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Generation of Site-Specifically Labeled Affinity Reagents via
Use of a Self-Labeling Single Domain Antibody

Stanley Fayn, Swarnali Roy, Chino C. Cabalteja, Woonghee Lee, Hima Makala,
Kwamena Baidoo, Divya Nambiar, Julia Sheehan-Klenk, Joon-Yong Chung,
Jesse Buffington, Mitchell Ho, Freddy E. Escorcia,* and Ross W. Cheloha*

Several chemical and enzymatic methods have been used to link antibodies to
moieties that facilitate visualization of cognate targets. Emerging evidence
suggests that the extent of labeling, dictated by the type of chemistry used,
has a substantial impact on performance, especially in the context of
antibodies used for the visualization of tumors in vivo. These effects are
particularly pronounced in studies using small antibody fragments, such as
single-domain antibodies, or nanobodies. Here, we leverage a new variety of
conjugation chemistry, based on a nanobody that forms a crosslink with a
specialized high-affinity epitope analogue, to label target-specific nanobody
constructs with functionalities of choice, including fluorophores, chelators,
and click chemistry handles. Using heterodimeric nanobody conjugates,
comprised of an antigen recognition module and a self-labeling module,
enables us to attach the desired functional group at a location distal to the site
of antigen recognition. Constructs generated using this approach bound to
antigens expressed on xenograft murine models of liver cancer and allowed
for non-invasive diagnostic imaging. The modularity of our approach using a
self-labeling nanobody offers a novel method for site-specific functionalization
of biomolecules and can be extended to other applications for which covalent
labeling is required.
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1. Introduction

Methods to analyze intact cells and pro-
teins expressed within those cells are im-
portant for understanding biological func-
tion. Monoclonal antibodies (Abs) are de-
ployed widely throughout biomedicine for
the specific recognition and detection of tar-
gets of interest. Due to their high antigen
specificity and affinity, Abs are often con-
sidered the gold standard for the character-
ization of biomolecules of interest. High fi-
delity and affinity recognition can also be
achieved using antigen-binding fragments
of antibodies, with the smallest of these
fragments deriving from the variable do-
main of camelid heavy chain only antibod-
ies (VHHs or nanobodies, Nbs).[1] Abs and
Nbs are routinely used for cellular biochem-
ical analysis, interrogation of spatial orga-
nization using microscopy, and enrichment
techniques for more detailed analysis.[1]

The sensitive and robust detection of
cells expressing antigens of interest has
naturally enabled the application of Abs
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as reagents for visualizing and tracking cells within animals, in-
cluding humans.[2–4] Nbs are especially appealing as reagents for
imaging because their rapid clearance from the bloodstream by
kidney filtration offers the prospect for same-day imaging, in con-
trast to conventional Abs, which circulate for prolonged periods
and typically require several day intervals between administration
and imaging to achieve useful signal-to-noise ratios in diagnostic
imaging settings.[5] Substantial effort has been extended in devel-
oping Ab-based imaging reagents for the detection of tumor cells
with the goal of providing information on tumor (or metastasis)
localization and reporting on changes in cancer cell abundance
and distribution over time in response to treatment.[6,7]

Imaging applications typically require that Abs and Nbs be
modified through attachment to moieties that permit visualiza-
tion, such as fluorophores, radioisotopes, or other detectable
groups. Abs typically contain several amino acids with side chains
that can serve as sites for modification. Reagents that react with
lysine or cysteine side chains are frequently used.[8] Most lysine-
or cysteine-reactive labeling reagents are not specific for an in-
dividual residue, with some level of reactivity for many residues
with an appropriately exposed side chain. Abs are large proteins
and contain many lysine residues. Labeling with non-specific
lysine-reactive reagents can result in an extensively and hetero-
geneously labeled product with a loss of performance in imaging
applications, particularly in vivo. This effect is especially marked
for small Ab fragments such as Nbs, which are comprised of
a single domain and are susceptible to non-specific modifica-
tions near the antigen binding site.[9,10] Alternatively, most cys-
teine residues in Abs are engaged in intra- and inter-molecular
disulfide bonds and are therefore unavailable for labeling appli-
cations. Although many groups have successfully deployed non-
specific labeling technologies to produce imaging reagents, grow-
ing evidence suggests that alternative chemistries that provide
site-specific labeling can offer imaging reagents with improved
properties.[9–11]

Site-specific labeling of Abs can be achieved through a vari-
ety of approaches. The most common involves the addition of
a cysteine residue not involved in a structural disulfide bond,
which can enable labeling using thiol-reactive groups such as
maleimide or haloacetamide moieties. A drawback of this ap-
proach is that such cysteine residues are prone to oxidation and
incorporation into disulfide bonds, thereby requiring the incor-
poration of an additional reduction step prior to labeling. Other,
more recently developed approaches rely on the site-specific
recognition and modification of sequence motifs engineered into
antibodies by enzymes such as Sortase A, asparaginyl endopep-
tidases, and glycotransferases.[12–15] Enzymatic labeling provides
straightforward modification chemistry, but commonly used pro-
tocols require prolonged conjugation reactions that use an excess
(>5 equivalents) and high concentration (mM level) of labeling
reagents, which can be prohibitive for exotic, expensive, or hy-
drophobic (insoluble) labeling reagents.

Herein, we describe a new method for labeling that relies on
the genetic fusion of antigen-specific Nb module with a self-
labeling Nb module.[16] These heterodimeric constructs main-
tain high affinity and specificity for targeted antigens and can
be labeled using a reagent that specifically modifies the self-
labeling Nb module. The reaction used for modification of the
self-labeling Nb module within the heterodimeric construct is

operationally simple and rapid, requiring only mid-micromolar
levels of labeling reagent. We validated constructs amenable to
labeling using this approach as useful biochemical reagents for
detecting target binding to either purified protein or to antigens
expressed on the cell surface. We further evaluated these het-
erodimeric constructs as reagents for the visualization of liver
cancer in mice. Past work has shown that targeting the liver
cancer-selective marker glypican-3 (GPC3) using a Nb-based radi-
ological imaging reagent (nanobody HN3) enables tumor imag-
ing with positron emission tomography (PET) and the potential
delivery of therapeutic cargo.[10,17,18] Such tumor-selective imag-
ing is critical for diagnosis, assessing treatment response, and
surveillance of patients with liver cancer. Application of a het-
erodimeric Nb construct, comprised of modules that bind GPC3
and facilitate self-labeling, enabled the production of target-
selective imaging agents that visualized liver cancer tumors in
mice. This approach was used to generate agents compatible with
both single photon emission computed tomography (SPECT)
and PET/CT modalities.

2. Results

Bispecific Nb-based constructs designed to target antigens of in-
terest and enable chemical modification via the action of a self-
labeling Nb module were generated through recombinant ex-
pression. Previously described Nbs that target either the mouse
immunoglobulin light chain-kappa (Ig-𝜅 bound by NbKappa)[19]

or human GPC3 (bound by HN3)[20] were genetically fused to
a Nb raised against the protein UBC6e (Nb6E)[21,22] (Figure 1a)
that can bind to and undergo a crosslinking reaction with a 14-
mer peptide epitope equipped with an electrophilic phenolic es-
ter crosslinking group (Figure 1b).[16] Each construct contained
an N-terminal pelB leader sequence for periplasmic trafficking
and folding, a short peptide linker between each Nb module, and
a C-terminal sortase A recognition motif (LPETG) followed by a
hexahistidine tag.

These heterodimeric constructs were produced in BL21 (DE3)
E. coli. The desired proteins were purified from bacterial lysates
by sequential Ni-NTA metal ion affinity chromatography and
size-exclusion chromatography. Recovered proteins were char-
acterized by mass spectrometry and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). SDS-PAGE
analysis revealed major bands that corresponded to expected con-
struct sizes (≈30 kDa), along with weak bands at lower molecu-
lar weights (10–20 kDa) corresponding to impurities (Figure 2).
Mass spectrometry analyses were consistent with findings from
SDS-PAGE (Figure 2b, Supporting Information). Yields were ad-
equate (0.5–5 mg L−1 of culture) for characterization in selected
subsequent applications.

We sought to assess whether these purified proteins were
competent to participate in the self-labeling reaction previously
described for the Nb6E monomer.[16] The synthetic method
used to produce 6E-xlink (Figure 1B) provides a straightfor-
ward route to access analogs with other functional groups ap-
pended to the N-terminus of the crosslinking peptide (see Sup-
porting Methods, Supporting Information for synthetic details).
We prepared an analog of 6E-xlink with DOTA (2,2′,2′′,2′′′-
(1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetrayl)tetraacetic acid)
attached via an aminohexanoic (Ahx) linker at the N-terminus
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Figure 1. Approach for application of self-labeling Nb dimer constructs. A) Previously described target-specific Nbs[19,20] were genetically fused to an
Nb that can engage in a crosslinking reaction with an epitope peptide[16] modified to contain an electrophilic crosslinking group. Models were generated
using Alphafold2. B) Purified dimeric Nb constructs were labeled using a crosslinking peptide probe (6E-xlink) linked to a moiety of interest such as
chelators, fluorophores, or click chemistry handles. These probes were synthesized as described in Supporting Methods (Supporting Information).

(Supporting Methods, Supporting Information). Labeling of
HN3-Nb6E and NbKappa-Nb6E with DOTA-6E-xlink was assessed
with characterization by SDS-PAGE and mass spectrometry
(Figure 2a,b, Supporting Information). This labeling reaction
proceeded to near completion upon exposure of HN3-Nb6E or
NbKappa-Nb6E (20 μm) to 3 equivalents of (60 μm) DOTA-6E-xlink
(Figure 2c) at 4 °C for 2.5 h. SDS-PAGE analysis demonstrated
major bands that correspond to the expected sizes. Impurities
that ran in the range of 10–20 kDa changed migration upon treat-
ment with DOTA-6E-xlink (compare low molecular weight bands
in lanes 1 + 4 in Figure 2a), suggesting these impurities corre-
spond to Nb6E-containing fragments.

To assess the generalizability of this approach, we synthesized
several analogs of 6E-xlink with moieties such as fluorophores,
metal chelators, and click chemistry handles attached at the
peptide N-terminus (Figure 3a; Figure S1, Supporting Informa-
tion). Most conjugates were produced using standard solid phase-
peptide synthesis methodology, whereas others required more
specialized synthetic approaches (Supporting Methods, Support-
ing Information). Many reactions resulted in the attachment of
large moieties to HN3-Nb6E that are weakly ionized and poorly
detected by mass spectrometry, complicating analysis using this
method. We thus analyzed reactions by SDS-PAGE. Relative to
a negative control (unlabeled HN3-Nb6E in Figure 3b, Lane 1) all

labeling reactions provided samples that migrated more slowly in
SDS gel electrophoresis (Figure 3b, Lanes 2–10), consistent with
an increase in molecular weight. Samples of HN3-Nb6E treated
with analogs of 6E-xlink containing fluorophores also showed in-
gel fluorescence of the expected sizes and color (Figure 3b, Sup-
porting Information). A comparison of the kinetics of labeling
HN3-Nb6E with fluorescein using a crosslinking peptide-based
chemistry to that observed via labeling with a Sortase A enzy-
matic approach (sortagging) showed that the crosslinking ap-
proach was substantially faster (Figure S2, Supporting Informa-
tion). Labeling HN3-Nb6E with an azide-containing analog of 6E-
xlink enabled subsequent reaction with PEG10kDa-DBCO and the
formation of a high molecular weight product (Figure 3c). Un-
der these conditions, we confirmed that labeling of HN3-Nb6E
was complete through analysis with mass spectrometry (see mass
spectrum in Supporting Information), suggesting that the resid-
ual band just above 25 kDa was from an incomplete reaction of
HN3-Nb6E-azide with PEG10Kda-DBCO. The use of an analog of
6E-xlink containing a chemical handle recognized by the self-
labeling Halo-tag protein resulted in the formation of multiple
high molecular weight complexes, which was dependent on the
presence of HN3-Nb6E + Halo-6E-xlink and Halo tag protein
(Figure S3, Supporting Information).[23] The origin of the mul-
tiple crosslinked products observed in this reaction is unclear
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Figure 2. Demonstration of crosslinking for dimeric Nb constructs. Heterodimeric Nb constructs were produced via recombinant expression and purified
as described in Experimental Section. A, B) The purity and identity of starting dimeric nanobody constructs and the products of crosslinking reactions
were characterized via A) SDS-PAGE and B) mass spectrometry as described in Experimental Section. Crosslinking was performed by exposure of purified
Nb constructs (20 μm) in PBS with DOTA-6E-xlink (60 μm, structure in panel C). Crude reactions were analyzed by SDS-PAGE and mass spectrometry.
The uncropped gel for panel A and uncropped mass spectra for panel B are found in Supporting Information. Note that panel A, lane 4 is reproduced in
Figure S8B (Supporting Information).

Figure 3. Evaluation of crosslinking chemistry for the appendage of varied cargos to HN3-Nb6E. A) Analogues of 6E-xlink were synthesized and charac-
terized according to Experimental Section. B) Labeling was evaluated by a change in mobility on SDS-PAGE (upper) or the appearance of fluorescent
bands that result from covalent labeling with fluorophore-labeled analogs of 6E-xlink (lower). Crosslinking was performed by incubation of HN3-Nb6E
(40 μm) with 6E-xlink analog (60 μm) for 30 m at room temperature with quenching by addition of Laemmli sample buffer with DTT. C) An alternative
assessment of crosslinking was performed using azide-6E-xlink with post-crosslinking exposure of the product to PEG10kDa-DBCO. HN3-Nb6E (40 μm)
was incubated with azide-6E-xlink (60 μm) for 30 m at room temperature followed by the addition of PEG10kDa-DBCO at a concentration of 250 μm for
1 h. Samples were treated with SDS containing sample buffer with DTT and analyzed by SDS-PAGE. The uncropped gels for panels b and c are shown
in Supporting Information.
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Figure 4. Assessment of target binding by labeled dimeric Nb constructs. A) Representative histograms of NbKappa-Nb6E (labeled using crosslinking)
or NbKappa (labeled using sortagging) to A20 cells. B) Representative, quantified dose-response for the binding of labeled dimeric or monomeric Nb
constructs to A20 cells. Data points correspond to mean ± SD from technical duplicates. Data from independent replicate experiments are shown in
Figure S5 (Supporting Information). C) Histogram showing binding of dimeric or monomeric Nb constructs (1 μm) to A431 cells stably transfected
to express GPC3 (G1 cell line). Binding was detected with an anti-His tag secondary (2°) antibody as described in Supporting Methods (Supporting
Information). D) Biolayer interferometry analysis of the binding of HN3-Nb6E labeled with DOTA using crosslinking chemistry. Gray lines correspond to
experimental data and blue lines to the experimental models fit to this data. The binding of HN3-Nb6E analogs labeled with other moieties is shown in
Figure S7 (Supporting Information). Biolayer interferometry binding experiments were performed as described in Experimental Section.

but is likely related to the bis-electrophilic nature of the Halo-
6E-xlink reagent. We confirmed that HN3-Nb6E is labeled with
high specificity by FAM-6E-xlink even in the presence of a com-
plex biological mixture (cell lysate), further supporting the speci-
ficity of 6E-xlink reagents (Figure S4, Supporting Information).
These findings confirm that Nb6E maintains crosslinking capac-
ity in the context of Nb heterodimer constructs. The facile prepa-
ration of crosslinking analogs with diverse moieties and their
straightforward application to labeling thus offers a highly adapt-
able method to label heterodimeric Nb constructs.

A different approach was used to assess whether the antigen
binding module within heterodimeric Nb constructs maintained
affinity for their targets. NbKappa binds to Ig-𝜅 found within B-
cell receptors expressed on the surface of the murine B cells and
the B-cell lymphoma cell line A20.[24] We compared the binding
of NbKappa monomer to that of NbKappa-Nb6E. NbKappa was pro-
duced as previously described[24] and was site-specifically labeled
at its C-terminus with fluorescein (NbKappa-FAM) using Sortase
A labeling (sortagging, Figure 4a,b). Dimeric NbKappa-Nb6E was
labeled with fluorescein either using sortagging (NbKappa-Nb6E-
FAM) or with fluorescein-6E-xlink reagent (NbKappa-Nb6E-xlink-
FAM). These preparations were assessed by analysis of their
binding to A20 cells using flow cytometry (Figure 4a,b; Figure S5,
Supporting Information). The method of labeling had a negligi-
ble impact on the performance of the Nb constructs in staining
A20 cells. The staining potency and maximal staining intensity
were consistent between NbKappa-FAM, NbKappa-Nb6E-FAM, and
NbKappa-Nb6E-xlink-FAM preparations (Figure 4a,b). This finding
confirms that NbKappa maintains affinity for Ig-𝜅 when produced
in the context of Nb heterodimeric constructs and that labeling
NbKappa-Nb6E either with sortagging or with crosslinking does not
diminish binding.

We also tested the performance of HN3-Nb6E for binding to
cognate target GPC3. We compared the binding of HN3-Nb6E
to monomeric HN3 via assessment of staining a tumor cell line
(A431) transfected to express GPC3 (G1) using flow cytometry
(Figure 4c).[20] HN3-Nb6E and HN3 stained the G1 cell line with
similar intensity. In contrast, neither HN3-Nb6E nor HN3 stained
A431 cells not expressing GPC3 (Figure S6, Supporting Informa-
tion). We also assessed the binding of preparations of HN3-Nb6E
labeled with 6E-xlink analogs possessing azide, DOTA, Alex-
afluor 555, or palmitic acid (see Figure S1, Supporting Informa-
tion for structures) to purified GPC3. Analysis with biolayer in-
terferometry demonstrated that all analogs of HN3-Nb6E bound
to immobilized GPC3 with Kd values in the range of 20–100 nm
(Figure 4d; Figure S7, Supporting Information), similar to past
measurements for other HN3 fusion proteins,[25] thus validat-
ing that HN3-based Nb heterodimeric constructs labeled with
crosslinking reagents maintain binding.

Given the successful development of labeling chemistry for Nb
heterodimeric constructs with retention of binding affinity and
specificity, we applied these probes for in vivo applications. HN3-
Nb6E for this application was produced at a large scale through
recombinant expression in a mammalian expression system (see
Experimental Section). Past work has shown that monomeric
HN3 can be labeled to visualize implanted human liver cancer
tumors in immunodeficient mice.[10] We sought to evaluate the
performance of HN3-Nb6E labeled using 6E-xlink in this context.
HN3-Nb6E was subjected to sortagging conditions using a sac-
rificial triglycine nucleophile to remove the C-terminal hexahis-
tidine tag to avoid complications arising from low-affinity com-
plexation of some radiometals by His-tags (Figure S8, Support-
ing Information). His-tag-free HN3-Nb6E was then labeled with
DOTA-6E-xlink and purified by size exclusion chromatography.
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Figure 5. Radiolabeled HN3-Nb6E construct successfully images GPC3+ xenograft models of liver cancer. Mice bearing GPC3+ HepG2 tumors received
111In-HN3-Nb6E or 64Cu-HN3-Nb6E and underwent SPECT/CT A) with corresponding biodistribution studies B), or PET/CT C), with corresponding
biodistribution studies D). Uptake was quantified as injected activity per gram tissue (% IA/g). Data show mean ± SD from analysis of 3–4 mice per
group. Full biodistribution results, including the number of mice per group and analysis of other organs, can be found in Figures S12, S13 and Tables
S1,S2 (Supporting Information).

DOTA-conjugated HN3-Nb6E was successfully radiolabeled
with either Indium-111 (111In) (Figure S9, Supporting Informa-
tion). We confirmed that radiolabeled conjugate maintained high
affinity for GPC3 (Figure S10, Supporting Information). We also
showed that HN3-Nb6E labeled with 111In ([111In]In-HN3-Nb6E)
remained stable in human serum over 3 days (Figure S11, Sup-
porting Information). Indium-111- or Copper-64-radiolabeled
HN3-Nb6E conjugates were intravenously injected into mice bear-
ing HepG2 subcutaneous tumors for either single photon emis-
sion computed tomography (SPECT)/CT or PET/CT, respectively.
We visualized tumor uptake by acquiring images of the probe
distribution 3 h after injection (Figure 5a,c). In addition, we per-
formed a separate 12-organ ex vivo biodistribution analysis, quan-
tifying radio-conjugate uptake into various tissues and organs at
1, 3, and 24 h (Figure 5b,d; Figures S12,S13, Tables S1,S2, Sup-
porting Information).

Both imaging and biodistribution analyses demonstrated the
accumulation of radioconjugates in tumors, suggesting that their
target binding is preserved and successful application of the self-
labeling Nb module (Figure 5). SPECT/CT and PET/CT con-
firmed excellent tumor localization (Figure 5a,c), and we mea-
sured good tumor uptake (percent injected activity per gram,
%IA/g) for 111In and 64Cu probes at 1 h (5.46 ± 1.54 %IA/g
for 111In-HN3-Nb6E, 2.23 ± 0.85 %IA/g for 64Cu-HN3-Nb6E), 3 h
(4.85 ± 0.80 %IA/g for 111In-HN3-Nb6E, 2.76 ± 0.49 %IA/g for
64Cu-HN3-Nb6E), and 24 h (3.34 ± 0.88 %IA/g for 111In-HN3-
Nb6E, 7.64 ± 1.36 %IA/g for 64Cu-HN3-Nb6E) in biodistribution
studies (Figure 5b,d). We observed a high uptake of both radio-
conjugates in kidneys, as is often observed for nanobody-based
imaging agents.[5] Notably, while we did observe a higher level of
uptake in tumors in animals receiving 64Cu-HN3-Nb6E at 24 h,

higher liver uptake was also observed, suggesting radioactive cop-
per dissociated from DOTA and was transported into the tumor
via copper transporters.[26] It has been previously reported that
the 64Cu-DOTA complex can dissociate over time.[27]

To provide further evidence that HN3-Nb6E retained specificity
for GPC3 we performed a biodistribution study with mice bear-
ing a tumor formed from a HepG2 GPC3 knockout cell line
(Figure S14, Table S3, Supporting Information) using 111In-HN3-
Nb6E. Results confirmed minimal radio-conjugate uptake (0.56
± 0.07 IA/g at 3 h) in the GPC3 knockout tumors, relative to the
levels of uptake observed in experiments with HepG2 wildtype tu-
mors (4.85± 0.80% IA/g at 3 h) (Figure S14, Supporting Informa-
tion). These studies confirm that our epitope-based crosslinking
strategy can be leveraged to yield effective tumor-selective imag-
ing agents.

3. Discussion

Here, we demonstrate that heterodimeric nanobody fusions can
be expressed recombinantly, maintain native affinity toward cog-
nate targets of interest, and can be modified with a variety of
synthetic moieties using Nb6E as a self-labeling protein domain.
This approach was effectively deployed to generate a new imag-
ing agent that targets GPC3, which was used for the visualization
of GPC3-expressing xenograft models of liver cancer in mice. Al-
though other methods have been reported for the site-specific
modification of Abs and Nbs at one or two sites,[28–31] the ap-
proach presented here provides more rapid labeling than enzy-
matic methods such as sortagging (see Figure S2, Supporting In-
formation), which often requires overnight incubation.
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There is substantial interest in the biomedical applications
of Ab fragments, such as single-domain antibodies.[1] Nbs have
proven valuable for bio-engineering applications, including the
generation of multi-specific constructs, as their single domain
architecture avoids difficulties related to pairing of Ab heavy and
light chains for conventional Abs.[32] Further, Nbs lack the con-
stant (Fc) domain found in full-sized antibodies, which can initi-
ate antibody-dependent cell-mediated cytotoxicity responses that
are unwanted in an imaging context. The small size of Nbs also
facilitates rapid clearance from the bloodstream in humans and
mice by renal filtration, especially compared to conventional Abs,
which can circulate for days or weeks. Rapid clearance allows the
use of Nbs as imaging agents with optimal signal-to-noise within
hours instead of days, which aligns with existing clinical imaging
workflows, encouraging many groups to explore this application
of Nbs.[33]

It has become clear that non-specific labeling methods can
cause sub-optimal or variable performance for Nbs in some con-
texts. Past work from our groups has shown that site-specific la-
beling of a single-domain antibody leads to improved tumor-to-
background ratios.[10] This realization has prompted the use of
site-specific labeling technologies to improve the performance
and consistency of labeled Nbs. Some such approaches rely on
the genetic incorporation of short sequences recognized by en-
zyme ligases such as Sortase A and AEPs. Enzymatic labeling al-
lows for exquisite site-specificity, but these reactions often require
high concentrations (mM levels) of the probe used for labeling,
complicating some applications. An elegant solution for labeling
full-sized Abs relies on proximity-mediated labeling mediated by
an electrophile-linked peptide that binds to and labels the Ab con-
stant region.[34] However, this cannot be used with Nbs, which
lack a constant region.

There are fewer examples of labeling Abs or Nbs through
fusion with self-labeling protein domains such as Halo-
tag (≈30 kDa),[35] SNAP-tag (≈20 kDa),[36] or SpyCatcher
(≈15 kDa).[37] The SpyCatcher/SpyTag system, in which frag-
ments of a split bacterial protein spontaneously reassemble and
form a covalent bond, has been used to build a variety of multiva-
lent antibody conjugates.[38,39] Protein engineering has allowed
site-specific modification of Abs with cytotoxic cargoes or fluo-
rophores using SpyCatcher.[40,41] However, the bacterial origin
of this protein poses the possibility of immunogenic responses
when applied in vivo.[42] Halo-tag labeling is based on the chem-
istry of an archaeal dehalogenase enzyme that forms a covalent
bond with alkyl halides at exceptionally rapid rates.[23] Halo-tag-
fused Abs have been applied as pre-targeting reagents, in which
the binding of Ab-HaloTag fusion proteins is allowed to pro-
ceed in vivo before administration of labeled probes that react
with HaloTag and allow detection. This approach has enabled the
visualization of tumors bound by Ab-HaloTag conjugates with
high signal-to-noise ratios,[43] but the non-eukaryotic origin of
HaloTag again raises immunogenicity concerns. The SNAP tag
is derived from an engineered variant of human alkylguanine-
DNA transferase, which reacts with benzylguanine derivatives to
form a covalent bond. SNAP-tag has been used as a genetically
encoded tag to track cellular localization in vivo, either using PET
imaging[44] or fluorescent methods.[45]

The self-labeling domain based on Nb6E described here pos-
sesses some favorable characteristics compared to previously re-

ported self-labeling domains. Unlike SpyCatcher and Halo-tag,
Nb6E is derived from a mammalian source with homology to
human immunoglobulin variable domains.[21] Past work has
demonstrated the humanization of Nbs,[46] alleviating, to some
extent, concerns about immunogenicity. The SNAP tag has not
been used for the modification of Abs or Nbs applied in vivo, in
contrast to the results reported here for Nb6E. Nb6E is also smaller
(≈12 kDa) than each of the three self-labeling domains discussed
above, allowing for improved tissue penetration for imaging or
therapeutic uses. Several bivalent Nb fusion proteins have shown
specialized and useful biological activities,[47–49] further encour-
aging application.

The use of Nbs, including the heterobivalent Nb construct de-
scribed here, offers promise for imaging liver cancer. Hepatocel-
lular carcinoma (HCC), is the most common type of liver cancer
and has a poor prognosis.[50] Several studies have demonstrated
that antibody conjugates that target GPC3, which is expressed in
≈75% of HCC, can be used to successfully engineer PET imag-
ing and radiopharmaceutical therapy agents.[3,10,17,18] Efforts to
use such imaging agents to assess tumor status following treat-
ment are underway. Notably, past work using HN3-based agents
has demonstrated low levels of toxicity, encouraging further ex-
ploration of this area.[10,51]

In summary, the application of the Nb6E self-labeling re-
action in the context of heterodimeric Nb constructs offers
an approach that is flexible, robust, and has several potential
biomedical applications. Future avenues include additional
exploration of such constructs for in vivo imaging, including
pre-targeting approaches,[43,52] and the labeling of T-cells engi-
neered for cancer immunotherapy.[53] Rapid self-labeling using
a single domain building block derived from a mammalian
source opens possibilities for translational bioengineering
efforts.

4. Experimental Section
Synthesis: Peptides were synthesized using solid-phase peptide syn-

thesis with Fmoc protection of backbone amines and standard side chain
protecting groups. Crosslinking groups were attached using cysteine-
maleimide chemistry as previously described and illustrated in Support-
ing Methods (Supporting Information).[16] Most labels (chelators, fluo-
rophores, click handles, etc.) attached at the N-terminus were attached
via reaction with peptide still attached to the solid phase, with exceptions
and details provided in Supporting Methods (Supporting Information).
All peptidic compounds were purified with reverse-phase HPLC, and com-
pound identity was confirmed by mass spectrometry. Mass spectrometry
characterization of purified compounds and purified proteins is summa-
rized in Table S4 (Supporting Information) and Supporting Information.
Synthetic details are described in Supporting Methods (Supporting Infor-
mation).

Nanobody Labeling Using Crosslinking Peptide Reagents: Conditions for
individual labeling reactions vary slightly as described in figure captions. A
generic reaction setup was described here. Dimeric nanobody (10–40 μm)
in PBS was mixed with an excess (1.5–3 molar equivalents) of 6E-xlinking
peptide for 0.5–3 h at either 4 °C or room temperature. Crude reactions
were analyzed by SDS-PAGE or mass spectrometry to confirm conversion
to product (see Supporting Information for mass spectrometry characteri-
zations). For crosslinking reactions involving DOTA-6E-xlink, higher-than-
expected molecular weights were observed in mass spectrometry analyses
using some commercial buffers. In these cases, the exchange of proteins
into buffers pretreated with metal chelating resin (Sigma–Aldrich, #
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C7901) before reaction with DOTA-6E-xlink provided reaction products
of the expected molecular weight. Labeled dimeric nanobody products
were purified using either a PD10 desalting column (Cytiva #17085101)
or HiLoad 16/600 Superdex 200 pg column with an isocratic gradient of
the buffer of choice (Flow rate 1 mL min−1). Crosslinking reactions were
also successfully executed in tris-buffered saline (pH 7.4) or ammonium
acetate (pH 5.5) buffers. Labeling with azide-6E-xlink was further assessed
by exposure to PEG10KDa-DBCO (Vector Labs, CCT-A119).

Protein Labeling Using Sortase A and Click Chemistry: Purified het-
erodimeric Nb constructs were site-specifically labeled using sortagging
and purified as previously described[22] or produced commercially us-
ing Chinese hamster ovary expression as detailed in Supporting Methods
(Supporting Information).

Nanobody Purification from CHO Cells: Large-scale production of
HN3-Nb6E was performed using the TurboCHO protein expression service
from Genscript followed by purification using His tag Ni-NTA affinity chro-
matography. Protein preparations provided by Genscript were analyzed us-
ing in-house mass spectrometry and SDS-PAGE characterizations.

Gel Electrophoresis: SDS-PAGE was run either using 15% acrylamide
gels prepared in-house or commercial gradient (4%–20%) gels (Bio-
rad, #4561093). All samples were mixed with 4x Laemmli buffer (Biorad
#1610747) modified with dithiothreitol (100 mm) and boiled before analy-
sis. Gel-based fluorescence imaging (when relevant) was performed using
a Biorad ChemiDoc before staining with PAGE-Blue (Thermo Fisher). To-
tal protein staining following PAGE-blue staining was also performed us-
ing Biorad ChemiDoc. Visualization of fluorophores was performed before
staining with PAGE-Blue using automated settings on Biorad ChemiDoc
for the detection of fluorescein and tetramethylrhodamine. Uncropped
gels are shown in Supporting Information.

Cell Culture: Cell-based experiments were run with the murine B
Cell lymphoma line A20 (ATCC TIB-208), HepG2 human hepatoblastoma
(GPC3+ wildtype, and GPC3 knockout), A431 human epithelioid cancer
cell lines, and A431-GPC3+ cells, a transfected cell line engineered to over-
express GPC3.[10] A20 was grown in RPMI1640 supplemented with 10%
fetal bovine serum and 0.05 mm 𝛽-mercaptoethanol and passaged every
3–5 days. All other cell lines were used within 10 passages and cultured in
Dulbecco-modified Eagle medium (Life Technologies) with 10% FetaPlex
(Gemini Bio-Products).

Flow Cytometry: Staining was performed by incubation of cells in a
buffer containing Nb constructs, followed by washing and staining with
a secondary antibody to facilitate analysis by flow cytometry. Details are
provided in Supporting Methods (Supporting Information).

Biolayer Interferometry: HN3-Nb6E variants’ binding kinetics were
evaluated using an Octet RED96e biolayer interferometry system
(FortéBio), with methods previously described.[10] Briefly, biotinylated hu-
man GPC3 was immobilized on streptavidin biosensor tips, and associa-
tion and dissociation with various concentrations (25, 50 100, 200 nm) of
HN3-Nb6E protein were measured.

Radiolabeling and Characterization of 111In-HN3-Nb6E: Sodium ac-
etate (53 μL, 0.4 m, pH 5) was added to a solution of 111In-chloride (17 μL,
216 MBq, Cardinal Health). A solution of HN3-Nb6E nanobody in ammo-
nium acetate (80 μL, 2.5 mg mL−1) was added to the mixture, and the re-
action (pH 5) was heated for 1 h at 40 °C. The reaction was quenched with
ethylenediaminetetraacetic acid (EDTA) (10 μL, 100 mm) and purified us-
ing a PD-10 gel filtration column with phosphate-buffered saline contain-
ing bovine serum albumin (1 mg mL−1) as the mobile phase. Radio-instant
thin-layer chromatography with silica gel-impregnated glass microfiber pa-
per strips (Varian) was used to determine radiochemical yield and purity.
This was done using a buffer containing EDTA (50 mm) and ammonium
acetate (100 mm, pH 5.5) as the mobile phase. To calculate the percentage
of total activity at the origin, a radio-thin-layer chromatography scanner
was used (AR-2000, Eckert-Ziegler).

Radiolabeling and Characterization of 64Cu-HN3-Nb6E: Gentisic acid
(10 μL, 5 mg mL−1) was added to a solution of 64Cu-chloride (5 μL, 129.5
MBq, University of Wisconsin Cyclotron) in hydrochloric acid (1 m). Am-
monium acetate (30 μL, 1 m, pH 7) was then added to the mixture, followed
by the HN3-Nb6E nanobody in sodium acetate (118 μL, 0.85 mg mL−1).
The reaction (pH 7) was heated for 1 h at 40 °C and quenched with EDTA

(10 μL, 100 mm). Purification was done, and radiochemical yield and purity
were determined using the methods above.

Murine Subcutaneous Xenograft Models and Animal Protocols: Female
athymic nu/nu 8–10-week-old mice (NCI CCR Animal Resource Pro-
gram/NCI Biological Testing Branch) were implanted with 5 × 106 GPC3+

HepG2 or HepG2-GPC3- (knockout) liver cancer cells in a 100 μL solution
of Dulbecco modified Eagle medium (Gibco). Biodistribution and imaging
experiments were performed once tumors reached ≈100 mm3. Mouse ex-
periments were approved by the Institutional Animal Care and Use Com-
mittee at the National Institutes of Health under protocol ROB-105.

SPECT/CT Imaging: HepG2 tumor-bearing mice (n = 4) were injected
with 15.0 ± 0.041 MBq (405.5 ± 1.12 μCi,17.5 μg) of 111In-HN3-Nb6E and
imaged at 1, 3, and 24 h post-injection using SPECT/CT (NanoSPECT/CT;
Bioscan by Mediso). The mice were anesthetized using 2% isoflurane, and
whole-body CT scans (2 min, 45 kV, 177 μA), followed by SPECT scans
(20 min) were acquired. MIM software (MIM Software Inc.) was used to
analyze the images. Post 24-h imaging, mice were euthanized by CO2
asphyxiation, and 12 tissues were collected. All samples were weighed
and counted on a gamma counter (2480 Wizard[3]: Perkin Elmer Inc.),
after which percentage injected activity per gram (%IA/g) was calculated
(counts were converted to percentage injected activity (%IA) using a stan-
dard solution of known activity prepared from the injection solution, fol-
lowed by dividing the activity of each organ by its weight).

PET/CT Imaging: Mice bearing HepG2 xenografts (n = 3) were in-
jected with 6.61 ± 0.19 MBq (178.7 ± 5.09 μCi, 10.5 μg) of 64Cu-HN3-
Nb6E, and PET/CT scans (MRS*PET/CT; MR Solutions) were obtained at
1, 3, and 24 h post-injection. 2% isoflurane was used to anesthetize the
mice, and whole-body CT scans (2.5 min, 60 kV, 300 μA), followed by static
PET scans (10 min). Images were normalized, decay-corrected, and dead-
time-corrected and analyzed using MIM.

Ex vivo Biodistribution Studies: Mice (n = 4) were injected via tail vein
with either 111In or 64Cu labeled nanobody (0.548 ± 0.051 MBq (14.8
± 1.39 μCi, 0.56 μg) and 3.83 ± 0.09 MBq (103.4 ± 2.47 μCi, 6 μg), respec-
tively). Tissues were collected at 1, 3, and 24 h post-injection following
the protocol detailed in the previous section, and conjugate uptake was
measured.

Data Calculations and Display: Data were analyzed and prepared for
display using GraphPad Prism v10, FlowJo v10.10, and MIM Software
v7.3.5. Flow cytometry data were quantified by measuring median fluo-
rescence of intensity (MFI) measurements using FlowJo software.

Statistical Analysis: Pre-processing (normalization) of data was per-
formed as described in figure legends. Data with replicates are shown
as mean ± SD with sample sizes (n) listed. For statistical testing, a 2-
tailed, unpaired, parametric Student t-test (without post hoc adjustment)
was used. Exact p values are listed where applicable. Statistical compar-
isons were performed using GraphPad Prism.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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