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Nanobodies targeting ion channels: advancing
therapeutics through precision and
structural insights
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Ion channels, which are integral to cellular signaling and homeostasis, are implicated in a variety

of diseases, including neurological disorders, cardiovascular conditions, and cancers. Despite their

importance, targeting ion channels therapeutically is challenging due to issues such as structural

conservation and dynamic conformational changes. Nanobodies, derived from camelid heavy-chain

antibodies, have emerged as a transformative tool in biotherapeutics due to their small size, remarkable

stability, and high specificity for epitope recognition. They represent a significant advancement in targeting

ion channels, offering precision and adaptability not achievable with traditional antibodies or small

molecules. This review provides an in-depth analysis of the structural and functional basis of ion channel

modulation by nanobodies. We explore how they achieve their effects through diverse mechanisms,

including direct pore blocking, allosteric modulation of gating, stabilization of specific conformational states,

and isoform-selective recognition. We further examine their therapeutic applications, the potential for

engineering multivalent constructs to enhance efficacy, and critical advancements in overcoming challenges

like blood–brain barrier (BBB) penetration. Finally, we discuss recent clinical developments, the translational

gap for ion channel targets, and the transformative potential of artificial intelligence in accelerating the

design of next-generation nanobody-based therapeutics.
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Introduction

Ion channels are integral membrane proteins that mediate
the selective passage of ions across cellular membranes, play-
ing critical roles in maintaining cellular homeostasis, electrical
excitability, and signal transduction.1,2 These proteins are
essential for various physiological processes, including neuro-
nal firing, muscle contraction, hormone secretion, and fluid
regulation. Classified based on their gating mechanisms, ion
channels include voltage-gated, ligand-gated, mechanosensi-
tive, and temperature-sensitive channels, each with specialized
functions within excitable and non-excitable tissues.1,2

The significance of ion channels extends beyond their
physiological roles; their dysregulation has been implicated in

numerous diseases. Neurological disorders such as epilepsy and
chronic pain, cardiovascular abnormalities like arrhythmias and
hypertension, and cancers characterized by aberrant ion channel
expression and function represent a fraction of the conditions
associated with ion channel dysfunction.3 Recent studies have
also unveiled the roles of ion channels in immune modulation,
metabolic regulation, and stem cell differentiation, underscoring
their involvement in systemic pathophysiological processes.4–6

Therapeutically targeting ion channels is a complex endea-
vour. Structural conservation among channel isoforms, parti-
cularly in their pore regions, poses challenges for achieving
specificity. For instance, sodium channel isoforms Nav1.7,
Nav1.8, and Nav1.9 are highly homologous, yet distinct in their
physiological roles in pain signaling, necessitating precise
targeting to minimize off-target effects.7 Moreover, the dynamic
conformational states of ion channels during gating further
complicate drug development, as therapeutics must interact
with transient structural configurations that are not readily
accessible. While small molecules and peptide toxins have
historically served as modulators, their therapeutic application
is often limited by insufficient selectivity and systemic toxicity.

While providing enhanced specificity, conventional mono-
clonal antibodies are hindered by their substantial size
(B150 kDa) and bivalent architecture, which restricts their
access to functional epitopes typically concealed within the
intricate topography of these transmembrane proteins.8 Nano-
bodies, the 15 kDa single-variable domains (VHH) of camelid
heavy-chain-only antibodies, are smaller than conventional
antibodies but have comparable or better specificity, stability,
and affinity. They are relatively easier and less expensive to
purify compared to conventional antibodies. Nanobodies exhi-
bit low immunogenicity and can be engineered into multivalent
or biparatopic formats to enhance avidity and functional specifi-
city, further broadening their therapeutic utility. A particularly
transformative aspect of nanobody application lies in the
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structural elucidation of ion channels.8 Advances in cryo-electron
microscopy (cryo-EM) and X-ray crystallography have enabled
high-resolution visualization of nanobody-ion channel complexes,
revealing mechanisms of action, allosteric modulation, and
isoform-specific binding. These structural insights advance our
understanding of ion channel biology and facilitate the rational
design of next-generation therapeutics. These unique properties
make them exceptionally well-suited for targeting proteins and
specifically ion channels.

As nanobody-based therapies advance, their ability to cross the
blood–brain barrier (BBB) has emerged as a critical advantage for
targeting ion channels implicated in central nervous system (CNS)
disorders. This review highlights the multifaceted applications of
nanobodies in ion channel research and therapy. We organize our
discussion around the diverse modulatory mechanisms revealed
by structural biology, before examining therapeutic innovation,
delivery challenges, and emerging clinical and computational
prospects. Through these advancements, nanobody technology is
poised to overcome longstanding challenges, offering new avenues
for precision medicine in ion channel-associated diseases.

Nanobody – a small, modular and
single-domain antibody

The immune system of the camelid family, which includes camels,
llamas, and alpacas, produces a unique class of antibodies known

as heavy-chain antibodies (HCAbs).9,10 These Heavy-chain anti-
bodies are composed exclusively of heavy chains and entirely
devoid of light chains, distinguished by the lack of the CH1
domain in their constant region, a structural characteristic
that typically promotes the pairing of heavy and light chains.
The variable region of the HCAb, which possesses the ability
to bind to antigens effectively, is referred to as the variable
domain of the heavy-chain antibody (VHH) or single-domain
antibody (sdAb).11 VHH/sdAb are frequently referred to as
nanobodies (Nb), a term that was initially trademarked by
the Belgian biopharmaceutical firm Ablynx in 2003.12 In con-
trast to conventional antibodies (IgG), nanobodies exhibit
distinct advantages as detailed in Table 1. Nanobodies are a
superior alternative to conventional antibodies(IgG), demon-
strating promising potential across a range of applications in
structural biology, molecular imaging, disease diagnosis and
treatment.

Nanobody development requires the generation of a library
of nanobody and using it to identify specific high affinity
binders against a antigen. The identification of specific nano-
bodies that effectively target particular antigens can be accom-
plished through three distinct methodologies, which are as
follows: (i) the conventional naı̈ve or immunization approach,
(ii) the utilization of synthetic nanobody(Sybodies) libraries,
and (iii) the application of computational techniques in con-
junction with artificial intelligence-based modeling that focus
on the design and characterization of nanobodies.13

Table 1 Comparison between nanobody and conventional antibodya

Characteristics Conventional antibodies Nanobodies

Encoded by gene Two gene fragments (heavy and light chains) Single-gene fragment (VHH)
Molecular weight B150 kDa B15 kDa
Structure Heteromeric (2 heavy + 2 light chains) Monomeric (single heavy-chain variable

domain)
Mode of binding Bivalent Monovalent
Specificity High High
Affinity nM–pM range nM–pM range
Preferred expression
system

Mammalian (CHO, HEK293) Bacterial (e.g., E. coli), Yeast (e.g.,
Pichia pastoris, Saccharomyces cerevisiae)

Production yield Moderate to low (complex folding,
glycosylation required)

High (simple folding, no glycosylation
required)

Solubility Variable; may aggregate without light chains Highly soluble (hydrophilic framework)
Stability sensitive to pH and temperature High thermal and chemical stability
Ease of manipulation
for enhance affinity

Difficult to manipulate at the genetic level Easily engineered via CDR3 modification

Tissue penetration Limited due to the Large molecular size High due to small molecular size
Development cost High Low to moderate
Paratope geometry Concave/flat (fits protruding epitopes) Convex (fits concave or buried epitopes)

a Info compiled from multiple sources.9,11–13,77,100–102
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(i) Library generation

The immunization of camelids involves the injection of puri-
fied antigen (Proteins) or whole cells expressing proteins on
surface or virus-like particles into them. Typically, the PBMC’s
(Peripheral blood mononuclear cells) are isolated from
the blood collected from the animal. Nanobody libraries are
generated using the mRNA from the PBMCs, that are rich in
high-affinity, conformationally selective variable heavy-chain
domains (VHHs). Conversely, naı̈ve or synthetic libraries, which
are distinguished by their intentionally designed comple-
mentarity-determining region (CDR) diversity, facilitate a more
rapid identification process in vitro, eliminating the necessity
for animal immunization, and proving to be particularly advan-
tageous in scenarios involving human targets or situations
where immunization is not feasible or ethical.14

(ii) Biopanning to isolate nanobody binders against antigen

The technologies employed for screening and selection play a
crucial role in the conversion of VHH repertoires into effective
and functional binders that can be utilized for various applica-
tions. Among these methodologies, phage display remains the
predominant technique for achieving initial enrichment
through a series of successive panning processes against anti-
gens that have been immobilized, as seen in enzyme-linked
immunosorbent assay (ELISA) formats. Yeast surface display
library are panned using magnetic-activated cell sorting (MACS)
and fluorescence-activated cell sorting (FACS), both of which
allow for the precise differentiation of nanobodies based on key
parameters such as binding affinity, specificity, and off-rate
kinetics.12 Ribosome and mRNA display methodologies enable

researchers to explore extensive synthetic repertoires in a
completely controlled in vitro environment, which proves to
be instrumental in the process of affinity maturation that
enhances the binding capabilities of the nanobodies.15

Artificial Intelligence (AI)-Driven technologies have reached
a level of sophistication that significantly reduces the expendi-
ture of costly resources and time. AI-Machine Learning (ML)
has revolutionized novel protein design field. This topic has
been further discussed in the later part of the literature under
the section – The Digital Frontier: using AI to design and
improve ion channel nanobodies.16

(iii) Validation of nanobody binders

Upon the identification of promising nanobodies, they can be
further evaluated using various biophysical techniques and
structural biology to ascertain their affinity and binding sites
(Fig. 1).

Structural and mechanistic insights
into nanobody-mediated ion channel
modulation

High-resolution structures of nanobody-channel complexes
have revealed an astonishing diversity of modulatory mechan-
isms. Rather than simply acting as brute-force pore blockers,
nanobodies function as sophisticated molecular machines that
can stabilize specific conformational states, allosterically reg-
ulate gating, or even act as chaperones to enable structural
studies of otherwise intractable targets (Table 2). Here, we

Fig. 1 A flowchart for Nanobody generation strategies and methodologies. The image was created using Biorender.
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classify these interactions based on their primary mechanism
of action.

1. Allosteric modulation of channel
gating

Many nanobodies function by binding to sites remote from
the ion conduction pore, inducing conformational changes
that either promote or inhibit channel activity. This allosteric
approach offers a powerful route to achieving subtype selectivity.

Targeting extracellular domains: the case of TREK-2 and
ASIC1a

TREK-2 is a two-pore domain potassium (K2P) channel that
plays a crucial role in stabilizing the resting membrane
potential and regulating neuronal excitability. It responds to
mechanical, thermal, and chemical stimuli, contributing to
neuroprotection and pain modulation, especially under inflam-
matory or nerve injury conditions. Approaches using nano-
bodies have been developed to selectively modulate TREK-2
potassium channel activity by targeting its extracellular domains.
Twenty-nine nanobodies were identified to bind TREK2, and three
of these nanobodies demonstrated significant modulation of the
channel properties of TREK2.

Nb61 acts specifically as a negative allosteric modulator for
TREK-2, rapidly suppressing TREK-2 currents (IC50 E 685 nM).
Notably, this inhibition is highly selective to mouse and human
TREK-2, but does not affect related channels like TREK-1 or
TASK-3. Structurally, the nanobody operates through a direct,
toxin-like mechanism, where its extended CDR3 loop inserts a
lysine residue, caps the extracellular ion exit pathway, and
decreases potassium currents. However, because the K2P Cap
domain of TREK2 restricts direct access to the pore, such a
block is unusual, making this finding particularly significant
(Fig. 2A). In contrast, Nanobody 67 (Nb67) binds to different
extracellular sites and promotes channel opening, enhancing
potassium efflux and reducing neuronal hyperexcitability, but
also has a weaker affinity to TREK-1, making it partially
selective (Fig. 2B). Nb76 binds specifically to the P2-M4 loop
of the TREK-2 potassium channel, moves the M4 helix to the
open ‘‘M4 Up’’ conformation, thereby allowing the potassium
ions to pass. This structural rearrangement closely mirrors the
mechanism by which well-established agonists like ML335
activate the channel. By promoting the ‘‘M4 Up’’ conformation,
these nanobodies stabilize the selectivity filter in a configu-
ration optimized for maximal potassium ion conductance
(Fig. 2C).

Nb61-58 is a bi-paratopic nanobody that enhances inhibi-
tion of the TREK-2 potassium channel. It links two nanobody
units, Nb-Inhibitor-61 and Nb-Binder-58. They bind distinct,
non-overlapping sites on the TREK-2 Cap domain. This design
significantly increases binding affinity (over 250-fold) com-
pared to the monomeric inhibitor and improves inhibitory
potency about 16-fold (IC50 B40 nM). These nanobodies exert
their effects allosterically by influencing gating mechanismsT
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linked to the selectivity filter and conformational changes
between functional states. Through this precise modulation
of TREK-2 activity, these nanobody tools offer valuable thera-
peutic potential for neuroprotection and pain management by
dampening excessive neuronal excitability.17

ASIC1a channel

ASIC1a is a proton-gated sodium channel that is primarily
involved in pain perception, particularly in conditions like
ischemic injury, neuropathic pain, and other forms of nocicep-
tion. The activation of ASIC1a can lead to the rapid influx of

Fig. 2 Allosteric Modulation of the TREK-2 Two-Pore Domain Potassium Channel by Function-Switching Nanobodies. This figure presents a remarkable
example of how nanobodies binding to the same general region of an ion channel can elicit opposite functional responses. The panels show crystal
structures of the human two-pore domain potassium channel TREK-2 (K2P10.1, salmon) in complex with three distinct nanobodies (plum) that all target
the extracellular cap domain but function as either negative or positive allosteric modulators (NAMs or PAMs). (A) The structure of TREK-2 with the
inhibitory nanobody (NAM) Nb61, determined by X-ray diffraction at 3.50 Å resolution (PDB ID: 8QZ2). The inset shows the detailed interaction interface,
with key contacts involving residues Threonine 57 (Thr-57) and Arginine 105 (Arg-105) of the nanobody and Histidine 135 and Glutamate 270 (Glu-270)
from the channel respectively. The binding of Nb61 stabilizes a closed or non-conducting state of the channel. (B) The structure of TREK-2 with the
activatory nanobody (PAM) Nb67, determined by X-ray diffraction at 2.4 Å resolution (PDB ID: 8QZ3). In contrast to Nb61, Nb67 potentiates channel
activity. The inset highlights interactions with Arginine 53 (Arg-53) of the nanobody and Glutamate 113 (Glu-113) of the channel. (C) The structure
of TREK-2 with a second activatory nanobody (PAM), Nb76, determined by X-ray diffraction at 3.2 Å resolution (PDB ID: 8QZ4). The binding mode of
Nb76 is similar to that of Nb67, involving interactions with Glutamate 113 (Glu-113) of TREK-2 and Arginine 100 (Arg-100) of the nanobody. The
juxtaposition of these structures reveals the subtle structural determinants of functional switching. Minute differences in the binding pose and the specific
network of molecular contacts established by each nanobody are sufficient to either stabilize a closed conformation (inhibition) or promote an open
conformation (activation) of the channel’s gate. This provides an atomic-level roadmap for the rational design of allosteric modulators with precisely
tuned activities.
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sodium ions into cells, contributing to the generation of pain
signals.18 The hASIC1a channel is a trimer with each extra-
cellular domain subunit depicting a palm, thumb, and finger-
like architecture.

The cryo-EM structure of human ASIC1a with nanobody
Nb.C1 revealed that the nanobody binds to the extracellular
thumb domain (D298 and L299), which is an important part
of the channel that helps detect acidity and control channel

opening or closing (Fig. 3A). However, Nb.C1 binding to ASIC1a
channels did not affect channel dynamics (Fig. 3A). Interest-
ingly, Nb.C1 attaches to a site on ASIC1a that partly overlaps
with the binding sites of some snake toxins, such as MitTx1 and
Mambalgin-1, which normally activate or modulate the chan-
nel. Thus, Nb.C1 binding to ASIC1a was demonstrated to
mitigate the effects of MitTX1 on ASIC1a channels. Because
of this, Nb.C1 can block toxins like MitTx1 from activating the

Fig. 3 Nanobody Recognition of Cytoplasmic and Extracellular Epitopes on Voltage-Gated Calcium and Acid-Sensing Ion Channels. (A) Cryo-electron
microscopy (Cryo-EM) structure of the trimeric human Acid-Sensing Ion Channel 1a (ASIC1a, salmon) in complex with nanobody Nb.C1 (plum) at a
resolution of 2.9 Å (PDB ID: 7RNN). ASIC1a is a proton-gated sodium channel implicated in pain, fear, and ischemia-induced neuronal injury. The
structure reveals that Nb.C1 binds to an extracellular epitope that critically overlaps with the binding sites for the Texas coral snake toxin (MitTx1) and
black mamba venom Mambalgin-1, but not the inhibitory tarantula toxin psalmotoxin-1 (PcTx1). This specific binding profile establishes Nb.C1 as a
molecular tool for dissecting toxin-channel interactions and as a potential antidote. Furthermore, this structural knowledge has enabled advanced
protein engineering; fusion of the site-specific but non-inhibitory Nb.C1 to PcTx1 was shown to markedly enhance the toxin’s potency, demonstrating
the use of nanobodies as delivery modules to increase the effective local concentration of a functional payload at a specific protein surface. (B) Structural
details of nanobody binding to the cytoplasmic CaVb auxiliary subunit of a high-voltage activated calcium channel (HVACC). The central panel shows a
cartoon representation of the CaVb1 subunit (salmon) bound by two distinct nanobodies, Nb.E8 (plum) and Nb.F3 (green), which recognize non-
overlapping epitopes. Targeting an intracellular auxiliary subunit, rather than the pore-forming subunit, represents a sophisticated allosteric strategy to
modulate the function of the entire channel complex from within the cell. The left inset provides a detailed view of the Nb.E8 interface, highlighting a key
electrostatic interaction between Arginine 57 (Arg-57) of the nanobody and Aspartate 132 (Asp-132) of CaVb1, with an interaction distance of 2.9 Å. The
right inset details the Nb.F3 interface, showing a hydrogen bond between Histidine 61 (His-61) of the nanobody and Glutamate 307 (Glu-307) of CaVb1,
with a distance of 2.7 Å. Other residues of the nanobody, including Trp-54, Tyr102, Trp-103, and Asp-111, also contribute to the binding interfaces. These
structures exemplify how intracellularly expressed nanobodies (intrabodies) can be developed as tools to dissect or modulate channel function via their
associated proteins.
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channel by taking up their binding space. On its own, Nb.C1
does not strongly change the normal activity of ASIC1a. Inter-
estingly, when Nb.C1 is linked with PcTx1, it acts like a
‘‘delivery tool.’’ It places PcTx1 in the perfect position to block
ASIC1a more efficiently, making the inhibition stronger. It’s
important to note here that this synergy is possible as Nb.C1
does not overlap with the binding site of PcTx1which is another
well-known ASIC inhibitor. Functionally, Nb.C1 has two roles:
it acts as an antagonist against toxin-driven activation and as a
potentiator when fused with inhibitors.19 By selectively binding
to ASIC1a, nanobody Nb.C1 can fine-tune channel activity
without completely shutting it down. Since ASIC1a is strongly
linked to pain perception, inflammation, and neurodegeneration,
its modulation using nanobodies offers a powerful therapeutic
strategy.

Targeting intracellular auxiliary subunits: a strategy for
HVACCs

High-voltage–activated calcium channels (HVACCs) are crucial
in neurons and cardiac cells, regulating synaptic transmission
and heart rhythm. Dysfunctions in HVACCs contribute to
disorders like epilepsy, hypertension, and heart failure.

Nb.F3 is a nanobody that does not differentiate between
CaVb isoforms and binds to all the isoforms, while Nb.E8 is
specific to CaVb2a and CaVb1b. To address these, nanobodies
such as nb.F3 have been engineered for isoform-specific
inhibition of HVACCs. Nb.F3 interacts with CaVb through
complementing aromatic residues on CDR3 of the nanobody
and the SH3 domain of CaVb. Differences in Nb.E8 CDR3
regions might be essential in differentiating the CaVb subunits
(Fig. 3B). Nb.F3 acts as an allosteric inhibitor by binding the
SH3 domain of the CaVb subunit, reducing channel surface
expression, lowering open probability, and accelerating inacti-
vation, thereby suppressing CaVb-associated currents. A novel
approach fuses nb.F3 with ubiquitin ligases (NEDD4L) to
promote targeted degradation of CaVb-bound HVACCs.
Nb.F3-NEDD4L inhibited endogenous CaV1/CaV2 channels in
mammalian cardiomyocytes, dorsal root ganglion neurons, and
pancreatic b cells. Unlike gene knockouts or shRNA, this post-
translational method prevents compensatory CaVb isoform
reshuffling, allowing precise study of b-subunit roles. This
approach is similar to the concept of PROTACs (proteolysis-
targeting chimeras), which use bifunctional molecules to pro-
mote the degradation of specific proteins. By selectively target-
ing HVACCs for degradation, this nanobody-based strategy
offers a novel way to treat conditions associated with these
channels, such as chronic pain, epilepsy, and cardiovascular
diseases.20,21

2. Direct gating modification and state
stabilization

Some nanobodies act more directly on the channel’s gating
machinery, functioning as ‘‘gating modifiers’’ that lock the
channel into a specific, often non-conducting, state.

The Kv1.3 channel plays a critical role in the activation of
T-cells, which are key components of the immune system.
This channel is often overexpressed in various autoimmune
diseases, contributing to inappropriate T-cell activation and
the progression of conditions such as multiple sclerosis and
rheumatoid arthritis.22

The A0194009G09 nanobody is a highly selective and potent
modulator of the human Kv1.3 potassium channel. The cryo-
EM structure revealed that four nanobody molecules bind to
the tetramer’s voltage-sensing domains (VSDs) and the adjacent
pore domain (Fig. 3A). Unlike conventional channel blockers that
physically obstruct the pore-forming EL3 loop, A0194009G09
binds to an allosteric site and inhibits the Kv1.3 channel
activity.23 A0194009G09 specifically interacts with Kv1.3 residues
Y417 and A421 – G427. This interaction triggers structural rear-
rangements in a critical part of the channel known as the
selectivity filter, focusing on amino acid residues between
Tyr436 and Asp449 (Fig. 4). These changes stabilize the channel
in a C-type inactivated state, a conformation in which the channel
remains closed and unable to conduct potassium ions despite not
being physically occluding the channel pore.24 This specificity and
prolonged inhibition make Kv1.3-targeting nanobodies a promis-
ing therapeutic tool for modulating the immune response and
treating autoimmune diseases.

P2X7 ion channel

Similarly, nanobodies targeting the P2X7 receptor, an ATP-
gated ion channel critical for inflammation, cell death, and
immune responses, demonstrate both inhibitory and potentiat-
ing effects. This channel is known to mediate the release of pro-
inflammatory cytokines, including IL-1b, which contribute to
neuroinflammation, pain, and a variety of other inflammatory
diseases.25 When P2X7 is activated, it forms a large pore in the
membrane, allowing the passage of ions and other molecules
that trigger further inflammatory responses.

P2X7-blocking nanobodies offer precise and rapid modula-
tion of the ATP-gated P2X7 ion channel. Nanobody 13A7 (IC50 –
12 nM) efficiently inhibits P2X7 channel activity by preventing
the conformational changes triggered by ATP binding in mouse
macrophages and T cells. In contrast, nanobody 14D5 (EC50 –
6 nM) enhances P2X7 channel function. These nanobodies act
specifically on the P2X7-mediated inflammation pathway.
An albumin-binding nanobody fused with 13A7 or 14D5
dimeric nanobodies increased their half-life and prolonged
the effects of these nanobodies. Mouse models further verified
the binding and modulation of 13A7 and 14D5. Dano1 (IC50 –
0.2 nM), a human-specific nanobody that surpasses traditional
small-molecule antagonists by 1000-fold in inhibiting the
release of IL-1b by monocytes in LPS and ATP-treated human
blood. This superior potency arises from the ability of the
nanobody to bind functional epitopes on P2X7 that conven-
tional antibodies and drugs cannot reach.26 While detailed
structural data for these nanobodies is still pending, their
ability to modulate P2X7 function makes them invaluable tools
in studying inflammation and immune responses. As a result,
P2X7-targeting nanobodies represent a promising advancement in
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immunomodulation, with the potential to improve therapies for
inflammatory and autoimmune diseases through their speed,
selectivity, and enhanced efficacy.

3. Isoform, subunit, and heteromer-
specific recognition

A key advantage of nanobodies is their ability to recognize
unique epitopes with surgical precision, enabling the differen-
tiation between closely related channel isoforms or specific
subunit compositions within a larger complex.

Targeting specific oligomeric assemblies: CALHM and NMDA
receptors

Calcium homeostasis modulator (CALHM). Calcium homeo-
stasis modulator (CALHM) channels are large-pore, non-selective
ion channels that facilitate ATP release and play essential roles in
neuronal signaling, taste perception, and metabolic regulation.

CALHM1, CALHM2, and CALHM6 form homo- and hetero-
oligomers, demonstrating flexible stoichiometry (such as tetra-
mers, octamers, decamers, or dimer-of-decamer assemblies).
Synthetic nanobodies Sb-C2 and Sb-C4 bind specifically to the
cytoplasmic LRR-like domains of CALHM2 and CALHM4 sub-
units, respectively, regions that are critical for oligomer assem-
bly and gating regulation. Structurally, the SbC2 epitope
includes residues at the intracellular end of transmembrane
helix TM3, the region after TM4, and part of the C-terminal
loop connecting short helices CT2H and CT3H on the CALHM2
subunit. A key feature is that SbC2 binding stabilizes the C-
terminus of the adjacent CALHM2 subunit, which is otherwise
unstructured. This extensive binding interface (B2200 Å2)
results in strong, specific recognition of CALHM2. The inter-
action is predominantly mediated via hydrophobic interactions
and CH-p bonds27 (Y110 of the nanobody and P322 of the
receptor) (Fig. 5A). SbC4 specifically binds to the extracellular
regions of CALHM4 subunits, which were not clearly delineated
in the structure to pinpoint residue-level interactions (Fig. 5B).
By enabling atomic-level mapping of CALHM assemblies, sybo-
dies pave the way for drug design targeting CALHM-mediated
ATP release in conditions like Alzheimer’s disease, ischemia,
and taste disorders.28

NMDA (N-methyl-D-aspartate) receptor. This principle is
extended to the highly complex N-methyl-D-aspartate (NMDA)
receptors, which are heterotetramers crucial for synaptic
plasticity. N-methyl-D-aspartate receptors (NMDARs) are
glycine- and glutamate-gated ion channels. Under physio-
logical conditions, they function as heterotetramers, typically
composed of two essential GluN1 subunits paired with two
GluN2 (A-D) and/or GluN3 (A-B) subunits. The GluN1 sub-
units bind glycine, while the GluN2 subunits bind glutamate.
Functionally, NMDARs are crucial for synaptic plasticity,
learning, and memory by mediating calcium influx upon
activation. Nb4 binds specifically to the extracellular domain
of the GluN2A subunit, probably near the ligand-binding
domain, but does not act as an agonist; instead, it serves
as a modulator or stabilizer of receptor conformation (Fig. 6A
and B).29

Distinguishing between isoforms: NaV1.4 and NaV1.5 chan-
nels. NaV1.4 and NaV1.5 are voltage-gated sodium channels
found in skeletal muscle and cardiac tissue, respectively. The
nine human voltage-gated sodium channel isoforms (NaV1.1–1.9)
mediate rapid sodium ion influx, essential for action potential
generation in excitable tissues such as skeletal muscle, heart, and
nerves. Mutations in the cytoplasmic C-terminal domain of these
channels are linked to genetic disorders, including epilepsy,
periodic paralysis, myotonia, and cardiac arrhythmias.30

While many nanobodies are functional modulators, others
serve as high-fidelity detection tools. Nanobodies Nb17 and
Nb82 were developed to bind the C-terminal domains of the
skeletal muscle (NaV1.4) and cardiac (NaV1.5) voltage-gated
sodium channels, respectively. They bind with nanomolar
affinities (B40–60 nM) and minimal cross-reactivity to other
isoforms. Although they do not modulate channel gating or ion
conductance, they serve as powerful molecular tools for

Fig. 4 Structural Basis of Nanobody Binding to Kv1.3 Channels. Cryo-EM
structure of the tetrameric human Kv1.3 potassium channel (salmon)
bound by four copies of the inhibitory nanobody Nb-A0194009G09
(plum), resolved to 3.25 Å (PDB ID: 8DFL). Kv1.3 is highly expressed on
activated T cells, making it a prime therapeutic target for immunomodula-
tion. This structure reveals a sophisticated allosteric mechanism of inhibi-
tion. Rather than acting as a simple pore blocker, the nanobody binds to
the channel’s voltage-sensing domains (VSDs) and adjacent pore domain,
acting as a ‘‘gating modifier’’ that stabilizes an inactive, non-conducting
conformation of the pore. The inset highlights a specific interaction
between Arginine 100 (Arg-100) of the nanobody and Serine 426 (Ser-
426) of Kv1.3, with a distance of 3.0 Å. This mechanism represents a
powerful paradigm for developing highly selective channel inhibitors that
modulate the gating machinery itself.
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isoform-specific detection, imaging, and biochemical isolation.
The specificity and high affinity of Nb17 and Nb82 provide
valuable reagents for dissecting the biology of NaV channels
and hold promise for developing targeted diagnostics or ther-
apeutic tools, particularly for skeletal and cardiac muscle
disorders linked to NaV dysfunction.31

4. Nanobodies as structural
chaperones and probes of Cys-loop
receptors

The Cys-loop receptor superfamily of pentameric ligand-gated
ion channels (pLGICs) has been a particularly fertile ground for
nanobody development, where they have served as both func-
tional modulators and indispensable tools for structural
biology.

Probing a Conserved Allosteric Vestibule: From ELIC to
5-HT3.

Cys-loop receptors

Cys-loop receptors constitute a family of pentameric ligand-
gated ion channels, encompassing both cation-selective mem-
bers such as serotonin 5-HT3 and nicotinic acetylcholine
(nACh) receptors, the zinc-activated (ZAC) receptor, as well as
anion-selective types including GABA and glycine receptors.
The characteristic ‘‘Cys-loop’’ is a conserved disulfide-bonded
loop in the extracellular domain essential for structural
integrity and function. These receptors mediate fast synaptic
transmission by opening their ion channels in response to
neurotransmitter binding, allowing selective flow of ions across
the membrane for excitatory or inhibitory signalling. Dys-
function in these receptors has been linked to a variety of
neurological and psychiatric disorders, including epilepsy,
schizophrenia, and neurodegenerative diseases. Therapeutic
nanobodies against Cys-loop receptors may be developed to
modulate neurological diseases associated with dysfunctional
inhibitory or excitatory signaling.32 The prokaryotic channel
ELIC serves as an excellent model for its human counterparts.

Fig. 5 Structural Basis of Nanobody Binding to Oligomeric CALHM channels. (A) Cryo-EM structure of the homomeric human Calcium Homeostasis
Modulator 2 (CALHM2) channel (salmon) in complex with the synthetic nanobody SbC2 (plum), resolved to 3.07 Å (PDB ID: 8RMK). CALHM2 is a pore-
forming subunit of a voltage-gated ion channel. The inset shows a detailed view of the interaction interface, highlighting key contacts contributed by
Tyrosine 59 (Tyr-59), Tyrosine 110 (Tyr-110), and Asparagine 113 (Asn-113) from the nanobody’s complementarity-determining regions (CDRs). (B) Cryo-
EM structure of the heteromeric human CALHM2/4 channel in complex with the synthetic nanobody SbC4 (plum), resolved to 3.84 Å (PDB ID: 8RML).
This structure provides a compelling example of heteromer-specific recognition. The nanobody binds to a ‘‘neo-epitope’’ formed at the interface
between the CALHM2 subunit (gold) and the CALHM4 subunit (salmon). The inset reveals that the interaction is mediated by contacts between CALHM4
and SbC4, including Aspartate 146 (Asp-146) from CALHM4 and Arginine 35 (Arg-35) from SbC4, with a representative interaction distance of 2.5 Å
shown. The ability to target a unique chemical and topographical landscape present only in a specific subunit combination is a hallmark of nanobody
selectivity and provides a blueprint for designing biologics that can differentiate between closely related heteromeric channel assemblies.

ChemComm Highlight

Pu
bl

is
he

d 
on

 2
6 

N
ov

em
be

r 
20

25
. D

ow
nl

oa
de

d 
on

 4
/2

/2
02

6 
7:

11
:0

8 
PM

. 
View Article Online

https://doi.org/10.1039/d5cc05022g


660 |  Chem. Commun., 2026, 62, 649–671 This journal is © The Royal Society of Chemistry 2026

Nanobodies targeting its large extracellular vestibule have
revealed a conserved modulatory hotspot.

(a) ELIC (Erwinia ligand-gated ion channel). The Erwinia
ligand-gated ion channel (ELIC) is a prokaryotic member of
the Cys-loop receptor family that serves as a structural and
functional model for human pentameric ligand-gated ion
channels. Two nanobodies, Nb21 (Negative Allosteric modula-
tor) and Nb22 (Positive Allosteric modulator), have been devel-
oped against ELIC. Both nanobodies bind to the extracellular
domain (ECD) of ELIC but stabilize the receptor in distinct
functional conformations. Nb22 is a positive allosteric modu-
lator that interacts with every subunit of the pentameric recep-
tor on the extracellular domain. The CDR1 loop of the
nanobody interacts between the b8–b9 strands. The CDR1 loop
forms an anti-parallel b-sheet-like conformation with the recep-
tor’s b-strands. In contrast, Nb21 functions as a negative
allosteric modulator; the CDR3 a-helix binds to the top of the
extracellular domain at the entry site, blocking the channel
pore at the top.33 Nb72 binding to ELIC is similar to Nb22-ELIC
interaction. It interacts with the b9–b10 strands of the orthos-
teric site and also with the N-terminal b6–b7 loop. These inter-
subunit interactions likely restrict subunit movements, thereby
stabilizing the receptor in a particular conformational state
(Fig. 7A and B).34

These nanobodies with improved stability, blood–brain bar-
rier penetration, and pharmacokinetics could be used to treat
neurological disorders, including epilepsy, schizophrenia,

chronic pain, and addiction, offering receptor-specific thera-
pies with high precision and minimal off-target effects.

(b) Serotonin 5-HT3 receptor. The 5-hydroxytryptamine
type 3 (5-HT3) receptor is a cation-selective ion channel belong-
ing to the Cys-loop superfamily. When serotonin binds to the
5-HT3 receptor, it induces a conformational change that
quickly opens the ion channel. This allows sodium (Na+),
potassium (K+), and calcium (Ca2+) ions to enter the neuron.
The resulting cation influx depolarizes the cell membrane,
producing a rapid excitatory signal in neurons of both the
central and peripheral nervous systems. During brain develop-
ment, the 5-HT3 receptor plays a critical role in regulating
neuronal circuit formation, dendritic growth, and synaptic
organization. Disruption of 5-HT3 receptor signaling, whether
through genetic variations or environmental factors such as
stress or drug exposure, can lead to altered brain wiring
and cognitive deficits. Such dysfunctions have been associated
with neurodevelopmental disorders, including autism spec-
trum disorders (ASD), schizophrenia, bipolar disorder, and
anxiety-like behaviors.35

As in ELIC, the vestibule site where nanobody binds is
conserved. In the mouse serotonin 5-HT3 receptor, VHH15
binds to the equivalent site. Functional analysis demonstrates
that this binding inhibits the channel activation by serotonin.
This indicates that the receptor adopts a conformation corres-
ponding to an inhibited, non-conducting state, preventing
ion flow through the channel despite the presence of the

Fig. 6 Subunit-Specific Targeting of a Tri-heteromeric NMDA Receptor Complex. (A) A structural model of a tri-heteromeric N-methyl-D-aspartate
(NMDA) receptor, composed of one GluN1 subunit (gold), one GluN2A subunit (salmon), and one GluN2C subunit (blue). The nanobody Nb4 (plum) is
shown binding with exquisite specificity to the GluN2A subunit. The binding site is located at the critical interface between the amino-terminal domain
(ATD) and the ligand-binding domain (LBD) of the GluN2A subunit. This ATD-LBD interface is a well-established allosteric hub that controls the gating of
the ion channel pore. By targeting a region that differs between GluN2 isoforms, the nanobody achieves its remarkable subunit selectivity. (B) A detailed
view of the molecular contacts at the interaction interface between the GluN2A subunit and Nb4. A representative interaction distance of 4.1 Å is
indicated. The ability to selectively modulate the function of only those NMDA receptors containing a specific subunit (e.g., GluN2A) is of immense
therapeutic interest, as it could allow for the treatment of neurological disorders with greater precision and fewer side effects compared to non-selective
channel blockers. This structure provides an atomic-level blueprint for an isoform-specific pharmacological strategy.
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neurotransmitter. Nanobody binding to the 5-HT3 receptor can
influence neurotransmitter recognition by stabilizing the extra-
cellular ligand-binding domain, particularly the flexible loops
that form the orthosteric binding site. By capping or interacting
with regions such as the C-loop and adjacent structural ele-
ments, nanobodies restrict the conformational dynamics
necessary for efficient serotonin binding and receptor activa-
tion. This stabilization may either lock the receptor in a resting,
inactive state or modulate its transition states, thereby altering
the affinity and efficacy of neurotransmitter binding (Fig. 8).36

Numerous functional modulator nanobodies (activating
and inhibiting) have been generated against 5-HT3AR and
m5-HT3AB receptors. These nanobodies were found to have a

strong affinity for the receptors, with Kd values ranging from
low nanomolar to submicromolar concentrations.32

Diverse mechanisms in human pLGICs: nAChR and GABAARs

Human a7 nicotinic acetylcholine receptor (nAChR). The
human a7 nicotinic acetylcholine receptor (nAChR) is a penta-
meric ligand-gated ion channel crucial for neuronal commu-
nication. In human Cys-loop receptors, nanobodies display an
even wider range of actions. The cryo-EM structure of the
human a7 nicotinic acetylcholine receptor (nAChR) in complex
with nanobody E3 reveals a pentameric receptor capped by five
E3 nanobodies at the extracellular domain (ECD). E3 binds
at the apical inter-subunit site, stabilizing an agonist-like

Fig. 7 Nanobody Targeting of a Conserved Vestibule Site in Cys-Loop Receptors – ELIC receptors. This figure illustrates the targeting of a
conserved allosteric modulatory site within the extracellular vestibule of pentameric ligand-gated ion channels (pLGICs), bridging a prokaryotic
channel homolog with a pharmacologically important eukaryotic receptor. (A) X-ray crystal structure of the pLGIC from Dickeya chrysanthemi,
ELIC (salmon), in complex with the Positive allosteric modulator (PAM) Nb22 (plum), resolved to 2.59 Å (PDB ID: 6SSI). The top panel shows Nb21
binding within the large extracellular vestibule of the pentameric channel. The bottom panel provides a detailed view of the interface, highlighting
a key salt bridge between Arginine 141 (Arg-141) of ELIC and Glutamine 50 (Gln-50) of Nb21, with a distance of 2.8 Å. (B) X-ray crystal structure of
ELIC (salmon) with the negative allosteric modulator (NAM) Nb21 (plum), resolved to 3.25 Å (PDB ID: 6SSP). Nb21 binds to a partially overlapping site
within the same vestibule, demonstrating that this region can accommodate modulators with opposing functional effects. The detailed view highlights
interactions utilizes Arginine 65 (Arg-65) from two different domains of ELIC and several residues within the CDRs of Nb22, including Asp-101,
Asp-103, and Asp-117.
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conformation even without the presence of an agonist. This
interaction extends the extracellular domain and involves con-
tacts with an N-linked sugar moiety of receptor Asn23 and
Arg56 of the nanobody. The nanobody binding induces con-
formational changes that promote channel activation by allos-
terically stabilizing an active-like state (Fig. 9A). In contrast,
Nanobody C4 binds to the same apical inter-subunit epitope on
the human a7 nicotinic acetylcholine receptor as Nanobody E3
but functions as a silent allosteric ligand. Unlike E3, C4 does
not significantly alter receptor gating or promote channel
activation. Its binding stabilizes the receptor without inducing
the conformational changes necessary for enhanced ion flow.
But C4 binding to nAChR inhibits the E3-induced potentiating
effect. The differences in the modulations of the two nanobo-
dies probably stem from the fact that the CDR3 residues and
their interacting residues in the receptor are different.37,38

Type A c-aminobutyric acid receptors (GABAARs). GABA_A
receptors (GABA_ARs) are pentameric ligand-gated ion chan-
nels that mediate the majority of fast inhibitory neurotransmis-
sion in the brain. The GABA_A receptor family comprises 19
different types of subunits, designated as a1-6, b1-3, g1-3, d, e,
y, p, and r1–3. In the brain, specific subunits are formed in

certain neurons and tend to assemble in particular ways. Most
GABA_A receptors in the human brain are made up of 2 a
subunits, 2 b subunits, and 1 g subunit. Among these, the a1,
b2, b3, and g2 subunits are the most commonly found and
often appear together in the same areas. Each receptor is
composed of five subunits arranged around a central pore,
typically assembled from combinations of a, b, and g subunits,
with a1b2g2 being a common adult isoform. Dysfunction of the
GABA_A receptor (GABAAR) is linked to various neurological
and psychiatric disorders due to its central role in inhibitory
neurotransmission.39,40

Nanobody38 (Nb38) that specifically binds to the a1 subunit
of the GABA_A receptor. Structural and functional studies show
that Nb38 binds at the extracellular domain interfaces invol-
ving the a1 principal face and the complementary faces of
neighbouring b3 and g2 subunits. This binding stabilizes the
receptor in an activated conformation, as evidenced by an
approximately 6.5-fold increase in Nb38 binding affinity in
the presence of GABA. Functionally, Nb38 strongly potentiates
GABA-induced currents, increasing receptor activity by up to
480% in a1b3g2 engineered receptors and about 290% in
wild-type receptors. This potentiation is selective for receptors

Fig. 8 Nanobody Targeting of a Conserved Vestibule Site in Cys-Loop Receptors – 5-HT3 receptor. X-ray structure of the eukaryotic mouse serotonin
5-HT3 receptor (salmon) in complex with nanobody VHH15 (plum), resolved to 3.5 Å (PDB ID: 4PIR). Functional studies have shown that the vestibule
binding site identified in ELIC is conserved and functionally relevant in the human 5-HT3 receptor. The bottom panel shows two key interactions at this
site: a 3.2 Å interaction between Arginine 120 (Arg-120) of the receptor and Serine 27 (Ser-27) of the nanobody, and a 3.3 Å interaction between Arginine
105 (Arg-105) of the receptor and Glutamate 173 (Glu-173) of the nanobody. Together, these structures suggest that the extracellular vestibule is an
evolutionarily conserved allosteric ‘‘hotspot’’, validating the use of prokaryotic homologs like ELIC as robust platforms for discovering and characterizing
modulators of their more complex human counterparts.
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containing the a1 subunit and is more effective than the
benzodiazepine diazepam in amplifying GABA responses. Addi-
tionally, Nb38 increases the amplitude and prolongs the decay
time of spontaneous inhibitory postsynaptic currents (sIPSCs)
in neurons, thereby enhancing inhibitory neurotransmission.
The gating mechanism involves Nb38 stabilizing the receptor’s

activated state without acting as a direct agonist itself.
By binding near the ligand-binding site interfaces, Nb38 likely
promotes conformational changes that favor channel opening
and prolonged activity, enhancing the inhibitory function of
GABA_A receptors containing the a1 subunit. Nb38 interacts
with the GABA_A receptor via aromatic residues on opposite

Fig. 9 Diverse Modulatory Mechanisms of Nanobodies Targeting Human Cys-Loop Receptors. We highlight the remarkable versatility of nanobodies in
modulating the function of major human pLGICs and in facilitating their structural determination. (A) Cryo-EM structure of the human a7 nicotinic
acetylcholine receptor (nAChR, salmon) in complex with the positive allosteric modulator (PAM) NbE3 (plum), resolved to 2.8 Å (PDB ID: 8CI1). NbE3
employs a novel modulatory mechanism: five nanobody molecules bind at the apex of the pentameric receptor, at the interfaces between subunits,
forming their own pentameric assembly that extends the extracellular domain. This binding remotely drives the receptor into an agonist-bound
conformation even in the absence of an orthosteric agonist, effectively acting as a ‘‘surrogate agonist’’. The bottom panel details interactions involving
Arginine 56 (Arg-56) of the nanobody and Asparagine 23 (Asn-23) of the receptor, with a distance of 3.2 Å. (B) Cryo-EM structure of the human a1b3g2
GABAA receptor (a1 – salmon, b3 – gold, and g2 - blue) with Nb38 (plum), resolved to 2.8 Å (PDB ID: 9FFV). In this context, Nb38 functions as a
conformational stabilizer, trapping the receptor in a ‘‘long-lived symmetric resting state’’. Such conformational locking is invaluable for high-resolution
structural studies of large, flexible membrane proteins. The bottom panel shows the extensive interaction network, involving Lys-156, Asp-199, and Gln-
204 from the receptor and Asp-53 and Arg-106 from the nanobody. (C) X-ray structure of a chimeric b3-a5 GABAA receptor (b3 – salmon, a5 – gold)
with Nb25 (plum), resolved to 3.3 Å (PDB ID: 5OJM). Similar to Nb38, Nb25 was employed as a crystallization chaperone, providing a rigid scaffold that
stabilized the receptor and enabled the determination of its structure in the presence of neurosteroids. The bottom panel highlights a tight, 2.4 Å
interaction between Arginine 196 (Arg-196) of the receptor’s b3 subunit and Aspartate 113 (Asp-113) of Nb25. These examples demonstrate that
nanobodies are not only modulators but also indispensable tools that enable fundamental discoveries by stabilizing specific functional states of ion
channels for structural analysis.
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faces of the binding interface, leading to p–p stacking inter-
actions. Hydrogen bonds between a few polar residues further
stabilize the interaction (Fig. 9B).41 Nb25 is a nanobody that
specifically binds to the b3 extracellular domain (ECD) of the
GABA_A receptor. Structural studies using cryo-EM revealed
that three Nb25 molecules bind between adjacent ECD inter-
faces of the a5b3 GABA_A receptor, particularly at interfaces
involving b3 subunits. This binding helps to identify
and distinguish b3 subunits in receptor assemblies, which is
especially useful because a5 and b3 subunits have similar
sequences and structures that make them hard to differentiate
at lower resolution (Fig. 9C). Functionally, Nb25 binds at the
interfaces between b subunits, and although it binds tightly, it
does not show significant potentiation effects like Nb38. Nb25
has been used as a tool in structural studies to facilitate
receptor crystallization and improve classification of receptor
particles in cryo-EM analysis.42

Stabilizing elusive domains: the case of volume regulated
anion channels (VRACs). Homomeric LRRC8A channels, a core
component of the volume-regulated anion channel (VRAC),
are essential for cellular osmotic balance. These channels are
activated during cell swelling, allowing chloride and other
solutes to exit and restore normal cell volume. Beyond this
basic role, LRRC8A has been linked to important physiological
and pathological processes, including insulin secretion, glu-
cose regulation, tumor progression, and central nervous system
disorders such as cerebral ischemia.43 Recently, synthetic
nanobodies known as sybodies have been developed to speci-
fically target the cytoplasmic leucine-rich repeat (LRR) domain
of LRRC8A. Biophysical and cryo-EM analyses demonstrate that
sybodies (synthetic nanobodies) Sb1 to Sb5 bind to the proteins
with an affinity in the order of nanomolar range to the LRR
domain of LRRC8A, while they do not show any binding to the
LRR domains of LRRC8C and LRRC8D. The sybodies stabilize
the channel in specific conformations of LRRC8A. The Cryo-EM
structure of LRRC8A/Sb1 complex shows that sybody binding
stabilizes the flexible cytoplasmic LRR domains, enabling the
determination of the structural feature of these regions, which
are poorly defined in the apo form of LRRC8A. Sb1 interacts
with the LRR repeats 8–11 through all three CDR regions. The
sybody interacts with a hydrophilic region of the LRR repeats,
mediated by a majority of aromatic residues (B10 residues) in
the sybody that form hydrogen-bonded contacts and cation-p
and anion-p interactions. Sybodies Sb2 and Sb3 target the same
epitope on the LRR domain despite different binding modes
because the epitope is a structurally accessible and conserved
site near the transmembrane region. Their distinct sequences
and binding kinetics result in variations in their interaction, yet
both recognize repeats 3–6 on the convex face of the LRR
domain. Although Sb2 and Sb3 bind similarly to the same
epitope, the significant difference in their dissociation con-
stants is mainly due to Sb3 having an approximately 20-fold
faster off-rate than Sb2.

Contrary to the interactions observed in sybody Sb1, the
interaction interface of sybodies Sb2 and Sb3 contains fewer
aromatic residues and more hydrophilic residues. All three

nanobodies inhibit the LRRC8A by restricting the LRR domain
(Sb1) or inducing conformational changes in the LRR domain
and pore region (Sb2 and Sb3). Sybodies Sb4 and Sb5 potentiate
channel activity by binding to alternate subunits of the LRR
domain and are buried in the dimer interfaces of the domains,
specifically engaging repeats 2–14 (Sb4) and 2–7 (Sb5). These
sites are accessible only in specific subunit positions due to
the arrangement of subunits within the channel. Functionally,
Sb4 and Sb5 serve as allosteric activators, increasing VRAC
channel activity by enhancing LRR domain mobility and trig-
gering conformational changes that likely promote channel
opening.44 Beyond mechanistic importance, these findings
link LRRC8A modulation to physiological roles such as insulin
secretion, glucose control, tumor progression, and ischemic
brain injury, highlighting sybody–channel complexes as a pro-
mising therapeutic target.

5. Indirect modulation of ion channels
via GPCRs: the mGluR2/NMDAR axis

Nanobodies can also modulate ion channels indirectly by
targeting associated signaling proteins. Metabotropic gluta-
mate receptors (mGluRs), which are G protein-coupled recep-
tors (GPCRs), form a well-known functional complex with
NMDARs. They are known to play crucial roles in modulating
excitatory neurotransmission in the brain. Nanobodies DN10
and DN13 were developed as selective positive allosteric modu-
lators of the mGluR2 receptor.

These nanobodies bind to the intracellular domain of the
receptor, close to the G protein–coupling interface, where they
stabilize specific conformations of the receptor. DN13 binds
specifically to agonist-bound mGlu2 homomers and enhances
their activity. DN1 nanobody demonstrated binding to both
homomer and heteromer conformations of mGlu2, without
affecting receptor function.45 A DN1–DN13 biparatopic nano-
body enhanced the affinity to mGlu2. The DN1–DN13 nano-
body improved working memory in GluN1 knockdown mice
models.46 By fine-tuning the conformational states of mGluR2,
these nanobodies provide a powerful means to probe receptor
function, dissect mGluR2–NMDA receptor cross-talk, and
inspire novel therapeutic strategies for neurological disorders
such as schizophrenia, anxiety, and excitotoxic neurodegenera-
tion. This highlights a sophisticated strategy where a nanobody
targeting a GPCR can precisely regulate the function of a
downstream ion channel (Fig. 10).

Breaking down the fortress: delivering nanobody across the
blood–brain barrier

The blood–brain barrier (BBB) is a selective permeability barrier
that protects the brain from harmful substances while regulat-
ing the passage of essential nutrients and molecules. However,
this selective barrier also presents a significant challenge in
delivering therapeutics to the central nervous system (CNS),
particularly for large molecules such as antibodies. Nanobodies,
with their small size and high stability, offer a promising solution
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to this challenge, as they can more easily cross the BBB compared
to larger antibody constructs.47

Delivery of therapeutic or diagnostic nanobodies can be
achieved via several mechanisms (Fig. 11). BBB can be breached
by several methods, including passive diffusion, Carrier-mediated
Transport (CMT), Receptor-mediated transcytosis (RMT), and
Adsorptive-mediated transcytosis (AMT).48 It is important to mea-
sure how well BBB transport works in order to figure out how
useful it might be for treatment. Although data is still limited, a
few important studies offer useful benchmarks.

Passive diffusion of any material prerequisites a small size
(o400 Da), fat solubility, a less polar surface, and fewer
hydrogen bonds (o6) forming residues. 89Zr-nanobody shows
a very low level of non-specific, passive diffusion into the brain
in rats, approximately B0.02% injected dose per gram (% ID
per g) after 1 hour. PET imaging studies confirm that without
BBB disruption, brain uptake remains minimal, supporting the
use of this baseline for assessing targeted delivery strategies in
brain imaging and therapy.49

Nbs can traverse the BBB through RMT, a process in which
molecules bind to specific receptors on the endothelial cells ofFig. 10 Schematic diagram depicting mGluR2-mediated regulation of

NMDA receptors.

Fig. 11 Schematic of strategies for nanobody delivery across the blood–brain barrier (BBB). This schematic illustrates the cellular architecture of the BBB
comprising brain endothelial cells, pericytes, and astrocytes and summarizes current strategies being explored to facilitate nanobody transcytosis from
the blood into the brain parenchyma. Several distinct mechanisms are depicted: (1) adsorptive-mediated transcytosis, which relies on electrostatic
interactions between a cationic nanobody (e.g., one with a high isoelectric point, pI) and the negatively charged endothelial cell surface; the example of
an anti-GFAP VHH suggests targeting of astrocytes after crossing. (2) Receptor-mediated transcytosis (RMT), a ‘‘Trojan horse’’ approach where
the nanobody is fused to a ligand (e.g., another nanobody) that binds an endogenous transporter, such as the transferrin receptor (TfR), exemplified by
‘‘Anti-TfR-NT’’. (3) Carrier-mediated transport, involving the encapsulation of nanobodies within delivery vehicles like liposomes or carbon nanotubes.
(4) Passive diffusion, which is generally inefficient for biologics but may be feasible for small, modified nanobodies, such as the radiolabeled ‘‘89Zr-Nb’’
used for PET imaging. Other potential routes include influx via endogenous transport proteins or solute carrier proteins. Overcoming the ‘‘delivery
problem’’ is the final frontier for neuro-biologics, and the most promising future therapeutics will likely be multi-functional molecules that combine a
high-potency channel-modulating domain with a dedicated BBB-shuttling domain. The image was created using Biorender.
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the BBB, such as the transferrin receptor or insulin-like growth
factor receptors. These receptors facilitate the transport of
nanobodies across the BBB, allowing them to reach their target
in the CNS. This ability to target the brain with high specificity
opens new avenues for the treatment of neurological diseases,
including Alzheimer’s disease, Parkinson’s disease, and glio-
blastoma. RMT is currently the most widely used method for
the delivery of nanobodies through the BBB. FC5 and FC44
are two sdAbs that enter the BBB through RMT.50,51 FC5
specifically binds to the luminal a(2,3)-sialoglycoprotein recep-
tor TMEM30A on brain endothelial cells, an interaction that
initiates clathrin-mediated endocytosis of FC5 and its subse-
quent RMT across the BBB. In vitro studies using Brain Micro-
vascular Endothelial Cells (BMEC) monolayers show that FC5
achieves approximately 4.0 � 0.56% translocation at 6 hours
and 42.0 � 3.35% at 24 hours, significantly outperforming
unrelated single-domain or control antibodies in both specifi-
city and translocation rate. In vivo, FC5 brain uptake ranges
from 0.1% to 1% of the injected dose per gram of tissue (% ID
per g), with enhanced versions—such as dimerized or Fc-fused
constructs—achieving up to B0.8% ID per g to 2% ID per g,
depending on the experimental model and configuration,
reflecting up to a 20-fold increase in delivery efficiency.52 Nbs
developed against the extracellular domain of the human
insulin-like growth factor 1 receptor (IGF1R), when fused to
either mouse or human Fc regions, are capable of crossing the
BBB via receptor-mediated transcytosis. These constructs not
only achieve brain uptake levels ranging from 5 to 11% ID per g
in rats, but have also been shown to deliver non-BBB-penetrant
therapeutic small molecules into the CNS.53,54

The transferrin receptor is also a target for RMT.55 Nano-
bodies targeting the transferrin receptor (TfR) have been
employed to deliver neurotensin (NT) into the CNS. One
notable construct is the engineered M1 nanobody, particularly
its triple histidine mutant M1(His). When combined with other
nanobody domains—such as 13A7–13A7 (targeting P2X7 recep-
tor) and Nb80 (binding to albumin)—this multi-domain fusion
efficiently crosses the BBB after intravenous administration.
Quantitatively, brain uptake reached 13.4% ID per g at
1 nmol kg�1 and 8.8% at 3 nmol kg�1, while a higher dose of
30 nmol kg�1 resulted in 3.5% ID per g, indicating a dose-
dependent saturation effect. Incorporating an albumin-binding
nanobody extended systemic half-life from 21 minutes to
2.6 hours, significantly enhancing delivery.56–58 Nb targeting a
cytosolic prion protein PrPc was capable of crossing the BBB
in vitro and in vivo, and it was hypothesized to transmigrate via
RMT.59 Bi-specific Nanobodies conjugated with nanobodies
targeting RMT fused with human FC region could provide a
multipronged approach to overcome the limitations in phar-
macokinetics (faster renal clearance of sdAbs) and crossing the
BBB. VHH-E9-SCFv8D3 is a bispecific nanobody that uses RMT
(scFv8D3 targets transferrin) to deliver a nanobody (VHH-E9)
against glial fibrillary acidic protein (GFAP) overexpressed by
astroglial cells in regions affected by Alzheimer’s disease. VHH-
E9 nanobody reached brain concentrations of 0.15% ID per g,
while VHH-E9-SCFv8D3 attained 0.44% ID per g 2 hours

post-injection.60 Glycosylated nanobodies (Glucoside-Nb) have
shown much better ability to cross the BBB and accumulate in
glioblastoma tumors in mice. Using RMT, they delivered about
2.9 times more to the brain compared to unmodified nanobo-
dies. In a mouse model of glioma, brain delivery increased by
5.7 times, as confirmed by fluorescence imaging 24 hours after
injection. This enhancement is attributed to glycosylation-
mediated engagement of the GLUT1 transporter, which is
highly expressed on the BBB and glioblastoma cells and is
crucial for glucose uptake and tumor metabolism. Quantita-
tively, glycosylated nanobodies achieve up to about 6% ID per g
of brain tissue (ID per g-brain), outperforming unmodified
analogues, which typically show less than 2% ID per g-brain.61

The transmigration of Nb’s through the BBB by AMT has been
demonstrated in a few cases where the pI of the Nb’s is high. For
instance, Nb R3QV (pI 4 8.3) targets Ab42, Nb A2 (pI 4 9.5)
targets phosphorylated Tau protein,62 and an Nb that targets
GFAP (pI = 9.4).63–65 Alternatively, Nbs have been delivered into
the CNS using agents that can transmigrate through the BBB,
such as glutathione-targeted PEGylated liposomes, multi-walled
carbon nanotubes (MWCNTs), or Fe3O4 nanoparticles.66–69

The study of the bivalent mGlu2-targeting nanobody, DN13-
DN1, provides the most complete data. After a single intra-
peritoneal injection in mice, radiolabeling studies showed that
brain uptake peaked at 4 hours, with 0.08% of the injected dose
(%ID) was found in total brain extracts. Although this level of
penetration appears low, it was sufficient to achieve a thera-
peutically relevant brain concentration of approximately
9.2 nM, which is significantly higher than the nanobody’s
binding affinity for its target. Importantly, the nanobody was
detectable in the brain for a minimum of 7 days (at approxi-
mately 1.5 nM), a duration that directly corresponded with
enduring behavioral enhancements in mouse models of schi-
zophrenia. The brain uptake of 0.08% ID is similar in quantity
to the 0.01–0.4% reported for the passive diffusion of conven-
tional IgG antibodies.46 However, the pharmacological implica-
tions are very different. IgGs have a long serum half-life (days to
weeks), while unmodified nanobodies are cleared from circula-
tion within 1 hour. The fact that DN13-DN1 can get IgG-like
brain exposure even though it has a short peripheral half-life
means that a much more efficient transport mechanism is at
work. For context, in the field of PET imaging, a brain uptake of
more than 0.1% of the injected dose per cubic centimeter (% ID
per cc) is often seen as a benchmark for a successful CNS tracer,
which means that the levels achieved by DN13-DN1 are within a
functionally significant range.60

The development of these innovative strategies for crossing
the BBB holds great promise for advancing nanobody-based
treatments for a wide range of CNS disorders.

From bench to bedside: the clinical progression of ion channel-
targeting nanobodies

Preclinical studies have shown that nanobodies have a lot of
potential, but a close look at their clinical development shows
that there is a big gap between proving the technology platform
and using it on a specific type of ion channel.
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The nanobody platform has been very successful in both
clinical and business settings. So far, four nanobody-based
drugs have been approved by major agencies like the FDA
and EMA. These include Caplacizumab (Cablivis), a bivalent
nanobody targeting von Willebrand factor for acquired throm-
botic thrombocytopenic purpura;70 Ozoralizumab (Nanozoras), a
trivalent, bispecific nanobody targeting TNFalpha for rheumatoid
arthritis (approved in Japan);71–73 Envafolimab, a PD-L1-targeting
nanobody fused to an Fc domain for solid tumors (approved in
China);74,75 and Ciltacabtagene autoleucel (Carvyktis), a CAR-T
cell therapy utilizing two B-cell maturation antigen-targeting
nanobodies for multiple myeloma.76 A thorough examination
of clinical trial databases uncovers a substantial array of nano-
body candidates, featuring numerous active trials, predomi-
nantly in oncology and inflammatory diseases.77 Nonetheless, a
notable finding arises from this analysis: None of the approved
nanobody drugs or candidates in late-stage clinical development
targets an ion channel. The antigens that have been successfully
targeted are primarily soluble proteins (vWF, TNFa) or highly
expressed cell surface markers on immune or cancer cells (PD-L1,
BCMA). This disparity highlights the unique difficulties asso-
ciated with ion channel targets. Monoclonal antibodies targeting
ion channels such as P2X7 and Orai-1 have commenced clinical
trials; however, this advancement is yet to be mirrored in the
nanobody domain.

Nanobodies are versatile, small and modular for targeting
proteins nevertheless, there are a few limitations to the use of
nanobodies to study ion channels. Nanobodies are generated
using proteins expressed in a heterologous system. The lack of
pivotal regulatory and interacting partners of the receptor in
the heterologous system may hinder the efficiency of the nano-
body in the native or physiological conditions of the ion
channel, since the receptors are known to exist in different
conformational states in the presence of auxiliary proteins and
other interacting proteins. The ability of a nanobody to trap
receptors in specific conformational states might be useful in
certain aspects, while it may not be useful to study aspects
pertaining to receptor modulation.

Problems that make ion channel targets hard to translate to
clinical use

The notable lack of ion channel-targeting nanobodies in the
clinical pipeline indicates a substantial translational gap, stem-
ming from the intrinsic biochemical difficulties associated with
this category of membrane proteins.

First and foremost is the ‘‘antigen challenge’’. The generation
of high-affinity nanobodies typically begins with the immuniza-
tion of a camelid, which requires substantial quantities of pure,
stable, and conformationally correct antigen. Ion channels are
notoriously difficult to produce in this manner. They are fre-
quently expressed at low levels in native tissues, and recombinant
overexpression may result in misfolding and aggregation.78

Various detergents have been used traditionally to purify
membrane proteins. The choice of detergents depends on the
membrane protein and might have effect the stability and
functionality of membrane proteins. In order to provide a more

conducive environment, detergent-purified membrane proteins
can be further stabilized by incorporating amphipols, nano-
discs or reconstituting the receptors in liposomes. A recent
report comparing nanodiscs and liposome-based purification
of ELIC receptor identified that liposomes provided a more
native environment to the protein, thereby reducing artefactual
conformations as observed in nanodiscs. Such strategies may
be adopted for the purification and/or stabilization of challen-
ging membrane protein targets.79

Second, the process of screening is much more complicated.
High-throughput ELISA-based tests can help find binders for
soluble targets like TNFa. To find functional modulators of an
ion channel, on the other hand, you need specialized, low-
throughput, and technically challenging tests, like patch-clamp
electrophysiology, to see how the channel current changes. This
makes the process much more complicated, meaning fewer
candidates can be effectively screened, making discovery cam-
paigns take longer and cost more. Finally, the high structural
similarity among ion channel subtypes means that very specific
nanobodies need to be made to avoid possibly harmful off-
target effects. This is a high standard for safety and regulatory
approval. The main challenge that must be overcome to move
from preclinical promise to clinical reality for ion channel-
targeting nanobodies is solving these fundamental problems in
antigen production and functional screening. The development
of computational tools to identify specific nanobodies against
proteins is gaining traction in the field, and the following are
some of the AI and ML methods used for this purpose (Table 3).

The digital Frontier: using AI to design and improve ion
channel nanobodies

Integrating artificial intelligence (AI) and machine learning (ML)
is transforming the traditional, hands-on, and time-consuming
process of discovering nanobodies. These computational methods
allow for fast and accurate identification, design, and optimiza-
tion of nanobodies by utilizing advanced deep learning architec-
tures, structural modeling, and large-scale data analysis. This is
especially promising for addressing the challenges associated
with hard targets, such as ion channels, because of the structural
complexity, low expression yields, and the subtle differences
among channel subtypes.

The emergence of highly precise protein structure prediction
tools, particularly AlphaFold, has revolutionized structural
biology.80 Advanced structure prediction models like Alpha-
Fold3 have significantly improved nanobody-antigen complex
modelling, achieving high-accuracy docking success rates of
8.9% for antibodies and 13.4% for nanobodies.81 While exact
binding epitope prediction remains challenging with accuracy
below 50%, confidence scores such as ipTM (interface pre-
dicted TM-score) reliably distinguish near-native from incorrect
models. The prediction quality heavily depends on the nano-
body CDR3 loop characteristics, with simple, stretched confor-
mations and shorter loops being modeled more accurately than
kinked and longer loops due to their inherent flexibility.
Despite these limits, such tools provide a valuable starting
point for structure-guided design and candidate selection.82
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Complementary deep learning models like IgFold and NanoNet
enable precise 3D structure prediction of nanobodies directly
from sequences, with IgFold achieving a median CDR3 RMSD
accuracy of 2.2 Å for nanobodies and operating at remarkable
speed (under 25 seconds). These tools have made large-scale
structural analysis feasible, with researchers successfully
predicting structures for over 1.4 million paired antibody
sequences.83,84

Affinity maturation of nanobodies is an important aspect
after discovery implies improving their binding strength to
specific target antigens through repeated cycles of design and
refinement of their sequences or structures. While this was
traditionally done using random mutagenesis followed by
experimental screening, recent advances in computational
approaches have streamlined and expedited the affinity
maturation process.85 Computational affinity maturation plat-
forms like ADAPT and EvolveX combine physics-based models
with machine learning to screen millions of virtual mutants,
achieving dramatic improvements and selecting top candidates.
These approaches have achieved dramatic changes—for example,
an anti-CD47 nanobody was computationally optimized using
homology modeling combined with ADAPT, resulting in mutants
with up to an 87-fold increase in binding affinity and improved
thermostability.86 Even more dramatically, another pipeline
improved the affinity of a VHH against the immune checkpoint
protein Vsig4 by over 1000-fold, transforming a weak binder into a
potent nanomolar-affinity molecule.87

Machine learning models for binding prediction have
achieved remarkable performance in nanobody-antigen inter-
action forecasting, with advanced algorithms reaching predic-
tion accuracies exceeding 80%.88 NABP-BERT, a specialized
language model developed by Google, represents a break-
through in sequence-based binding prediction, achieving very
high scores in the benchmarks while focusing on surrounding
amino acid contexts.89,90 These models leverage extensive data-
sets of nanobody-protein binding interactions and utilize
sophisticated architectures to predict binding purely from
sequence data.91,92 Machine learning analyzes large datasets

of nanobody–antigen interactions and identifies patterns in
sequence, structure, and noncovalent interactions (e.g., hydro-
gen bonds, aromatic stacking) that govern binding affinity.
Feature analysis reveals that hydrogen bonding and aromatic-
associated interactions are key mechanistic determinants of
binding affinity, with hydrogen bond descriptors accounting
for 51.9% of important predictive features and aromatic inter-
actions contributing 29.6%. This enables prediction of new
epitopes and the nanobody features critical for strong, specific
binding.88

Generative models, including AlphaProteo, BindCraft, and
RFdiffusion, further expand capabilities by designing novel
sequences targeting challenging epitopes, with BindCraft lever-
aging AlphaFold2’s trained weights to generate nanomolar
binders without requiring high-throughput screening.16,93

These comprehensive AI-driven pipelines integrate reinforce-
ment learning, ensemble meta-predictors, and in silico muta-
genesis to refine nanobody candidates by predicting how
sequence changes affect binding affinity, stability, and devel-
opability, thereby accelerating discovery cycles while enhancing
success rates against previously difficult targets.94

AI and machine learning continue to reshape the future of
nanobody discovery for ion channels by providing powerful
capabilities such as structure-guided virtual design, rapid and
accurate epitope mapping, and data-driven mutational opti-
mization, where the generation of large amounts of antigen is
challenging. These technologies integrate seamlessly with
experimental workflows to establish a robust, cutting-edge
discovery pipeline tailored for the unique challenges posed
by ion channel targets. By combining precise structural
modeling with intelligent library selection and functional
impact prediction, AI and ML streamline the identification
and optimization of high-affinity, specific nanobodies.95–97

This convergence not only accelerates development timelines
but also enhances the precision and efficacy of nanobody
candidates, paving the way for innovative therapeutics and
diagnostics targeting ion channels and other complex
membrane proteins.

Table 3 List of computational tools for the development of nanobodies

Contribution
area Exemplary tools/models

Model type/
approach Key applications in nanobody development

Structure
prediction

AlphaFold2, AlphaFold3, IgFold, NanoNet,
ImmuneBuilder, RoseTTAFold,
NanoBodyBuilder2

Transformer,
ResNet, GNN,
AntiBERTy

Accurate modeling of nanobody (VHH) 3D struc-
tures, with focus on variable CDR loops (esp. CDR3/
H3)

Sequence &
epitope design

ProteinMPNN, RFdiffusion, JAM, ParaAntiProt,
AlphaProteo, BindCraft, Evolvex

Generative AI,
transformer, CNN

De novo design of nanobody sequences for specific
antigens, identification of strong binding sites.

Affinity &
developability

DeepAb, ML classifiers, NanoBERTa-ASP & NbX RNN, ResNet,
decision Tree

Predict binding affinity and filter high-affinity
candidates; assess developability, solubility, and
stability

Humanization &
immunogenicity

AbNatiV (deep learning) + ML pipelines Deep learning, ML
classifiers

Predict and minimize immunogenicity, improve
resemblance to human antibodies

High-throughput
screening

ML-based interaction models ML classifiers,
CNN

Screening vast protein–antibody interaction
datasets, sifting for leads rapidly

Generative
design

Generative AI platforms, RFdiffusion Generative AI,
transformer

Create diverse in silico nanobody variants targeting
multiple or ‘‘undruggable’’ sites

Paratope/epitope
prediction

Parapred, ParaAntiProt RNN (LSTM), CNN,
transformer

Paratope and epitope prediction to identify binding
interfaces
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Future outlook

The field of ion channel-targeted nanobodies stands at a
fascinating inflection point. The preclinical evidence is strong,
showing that these biologics can change how channels work
with unmatched precision and through new allosteric mechan-
isms. However, the way to use this in the clinic is still mostly
unexplored. The future of this field will likely be defined by
progress in three key areas: tackling new targets, innovating
delivery strategies, and integrating intelligent design. In addition,
the need for developing strategies for the administration of
nanobodies, increasing the half-life of nanobodies, and generat-
ing a large repertoire of nanobodies against multiple ion channels
to target very specific diseased states are probably the challenges
that lie ahead in this field.

A significant gap in the current research landscape is the
lack of nanobodies that target ionotropic glutamate receptors
(iGluRs), including AMPA, Kainate, NMDA, and Delta receptors.98

This deficiency is particularly notable given their critical role in
central nervous system (CNS) physiology and pathology, alongside
the recent achievement in creating a brain-penetrating nanobody
for their G protein-coupled counterparts, the metabotropic gluta-
mate receptors (mGluRs). The difficulties in targeting iGluRs stem
from their considerable structural complexity. Unlike the dimeric
mGluRs, iGluRs are large, heavily glycosylated heterotetramers
with a complex ‘‘dimer-of-dimers’’ architecture in their extra-
cellular domains.98 This complexity makes them exceptionally
difficult to produce as stable antigens for immunization and
complicates the identification of functional epitopes. Interest-
ingly, the lack of nanobodies against the structurally simpler
Glycine receptor has been attributed to the fact that its structure
could be readily solved by other means, suggesting the field has
prioritized targets where nanobodies provide a unique enabling
advantage. As cryo-EM continues to unravel iGluR structures, the
next frontier will be to move beyond structural chaperones and
develop functional nanobody modulators, which remain a major
untapped therapeutic opportunity.
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P. England, M. Gielen, F. Bontems, G. Pehau-Arnaudet, U. Maskos,
P. Lafaye and P.-J. Corringer, Nat. Commun., 2023, 14, 5964.
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77 I. Jovčevska and S. Muyldermans, BioDrugs, 2020, 34, 11–26.
78 C. J. Hutchings, P. Colussi and T. G. Clark, mAbs, 2018, 11, 265.
79 V. Dalal, B. K. Tan, H. Xu and W. W. Cheng, eLife, 2025, 14, RP106728.
80 M. Sánchez-Marı́n, M. Giulini and A. M. J. J. Bonvin, Combining

AI structure prediction and integrative modelling for nano-
body-antigen complexes, bioRxiv, 2025, preprint, DOI: 10.1101/
2025.07.01.662355.

81 F. N. Hitawala and J. J. Gray, What does AlphaFold3 learn about
antigen and nanobody docking, and what remains unsolved?,
bioRxiv, 2025, preprint, DOI: 10.1101/2024.09.21.614257.

82 F. Eshak and A. Goupil-Lamy, 2024.
83 T. Cohen, M. Halfon and D. Schneidman-Duhovny, Front. Immunol.,

2022, 13, 958584.
84 J. A. Ruffolo, L. S. Chu, S. P. Mahajan and J. J. Gray, Nat. Commun.,

2023, 14(1), 2389.
85 L. Wang, X. He, G. Guo, X. Qian and Q. Huang, Computational

nanobody design using graph neural networks and Metropolis
Monte Carlo sampling, bioRxiv, 2025, preprint, DOI: 10.1101/
2025.06.08.658414.

86 X. Cheng, J. Wang, G. Kang, M. Hu, B. Yuan, Y. Zhang and H. Huang,
Int. J. Mol. Sci., 2019, 20, 4187.

87 Z. Zhang, R. Van Der Kant, I. Marković, D. Vizarraga, T. Garcia,
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