di-
agnostic performance across various clinical scenarios [45].

5.3. Immunogenicity considerations

Although VHHs share structural similarity with human VH3 do-
mains and generally exhibit low immunogenicity, repeated admin-
istration in therapeutic settings can still trigger ADA responses,
potentially compromising bioactivity and efficacy. Minimizing im-
munogenicity is therefore critical for the long-term clinical use of
nanobody-based radiotracers. Clinical data from over 35 trials in-
volving more than 1000 subjects report ADA rates ranging from
0% to 30%, with neutralizing ADAs occurring in fewer than 3% of
cases, typically transient and treatment-induced [130].

Humanization remains the primary strategy to reduce
nanobody immunogenicity. This includes CDR grafting, trans-
ferring camelid CDRs onto human antibody frameworks to retain
specificity while reducing immune recognition, and framework
engineering to further align non-essential residues with human
sequences. However, the impact of humanization on immuno-
genicity is not always predictable. For example, the humanized
nanobody Vobarilizumab (ALX-0061) induced no ADAs in a 24-
week Phase I/II trial in RA patients [131], but treatment-emergent
ADAs appeared in 31% of patients in Phase IIb [132,133]. Balancing
humanization with structural stability and antigen affinity remains
a key challenge in nanobody design. Alternative approaches, such
as fully human nanobody libraries generated via phage display or
Al-guided design, may help bypass immune responses associated
with non-human sequences. PEGylation is another option to shield
immunogenic epitopes, though careful optimization is needed to
preserve functional binding [126].
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5.4. Blood-brain barrier (BBB) permeability

Effective imaging of central nervous system (CNS) diseases is
hindered by the BBB, which restricts the penetration of most an-
tibodies and radiotracers into brain tissue. Although nanobodies
possess some degree of BBB permeability due to their small size,
additional modifications are needed to enhance CNS targeting effi-
ciency.

One promising strategy involves transferrin receptor (TfR)-
mediated transport, wherein nanobodies fused with anti-TfR
nanobodies utilize receptor-mediated transcytosis to achieve effi-
cient brain uptake [134]. Similarly, brain shuttle peptides such as
Angiopep-2 and ApoE-derived sequences have been employed to
enhance nanobody delivery across the BBB [101]. Studies suggest
that increasing the pl of nanobodies (>8.5) may also facilitate BBB
penetration [99]. Furthermore, nanocarrier-based delivery systems,
including liposomes, polymer nanoparticles, and exosomes, have
been investigated as potential vehicles for enhancing CNS-specific
targeting [103].

5.5. Radiolabel stability and off-target effects

The stability of radiolabeling is a critical determinant of tracer
specificity, imaging quality, and safety. Unstable labeling can result
in radionuclide dissociation, leading to unintended accumulation in
non-target tissues, such as bone deposition of free 89Zr. Such off-
target effects not only degrade imaging contrast but may also in-
crease radiation toxicity.

Chelator selection plays a pivotal role in maintaining radiola-
bel stability [45]. While DOTA is widely used for therapeutic ra-
dionuclides (77Lu, 225Ac), its affinity for 3Ga is suboptimal. NOTA
and NODAGA provide superior %Ga binding stability, making them
preferable choices for PET imaging. For 89Zr-based tracers, tra-
ditional deferoxamine (DFO) chelation is associated with limited
affinity, prompting the development of modified DFO derivatives
(e.g., DFO*) to improve stability and reduce bone uptake [135].

Site-specific labeling techniques, such as C-terminal cysteine
conjugation, help minimize batch-to-batch heterogeneity and im-
prove in vivo distribution predictability [136]. In certain cases,
co-administration of blocking agents may further decrease non-
specific tissue uptake, thereby improving imaging contrast [137].

5.6. Clinical translation and regulatory approval

Despite the promising preclinical performance of nanobody-
based radiotracers, their clinical translation remains constrained by
several challenges. Chief among these is the limited availability of
large-scale clinical validation. To date, only a few nanobody trac-
ers have progressed to clinical trials, such as [%8Ga]Ga-NOTA-anti-
HER2 nanobody, which has demonstrated high imaging contrast
in patients with breast and gastric cancers. However, comparative
studies against existing PET tracers (e.g., [63Ga]Ga-PSMA-11 [138])
are necessary to establish whether nanobodies confer significant
advantages in terms of target-to-background ratio, imaging kinet-
ics, and diagnostic accuracy.

The production of nanobody radiotracers also presents chal-
lenges. The manufacturing process involves recombinant protein
expression, purification, radiolabeling, and stringent quality con-
trol under good manufacturing practice (GMP) conditions. Expres-
sion systems such as E. coli, yeast, and mammalian cells each
exhibit distinct trade-offs regarding yield, purification complex-
ity, and cost-effectiveness. Optimization of high-yield, cost-efficient
production methods remains a priority.

Furthermore, regulatory approval pathways for nanobody-based
radiotracers are not yet fully established. The unique structural
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properties of nanobodies may necessitate additional safety eval-
uations beyond those required for conventional monoclonal an-
tibodies or small-molecule tracers. Future efforts should focus
on conducting multicenter clinical trials, refining GMP production
pipelines, and integrating nanobody imaging with emerging preci-
sion medicine strategies such as liquid biopsy to facilitate person-
alized diagnostics and therapeutics [139].

6. Future perspectives

The future of nanobody-based radiopharmaceuticals in nuclear
medicine is poised for significant advancements, driven by inno-
vations in Al, therapeutic applications, and personalized precision
medicine.

6.1. Al-driven nanobody design and optimization

The integration of Al and machine learning into nanobody
research is expected to shift the paradigm from an empirical,
trial-and-error approach to a data-driven framework. Currently,
nanobody development relies heavily on experimental screen-
ing, which is time-consuming and labor-intensive. In contrast, Al-
powered deep learning models, combined with protein structure
prediction tools such as AlphaFold, will enable precise in silico pre-
diction of nanobody-target interactions, stability, pharmacokinetics,
and in vivo biodistribution [140,141]. Such advancements will sig-
nificantly accelerate the discovery process and facilitate the ratio-
nal design of nanobody candidates with optimized binding affinity
and reduced immunogenicity.

Additionally, Al will play a pivotal role in refining radiolabel-
ing strategies, enhancing nuclide stability, and minimizing off-
target effects. By leveraging computational modeling and high-
throughput screening, Al-assisted approaches can optimize chela-
tor selection, linker chemistry, and conjugation strategies to im-
prove the pharmacokinetic profile of radiolabeled nanobodies. This
technological breakthrough is expected to yield imaging agents
with higher specificity and improved signal-to-noise ratios, partic-
ularly for challenging-to-image pathologies such as solid tumors
and neurodegenerative disorders. Consequently, Al-driven advance-
ments will enhance the early detection and diagnostic accuracy of
various diseases, further advancing precision nuclear medicine.

6.2. Therapeutic applications of radiolabeled nanobodies

Beyond their diagnostic utility, nanobodies hold immense po-
tential for targeted radionuclide therapy (theranostics) [142]. With
the development of therapeutic «- or B-emitting radionuclides
such as 77Lu and 22°Ac, the clinical translation of theranostic
nanobody-based radiopharmaceuticals is expected to accelerate in
the near future. Current efforts focus on prolonging blood circu-
lation (e.g., through PEGylation or albumin binding [123]), select-
ing matched diagnostic-therapeutic radionuclide pairs such as 68Ga
and 77Lu, or radionuclides with both diagnostic and therapeutic
functions like 13! [143], applying pretargeting strategies to lower
toxicity, and reducing liver and kidney uptake by metabolic op-
timization. These advances help combine imaging and treatment
in one agent, improving therapeutic precision and safety [144,145].
Moreover, in the context of brain tumors, nanobody-based radio-
therapeutics may offer enhanced BBB permeability compared to
conventional antibodies, thereby expanding the potential applica-
tions of targeted radionuclide therapy in neuro-oncology.

The development of bifunctional nanobodies for both diagno-
sis and therapy will simplify patient management by enabling
real-time treatment monitoring. Such agents can reduce procedu-
ral steps, improving efficiency and compliance. Advances in ra-
dionuclide production, nanobody engineering, and delivery sys-
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tems are expected to accelerate their clinical translation in the
coming years.

6.3. Nanobody PET imaging in precision medicine

Precision medicine relies on individualized treatment strategies
tailored to the unique molecular and pathological characteristics of
each patient. In this context, nanobody-based immunoPET imaging
offers high precision in visualizing in vivo target distribution and
expression dynamics, and holds clear translational potential. For
example, the radiolabeled PD-L1 nanobody [68Ga]Ga-NOTA-RW102
enables noninvasive assessment of the PD-1/PD-L1 axis in cancer
patients, facilitating the identification of potential responders and
supporting decision-making for immunotherapy. Moreover, with an
imaging window spanning from 30 min to 144 h post-injection, this
tracer is well-suited for continuous monitoring of treatment re-
sponse and the emergence of immune-related adverse events [95].

Similarly, the Trop2-specific tracer [68Ga]Ga-NOTA-T4 demon-
strates clear visualization of heterogeneous Trop2 expression in
solid tumors, aiding in the optimization of therapeutic strategies
and adjustment of treatment regimens [65,66]. In addition, inte-
grating molecular imaging with Al-driven predictive models offers
the potential for individualized radiation dose estimation, ensuring
effective therapy while minimizing radiation exposure to healthy
tissues [146]. Looking forward, the development of nanobody trac-
ers capable of capturing immune dynamics in real time will be a
key direction for future research and clinical innovation.

6.4. Outlook

Over the next 5-10 years, the synergistic impact of Al-driven
nanobody optimization, therapeutic radiolabeled nanobodies, and
precision medicine-guided imaging will propel nuclear medicine
to new frontiers. These innovations will contribute to more ac-
curate disease diagnosis, more effective radionuclide therapy reg-
imens, and safer, patient-specific treatment strategies. Additionally,
the expanding role of nanobody-based radiopharmaceuticals in on-
cology, neurodegenerative disorders, and immune-related diseases
underscores their potential to revolutionize the field of molecular
imaging and targeted therapy.
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