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The ease of expression and engineering of single domain antibodies, known as nanobodies, make them
attractive alternatives to conventional antibodies in point-of-care diagnostics such as lateral flow assays.
In lateral flow assays, gold nanoparticle bioconjugates serve as labels which display affinity molecules on
the gold surface. While examples of nanobody gold nanoparticle bioconjugates exist, few utilise the
simple one-step approach of physisorption owing to undesirable nanoparticle aggregation and loss of
functionality. Here we show that engineering nanobodies into multivalent structures can significantly
enhance their functionality when physisorbed onto gold nanoparticles. This approach enables resulting
bioconjugates to withstand multiple processing steps required for long-term nanoparticle storage within
lateral flow assays. Specifically, we show that the trivalent version of VHHV nanobody (VHH3) against the
S1 protein of SARS-CoV-2 can be immobilised onto gold nanoparticles through passive adsorption. Unlike
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its monovalent and bivalent nanobody counterparts, using VHHV3 preserves nanoparticle stability under
salt stress, blocking, washing, and freeze-drying conditions while maintaining picomolar sensitivity to the
S1 protein. We anticipate that this facile strategy is a significant advancement towards the integration of
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Introduction

The COVID-19 pandemic exposed a critical need for rapid,
accessible diagnostics to combat emerging infectious dis-
eases." Realtime information from widespread testing is
essential for enabling effective responses, such as contact
tracing and isolation, particularly when considering the longer
timelines associated with vaccine and therapeutic pipelines.*?
The development of traditional antigen lateral flow assays
(LFA) is a complex iterative process that fundamentally
relies on the availability of suitable antibody pairs which meet
the sensitivity and specificity requirements for the target
disease.” Although monoclonal antibodies have been widely
implemented in LFAs, their costly and complex development
process represents a bottleneck in LFA development.’
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nanobodies in lateral flow assay development.

Nanobodies, fragments of heavy chain-only antibodies
found in camelids, offer unique advantages over traditional
antibodies in the realm of diagnostics.’® Their amenability to
phage display platforms and the ability for synthetic gene-
ration from immune libraries has been shown to enable the
development of sub-nanomolar affinity binders in as little as 3
weeks.”® More recently, developments in de-novo binder
design have enabled the generation of functional nanobodies
with no reliance on animal use.® Nanobodies can be easily pro-
duced in bacteria with exceptional titres, unlike traditional
antibody production which necessitates costly mammalian cell
cultures.'®*? This simplified expression in bacteria not only
accelerates production significantly, but also enables a more
decentralised production model, empowering research groups,
diagnostic companies, and even local manufacturers in
resource-limited settings to produce their own nanobody-
based tools, fostering a globally accessible and responsive
diagnostic ecosystem. Furthermore, nanobodies benefit from a
greater chance of a nanobody pair hit due to their smaller size,
ability to access cryptic epitopes that are less susceptible to
mutational escape and exhibit exceptional physical stability
properties.*?

The development of gold nanoparticle (AuNP) bioconju-
gates is a crucial step in the LFA development process.
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Proteins can be chemically attached to gold nanoparticles by
exploiting functional groups such as thiols or amines, or be
physically adsorbed to the surface by electrostatic interactions
through charged and hydrophobic residues."* While amines
can be targeted with carbodiimide crosslinkers, thiols (found
in cysteine residues) can be targeted with thiol reactive cross
linkers or directly coupled to a gold surface through a dative
covalent bond."®™"” Nanobodies, with their unique properties,
are emerging as compelling affinity reagents for diagnostics
and nanoparticle conjugation.’®>' Their smaller size, com-
pared to conventional antibodies, holds promise for increasing
coating density on sensor surfaces which is linked to improve-
ment in analytical performance.”” While various nanobody
bioconjugation chemistries exist, including click chemistry,
N-hydroxysuccinimide (NHS) and maleimide pre-activated Kkits,
SpyTag/SpyCatcher mediated and site-specific biotinylation,
passive adsorption offers a simple, cost-effective, and scalable
approach.”*?” However, as highlighted by Goossens et al.,
nanobody-gold nanoparticle (AuNP) bioconjugates generated
through passive adsorption can face challenges resulting from
nanoparticle aggregation.”® Nanoparticle stability also rep-
resents a pressing issue for LFA bioconjugates, given that LFAs
are prized for their storability in ambient conditions and must
therefore withstand multiple processing steps, including
blocking, washing, and drying.

Protein engineering strategies have been previously
explored to improve nanobody AuNP physisorption. Hattori
et al. developed a novel anti-gold nanobody which, upon physi-
sorption onto 20 nm AuNPs, maintained a degree of resistance
to elevated ionic strengths.?® They demonstrated the feasibility
of a bispecific nanobody approach to promote particle assem-
bly, where one nanobody (anti-gold nanobody) facilitated
immobilisation while the other provided biorecognition of a
secondary particle. However, while their gold binding nano-
body was able to form bioconjugates, complete suppression of
salt-induced aggregation was not achieved under all tested
conditions. Goossens et al. employed a similar bispecific con-
struct incorporating the same anti-gold nanobody but found
this did not prevent the aggregation of 20 nm AuNP bioconju-
gates. Additionally, they conjugated a series of nanobodies to
AuNPs in their native form through physisorption. While this
approach generated functional nanobody-AuNP bioconjugates,
the results showed varying degrees of susceptibility to
salt induced aggregation across different nanobodies.
Furthermore, they explored dative covalent bond-mediated
immobilisation using cysteine-bearing nanobodies, but again,
this was not found to improve nanoparticle stability.>®
Notably, the bioconjugates were prone to aggregation in the
presence of blocker proteins, a critical factor for LFA appli-
cations since the bioconjugates are required to interface with
common blocking proteins such as bovine serum albumin
(BSA), and complex sample matrices. In contrast, Anderson
et al. investigated various nanobody modifications, including
fusion with metal-binding peptides and cysteine-bearing pep-
tides.>® They found that incorporating a cysteine-bearing tag
(hop-tail) was the optimal strategy for enhancing bioconjugate
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stability compared to native nanobody constructs although at
the cost of additional reduction steps in the production of
AuNP bioconjugates. To date, these studies have involved the
use of bioconjugates prepared and stored in the liquid phase,
leaving the impact of harsher processes, such as drying, on the
stability of bioconjugates unknown.

In this study, we demonstrate the importance of engineer-
ing multivalent nanobodies to enhance bioconjugate stability
and performance in LFAs. Initially, we investigated the physi-
sorption characteristics of 3 different nanobodies of varied iso-
electric points (IEPs) against the SARS-CoV-2 S1 protein. In
doing so, we further show the limitations of native nanobody
physisorption and terminal-cysteine modifications on yielding
colloidally stable bioconjugates via physisorption. To address
this challenge, we introduced a rational protein engineering
approach, incorporating the lead nanobody candidate into
multivalent nanobody chains. Notably, a trivalent nanobody
demonstrated superior analytical performance and enhanced
nanoparticle stability under elevated osmotic strength con-
ditions. The resulting trivalent nanobody bioconjugate is also
shown to be resilient to the presence of blocker proteins
encountered during bioconjugate processing and drying stages
while maintaining picomolar-level detection of the S1 protein
in a LFA format.

Results and discussion

Limits of nanobody-mediated protection against salt-induced
AuNP aggregation

The bioconjugation of immunoglobulin antibodies to citrate-
capped AuNPs typically occurs at a pH that is slightly more
basic than the antibody’s isoelectric point.*’** This enables a
subtle, yet favourable electrostatic attraction between positively
charged residues on the antibodies and negatively charged
AuNPs. The electrostatic force of attraction must be strong
enough to promote binding, but not so strong that it overcomes
the electrostatic repulsion between individual AuNPs, which
would lead to bridging and aggregation.® In the present study,
recognising that nanobody diversity in charge and sequence
can influence nanobody-AuNP interactions, we selected three
nanobodies against the SARS-CoV-2 S1 protein. Nanobodies
VHHV, VHHE, developed by Koenig et al., and Nb6, developed
by Schoof et al, spanning a range of IEPs (6.70-9.39) were
selected to probe how each undergo physisorption to AuNPs at
different pHs (Fig. 1a).>** Furthermore, nanobodies with low
dissociation constants, indicative of high affinity for their target
antigen, were selected to enhance their diagnostic potential and
enable an assessment of the resulting bioconjugate’s analytical
performance. The selected nanobodies were expressed in E. coli
and purified using nickel-nitrilotriacetic acid (Ni-NTA) affinity
chromatography to yield purified nanobodies.

The physisorption of the 3 nanobodies to AuNPs was evalu-
ated as a function of pH using a molar excess of 3200 nanobo-
dies per nanoparticle. Given the dimensions of a typical nano-
body (4 nm x 2.5 nm), and the surface area of a 40 nm gold

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Adsorption characteristics of anti-SARS-CoV-2 nanobodies on AuNPs. (a) Surface charge distribution of the 3 nanobodies, blue represents
positive potential and red represents negative potential from —3kT/e to +3kT/e at pH 7. Surface and IEP calculations were performed using the APBS
biomolecular solvation.*” Nanobody 3D structures predicted by AlphaFold 2 using the accessible colabfold server.*®#° (b) Aggregation index plots
for each nanobody conjugation across a range of pH conditions. Dashed lines represent the IEP for each nanobody. Values are shown as the average
(n = 3) and error bars indicate the standard deviation of the mean. (c) Aggregation index plots for each nanobody after increasing the NaCl concen-
tration to 400 mM. Values are shown as the average (n = 3) and error bars indicate the standard deviation of the mean. (d) UV-Vis spectra of each
nanobody bioconjugation reaction at the first stable pH condition for nanobodies VHHV (pH 6.5), VHHE (pH 7.5) and Nb6 (pH 9.5). Dashed lines in
the subplot show the position of the plasmon peak. (e) Hydrodynamic diameter (D,,) of bare AuUNP and for each nanobody bioconjugate immediately
following physisorption. Values are shown as the average (n = 3) and error bars indicate the standard deviation of the mean.

nanoparticle (AuNP), we estimated that a close packed mono-
layer would require approximately 500 to 800 nanobodies,
depending on their orientation on the surface.>® In this
regard, an excess ratio was used to ensure sufficient availability
of nanobodies per AuNP, and favour binding of the nanobo-
dies to the nanoparticle surface. Localised surface plasmonic
resonance (LSPR) peak wavelengths were measured using

This journal is © The Royal Society of Chemistry 2024

UV-Vis to probe transitions from stable to unstable states. Loss
in the intensity and broadening of the LSPR peak is indicative
of nanoparticle aggregation. Aggregation can be quantified
using an aggregation index (A530/580), defined as the ratio of
the absorbance at the plasmon peak to the absorbance at the
plasmon shoulder of 530 nm and 580 nm for 40 nm AuNPs,
respectively.®”
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A strong physisorption pH dependence was identified for
each nanobody during nanobody-AuNP bioconjugate for-
mation (Fig. 1b). At low ionic strengths (10 mM), nanobody-
AuNP bioconjugates with an A530/580 approaching 0.5 could
be produced at defined pH ranges, indicating stable AuNPs.
Using the most acidic nanobody VHHV (IEP = 6.70), physisorp-
tion yielded stable bioconjugates at pH conditions above 6.5
and aggregated conjugates below pH 6.5. The most basic nano-
body Nbé6 (IEP = 9.39) yielded stable bioconjugates at pH
greater than 9.5. Nanobody VHHE (IEP = 6.75), however,
required comparatively elevated pH conditions (pH > 7.5) in
order to obtain stable bioconjugates. Increasing the molar
excess of nanobodies VHHYV and Nb6 to 9600 per nanoparticle
showed no difference in bioconjugate stability suggesting that
maximal modification had been achieved (ESI Fig. 1a and ef).
On the contrary, increasing nanobody VHHE molar excess
proved detrimental to nanoparticle stability as nanoparticle
aggregation was observed across a broader pH range (ESI
Fig. 1bt). This loss of stability at higher nanobody excess
could indicate VHHE-VHHE interactions resulting in nano-
particle bridging and aggregation. To test this, a homologous
sandwich ELISA format in the absence of the antigen com-
posed of VHHE being both the detection and capture nano-
body was performed (ESI Fig. 21). An interaction of VHHE with
itself was observed, indicating the potential for VHHE to cause
nanoparticle bridging and aggregation during physisorption
experiments via protein-protein interactions.

The physisorption process was further analysed using two
approaches: the emergence of a redshift in the LSPR
maximum resulting from local dielectric changes on protein
binding to AuNPs, and the stability of the bioconjugates to
elevated salt concentrations. The immobilisation of all 3 nano-
bodies onto AuNPs was found to result in a subtle redshift of
about 5 nm as observed by UV-Vis spectroscopy, consistent
with modification of the nanoparticle surface by protein
(Fig. 1d).>> While a protein monolayer may exist on the AuNP
bioconjugate, this does not necessarily mean the nanoparticle
is sufficiently stable to operate within the conditions of a LFA.
The bioconjugates were therefore tested for stability by increas-
ing the ionic strength of the solution through the addition of
400 mM NaCl. High ionic strengths cause a shortening of the
length of the electric double layer between two approaching
bioconjugates, which is crucial for maintaining the colloidal
stability. If the surface has been sufficiently covered by protein,
the colloid can be protected from salt-induced aggregation
since the protein layer creates a steric, charged barrier around
the nanoparticles, preventing the electron dense gold from
directly contacting each other via van der Waals interactions.>®
As shown in Fig. 1c, physisorbed nanobodies do not prevent
the salt-induced aggregation observed for bare AuNPs, consist-
ent with previous findings.”® Dynamic light scattering (DLS)
was used to characterise the nanobody layer formed through
bioconjugation by measuring changes in hydrodynamic dia-
meter (Dy,) compared to bare AuNPs. An increase in hydrodyn-
amic diameter was noted post-bioconjugation with VHHV
(47.7 nm =+ 0.7), VHHE (47.5 nm + 0.3), and Nb6 (50.2 nm +
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0.5) compared to bare gold nanoparticles (45.2 nm + 0.5), con-
firming surface modification. However, given the dimensions
of each nanobody, shown in Table 1, determined from the
Protein Data Bank structures (ESI Fig. 31), the calculated dia-
meter changes for each bioconjugate post-physisorption fall
short of the expected changes following the formation of a
protein monolayer. The values obtained by DLS suggest that
the nanoparticles are either not fully covered by nanobodies or
that nanobodies unfold upon binding to the particle surface.

The smaller size of nanobodies, compared to larger IgG
antibodies, may limit their ability to maintain the colloidal
stability of AuNPs upon physisorption since they provide com-
paratively less steric repulsion at the particle surface. In
addition to the insufficient steric repulsion offered by nanobo-
dies, proteins are, in general, prone to unfolding on nano-
particle surfaces, further contributing to aggregation.’”*® In
subsequent sections, we investigate the incorporation of two
strategies towards promoting nanobody-AuNP binding: free
cysteines inserted into the VHHV nanobody construct and the
generation of multivalent nanobody structures. These strat-
egies aim to increase loading density and create a more robust
protein layer on AuNP bioconjugates.

Generation of cysteine-bearing nanobodies

Proteins can form stable bonds with AuNPs through the thiol
groups of cysteine residues.’*> While nanobodies typically
contain pairs of cysteines, these are tied-up in disulfide
bridges and are thus inaccessible for protein anchoring.
To enhance the stability of nanobody-AuNP bioconjugates
towards elevated ionic strength, a strategy for linking the nano-
bodies covalently to the surface was employed instead of only
relying to electrostatic forces. To achieve this, we engineered
cysteines on one of the nanobodies. The VHHV nanobody was
chosen for the generation of the Cys-bearing nanobodies since
VHHV-AuNP displayed the greatest stability over the broadest
range of pH at low ionic strengths of the nanobodies studied.
Two cysteine-bearing VHHV nanobodies were created with
cysteine residues at different positions to study the influence
of both the presence and location of the free thiols on biocon-
jugate stability. VHHV-Cys presented a cysteine on the
C-terminus, distal to the paratope and after the hexahistidine
purification tag, while Cys-VHHV presented a cysteine at the
N-terminus.

While protein engineering offers powerful tools for tailoring
protein function, it can also introduce unintended conse-
quences such as misfolding and reduced affinity. The presence
of free cysteines in engineered proteins like nanobodies can

Table 1 Nanobody dimensions

Dimensions Measured change in
Nanobody (nm) AuNP diameter (nm)
VHHV 4.68 X 3.29 x 2.64 2.52
VHHE 5.36 x 3.29 x 3.60 2.29
Nb6 4.35 % 3.47 X 2.89 5.05

This journal is © The Royal Society of Chemistry 2024
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lead to dimerisation through the formation of inter-protein di-
sulfide bridges, since they are expressed in the oxidative con-
ditions of the bacterial periplasm. To assess this potential
issue, we performed SDS-PAGE analysis under non-reducing
conditions. As expected, VHHV showed a single band corres-
ponding to the expected molecular weight of 14.23 kDa
(Fig. 2b). In contrast, Cys-VHHV and VHHV-Cys exhibited both
the monomeric band and a heavier band consistent with
dimer formation. Treatment with 10 mM TCEP-HCI, a mild
reducing agent, readily converted the dimers back to mono-
mers (Fig. 2a and b) as previously shown.*® The reduction reac-
tion also carries the risk of reducing the internal disulfide
bridge which could impact functionality, protein stability and
the creation of further unintended binding sites that could
complicate binding to the AuNP.

We employed liquid chromatography-mass spectrometry
(LC-MS) to verify both the reduction of the dimerised
VHHV-Cys construct to its monomeric form and the integrity
of its internal disulfide bond. Prior to analysis, VHHV-Cys was
reduced with TCEP-HCI and the reaction was quenched using
the thiol-reactive reagent N-methylmaleimide (NMM). The
presence of a single peak corresponding to the molecular
weight of one VHHV-Cys molecule bound to a single NMM
molecule indicated successful dimer reduction (ESI Fig. 47).
Additionally, this result confirmed the integrity of the internal
disulfide bond, as its reduction would have resulted in mass
additions that would reflect multiple free sulfhydryl groups
reacting with NMM. To investigate potential functional
changes caused by the cysteine addition or subsequent TCEP
reduction process, we compared the analytical performance of
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VHHV, VHHV-Cys, and Cys-VHHV in an enzyme linked
immunosorbent assay (ELISA) format. Reduced and non-
reduced versions of each nanobody were immobilised on poly-
styrene plates, and limit of detection (LoD) analysis was con-
ducted using a chemically biotinylated S1 protein. The amine
reactive crosslinker NHS-PEG;,-Biotin was used to functiona-
lise the S1 protein with biotin enabling the use of streptavidin-
HRP for signal generation. We observed no significant differ-
ences in LoD between non-reduced and reduced versions of
VHHV, VHHV-Cys, and Cys-VHHV (denoted as rVHHYV,
'VHHV-Cys and rCys-VHHV respectively). Intriguingly,
'VHHV-Cys and 1Cys-VHHV demonstrated significantly
improved LoD compared to the non-Cys bearing rVHHV
(Fig. 2c). While rVHHV exhibited a LoD of 167 pM
(110252 pM, 95% CI), rVHHV-Cys and rCys-VHHV showed
LoDs of 31.8 pM (19.9-50.0 pM, 95% CI) and 64.9 pM
(23.0-177 pM, 95% CI), respectively. Although the origin of the
effect is unclear, the results suggest that the free sulfhydryl
group may facilitate an improvement of the nanobody as a
capture affinity reagent in direct ELISA format, warranting
further investigation.

Physisorption of cysteine-bearing nanobodies

To investigate the impact of cysteine modification on bioconju-
gate formation and stability, VHHV, VHHV-Cys and Cys-VHHV
were conjugated to AuNPs at varied pH at a ratio of 3200 nano-
bodies per nanoparticle, consistent with earlier native nano-
body experiments. Their stability before and after 400 mM
NaCl addition was assessed by monitoring the aggregation
index. These measurements were performed for both reduced

VHHV
VHHV-Cys
Cys-VHHV
rVHHV -—
rVHHV-cys - --
rCys-VHHV

Analyte Concentration (pM)

Fig. 2 Cys-nanobody reduction and characterisation. (a) Schematic showing the reduction of the dimerised nanobody to the monomer
using TCEP-HCL. (b) SDS-PAGE showing the profile under non-reducing conditions before (left) and after reaction with TCEP-HCL (right).
(c) Concentration—response curves for native and cysteine-bearing nanobodies (reduced and non-reduced) as ELISA capture reagents for biotiny-
lated SARS-CoV-2 S1 protein. Dashed lines: fitted Langmuir functions for reduced nanobodies (VHHV, VHHV-Cys, Cys-VHHV) with limits of detec-
tion Solid lines: fitted Langmuir functions for non-reduced nanobodies with limits of detection. Solid circles show the mean value for each point
(n = 3) while dotted lines show the 95% confidence intervals for each series. Significance was calculated using a two tailed t-test and denoted as

ns — p > 0.05, **p < 0.01, ****p < 0.001.
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(rVHHV, r'VHHV-Cys, rCys-VHHV) and non-reduced versions of
each nanobody to assess the impact of any dimerisation on
the non-reduced nanobodies. Initially, the pH-dependent
aggregation index profiles for both reduced and non-reduced
cysteine-modified VHHV nanobodies exhibited a similar
response to the unmodified VHHV. Nanoparticles were stable
at pH values above the protein’s isoelectric point (6.70) and
aggregated below it (Fig. 3a). Successful immobilisation of
nanobodies onto AuNPs was indicated by comparable
plasmon shifts of approximately 5 nm for all VHHV variants
(Fig. 3b). However, across all the nanobody cysteine variants,
elevated salt concentrations were deleterious towards colloidal
stability, leading to particle aggregation across all tested pH
conditions (Fig. 3c).

Interestingly, only the non-reduced VHHV-Cys nanobody
displayed enhanced colloidal stability and some resistance to
salt-induced aggregation. In Fig. 2b, we identified a fraction of
VHHV-Cys and Cys-VHHV in the dimerised form on
SDS-PAGE. In the case of VHHV-Cys, the dimer fraction was
the dominant fraction suggesting that nanobody dimerisation
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could influence particle stabilisation. This observation is con-
sistent with our initial hypothesis that the nanobody, in its
native form, may not provide sufficient protection against
nanoparticle aggregation due to its small size, while the
dimerised version shows some improvement in stability at
higher pH. Despite this, DLS measurements revealed
comparable increases in Dy for all VHHV variants (Fig. 3d).
This may indicate that there is an influence of the proteins
approaching as a pre-formed dimer, or of the disulfide linkage
itself, with its tendency to bind Au, influencing the particle
stability.

Generation and characterisation of multivalent nanobodies

In the previous section, the non-reduced cysteine derivative
VHHV-Cys, presenting predominantly in dimerised form,
exhibited improved stability to elevated ionic strength and pH.
The approach of engineering a larger protein structure to
physisorb at the AuNP surface provided an opportunity to
target a thicker protein corona. A strategy was therefore
devised to engineer nanobodies into multivalent states, a strat-
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Fig. 3 AuNP adsorption characteristics of VHHV and cysteine bearing VHHV. Aggregation index plots for each Cys-nanobody conjugation across a
range of pH conditions before (a) and after (c) increasing NaCl concentration to 400 mM. Reduced and non-reduced versions of each nanobody is
represented by dashed and solid lines, respectively. (b) UV-Vis plot for Cys-nanobody bioconjugates. (d) Hydrodynamic diameter of bare AuNP and
bioconjugates made from the reduced (dashed fill) and non-reduced (solid fill) versions of VHHV, VHHV-Cys and Cys-VHHV determined by DLS
immediately following physisorption. Values are shown as the average (n = 3) and error bars indicate the standard deviation of the mean.
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egy recently used to enhance binding to SARS-CoV-2 in neutral-
isation studies.>®*' Multivalent nanobody chains, including a
bivalent (VHHV2) and trivalent (VHHV3) nanobody, were gen-
erated with each nanobody domain linked by flexible GGGGS x 3
spacers as shown in Fig. 4a.

The binding properties of the nanobody constructs were
initially studied using bio-layer interferometry (BLI) to reveal
the associative and dissociative rates of the constructs against
the S1 protein. BLI was performed with streptavidin-functiona-
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lised sensors and chemically biotinylated versions of each
nanobody (VHHV, VHHV2, and VHHV3). Nanobodies were
chosen to be loaded on the sensor instead of the antigen to
reduce the chance of avidity effects caused by the binding of
the multivalent structures to multiple antigens on the sensor.
The chemical biotinylation of each nanobody was performed
under identical stoichiometries to minimise heterogeneity in
biotinylation load using the amine reactive NHS-PEG,,-Biotin
linker. LC-MS analysis revealed a distribution of biotinylation
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Fig. 4 Multivalent nanobody characterisation. (a) Gene diagram of the monovalent and multivalent nanobodies. (b) Reducing SDS-PAGE, Lanes 1
and 8 contain the protein MW reference marker, lanes 2 and 3 contain the periplasm and purified fraction from the VHHV3 expression, 4 and 5
contain the periplasm and purified fraction of VHHV2, lanes 6 and 7 contain the periplasm and purified fraction from the expression of VHHV. While
the bands appear to consistently migrate slightly faster than their expected molecular weights, this gel was used primarily for qualitative assessment.
The exact MW of the proteins were confirmed by Mass spectrometry (ESI Fig. 4—67). (c) Limit of detection analysis from direct ELISA using biotiny-
lated versions of nanobodies VHHV, VHHV2 and VHHV3 against the S1-Fc immobilised on the plate. Solid curves show the fitted Langmuir functions
for VHHV, VHHV2 and VHHV3. Circles show the average of 3 replicates for each concentration + the standard deviation of the mean. Vertical dashed
lines show the 95% CI of the LoD calculation while solid vertical lines show the LoD. (d) Bio-layer interferometry of biotinylated VHHV, VHHV2 and
VHHV3 against the SARS-CoV-2 S1-His antigen.
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loads ranging from 1 to 4 biotins per nanobody, with the
majority presenting 2 biotins (ESI Fig. 5-71).

Nanobodies bearing double and triple valency exhibited a
modest increase in binding affinity when compared to the
monomeric form of VHHV. This is indicated by a decrease in
the dissociation constant (kp) from 1.77 + 0.01 nM for VHHV
to 0.97 = 0.01 nM for VHHV2 and 0.92 + 0.01 nM for VHHV3
(Fig. 4d). This modest improvement in affinity is consistent
with previous findings by Koenig et al., who reported a kp of
8.92 nM for monovalent VHHV and 2.58 nM for the divalent
form. While our values are lower, this could be attributed to
differences in assay setup. Koenig et al. used an SPR system
with immobilised antigens, whereas we used a BLI system with
immobilised nanobodies.**

Direct ELISA was also performed with a flipped configur-
ation, immobilising Fc-tagged S1 antigen on the solid phase
and allowing nanobody constructs to bind from the solution.
This direct ELISA format enabled a free configuration of the
multimeric nanobodies, ensuring a fair comparison by mini-
mising any potential impact on the LoD that might arise from
differences in immobilisation between monovalent, divalent
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and trivalent nanobody constructs. Chemically biotinylated
nanobodies served as detection reagents for signal generation.
A significantly improved LoD was measured for VHHV3 at 29.8
pM (17.4-50.3 pM, 95% CI) when compared to VHHV’s LoD of
79.7 pM (56.6-111.7 pM, 95% CI, p = 0.0034). A similar,
though statistically non-significant, LoD decrease was observed
for VHHV2 (49.8 pM, 30.1-81.5 pM, 95% CI, p = 0.13).

Multivalent VHHV physisorption

Multimeric nanobodies were physisorbed to AuNPs at a molar
excess of 3200 nanobodies per gold nanoparticle, matching
previous experiments. The effect of pH on bioconjugation was
tested by conjugating at a range of pH conditions (pH 5.0-9.5)
and monitoring the aggregation index (Fig. 5a). As anticipated,
due to the similar IEPs of VHHV (6.70), VHHV2 (6.66) and
VHHV3 (6.70) comparable aggregation index values were
observed as a function of pH following physisorption.
Nanoparticle stability was maintained during conjugation at
pH greater than 6.0 for VHHV2 and VHHV3, and pH greater
than 6.5 for VHHV. However, the addition of salt rapidly com-
promised the stability of VHHV2 bioconjugates across all pH
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Fig. 5 AuNP adsorption characteristics of VHHV, VHHV2, and VHHV3. Aggregation index of VHHV, VHHV2 and VHHV3 bioconjugates before (a) and
after (b) the addition of 400 mM NaCl. (c) Adsorption isotherm plots based on the plasmon peak shift for each bioconjugate. Solid lines represent
the fitted Langmuir equation (eqn (1), Materials and methods), symbols show the individual data points for each nanobody. Extraction of the plasmon
peaks and demonstration of the peak shift for each nanobody bioconjugates is shown in ESI Fig. 9.} (d) Dy, for VHHV, VHHV2 and VHHV3 bioconju-

gates determined by DLS.
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values, mirroring the behaviour of VHHV (Fig. 5b). This is not
improved at higher nanobody concentrations for VHHV2 (ESI
Fig. 8at). This contrasts with the dimerised form of the di-
sulfide-bridged VHHV-Cys, which retained some nanoparticle
stability. While VHHV2 and dimerised VHHV-Cys nanobodies
have similar molecular weights, they exhibit linkers with dis-
tinctly different lengths and flexibility. We hypothesise that
the differences in linker flexibility (flexible in VHHV2, rigid in
dimerised VHHV-Cys) and nanobody orientation (C-termini
interfacing in the dimer) could lead to distinct approaches,
binding mechanisms, and ultimately different protein struc-
tures upon adsorption to the AuNP surface, impacting the
resulting bioconjugate stability.

In contrast to the low stability of VHHV and VHHV2 biocon-
jugates at elevated ionic strength, VHHV3 exhibited a stable
region between pH 6.5 and 7.5 (Fig. 5b). The presence of an
additional nanobody on VHHV3 correlated with enhanced

nanoparticle protection against aggregation indicating
improved colloidal stability likely due to differences in local
charge and structure. Increasing the molar ratio of

VHHV3 : AuNP to 6400:1 resulted in a similar aggregation
index as a function of pH, suggesting that maximum coverage
is achieved at or before 3200 VHHV3 nanobodies per nano-
particle (ESI Fig. 8bf). This protection against salt-induced
aggregation also highlights the importance of balanced
protein electrostatics. At pH values above 7.5, negatively
charged proteins repel the negatively charged nanoparticles
during conjugation, leaving them less effectively decorated,
and vulnerable to salt-induced aggregation. Conversely, at pH
values below 6.5, strongly positively charged VHHV3 proteins
cross-link AuNPs, leading to aggregation. Therefore, a pH
range between 6.5 and 7.5 provides an optimal environment
where a protective protein layer shields the nanoparticle
surface from salt-induced aggregation, without causing
protein-mediated cross-linking.

Adsorption isotherms can be used to evaluate the adsorp-
tion characteristics of a protein to a surface.*” The adsorption
isotherm of each nanobody was calculated by monitoring the
plasmon peak position with increasing nanobody concen-
tration during bioconjugation (Fig. 5c). The dissociation con-
stant determined reflects the rate at which the adsorbing
protein is shifting the plasmon resonance. Notably, the equili-
brium dissociation constant, Ky, was found to decrease with
increasing nanobody valency (940.22, 789.43 and 759.21 nM
for VHH1, VHH2 and VHH3 respectively). This likely reflects
the larger size of these proteins requiring a reduced stoichio-
metry to fully modify the gold surface. Furthermore, VHHV3
exhibited a larger increase in the surface plasmon resonance
peak wavelength (ASPR). This shift, linked to nanoparticle
local refractive index changes, suggests a more pronounced
change of the nanoparticle surface, potentially contributing to
its superior salt stability.

DLS revealed a more pronounced increase in the D; of
VHHV3 of 57.5 nm (+0.3 nm) in comparison to VHHV and
VHHV2 which yielded Dy, of 44.7 nm (+3.4 nm) and 47.0 nm
(+4.5 nm), respectively (Fig. 5d). The much larger increase in

This journal is © The Royal Society of Chemistry 2024
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Dy, for VHHV3 suggests that where nanobody domains may
serve as anchor points, other nanobody domains likely extend
outward from the surface. VHHV3, comprising 3 nanobodies
linked with long flexible linkers, might be expected to exhibit
more diverse conformations on approach and attachment to
the nanoparticle surface compared to VHHV2 and VHHV.
These may lead to more complex and sterically hindered inter-
faces that act to increase Dy,. Given the adsorbed protein layer
is on average, significantly thicker than the largest dimension
of VHHV1, this could increase the likelihood of tethered, flex-
ible nanobody domains being pendant from the surface. This
helps rationalise the increased stability observed for VHHV3,
as these extended domains may provide greater steric hin-
drance and a more protective protein layer. While antibodies
and other proteins have been successful in preparing robust
and stable bioconjugates, VHHV3 offers an appealing alterna-
tive. It benefits from the ease of production and development
associated with nanobodies and provides a paratope-dense
surface that could lead to improvements in sensing
applications.

Nanobody bioconjugate LFA

The trivalent VHHV nanobody afforded a clear advantage in
physisorbed bioconjugate stabilisation, however, both stability
and function are critical for effective application. The perform-
ance of VHHV3, VHHV2 and VHHV nanobody AuNP bioconju-
gates were evaluated in LFA where the ability of the bioconju-
gates to withstand physiological ionic strengths, crowded
protein environments and to demonstrate specific affinity
interactions against the target protein could be assessed A sim-
plified LFA format was engineered comprising the nanobody
conjugated AuNPs, a biotinylated SARS-CoV-2 S1 analyte (S1-
biotin) and a nitrocellulose membrane bearing polystreptavi-
din as a capture region (Fig. 6a and b). VHHV, VHHV2, and
VHHV3 AuNP bioconjugates were prepared under identical
optimised conditions and the conjugated proteins were
blocked with BSA prior to purification. The binding of the bio-
conjugate to the antigen, followed by immobilisation of the
immunocomplex at the test line, leads to bioconjugate
accumulation and the formation of a red line, indicating a
positive signal. Signal quantification can then be performed
by image analysis of photos of the LFA strips. Dose-response
functions are generated and the LoD is determined to provide
a measure of the functionality of each bioconjugate. A large
range of antigen concentrations (<3 logs) was used and tested
in triplicate, ensuring the precise identification of the perform-
ance and reproducibility of each bioconjugate in detecting the
antigen in this simplified assay format. Notably, VHHV and
VHHV2 bioconjugates demonstrated weaker signal generation
and significantly poorer limits of detection in the LFA format
when compared to VHHV3 (Fig. 6¢). While the LoD of VHHV3
bioconjugate was 257 pM (120-546 pM 95% CI), the corres-
ponding values for VHHV and VHHV2 were 3630 pM
(836-15 700 pM 95% CI p < 0.005) and 2650 pM (1530-4610
PM 95% CI p < 0.005) respectively. Importantly, the VHHV3-
AuNP bioconjugate maintained its stability and functionality

Nanoscale, 2024, 16, 19881-19896 | 19889


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02762k

Open Access Article. Published on 09 October 2024. Downloaded on 4/5/2026 12:50:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale

Nanobody-AuNP

S1-Biotin

Polystreptavidin
capture zone

<
VHHV2 AuNP  |Z — RS Absorbent pad
d) — VHHV2
c) . VHHV
o 3630 pM
S g ] 2[
W 3 ¥ 2654 pM
A’b’ _E * *
& £ : |
3 K £ 051 257 pM
o T
v 8
& E
°$Q c 04 &
S c %
9 o0
@*\A NN Q@ W ©° ) —} v v -
AN A 0 102 10 10*
[S1] pM Analyte Concentration (pM)

Fig. 6 Evaluation of nanobody bioconjugates in lateral flow assay (LFA) format. (a) Scheme indicating the 3 types of nanobody-AuNP bioconjugate
and exemplar nanobody configurations. (b) Scheme of direct LFA showing capture of antigen bound immunocomplex and immobilisation to the
polystreptavidin test-line via the chemically biotinylated antigen. (c) Images of LFA strips bearing test lines formed by bioconjugates immobilised at
different antigen concentration. (d) Test line signal as a function of analyte concentration to establish LoD for each bioconjugate (n = 3), individual
data points and their average is displayed as crosses and solid circles respectively + the standard deviation of the mean. Solid curves show the fitted
Langmuir functions. Dashed lines show the 95% CI of the LoD calculation while solid vertical lines show the LoD.

throughout the LFA process, including BSA blocking and mul-
tiple wash steps. Although VHHV and VHHV2 did not comple-
tely withstand the salt-induced aggregation test, a modest
signal was generated at very high antigen concentrations fol-
lowing the completion of the bioconjugate preparation
process, indicating some residual bioconjugate functionality.
However, comparing the signal profiles, VHHV3-AuNP pro-
duced significantly more signal in comparison to VHHV2-
AuNP and VHHV-AuNP (ESI Fig. 9bt). Notably, VHHV-AuNP
retained some signal even at zero antigen concentration,
indicative of non-specific binding and a further reduction in
the signal-to-noise ratio. Interestingly, VHHV2-AuNP, despite
showing similar instability to VHHV-AuNP, prior to BSA block-
ing, displayed enhanced signal generation and signal-to-noise
ratio, suggesting a relationship between nanobody length and
LFA performance, even in the divalent form, potentially due to
enhanced paratope display. Nevertheless, the test lines for
VHHV-AuUNP and VHHV2-AuNP displayed a bluish colour,
indicative of nanoparticle aggregation, further highlighting

19890 | Nanoscale, 2024, 16, 19881-19896

the limitations of these constructs in LFA applications. The
superior performance of VHHV3-AuNP likely reflects its
enhanced nanoparticle stability and the monodispersed
nature of the bioconjugates, leading to a greater availability of
functional binding sites during assay operation. In addition,
the presentation of nanobodies further from the AuNP surface,
as indicated by the protein layer thickness determined by DLS,
could indicate an increased proportion of nanobody paratopes
presented appropriately for target interaction.*® Furthermore,
VHHV3 not only demonstrates significantly lower LoD but also
a much greater dynamic range.

Evaluation of resilience of VHHV3-AuNP bioconjugates to
storage conditions

VHHV3 bioconjugates have been shown to accommodate the
elevated ionic strengths associated with physiological con-
ditions in a LFA and the presence of high concentrations of
BSA. However, LFAs typically require the bioconjugates to be in
a desiccated format for improved storage and simplicity which

This journal is © The Royal Society of Chemistry 2024
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is critical for future sensing applications. To assess the stabi-
lity of our VHHV3-AuNP bioconjugates towards harsher
storage conditions, their function in LFA was measured using
bioconjugates that were either used as prepared, freeze-
thawed from —80 °C, or freeze-dried prior to performing an S1-
biotin antigen dose-response assay. While the freeze-thawed
particles were suspended in the original running buffer con-
sisting of 1% w/v BSA in 1x phosphate buffered saline (PBS)
and 0.05% w/v Tween-20, the nanoparticles destined for lyo-
philisation were supplemented with 10% w/v sucrose for cryo-
preservation. Initially, bioconjugates frozen overnight at
—80 °C in were found to maintain their analytical sensitivity,
LoD of 343 pM (235-500 pM 95% CI), when compared to
unprocessed VHHV3 bioconjugates, LoD of 257 pM (120-546
PM 95% CI), showing no significant change (p > 0.05, Fig. 7).
Lyophilised bioconjugates, reconstituted with distilled water,
also exhibited preservation of functionality presenting a LoD
of 251 pM (163-385 pM 95% CI) which was not significantly
different compared to the LoD of the unprocessed VHHV3 bio-
conjugate (p > 0.05). These findings demonstrate that our
nanobody-AuNP bioconjugates retain near-complete function-
ality even after freeze-drying and reconstitution, a highly prom-
ising result for LFA applications. While the LoDs of the stored
formats are not significantly different, the slight increase in
LoD and decrease in signal intensity in the freeze-thawed bio-
conjugates may indicate further optimisation could improve
the reconstitution of the bioconjugates.”’**> During the freeze
and lyophilisation process the nanoparticles are exposed to a
dramatic increase in nanoparticle concentration and increase
in the ionic strength of the solution due to ice formation and
solute exclusion.** The resilience of VHHV3 bioconjugates to
these harsh conditions highlights the potential of this con-

Freeze-thaw

= Lyophilised —
I Unprocessed
2 05 ] m[ 343 pM
= c
] e
X ]
=2 0.6
® 0.4 ]
2
©
0.2 1
:
c 0 4 i
éo * IIII

Analyte Concentration (pM)

Fig. 7 LFA dose response of VHHV3 bioconjugates following freeze-
thawing or lyophilisation. LoD analysis of the maximum signal for each
S1-biotin concentration using a Langmuir fit. Shaded region around
each fit shows the 95% CI of the fit (n = 3), individual data points and
their average is displayed as crosses and solid circles respectively + the
standard deviation of the mean. Dashed lines show the 95% CI of the
LoD calculation while solid vertical lines show the LoD.
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struct for applications that demand stability and functionality
during processing and storage, such as in LFAs.

Conclusions

In this study, we demonstrate a tractable route towards engin-
eering nanobodies that effectively stabilise AuNP bioconju-
gates generated via physisorption. Leveraging efficient bac-
terial expression and a one-step physisorption process for bio-
conjugation, we identified how the use of a trivalent nanobody
enables the generation of stable and functional AuNP biocon-
jugates for LFA applications. The physisorption of monovalent
nanobodies, even in the presence of cysteine mutations fails to
provide a protein layer capable of yielding bioconjugates that
exhibit stability during initial physisorption procedures.
Elevated ionic strength conditions resulted in instability for all
the monomeric nanobody constructs tested, falling short of
the requirements for biosensing applications. This is particu-
larly important for immunoassays where the particles must
resist exposure to elevated osmolality, high protein levels, and
drying processes for storage. Increasing the molecular weight
of the nanobody through engineering divalent and trivalent
nanobodies, linked via flexible linker sequences, not only
afforded salt tolerant AuNP bioconjugates but, in the case of
the trivalent AuNP-bioconjugate, enabled the detection of pM
concentrations of SARS-CoV-2 S1 protein in a 1 dipstick model
LFA format following freeze drying. This effective retention of
stability and function allows for reconsideration of nanobody
physisorption as a simple route for bioconjugate preparation
for LFAs. In particular, the work opens new avenues for the
development of point-of-care diagnostics that build from the
understanding developed here using the model S1 system,
applied to diagnostically relevant biomarkers for clinical
applications.

Materials and methods
Generation of nanobodies

pET26b plasmids coding for the monovalent, and multivalent
nanobodies were synthesised by GenScript. The amino acid
sequences are listed in the ESI (Table 1).} Briefly, nanobody
sequences were fused with an N-terminal PelB signal sequence
and a C-terminal hexahistidine sequence for periplasmic pro-
duction and hexahistidine affinity purification, respectively.
Starter cultures were prepared by inoculating a colony of BL21
(DE3) cells transformed with plasmids coding for the nano-
bodies in 10 mL of LB media containing kanamycin (50 pg mL ™",
Gibco) and cultured at 37 °C overnight shaken at 250 rpm. The
starter culture was then used to inoculate a 2 L shake flask
containing 400 mL of LB media supplemented with kanamy-
cin and then incubated at 37 °C, shaken at 250 rpm until the
optical density at 600 nm reached 0.7. Expression of the con-
structs was induced with 1 mM of Isopropyl p-p-1-thiogalacto-
pyranoside and incubated overnight at 25 °C shaken at 250
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rpm. Cells were collected by centrifugation at 10 000g for
15 minutes. Periplasmic extraction was performed by resus-
pending the cells in 15 mL of TES (200 mM Tris HCl, 0.5 mM
EDTA and 500 mM Sucrose, pHS8) per L of culture and incu-
bation for 2 hours on ice. Osmotic shock was performed by a
3-fold dilution with distilled water and incubation on ice for
1 hour. Cells were centrifuged for 30 min at 9000g and the
supernatant was collected as the periplasmic extract.
Nanobodies were separated from the periplasmic extract by Ni-
NTA chromatography using a 1 mL His-trap HP column
(Cytiva) by passing the sample through the column equili-
brated in binding buffer (20 mM sodium phosphate, 500 mM
NaCl, 30 mM imidazole, pH 7.4) and eluded from the column
using elution buffer (20 mM sodium phosphate, 500 mM
NaCl, 500 mM imidazole, pH 7.4). The elution fraction was
buffer exchanged into PBS and concentrated using a protein
Centrifugal Filter (Amicon, 3 kDa MWCO). Purity was evalu-
ated using a 4-20% gradient SDS-PAGE (BIO-RAD) and visual-
ised using Coomassie stain (Abcam).

Aggregation assays of AuNP bioconjugates

Nanobody physisorption studies were performed by mixing
5 pL of 100 mM buffer (pH 5.0-6.5 MES - Sigma, pH 7.0-8.5
HEPES - Sigma, 9.0-9.5 Borate - Fischer Chemical) with 5 pL
of nanobody solution (3.6 puM) in a 384-well protein low
binding plate (Greiner). 40 pL of 40 nm AuNPs
(Nanocomposix) at OD 1.25 (Absorbance at 525 nm) were
added to each well and mixed thoroughly. The plate was incu-
bated for 1 h at room temperature. Absorbance measurements
at 530 and 580 nm and absorption spectra (400 nm to 750 nm,
1 nm steps) were collected using the SpectraMax i3 (Molecular
devices). Salt induced aggregation was performed by the
addition of 50 pL of 800 mM NaCl. The plate was left to stand
for 5 minutes and the absorbance measurements at 530 and
580 nm were recorded.

Cys mutant reduction reaction

VHHV nanobodies containing a free Cys on the N-terminus or
C-terminus are denoted as Cys-VHHV and VHHV-Cys respect-
ively. Cys bearing nanobodies were either used without
reduction or with reduction. Reduced versions of the nanobo-
dies are denoted with lower case r (for example, rCys-VHHYV).
The reduction reaction was carried out by mixing 10 mM
TCEP-HCL with up to 100 pg mL™" of nanobody and incubated
for 5 minutes at RT. TCEP-HCI was removed from the reaction
using Zeba Spin Desalting Columns (7 kDa MWCO, Thermo
Fisher Scientific). Reduction to monomers was observed using
a non-reducing SDS-PAGE. The integrity of the internal di-
sulfide bridge was investigated by reacting the reduced protein
with N-methylmaleimide and characterised using mass spec-
trometry (ESI Fig. 47).

Nanoparticle size measurements

Dynamic light scattering (DLS) was performed to determine
size of AuNP and AuNP bioconjugates using the Litesizer DLS
500 (Anton Paar). Measurements were taken at 90° detection
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angle at 25 °C using a disposable cuvette. Measurements were
taken at AuNP concentration at OD 1.

Biotinylation reaction of proteins

Nanobodies and the S1 protein were biotinylated using the
amine reactive NHS-PEG;,-Biotin (20-fold excess linker to
protein). NHS-PEG;,-Biotin (Thermo) was diluted in DMSO
(Sigma) immediately before use. NHS-PEG,,-Biotin was added
to the protein mixture and incubated for 1 h at room tempera-
ture on the thermal shaker shaken at 650 rpm. Biotinylated
proteins were passed through a ZebaSpin desalting column
that was pre equilibrated with PBS (pH 7.4, Sigma) to remove
the unreacted biotinylation reagent and elute in PBS. Final
protein concentration was measured using a NanoDrop One
(Thermo Fisher).

Quantification of nanobody binding constants

Nanobody binding constants were measured by Bio-layer inter-
ferometry (BLI) using the ForteBio Octet RED96 (Molecular
Devices). Briefly, nanobodies were biotinylated using
NHS-PEG12-Biotin in a 5:1 biotin to nanobody ratio.
Unreacted biotin was removed using a ZebaSpin desalting
column. Streptavidin functionalised sensors (Sartorius) were
hydrated in Kinetics buffer (Sartorius) before being placed in
fresh Kinetics buffer for a 5 minute baseline reading.
Biotinylated nanobodies were loaded to the sensor at 1 pg
mL~" diluted in Kinetics buffer for 15 minutes. Sensors were
then placed in kinetics buffer for a baseline step for equili-
bration for 10 minutes. Association step was performed by
placing sensors in different concentrations of S1 (Abcam, His-
tagged, 80, 40, 20, 10, 5, 2.5, 1.25, 0 nM) for 30 minutes. The
dissociation step was performed by placing the sensors in
Kinetics buffer for 30 minutes. Analysis and determination of
the affinity constants was performed using the ForteBio Data
Analysis 8.2 software. The antigen concentrations that pro-
vided the highest R squared value across all experiments were
selected for the fitting.

Cys mutant analytical performance

VHHYV and Reduced versions of Cys-VHHV and VHHV-Cys were
used to coat the surface of Nunc maxisorb 96 well plates
(Thermo) at 100 nM in PBS and incubated for 2 h at room
temperature. The plate was washed 3 times with washing
buffer (PBS and 0.05% v/v Tween-20, pH 7.4). The plate was
then blocked with blocking buffer (3% w/v BSA, PBS and
0.05% v/v Tween-20) for 1 h and washed 3 times with washing
buffer. Biotinylated S1 in blocking buffer was added to each
well at different concentrations (1000, 333, 111, 37.0, 12.3, 4.1,
1.37, 0 ng ml™") and incubated at RT for 1 h. The plate was
washed 5 times before adding horse radish peroxidase conju-
gated streptavidin (HRP-SA) (1:200 in blocking buffer) and
incubating for 1 h. The plate was washed 5 times before
adding TMB one-step substrate and left to develop signal for
5 minutes before adding 2 M H,SO,. Absorbance measure-
ments at 450 nm were collected using the SpectraMax i3.
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Multivalent nanobody ELISA

Nunc maxisorb 96 well plates were coated with S1-Fc antigen
(Abcam, ab272105, PBS) at different concentrations (500, 250,
125, 62.5, 31.25, 15.6, 7.81, 0 ng mL™") for 1 h at room temp-
erature. The plate was washed 3 times with washing buffer
(PBS and 0.05% v/v Tween-20, pH 7.4) before being blocked
with blocking buffer (3% w/v BSA, PBS and 0.05% v/v Tween-
20, pH 7.4) for 1 h. The plate was washed 3 times with washing
buffer before adding biotinylated nanobodies at 1 pg ml™" in
blocking buffer. Biotinylation ratio was confirmed using mass
spectrometry (ESI Fig. 5-71). The detection steps were per-
formed as previously described.

Adsorption isotherm

5 pL of mono-, di- or trivalent VHHV was mixed with 5 pL of
100 mM HEPES buffer pH 7.0 in a 384-well plate. 40 pL of
40 nm AuNPs OD1.25 (A525) were added to the plate and
mixed thoroughly before incubating for 1 h at room tempera-
ture. The final nanobody concentrations ranged from 3000 to
15.4 ng mL~" using a 1.5-fold serial dilution. UV-Vis spectra
were collected using the CLARIOstar Plus plate reader (BMG
LABTECH, 220-1000 nm, 1 nm steps). The precise wavelength
of the peak of the surface plasmon resonance (ASPR) peak was
determined by fitting a Gaussian function to the plasmon
peak from 500 nm to 550 nm and determining the maximum
point by interpolation using a 0.05 nm precision (ESI Fig. 107).
The ASPR was plotted against concentration and best fitted to
the hill equation (eqn (1)) where ASPRjpia is the ASPR of the
bare gold nanoparticle, Ky is the dissociation constant of the
interaction:

ALSPR 5 [nanobody]”

ASPR = ASPRjpitital +
initital K + [nanobody]”

(1)

Nanobody-AuNP conjugation and LFA development

AuNP-VHHV3 bioconjugates were prepared by combining
100 pL of pH 7.5 HEPES buffer with 100 pL of VHHV3 (155 pg
mL™") in 2 mL protein low-binding tubes. After briefly vortex-
ing, 800 pL of 40 nm AuNPs (OD 1.25 at 525 nm) were added
and incubated for 1 h on a thermal shaker at 650 rpm at room
temperature. Bioconjugates were blocked by adding 1 mL of
blocking buffer (1% w/v BSA, 0.05% v/v Tween-20 in PBS) and
incubating for another hour. Bioconjugates were then centri-
fuged at 3500g for 10 minutes, the supernatant removed, and
the pellet resuspended in blocking buffer. This washing
process was repeated once, and the final AuNP-VHHV3 biocon-
jugate was adjusted to OD 2 at 525 nm. For LFA assembly,
100 mm x 20 mm SureWick absorbent pads (Millipore) were
attached to 100 mm of FF8OHP plus nitrocellulose membrane
(Cytiva) using their adhesive backing. The assembled cards
were cut to 100 mm, and the bottom adhesive was removed
with a guillotine cutter. Test lines were printed using a Biodot
AD1520 dispenser (dispensing rate of 1 uL cm™ ') with poly-
streptavidin (BioTez, 1 mg ml™" in purified water) positioned
10 mm below the absorbent pad. After printing, membranes
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were dried at 37 °C in the oven for 1 hour. Finally, 3 mm half-
stick LFAs were cut using ZQ2002 Strip Cutter (Kinbio).

Lateral flow immunoassay

To perform the immunoassay, 10 pL of AuNP-VHHV3 biocon-
jugates (OD 2 at 525 nm) were added to a protein low-binding
96-well plate (Greiner). Dilution series of the biotinylated S1-
His antigen were prepared in blocking buffer (concentrations
ranging from 2000 ng ml™* to 0 ng mlI™") and added 5 pL of
each dilution to the corresponding well containing the biocon-
jugates. After mixing well and a 5 minute incubation at room
temperature, half-stick LFAs were inserted into each well. The
assays were allowed to fully wick and air dry. Images of the
LFAs were captured using a Canon PowerShot G15 camera in a
light box, and an in-house developed MATLAB software was
used to analyse the maximum intensity of each assay’s test
line. Briefly, sections from the lateral flow images containing
the test lines were manually selected, cropped, separated to
the green channel and the image was reduced to one dimen-
sion by averaging along the lateral axis. The background was
determined by a 100-pixel area away from the testline and sub-
tracted from the inverted trace. Signal is quantified as the
maximum intensity point along the trace.

Nanobody bioconjugate storage

AuNP bioconjugates for storage stability studies were prepared
as previously described. 10 pL aliquots of bioconjugate were
dispensed into a 96-well plate, covered with adhesive film, and
frozen overnight at —80 °C. For analysis, bioconjugates were
thawed at room temperature for 30 minutes with shaking.
Antigen dilutions were added directly to the 96-well plate, and
LFAs were performed as previously described. For freeze-
drying experiments, nanoparticles were suspended in running
buffer containing 10% sucrose before dispensing into a
96-well plate. The plate was covered with adhesive film and
frozen overnight at —80 °C. Frozen bioconjugates were then
lyophilized (freeze-dried) overnight. To reconstitute, 10 pL of
deionized water was added to each well containing freeze-
dried bioconjugates and shaken on a plate shaker at 650 rpm
for 10 minutes. Antigen was added directly to the same plate
and incubated for 5 minutes before performing the LFAs.

Limit of detection analysis

Limit of detection analysis and statistical analysis of the dose-
response data of the Cys mutant analytical performance
ELISA, the multivalent nanobody ELISA and nanobody-AuNP
bioconjugate LFAs was performed using the software devel-
oped by Miller et al., based on methods developed by Holstein
et al. by fitting a Langmuir function to the dose-response
data.*>*°
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