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Small but mighty: The versatility of nanobodies in modern 
medicine 
Mike Blueggel, a Désirée Gül, b Roland H. Stauber b and Shirley K. Knauer *a 

Nanotools in biomedicine open up novel applications in research, diagnostics, and clinical care. Here, Nanobody technology 
has emerged as a powerful platform, offering advantages over conventional antibodies due to their small size, high stability, 
and ability to target cryptic epitopes. Our review summarizes the structural and functional properties of nanobodies, their 
production and engineering strategies, and explores their expanding role in therapeutic applications. We discuss nanobody-
based approaches in oncology, neurodegenerative and infectious diseases, as well as autoimmune disorders, focussing on 
their integration into molecular imaging, targeted drug delivery, and emerging modalities such as targeted protein 
degradation (TPD). Advances in nanobody engineering, including bispecific constructs, nanobody-drug conjugates, and 
intracellular targeting strategies, are accelerating their clinical translation. Despite challenges in manufacturing and 
regulatory approval, the approval of Caplacizumab and ongoing clinical trials underscore the growing impact of nanobody 
therapeutics. With their versatility and potential for precision and personalized medicine, nanobody-based technologies 
drive innovation across biomedical research and next-generation therapies. 

1. Introduction 
Recently, nanobody technologies and applications have 
emerged as powerful tools in biotechnology and biomedicine 
(Fig. 1), offering unique advantages over conventional 
monoclonal antibodies (mAbs).1, 2 Nanobodies, also known as 

VHH domains, are derived from the heavy-chain-only antibodies 
found in camelids (Fig. 2) and also in sharks.3 Their small size 
(~15 kDa), high specificity, and remarkable stability under 
extreme conditions have made them attractive candidates for 
diverse therapeutic and diagnostic applications, ranging from 
oncology and infectious diseases to neurodegenerative 
disorders.4-6 One of the key advantages of nanobodies lies in 
their ability to bind cryptic, three-dimensional epitopes that are 
often inaccessible to conventional antibodies.7 Their 
monomeric nature allows for easier genetic engineering, 
enabling the development of multivalent or bispecific formats, 
fusion constructs (Fig. S1), and targeted drug delivery systems.8 
Additionally, nanobodies demonstrate excellent tissue 
penetration, making them valuable for applications such as 
tumor-targeting and blood-brain barrier (BBB) penetration.9, 10
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Her work explores protease (patho)biology, chemical biology, 
translational oncology, and nanobiomedicine,  
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Fig. 1 A chronological overview highlighting major developments in nanobody research, from the initial isolation of camelid-derived nanobodies to the approval of 
nanobody-based therapeutics by the FDA. The figure includes a structural representation of a nanobody against Gelsolin (PDB ID: 2X1P). Created with Biorender.com. 

Building on their favorable biophysical properties and molecular 
simplicity, the term nanobody technology refers not only to the 
nanobody molecules themselves but also to the broader 
landscape of engineering strategies, modular formats, and 
biomedical applications—ranging from precision delivery 
systems to their integration into diagnostics, targeted 
therapies, and synthetic biology. The rapid progress in 
nanobody engineering,11 including affinity maturation, 
humanization,12-14 and conjugation with therapeutic agents,15 
has further accelerated their clinical translation.16 
Caplacizumab (Cablivi), the first FDA-approved nanobody, has 
paved the way for the development of additional nanobody-
based therapeutics.17 With several candidates currently in 
clinical trials, this expanding technology pipeline is also poised 

to help shape the future of personalized and precision 
medicine.18-20 
Due to the growing interest of the scientific community in 
nanobody-based research is clearly reflected by an increasing 
number of publications (Fig. S2). This review provides a 
comprehensive overview of nanobody technology, highlighting 
their structural and functional properties, production and 
engineering strategies, and therapeutic applications. We 
explore their role in targeted therapies, molecular imaging, drug 
delivery, and emerging areas such as targeted protein 
degradation (TPD).21 Furthermore, we discuss the challenges 
associated with clinical translation and manufacturing, along 
with future perspectives on how nanobody-based therapeutics 
may shape the next generation of biomedicine. 
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Throughout the years, I’ve explored nanoscale mechanisms 
and technologies to understand and manipulate biological 
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systems. I have previously published related work 
in Nanoscale and Nanoscale Advances and have long 
appreciated the growing impact of Nanoscale Horizons within 
the broader nanoscience community. The journal’s 
interdisciplinary scope and commitment to innovation have 
been a continued source of inspiration. I am honored to 
contribute to this 10th anniversary collection and look forward 
to seeing more biology-driven nanoscale research in future 
issues.
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Fig. 2 Schematic of nanobody structure vs. conventional antibodies. Side-by-side comparison of a monoclonal antibody (IgG), a camelid heavy chain antibody, and a 
nanobody (VHH domain), highlighting differences in size, structure, and functional domains (nanobody structure: PDB ID: 2X1P). See main text for details. Created with 
Biorender.com.

 
The rapid progress in nanobody engineering,11 including 
affinity maturation, humanization,12-14 and conjugation with 
therapeutic agents,15 has also accelerated their clinical 
translation.16 Caplacizumab (Cablivi), the first FDA-approved 
nanobody, has paved the way for further development of 
nanobody-based therapeutics.17 With several nanobody 
candidates currently in clinical trials, this technology pipeline 
is poised to also revolutionize personalized and precision 
medicine.18-20 
Due to the growing interest of the scientific community in 
nanobody-based research is clearly reflected by an 
increasing number of publications (Fig. S2). This review 
provides a comprehensive overview of nanobody 
technology, highlighting their structural and functional 
properties, production and engineering strategies, and 
therapeutic applications. We explore their role in targeted 
therapies, molecular imaging, drug delivery, and emerging 
areas such as targeted protein degradation (TPD).21 
Furthermore, we discuss the challenges associated with 
clinical translation and manufacturing, along with future 
perspectives on how nanobody-based therapeutics may 
shape the next generation of biomedicine. 

2. Nanobody Technology: Fundamentals and 
Engineering 
Nanobodies, or single-domain antibodies (sdAbs), are 
derived from the heavy-chain-only antibodies (HcAbs) found 
in camelids such as llamas and alpacas (Fig. 2).3 Unlike 
conventional IgG antibodies, which require both heavy and 
light chains for antigen binding, nanobodies rely solely on a 
single variable domain (VHH), yet maintain full antigen-
binding capacity. Their small size (~15 kDa) and unique 
structural features, particularly an extended and flexible 
complementarity-determining region 3 (CDR3), allow them 
to access epitopes that are often inaccessible to traditional 
antibodies, making them highly versatile nanotools for 
therapeutic applications.7 

2.1 Nanobody Discovery and Library Generation 

Nanobody development follows a streamlined process that 
typically begins with the immunization of camelids (e.g., 
alpacas, llamas) using an antigen of interest (Fig. 3).22 After 
immune stimulation, peripheral blood lymphocytes are 
isolated, and the VHH gene segments are amplified by 
polymerase chain reaction (PCR).23 The resulting sequences 
are cloned into expression vectors to construct a nanobody 
library. Traditionally, phage display has been employed for 
the selection of high-affinity binders through iterative 
rounds of biopanning.24 
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To address the limitations of this approach, advanced display 
technologies have been developed. In particular, yeast surface 
display, combined with flow cytometry (FACS), now enables 
high-throughput, quantitative screening of large nanobody 
libraries based on binding affinity, specificity, and expression 
profiles. 25-27 Innovative Escherichia coli display systems now 
combine the benefits of both phage and yeast display by 
presenting nanobodies on the bacterial surface via the N-
terminal domain of intimin. These next-generation platforms 
not only improve screening efficiency but also enable affinity 
maturation under physiologically relevant conditions. 
Downstream validation of selected binders is typically 
performed using enzyme-linked immunosorbent assay (ELISA), 
surface plasmon resonance (SPR), or bio-layer interferometry 
(BLI), providing robust quantification of nanobody–antigen 
binding kinetics and target engagement. Furthermore, 
ribosome display and synthetic or naïve libraries have expanded 
the nanobody discovery toolbox by enabling purely in vitro 
selection, thus eliminating the need for animal immunization.29-

31 Recent advancements have also introduced transgenic 
‘LamaMice’, genetically engineered mice expressing camelid-
like heavy-chain-only antibodies (HcAbs), further broadening 
the accessibility of nanobody discovery.32  

2.2 Expression Platforms for Nanobody Production 

Nanobody expression is adaptable across multiple host 
systems, each offering unique advantages (Fig. S3).33 Bacterial 
systems such as Escherichia coli are widely used due to their 
cost-effectiveness and scalability, making them ideal for 
research and industrial production.34 Yeast expression systems, 
including Pichia pastoris and Saccharomyces cerevisiae, provide 
eukaryotic post-translational modifications and higher 
secretion yields.35 Mammalian cell lines, such as human 
embryonic kidney (HEK293) and Chinese hamster ovary (CHO) 
cells, ensure proper glycosylation and are preferred for 
therapeutic applications. More recently, in vivo expression 
strategies using viral vectors or mRNA delivery have emerged as 
promising approaches for direct nanobody administration in 
patients.36, 37 

2.3 Engineering Strategies for Therapeutic Optimization 

To enhance therapeutic efficacy, nanobody engineering 
strategies focus on improving affinity, specificity, stability, and 
functionality.11 Affinity maturation involves introducing 
mutations in CDR regions (see Fig. 2) through techniques like 
error-prone PCR or saturation mutagenesis to enhance binding 
affinity.38, 39 Humanization modifies camelid-derived VHH 
frameworks to resemble human IgG sequences, reducing 
potential undesired immunogenicity.40, 41 Multivalent and 
multispecific nanobodies, including dimeric, trimeric, and 
bispecific formats, improve avidity and allow simultaneous 
targeting of multiple antigens (Fig. S1).42, 43 42, 43 

 
Fig. 3 Generation of nanobodies from camelid immune systems. Workflow 
illustrating camelid or genetically engineered LamaMice immunization, peripheral 
blood mononuclear cell (PBMC) isolation, VHH amplification and library 
construction, followed by nanobody selection through phage display or 
alternative platforms such as yeast or E. coli surface display and ribosome display. 
Quantitative high- or medium-throughput screening by fluorescence-activated or 
magnetic cell sorting (FACS/MACS), surface plasmon resonance (SPR)/Bio-layer 
interferometry (BLI) or Enzyme-linked Immunosorbent Assay (ELISA) support 
downstream validation of antigen-specific binders as positive clones. See main 
text for details. Created with Biorender.com. 

This is particularly beneficial for cancer immunotherapy and 
immune cell recruitment. Additionally, nanobody-drug and 
nanobody-enzyme fusions enable targeted drug delivery and 
enzymatic degradation of disease-associated proteins 
(Table S1).44-46  

2.4 Functionalization and Clinical Advantages 

Nanobodies offer several distinct advantages over traditional 
monoclonal antibodies (Table S2).4 Their small size enables 
superior tissue penetration, allowing better diffusion in solid 
tumors and across biological barriers, including the blood-brain 
barrier. Their high thermal and chemical stability makes them 
suitable for challenging environments, including oral and 
inhalable formulations. Their simple structure facilitates genetic 
manipulation, enabling straightforward conjugation with 
therapeutic payloads such as toxins, radionuclides, or 
nanoparticles. Additionally, their production in microbial 
systems significantly reduces manufacturing costs compared to 
full-length antibodies. The unique ability of nanobodies to 
recognize cryptic epitopes, such as enzyme active sites and 
intracellular protein interactions, further expands their 
therapeutic potential.47 
Nanobody engineering has transformed the field of biologics by 
offering a scalable and adaptable platform for targeted 
therapeutics. Their unique biophysical properties, combined 
with advancements in recombinant expression and molecular 
optimization, have enabled their rapid expansion across diverse 
biomedical applications.  
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3. Therapeutic Applications of Nanobodies 
Nanobody technology has rapidly evolved from a promising 
research tool to a clinically relevant class of therapeutics with 
applications across multiple disease areas, including cancer, 
neurological disorders, infectious diseases, and autoimmune 
conditions.48, 49 Beyond direct therapeutic applications, 
nanobodies have also been engineered for targeted drug 
delivery and imaging, further expanding their potential in 
precision medicine.50 This chapter provides an overview of the 
diverse therapeutic applications of nanobody-based strategies, 
focusing on their role in oncology, neurology, infectious 
diseases, inflammatory disorders, and other emerging medical 
fields. 

3.1 Oncology Applications 

Cancer remains a leading cause of mortality worldwide, 
necessitating the development of highly selective and potent 
therapeutics.51 Nanobody-based strategies have shown 
promise in multiple aspects of cancer therapy, notably in 
immune checkpoint inhibition, targeted drug delivery, and 
cellular immunotherapy (Fig. 4).42, 52  

3.1.1 Immune Checkpoint Inhibition 
The immunosuppressive tumor microenvironment frequently 
inhibits T-cell activity through checkpoint molecules such as PD-
1, PD-L1, CTLA-4, and TIGIT. Nanobody-based immune 
checkpoint inhibitors restore T-cell-mediated antitumor 
responses by blocking these pathways. Due to their small size 
and favorable pharmacokinetics, nanobodies penetrate solid 
tumors more efficiently and may exhibit reduced off-target 
toxicity compared to conventional monoclonal antibodies.53 
Nanobodies targeting PD-1 and PD-L1 have been shown to 
reinvigorate exhausted T cells, while those against CTLA-4 and 
TIGIT address alternative immune resistance mechanisms.54  

3.1.2 Targeted Drug Delivery via Nanobody-Drug Conjugates 
(NDCs) 
NDCs leverage nanobody scaffolds to selectively deliver 
cytotoxic agents to tumor cells while sparing healthy tissues.55-

57 These conjugates typically incorporate cleavable linkers that 
release the drug payload upon internalization or within the 
tumor microenvironment. HER2-specific nanobody conjugates 
have demonstrated efficacy in preclinical breast cancer models, 
while EGFR- and PD-L1-targeting NDCs are being investigated 
for non-small cell lung cancer and or head and neck tumours.58-

61  
3.1.3 Nanobody-Based Cellular Immunotherapy (CAR-T/CAR-NK) 
Chimeric antigen receptor (CAR) T-cell (CAR-T) and natural killer 
(CAR-NK) cell therapies rely on engineered surface receptors to 
redirect immune effector cells against cancer. Nanobodies are 
increasingly used as the antigen recognition domains in CAR 
constructs, offering enhanced engineering flexibility and 
reduced immunogenicity.52, 60, 62 Nanobody-CAR-T cells have 
been developed for hematological malignancies (e.g., CD19+ 
leukemias), HER2+ breast cancer, and EGFR-mutated 
glioblastomas.63-65 CAR-NK cells incorporating nanobody 
recognition domains provide a potentially safer alternative, 

with lower risks of cytokine release syndrome and graft-versus-
host disease. In addition, nanobody-CARs allow rapid affinity 
tuning and multi-specificity designs, supporting broader tumor 
targeting strategies. 

3.1.4 Emerging Non-Classical CAR Approaches 
Beyond classical genetic engineering, non-classical nanobody-
CAR strategies are emerging, particularly those leveraging non-
genetic receptor engagement on NK cells. A recently described 
CAR-like nanobody platform co-opts endogenous activating 
receptors on NK cells to achieve tumor recognition and 
cytotoxicity without the need for gene modification.66 In 
parallel, recent literature has highlighted the potential of these 
approaches in providing modular, regulatory-simplified, and 
scalable solutions for safer, off-the-shelf cell therapies.67 These 
non-classical strategies complement conventional CAR 
technologies and broaden the translational landscape of 
nanobody-guided cellular immunotherapy. 

3.2 Neurological Disorders and Brain Delivery 

The ability of nanobodies to cross the blood-brain barrier (BBB) 
makes them valuable for treating central nervous system (CNS) 
diseases (Fig. 5).68, 69 Targeted nanobody-based approaches are 
being explored for the delivery of therapeutic agents to the 
brain, addressing neurodegenerative diseases such as 
Alzheimer’s and Parkinson’s disease, which are characterized by 
the accumulation of misfolded proteins.69, 70 Nanobody-based 
strategies have been investigated for selectively targeting and 
neutralizing these toxic protein aggregates. Anti-tau and anti-
Amyloid-β nanobodies are under development for reducing Tau 
tangles and Amyloid-β plaques in Alzheimer’s disease,71 while 
α-synuclein-targeting nanobodies are being explored as a 
means to prevent fibril formation in Parkinson’s disease.72 
 

Fig. 4 Nanobody applications in cancer immunotherapy. Nanobody-drug conjugates 
(NDCs) for tumor targeting (upper left), nanobody-based CAR-T therapy (nanobody-
directed CARs, upper right) and nanobody-based immune checkpoint inhibitors (anti-
PD1 and anti-CTLA4, bottom). See main text for details. Created with Biorender.com. 
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Beyond extracellular targeting, recent studies have 
demonstrated that intracellularly expressed nanobodies, 
“intrabodies”, can disrupt aggregate seeding and propagation 
within neurons.73, 74 For example, intrabodies directed against 
Tau, α‑synuclein, and TDP‑43 have shown potent inhibition of 
pathological spread in cell models of neurodegeneration.75 
To enhance BBB transport, receptor‑mediated transcytosis 
(RMT) strategies have been implemented, where nanobodies 
are engineered to engage endogenous receptors such as 
transferrin receptor (TfR), insulin‑like growth factor 1 receptor 
(IGF1R), or low-density lipoprotein receptor-related protein 1 
(LRP1). 76, 77 VHHs such as FC5 and FC44 have demonstrated 
efficient transcytosis and brain delivery via the TfR and IGF1R 
pathways, with improved CNS uptake in vivo.78 pH-sensitive 
anti-TfR nanobody variants, such as the M1 mutant, further 
enhance brain delivery while avoiding receptor degradation and 
saturation.79 Bispecific nanobody constructs combining 
BBB‑shuttling domains with anti‑aggregate nanobodies have 
achieved dual functionality in preclinical models.80, 81 For 
instance, anti‑TfR/BACE1 bispecific nanobodies reduced brain 
amyloid‑β levels by approximately 40% in transgenic mouse 
models, while TfR-amyloid‑β conjugates (e.g., Bapi-TXB2) 
achieved over a threefold increase in brain penetration 
compared to conventional monoclonal antibodies.82 Moreover, 
nanobody‑based imaging agents are being developed for 
real‑time, non‑invasive visualization of pathology.83 PET- and 
MRI-compatible anti‑amyloid‑β and anti‑α‑synuclein 
nanobodies fused with TfR-shuttling domains might thus be 
used to image aggregate distribution in living animals, enabling 
longitudinal disease monitoring. Emerging delivery 
technologies such as nanobody-nanoparticle conjugates and 
mRNA‑encoded nanobody expression systems hold promise for 
systemic administration, sustained brain exposure, and payload 
versatility.84-86 These approaches offer scalable and modular 
formats for both therapy and diagnosis. 
Together, these innovations position nanobody platforms as 
versatile tools for both therapeutic intervention and diagnostic 
imaging in complex CNS disorders. 
 
 

 

Fig. 5 Nanobody-based therapies for neurological disorders. Graphical 
representation of nanobody drugs targeting neurodegenerative diseases (e.g., 
anti-Tau, anti-Aβ nanobodies for Alzheimer’s disease) and potential delivery 
enabling blood-brain barrier (BBB) crossing. See main text for details. Created with 
Biorender.com.

3.3 Infectious Disease Therapeutics 

Nanobodies offer a promising approach for combating viral, 
bacterial, and fungal infections due to their ability to recognize 
conserved epitopes and neutralize pathogens effectively.72, 87  
Several nanobody candidates targeting SARS-CoV-2 have been 
developed to neutralize the virus by binding to the spike 
protein, with some progressing to clinical trials.18, 88 Nanobody 
therapies for HIV and influenza have also shown potential by 
blocking viral entry through interactions with key 
glycoproteins.87, 89 In bacterial infections, nanobody-based 
neutralizing agents have been developed against toxins from 
Clostridium difficile, anthrax, and botulinum, providing a novel 
strategy for treating sepsis and toxin-mediated diseases.90, 91 

3.4 Other and Emerging Therapeutic Areas 

Nanobody-based inhibitors of proprotein convertase 
subtilisin/kexin type 9 (PCSK9) have shown promise for lowering 
cholesterol levels in patients with hypercholesterolemia.92 
Additionally, nanobody therapies are being investigated for 
their potential in treating lysosomal storage diseases, such as 
Gaucher’s disease, by targeting defective enzymes.93 As 
research into nanobody applications continues, their potential 
for addressing rare diseases and novel therapeutic targets is 
expanding though it will require 'smart' innovative strategies, 
such as nanobody-/drug-/ nanomaterial combinations. 

3.5 Perspectives 

Nanobody-based therapeutics have demonstrated remarkable 
potential across a broad spectrum of diseases, offering 
advantages such as enhanced tissue penetration, high 
specificity, and reduced immunogenicity. Their application in 
cancer immunotherapy, infectious disease treatment, 
neurodegenerative disorders, and autoimmune diseases 
highlights their versatility and clinical relevance. Ongoing 
development efforts continue to expand the scope of 
nanobody-based interventions, paving the way for their 
integration into precision/personalized medicine and next-
generation therapeutics. Indeed, several of the described 
applications increasingly leverage advanced delivery and 
imaging strategies, as highlighted in the following section on 
nanobody-based technologies for targeted delivery, molecular 
imaging, and intracellular modulation. 

4. Nanobody-Based Technologies in Drug Delivery 
and Molecular Imaging 
Complementing their direct therapeutic applications, 
nanobodies also serve as powerful platforms for precision 
delivery and molecular imaging.94 Their ease of genetic and 
chemical modification enables the creation of multifunctional 
constructs that improve tissue-specific drug targeting, enhance 
biodistribution, and facilitate real-time visualization of disease 
processes. This section outlines the technological advances that 
underpin these applications and illustrates how nanobody-
based formats support the broader goals of personalized and 
systems-level medicine. 
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4.1 Targeted Drug Delivery Platforms 

The ability to guide therapeutic agents precisely to diseased 
cells or tissues while minimizing off-target effects is a major goal 
in modern drug development. Nanobody-based drug delivery 
systems leverage their unique properties to enhance targeting 
efficiency (Fig. 6).95 Cell-penetrating peptides (CPPs) like TAT 
and arginine-rich R9 help deliver otherwise impermeable 
therapeutics into cells by interacting with negatively charged 
membranes, mainly via endocytosis or direct translocation.96 
Similar charged regions can also be engineered into 
nanobodies, creating cell-penetrating domain antibodies.97 
Nanobody-drug conjugates (NDCs) function similarly to 
antibody-drug conjugates (ADCs) but with improved tumor 
penetration and reduced immunogenicity.16, 45, 98-100 These 
conjugates typically involve a cytotoxic payload attached to a 
nanobody via a cleavable linker, as seen in HER2-targeted NDCs 
for breast cancer, which selectively eliminate HER2-positive 
cancer cells,58 and EGFR-targeted NDCs for colorectal 
cancers,101 which enable precise targeting of EGFR-mutated 
tumors. Nanobodies have also been used to functionalize and 
improve nanoparticles, enhancing their ability to deliver drugs 
specifically to target cells. Various nano-particle/-material 
platforms have been developed, including liposomes that 
encapsulate chemotherapeutic drugs for enhanced tumor 
targeting, polymeric nanoparticles designed for controlled drug 
release in chronic diseases, and gold or magnetic nanoparticles 
explored for theranostic applications, where they serve as both 
therapeutic carriers and imaging agents.102, 103 Exosomes - 
nanoscale extracellular vesicles naturally secreted by most cell 
types - have gained significant attention as biocompatible drug 
delivery systems due to their inherent stability, low 
immunogenicity, and natural ability to traverse biological 
barriers.104 Recent advances have enabled the functionalization 
of exosomes with nanobodies to enhance targeting 
precision.105, 106 In this strategy, nanobodies are typically 
displayed on the exosome surface via genetic fusion to 
endogenous exosomal membrane proteins such as Lamp2b or 
CD63, enabling selective binding to target antigens on recipient 
cells. This approach allows the targeted delivery of therapeutic 
payloads, including siRNAs, small-molecule drugs, or gene-
editing systems (e.g., CRISPR-Cas components), while 
minimizing off-target effects.107 Nanobody-modified exosomes 
have shown promising results in preclinical models of cancer 
and other diseases, offering a modular, customizable, and cell-
compatible platform for next-generation targeted therapies.108 
Nanobody-based targeting moieties are increasingly employed 
in future gene therapy and mRNA delivery strategies, with lipid 
nanoparticle-based micro-/-mRNA delivery systems enabling 
tissue-specific RNA transport as well as adeno-associated virus 
(AAV) targeting approaches improving the specificity of viral 
vectors for gene therapy.109 
 

 

 
Fig. 6 Intracellular nanobody delivery strategies. Illustration of methods for 
delivering nanobodies inside cells, including (cyclic) cell-penetrating peptides (CPPs) or 
cell-penetrating, supercharged nanobodies, nanobody-functionalized nanoparticles and 
virus-like particles (VLPs) for nanobody packaging (left). Moreover, exosomes might be 
genetically engineered for cell-specific cargo delivery (right). See main text for details. 
Created with Biorender.com.  

4.2 Nanobody-Based Diagnostic and Imaging Tools 

Likewise, nanobody-based imaging agents offer significant 
advantages in diagnostic imaging, including rapid clearance 
from circulation, high specificity, and improved contrast 
(Table S3).110 Indeed, their small size allows for deep tissue 
penetration, making them valuable tools in both preclinical and 
clinical settings.  
Nanobody conjugates labeled with radioactive isotopes have 
been developed for positron emission tomography (PET) and 
single-photon emission computed tomography (SPECT) 
imaging, such as HER2-specific nanobody radiotracers for early-
stage breast cancer detection and PD-L1 imaging tools that 
assess immunotherapy responses in real time (Fig. S4).111, 112 
Nanobody-based fluorescent probes enable real-time imaging 
in both in vitro and in vivo settings, including applications such 
as electrochemical sensing and live-cell imaging of intracellular 
targets using nanobody-GFP fusions (Fig. 7) to study protein-
protein interactions, and fluorescently labeled nanobodies for 
tumor margin detection during surgical resection.113-115 More 
universally applicable tagging systems, such as the ALFA-tag, 
that consists of a small, rationally designed α-helical epitope, 
can even function independently of their position on the target 
protein.116 
 
 

Fig. 7 Nanobody-based biosensors and molecular probes. Schematic of a 
nanobody-functionalized electrochemical biosensor for disease biomarkers and 
fluorescent nanobody biosensors for live-cell imaging. See main text for details. 
Created with Biorender.com.
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When combined with high-affinity nanobodies, these systems 
enable a broad array of applications - including super-resolution 
and live-cell microscopy, immunoblotting, 
immunoprecipitation, and gentle purification of native protein 
complexes or whole cells - while their compact size further 
supports high-precision imaging of subcellular structures.117 
Additionally, nanobody-conjugated contrast agents have been 
designed to enhance magnetic resonance imaging (MRI) and 
ultrasound imaging, with nanobody-functionalized iron oxide 
nanoparticles used for imaging of brain tumors and 
microbubble-based ultrasound imaging improving vascular and 
tumor imaging precision.118-120 

4.3 Targeted Protein Degradation (TPD) 

One of the most exciting developments in nanobody technology 
is its application in targeted protein degradation (TPD) 
strategies (Fig. 8).121, 122 By leveraging nanobody-based 
approaches, researchers are designing novel methods to 
selectively degrade disease-associated proteins. Nanobody-
PROTAC conjugates represent a new frontier in targeted 
degradation, offering higher specificity than small-molecule 
PROTACs and enabling the degradation of traditionally 
undruggable targets.123 E3 ligase-recruiting nanobody-PROTACs 
bring target proteins into proximity with E3 ligases, leading to 
ubiquitination and subsequent degradation,122 while 
intracellular protein degradation strategies have been explored 
for oncogenic transcription factors, misfolded proteins in 
neurodegenerative diseases, and inherited blood disorders like 
sickle cell disease and β-thalassemia.124 Molecular glues 
facilitate protein-protein interactions to induce targeted 
degradation, and nanobody-based molecular glues are being 
developed to enhance degradation pathways for proteins 
lacking suitable PROTAC binding sites.125-127 

 

Fig. 8 Nanobody-based PROTACs and targeted protein degradation. 
Illustration of a nanobody-PROTAC mechanism where nanobody recruitment 
leads to ubiquitination and degradation of a target protein. See main text for 
details. Created with Biorender.com. 

4.4 Nanobody-Based Vaccine Platforms 

The awarding of the 2023 Nobel Prize in Physiology or Medicine 
for the development of mRNA vaccine technologies 
underscores the transformative potential of modular biologics. 
In this context, nanobodies are emerging as promising 
components for next-generation vaccine platforms. For 
example, mRNA-encoded nanobody-Fc fusions delivered via 
lipid nanoparticles (LNPs) have demonstrated protective 
efficacy against lethal botulinum neurotoxin A in preclinical 
models.128 Similarly, lung-selective LNPs encoding anti-MERS-
CoV nanobodies achieved robust in vivo expression and potent 
viral neutralization.129 The potential of nanobodies in antiviral 
immunity has also been shown in the context of SARS-CoV-2, 
where an alpaca-derived nanobody effectively neutralized the 
virus by blocking spike protein-receptor interactions.130 These 
findings suggest that future vaccine strategies may leverage 
nanobodies to create multivalent or multiepitope constructs, 
improve thermostability, or enable rapid in vivo expression—
positioning nanobody platforms at the forefront of vaccine 
innovation.6 

4.5 Challenges and Perspectives 

Despite the significant progress in nanobody-based drug 
delivery and imaging, various challenges remain. Their short 
circulatory half-life, due to rapid renal clearance, necessitates 
strategies such as albumin fusion or PEGylation to improve 
stability.131, 132 Limited intracellular delivery efficiency remains 
a hurdle, as nanobodies primarily target extracellular antigens, 
prompting ongoing efforts to enhance cell-penetrating 
nanobody strategies.97, 133 Scalability and manufacturing issues 
must also be optimized, as bacterial expression systems provide 
cost-effective production, but large-scale manufacturing 
requires optimized downstream processing.132 
Future perspectives in nanobody-based technologies include 
expanding into CRISPR-based gene editing with nanobody-fused 
CRISPR effectors for targeted gene modulation,134 developing 
supramolecular nanobody conjugates for biomolecular 
assembly and synthetic biology applications,135-137 and 
leveraging AI-driven approaches to design patient-specific 
nanobody therapeutics (Fig. S5).138 As advances in engineering, 
conjugation chemistry, and intracellular targeting continue, 
nanobody-driven innovations are foreseen to play a critical role 
in shaping the future of personalized medicine. 

5. Clinical Translation and Commercialization of 
Nanobody-Based Therapeutics 
Nanobody-based therapeutics are advancing from preclinical 
research to clinical applications, with several candidates 
achieving regulatory approval or progressing through trials. 
Their transition into widespread clinical use requires 
overcoming regulatory, manufacturing, and commercialization 
challenges (Fig. S6).139 
Caplacizumab (Cablivi) is the first approved nanobody drug, 
targeting von Willebrand factor for treating acquired 
thrombotic thrombocytopenic purpura (aTTP).17 Other 
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nanobody-based therapies, including TNFα inhibitors 
(Ozoralizumab)140 and anti-IL-6 agents (Vobarilizumab)141, are in 
development for autoimmune diseases. Nanobody-based 
imaging agents for HER2 and PD-L1 are also in clinical trials.142, 

143 Investigations extend to cancer immunotherapy (nanobody-
based checkpoint inhibitors, CAR-T),142, 144 neurological diseases 
(anti-Tau and anti-Aβ nanobodies for Alzheimer’s),71, 145 and 
infectious diseases (SARS-CoV-2 neutralizers).146 A list of clinical 
studies and examples for FDA-approved and clinically 
investigated nanobodies can be found in Table S4 and Table S5. 
As mentioned, challenges include rapid clearance requiring half-
life extension, limited intracellular targeting, and potential 
immunogenicity. Regulatory approval follows biologics 
guidelines, but nanobody-specific regulations are still evolving. 
Market entry requires novel rigorous preclinical, clinical, and 
post-market assessments. Nanobody production relies on 
scalable microbial expression systems, such as E. coli (cost-
effective but requires refolding), the yeast Pichia pastoris 
(proper protein folding), and mammalian cells (e.g., CHO) 
(Fig. S3). Manufacturing is generally more cost-effective than 
monoclonal antibodies, but commercialization depends on 
pricing, reimbursement, and patent strategies.147, 148 Key 
industry players include Ablynx (Sanofi), Merck, Novartis, and 
emerging biotech firms developing nanobody-PROTACs and 
intracellular degraders. To sum up: future developments focus 
on nanobody-enhanced CAR-T therapies,113 CRISPR-based gene 
editing,134 and AI-driven nanobody design for personalized 
medicine.138 

Conclusions and Outlook 
Nanobody technology has emerged as a transformative 
platform in biotechnology and medicine, offering distinct 
advantages over conventional antibody-based therapeutics. 
Their small size, high specificity, and engineering flexibility have 
enabled applications ranging from molecular imaging and 
targeted therapy to intracellular protein modulation and 
immune regulation. Over the past three decades, nanobody-
based therapies have advanced from experimental research to 
clinical translation, with Caplacizumab marking a milestone as 
the first approved nanobody therapeutic. Ongoing clinical trials 
further highlight their promise in oncology, autoimmune 
diseases, and infectious diseases. In this context, this review 
bridges the gap between the biophysical design of nanobodies 
and their translational integration into advanced therapeutic 
platforms such as TPD, CAR-T, and gene editing tools. We 
highlight emerging display and screening strategies, including 
yeast and E. coli display, FACS/MACS, SPR/BLI, and ribosome 
display, that enable quantitative, high-throughput selection of 
nanobody binders with therapeutic potential. 
AI-driven discovery and optimization strategies are accelerating 
the development of next-generation nanobody therapeutics 
with improved affinity, stability, and bioavailability. The 
convergence of nanobody technology with gene editing (e.g., 
CRISPR-Cas), CAR-T cell therapy, and nanomaterial-based drug 
delivery is expanding its therapeutic landscape, unlocking new 
opportunities for precision medicine. 

Despite these advances, challenges remain, including 
intracellular delivery barriers, regulatory complexities, and 
large-scale manufacturing hurdles (Table S5). However, rapid 
progress in nanobody engineering, AI-guided affinity 
maturation, and in vitro library technologies, combined with 
growing industrial investment is likely to overcome these 
obstacles in the coming years. As these technologies mature, 
nanobody-based therapeutics are poised to revolutionize 
disease treatment, enabling minimally invasive diagnostics, 
patient-specific therapies, and interventions targeting 
previously "undruggable" proteins. With continued innovation, 
nanobody-driven approaches will play a crucial role in shaping 
the future of precision medicine and next-generation biologics, 
offering new hope for patients with complex and currently 
untreatable diseases. 
As extensively demonstrated by many colleagues and us, 
nanoscale biological and synthetic structures can be 
characterized with high precision under idealized conditions.149-

151 However, this precision is compromised in complex 
physiological or natural environments, particularly in 
(bio)medical applications. In such settings, proteins and other 
biomolecules rapidly adsorb onto nano-sized structures, leading 
to the formation of the so-called "protein/biomolecule corona" 
(not related to the SARS coronavirus), which critically influences 
the nanomaterial’s (patho)biological behaviour, technical 
performance, and biomedical efficacy.152-156 Given the corona’s 
impact on both in vitro and in vivo applications in humans and 
ecosystems, a mechanistic understanding of its significance and 
the biophysical forces governing its formation is essential.157-160 
Notably, such investigations have yet to be conducted for 
nanobodies preceding their therapeutic use, where they come 
into contact with e.g. blood serum or other biofluids.84 
Nanobodies, within the context of 'Nanoscale Horizons', 
represent a promising yet challenging frontier at the 
intersection of biological and synthetic nanostructures. Beyond 
current applications, nanobody-based biologics are increasingly 
viewed as potential successors to conventional monoclonal 
antibodies in next-generation medicine. Their compact size, 
modularity, and microbial producibility offer distinct 
advantages for targeting dense tissue environments, enabling 
intracellular modulation, and facilitating real-time diagnostics. 
Nevertheless, the path to widespread translational adoption 
still requires overcoming major hurdles, most notably, the 
development of reliable endosomal escape strategies for 
intracellular targets, scalable and globally accessible production 
platforms, and computationally guided engineering workflows 
that leverage AI to enhance nanobody properties. Ongoing 
convergence with gene and cell therapies, as well as smart 
delivery technologies, will likely define the next wave of 
innovation in this rapidly evolving field. We hope that our 
review contributes to stimulating experimental and scientific 
dialogue in this domain. The complexity of these challenges not 
only necessitates but may also inspire interdisciplinary research 
efforts. Finally, we would like to thank Nanoscale Horizons for 
offering a high-quality platform that supports scientific inquiry 
and fosters meaningful innovation. 
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