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ABSTRACT: The goal of this work was to develop recombinantly
expressed variable domains derived from camelid heavy-chain
antibodies known as single-domain antibodies (sdAbs) directed
against the SARS-CoV-2 nucleocapsid protein for incorporation
into detection assays. To achieve this, a llama was immunized
using a recombinant SARS-CoV-2 nucleocapsid protein and an
immune phage-display library of variable domains was developed.
The sdAbs selected from this library segregated into five distinct
sequence families. Three of these families bind to unique epitopes
with high affinity, low nM to sub-nM KD, as determined by surface
plasmon resonance. To further enhance the utility of these sdAbs
for the detection of nucleocapsid protein, homobivalent and
heterobivalent genetic fusion constructs of the three high-affinity
sdAbs were prepared. The effectiveness of the sdAbs for the detection of nucleocapsid protein was evaluated using MagPlex fluid
array assays, a multiplexed immunoassay on color-coded magnetic microspheres. Using the optimal bivalent pair, one immobilized
on the microsphere and the other serving as the biotinylated recognition reagent, a detection limit as low as 50 pg/mL of
recombinant nucleocapsid and of killed virus down to 1.28 × 103 pfu/mL was achieved. The sdAbs described here represent immune
reagents that can be tailored to be optimized for a number of detection platforms and may one day aid in the detection of SARS-
CoV-2 to assist in controlling the current pandemic.

■ INTRODUCTION

Early diagnosis of infection with an emerging infectious
respiratory virus, such as SARS-CoV-2, is particularly
important not only to facilitate proper patient care but to
ensure the safety of the community.1 Detection methods have
been rapidly improving due to the deepening understanding of
COVID-19. Nucleic acid testing, chest computed tomography,
confirmation of epidemiological history, and clinical manifes-
tations are important bases for the diagnosis of COVID-19.1−4

However, nucleic acid testing is time-consuming and very
costly as it requires specific reagents, expensive specialized
equipment, and skilled technicians. Additionally, nucleic acid
tests can yield positive results after a patient is no longer in a
period of high infectivity.5 It is well accepted that a “positive”
polymerase chain reaction (PCR) result reflects only the
detection of viral RNA and does not necessarily indicate the
presence of a viable virus. In comparison, the coronavirus
antigen detection methods have the advantage of being rapid,
less expensive, and relatively easy to perform. Thus, antigen-
based testing provides a modality that complements the gold
standard nucleic acid assays by filling in the testing gaps.
Viral antigen can serve as a specific marker for viral infection

and significantly precedes the patient antibody response, often

by days within infected people. In the case of SARS and SARS-
CoV-2, the antigen can be detected up to 1 day before the
appearance of clinical symptoms.5,6 Additionally, antigen
testing has the potential to identify those who have high levels
of virus, making them likely to be highly infectious.7 Thus,
detection of the viral antigen fills the role for a rapid screening
assay, achieving the critical early diagnosis required to limit
further viral spread.
The SARS-CoV-2 genome is composed of approximately

30,000 nucleotides, which encodes four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocapsid
(N) proteins.8 These four main structural proteins are also
found in other coronaviruses.9 The N protein is highly
immunogenic and abundantly expressed during infection.10,11

After infection, the N protein enters the host cell together with
the viral RNA to facilitate its replication and to process the
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virus particle’s assembly and release.12 N has been detected in
gargle solution samples and nasal swab samples of COVID-19
patients,13−15 making it a promising target for antigen testing.
High-throughput MagPlex viral antigen assays have the

advantage of being relatively fast and simple in comparison to
PCR-based formats while providing the additional capability to
be multiplexed.16 MAGPIX, a simple and compact Luminex
analyzer, makes the multiplexing method more affordable and
robust without compromise with respect to the simplicity and
high-throughput capacity.17 Attractively, this same platform
type can also be used as a read-out device for nucleic acid or
antibody testing as well, allowing a single platform to fill
multiple analytical purposes.18,19 MagPlex fluid array assays on
the MAGPIX instrument in conjunction with single-domain
antibodies (sdAbs) provide an economical means to perform
multiplexed assays, which can be expanded to include
additional assays as desired or tested in a serial manner.
To date, commercial assays for SARS-CoV-2 N have relied

upon conventional antibodies as the recognition reagents.20,21

In the future, this role may be superseded by high-affinity
sdAbs tailored to the detection platform enhancing the
sensitivity and consistency of the detection methodology.
Also known as nanobodies or VHHs, sdAbs are the antigen-
binding fragments derived from the unconventional heavy-
chain-only antibodies found in camelids, a family that includes
camels, llamas, and alpacas.22−24 They possess many
advantages over conventional antibodies including remarkable
stability, ability to bind to hidden epitopes, and can be
engineered to work optimally for specific applications.25 In
addition, these antibodies are small and easily produced in
good quantity in Escherichia coli or yeast. SdAbs have been
tapped as potential therapeutics and prophylactics for SARS-
CoV-2, with reports of several high-affinity sdAbs specific for S
showing promise in preventing viral infection.26,27 Multivalent
sdAb constructs were demonstrated to further improve the
neutralization potential.28 In this report, we show that sdAbs
directed toward N can be utilized for diagnostics; incorporat-
ing bivalent sdAb constructs into MagPlex assays led to
improved detection over the standard sdAb constructs.

■ MATERIALS AND METHODS

Reagents. Chemical reagents were sourced from Sigma-
Aldrich (St. Louis, MO, USA), Thermo Fisher Scientific
(Waltham, MA, USA), or VWR International (Radnor, PA,
USA) unless otherwise specified. Cloning enzymes, including
restriction endonucleases and ligase, were obtained from New
England Biolabs (Ipswich, MA, USA). DNA sequencing and
gene synthesis were sourced through Eurofins Genomics
(Louisville, KY, USA). Recombinant SARS-CoV-2 N (a) and
recombinant SARS-CoV-2 receptor-binding domain (RBD)
were acquired from ACROBiosystems (Newark, DE, USA).
SARS-CoV-2 N (b), SARS-CoV NP, CoV-NP HKU1, CoV-
NP OC43, MERS-CoV NP, CoV-NP-NL63, and CoV-NP
229E were obtained from East Coast Bio (North Berwick, ME,
USA). Ebola virus-like particles (EBOV) from IBT Bioservices
(Rockville, MD, USA) were obtained through the Joint
Program Executive Office (JPEO) for Chemical, Biological,
Radiological, and Nuclear Defense (CBRND) Joint Project
Lead (JPL) CBRND Enabling Biotechnologies (EB) Defense
Biological Product Assurance Office (DBPAO). Inactivated
virus, gamma-irradiated SARS-CoV-2, was obtained from BEI
Resources (Manassas, VA, USA).

Llama Immunizations. Llama immunizations were
performed by Triple J farms (Bellingham, WA, USA). The
immunization protocols used in this work were specifically
approved by the Triple J Farms Institutional Animal Care and
Use Committee (IACUC). One llama (Centavo) was
immunized five times, each a week apart, with 100 μg of
recombinant N. A week after the final boost, blood was drawn
and used for the evaluation of Centavo’s immune response as
well as library construction. Peripheral blood mononuclear
cells were isolated using Unisep tubes (Novamed), RNA was
purified, and then cDNA was prepared. The variable heavy
domains were amplified and cloned into the pecan 21 phage-
display vector29 to create an immune sdAb library.30 Centavo’s
antibody titer was measured using the purified platelet-rich
plasma.

Library Panning and Production of sdAb. A phage-
display sdAb library derived from Centavo was used for the
selection of sdAbs that recognize N. Two rounds of panning,
using N adsorbed to wells of 96-well plates, were carried out
essentially as previously described,31 with the addition of a 20
min incubation in PBSM [phosphate-buffered saline (PBS)
plus 4% powdered milk; weight/volume] between the sets of
PBST (PBS plus 0.05% Tween 20) washes and PBS washes
during round 2.
Monoclonal phage direct-binding MagPlex assays were

employed to identify positive clones after the second round
of panning.32 Identified positive clones were re-streaked and
subjected to DNA sequencing. We used the Multalin tool for
the sequence alignment when comparing the protein
sequences of positive clones.33 A representative clone from
each sequence family was mobilized from the pecan21 phage-
display vector into the pET22b expression vector, through
NcoI and NotI restriction sites, for protein production and
characterization.34 In addition, each sdAb was also cloned into
a modified pET22b vector, which contained a hop tail, a c-
terminal tail that was designed for the specific attachment of
tags useful for multiple applications such as tracking,
PEGylation for the improvement of serum half-life, or oriented
immobilization.35,36 Since the behavior of these sdAb versions
was otherwise identical, for the purposes of this work, the
variant utilized is not delineated other than in Table S1.
The pET22b-based sdAb expression plasmids were trans-

formed into Tuner (DE3) for protein production. Freshly
transformed colonies were used to start overnight cultures in
50 mL of terrific broth (TB) containing ampicillin (100 μg/
mL) at 25 °C. The next day, the overnight cultures were
poured into 450 mL of TB with ampicillin and grown for 2 h at
25 °C prior to induction with isopropyl-D-1 thiogalactoside
(0.5 mM) and a further 2 h growth. Purification was carried
out through an osmotic shock protocol, followed by
immobilized metal affinity chromatography and fast protein
liquid chromatography, as described previously.37 The sdAb
concentration was determined by UV absorption and stored at
4 °C or at −80 °C for long-term storage. All clones were found
to produce well (Supporting Information, Table S1); NRL-N-
B6 was the lowest at 2 mg/L, and other clones from this family
may be tested in the future to examine if they produce better.
As was seen previously, the hop tail did not affect protein
production.35 Although the hop tail is not necessary for
MagPlex assays, it could facilitate the incorporation of these
sdAbs into rapid formats in the future.

Production of Genetically Linked sdAbs. Genetically
linked sdAbs were prepared using the strategy described
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previously in which the first sdAb is flanked by NcoI−NotI
restriction sites and the second sdAb is flanked by BamHI−
XhoI restriction sites with a “GGGGSGGGGSGGGGS” linker
between them.38 In this way, the sdAbs could be mixed-and-
matched through swapping out the first or second sdAb
component. Homobivalent and heterobivalent sdAb constructs
were produced and purified using the same method as used for
the standard sdAbs and is described above.
Circular Dichroism. Circular dichroism (CD) was

performed in a Jasco J-815 spectropolarimeter using a quartz
cuvette with a 1 cm pathlength. Each sdAb was diluted to 15
μg/mL in distilled water to a final volume of 3 mL. CD was
measured at a wavelength of 205 nm as the stirred sample was
heated from 25 to 85 °C at a rate of 2.5 °C/min (measured
using an internal temperature probe), followed by cooling at
the same rate to determine the percent refolding after heat
denaturation. The change in total ellipticity between the
starting 25 °C temperature and ending 85 °C was calculated,
and the temperature at the midpoint based on this calculation
was considered to be the melting temperature; error on these
values was ±1 °C. The percentage ellipticity that recovered
upon cooling was considered to be the refolding percentage;
when evaluating refolding percentages, differences of 10% or
less are not considered significant.
Surface Plasmon Resonance. Surface plasmon resonance

(SPR) affinity and kinetic measurements were performed using
the ProteOn XPR36 (Bio-Rad, Hercules, CA). Lanes of a
general layer compact chip were individually coated with N
covalently linked to the chip following the standard 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride/N-hy-
droxysulfosuccinimide (sulfo-NHS) coupling chemistry avail-
able from the manufacturer. For these experiments, three lanes
of the chip were coated with N in decreasing concentrations to
ensure that the off rate was not being suppressed by rebinding
after dissociation due to the ligand being present at too high a
concentration on the surface. After the ligand was immobilized,
the chip was rotated 90° to allow the binding of the sdAb to be
tested at a range of concentrations simultaneously. The chip
was then regenerated, and the next sdAb was evaluated.
Binding kinetics of each antibody was tested at 25 °C by
flowing six concentrations of each sdAb varying from 300 to 0
nM at 100 μL/min for 90 s over the antigen-coated chip and
then monitoring dissociation for 600 s. The data were analyzed
using a global Langmuir fit, and the standard error was always
less than 10%, typically ∼1%; variation between multiple tests
of the same sample was less than a factor of 2, and a
representative data set is used in Table 1 and is shown in the
Supporting Information, Figure S3. The results obtained were
well within the working range of the instrument, with an
association constant (ka) of 3 × 103−3 × 106 M−1 s−1 and a
dissociation constant of 1 × 10−6−6 × 10−1 s−1.
MagPlex Direct-Binding and Sandwich Assays.

Specificity and an indication of affinity were appraised via
the direct binding of the sdAb to SARS-CoV-2 N recombinant
protein immobilized on MagPlex magnetic microspheres
(Luminex, Austin, TX, USA). The SARS-CoV-2 N, along
with RBD, was immobilized to unique sets of MagPlex
microspheres using the standard immobilization protocol
provided by the manufacturer. To prepare the biotinylated
(Bt) tracer reagent, 10-fold excess of EZ-Link NHS-LC-LC-
Biotin (Thermo Fisher Scientific) was added to 300 μg of each
sdAb at 1 mg/mL for 30 min; excess biotin was removed using
Zeba spin columns (Thermo Fisher Scientific). The

absorbance at 280 nM was used to calculate the concentration
of Bt-sdAb. Dilutions of each Bt-sdAb in PBSTB [PBS + 0.05%
Tween + 0.1% bovine serum albumin (BSA)] were prepared in
round-bottom polypropylene microtiter plates (VWR). The
mixture of antigen-coated MagPlex microspheres was added to
the wells. The plate was washed using PBST while placed on a
96f magnet (BioTek, Winooski, VT), incubated with 5 μg/mL
streptavidin-R-phycoerythrin ([SA−PE] Molecular Probes,
Eugene, OR) for 30 min, and then washed, and then binding
was evaluated on the MAGPIX instrument (Luminex, Austin,
TX).
Sandwich format MagPlex bead assays were performed in

order to demonstrate the ability of the sdAbs to act as both the
capture and recognition reagent for the detection of N. For
these assays, each sdAb was immobilized to a set of MagPlex
microspheres as described above and then tested for its ability
to function as a capture antibody. Initial tests evaluated all the
clones as both the immobilized capture and the Bt recognition
molecule in the assay. To improve the limit of detection
(LOD) for N, the same assay format was repeated using the
hetero- and homobivalent constructs of the three best sdAbs.
For the amplified LOD assay using the standard sdAb reagents,
the N was diluted into PBST with 1 mg/mL BSA, as were all
the other assay reagents, and then further diluted on a round-
bottom polypropylene microtiter plate. Then, the sdAb-coated
microspheres were added to provide a minimum of 50
microspheres for each set per well and incubated for 30 min. In
most tests, assay process-control microspheres were included
but not shown to simplify the graphs.39 The plate was washed
with PBST and incubated with the desired Bt-sdAb at 1 μg/mL
for 30 min. To generate the fluorescent signal, the plate was
washed and then incubated sequentially with 50 μL of SA−PE
at 5 μg/mL in each well for 15 min, washed again, then
incubated with 50 μL of Bt goat anti-streptavidin (Bt-goat-anti-
SA) from Vector Laboratories (Burlingame, CA) at 1 μg/mL
for 15 min, washed, and finally incubated with SA−PE as
before. Then, the plate was washed a final time prior to being
evaluated on the MAGPIX. A ratio of 2 for the signal/
background was utilized as the LOD as this ratio provides a
signal that assures a difference that is greater than 3 times the
standard deviation (SD) of the mean of both the background
and the data point considered significant. The assay for the
LOD for N using the bivalent sdAb reagents was similar to the
above protocol other than the fact that the incubation step
with N was extended to 1 h and that the N and all subsequent
reagents were diluted into a 1:1 mixture of PBST and

Table 1. SPR Affinity Determinations of Both Standard and
Bivalent sdAbsa

clone ka (1/M s) kd (1/S) KD (nM)

NRL-N-A9 NSB NSB NSB
NRL-N-E10 6.9 × 104 9.5 × 10−4 14
NRL-N-E2 3.5 × 105 2.7 × 10−4 0.8
NRL-N-C2 1.6 × 105 1.8 × 10−4 1.1
NRL-N-B6 1.9 × 105 3.0 × 10−4 1.6
C2−C2 2.7 × 105 3.9 × 10−5 1.4
E2−E2 6.6 × 106 3.4 × 10−4 0.05
E2−B6 1.4 × 106 3.7 × 10−4 0.3
E2−C2 2.4 × 106 2.9 × 10−4 0.1
C2−B6 2.7 × 105 1.6 × 10−4 0.6

aNSBnon-specific binding.
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LowCross Buffer (Candor, Wangen, Germany), which had
been previously observed to improve assay sensitivity.39

■ RESULTS AND DISCUSSION

In order to generate sdAbs toward the N of SARS-CoV-2, a
llama was first immunized with recombinant N. Once a
successful immune response toward N was confirmed
(Supporting Information, Figure S1), a phage-display library
was prepared to capture the immune repertoire of heavy-chain
antibody variable domains. After two rounds of panning on
SARS-CoV-2 N, we examined 96 distinct phages using a direct-
binding MagPlex assay, where N was covalently attached to the
microsphere and the amount of phage bound to the surface
was indicated by the addition of an anti-M13-mAb−
phycoerythrin conjugate. Sixteen positive clones with a signal
on N at least 5 times the signal on the RBD portion of the
spike protein were chosen for sequencing, which revealed five
unique sequence families (Supporting Information, Figure S2).
Sequence families are defined as a group of sdAbs sharing near
identical complementarity-determining regions (CDRs). The
sequences of representative clones from each of the families
selected for production and further testing are shown in Figure
1. Eight clones made up the NRL-N-B6 sequence family; five
were in the NRL-N-E2 family, whereas NRL-N-C2, NRL-N-
E10, and NRL-N-A9 were each single-member families. For
brevity, the clones are often referred to by a shortened notation
consisting of only the letter and number designation.
Soluble protein was produced for each of these five clones;

most produced well with yields between 2 and 37 mg/L
(Supporting Information, Table S1). They were then examined
by a direct-binding MagPlex assay to confirm specificity to N
(Figure 2), while the affinity for each clone was determined by
SPR (Table 1 and Supporting Information, Figure S3). Both
the direct-binding MagPlex and SPR showed that clones E2,
B6, and C2 outperformed both E10 and A9. In fact, clone A9
showed no specific binding as assessed by SPR and was not
considered further. This was indicative that although the
presence of negative control microspheres coated with RBD
allowed the elimination of some of the clones that exhibited
nonspecific binding in the initial phage-display screening, it
was not a foolproof process. The thermal stability and ability to
refold for the four specific sdAbs were evaluated by CD
(Supporting Information, Table S1). The sdAbs displayed
melting temperatures ranging from 55 to 70 °C and refolding
of between 41 and 87% after heat denaturation; however, both
of those properties can be improved through protein
engineering.40 Differences in refolding percentages are only
significant in broad ranges, where good refolding is 85% or
better, moderate refolding being 50−85%, and poor refolding
less than 50%. These values can easily be improved by lowering
the isoelectric point of the sdAb, which has been seen to yield
refolding percentages near 100%.35,41

Affinity is just one measure of utility; binders with sub-nM
KD all have sufficient affinity to have utility in detection assays
and require empiric testing to determine the best binder or
binding pair for the application being optimized. While direct-
binding assays are good for demonstrating the binding ability
and assessing specificity, antibody reagents ultimately need to
work in a sandwich format for most antibody-based diagnostic
assays. Because clones E2, B6, and C2 appeared to have the
best binding characteristics of the five, we focused on
integrating them into a sandwich format. First, by immobilizing
each sdAb onto microspheres, we performed a checkerboard
assay that indicated that each sdAb binds to a distinct epitope
on N (Figure 3). Although native N is multimeric in nature,42

our data suggest that the recombinant N is monomeric as it
can be seen that none of the sdAbs works efficiently as both
capture and tracer; however, each can be paired with either of
the other two.
A dose−response curve to assess detection limits with the

different sdAb pairs revealed that E2 was the best capture,
providing detection down to about 1 ng/mL when paired with
either B6 or C2 as tracers (Figure 4). Although this is a good
starting point, a lower level of detection is required for a useful
diagnostic assay.
Multivalent sdAbs have proven superior to standard sdAbs

for the neutralization of several viruses including SARS-CoV-
2.28,43 Multivalent sdAbs can provide increased apparent
affinity through avidity,38,44 making them advantageous for use
in detection assays; we have seen improved detection of several
targets incorporating multivalent capture reagents.39 As the E2

Figure 1. Sequence alignment of sdAbs that bind recombinant SARS-CoV-2 N. Sequences are given in the single-letter amino acid code. Alignment
was performed using Multalin.33 Red denotes high homology position, while blue indicates lower homology. Numbering is sequential based on the
NRL-N-E10 sequence. Using this numbering scheme, we define CDR1 as the region of amino acid residues 26−35, CDR2: 50−65, and CDR3:
99−119.

Figure 2. Direct-binding MagPlex assay to determine the ability of
purified representatives from each of the five sequence families
binding to the bead-immobilized N. Two sets of N-coated
microspheres were averaged with the error bars (standard error of
the mean) shown, along with a set of RBD-coated microspheres
which had little-to-no signal and are not shown.
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was the best capture and recognizes a different epitope than C2
and B6, we chose to construct a bivalent version of E2 as well
as combine E2 with C2 and B6 and combine C2 with B6. We
also made a C2−C2 construct to determine if the bivalent
version would prove to be a better capture reagent. Direct-
binding MagPlex assays showed that the E2−B6 and E2−C2
heterobivalent constructs were much better than the standard
sdAbs, while the other constructs did not perform much
different in this format (Supporting Information, Figure S4).
Analysis by SPR (Table 1) showed that with the exception of
C2−C2, the other bivalent constructs all had sub-nM affinity
for N, thus achieving the avidity, an apparent enhanced affinity,
which was desired.
The bivalent sdAbs were incorporated into sandwich assays

as both capture and tracer reagents. The E2−E2 and E2−C2
captures in conjunction with the Bt-C2−B6 tracer yielded the
best results; dose−response curves were evaluated in
preliminary experiments for all the reagents (not shown). To
achieve consistent high sensitivity, it was necessary to utilize a
two-step amplification where the initial signal generated by
SA−PE is amplified by the addition of a layer of Bt-goat anti-

SA, followed by a second layer of SA−PE. This amplification
method has been found to provide little advantage for
conventional antibodies but has shown to improve MagPlex
assays using sdAbs by a factor of 5 or better.32,45 Using this
protocol, we obtained a LOD for N of 50 pg/mL (Figure 5).
This same assay was evaluated for the detection of the killed
virus where all the viral components are present; a LOD of
1.28 × 103 pfu/mL killed virus was obtained using E2−C2 as
the capture reagent (Figure 6). These LODs suggest that this
method may be successful for the detection of SARS-CoV-2 in
actual patient samples, the next step in the transition to
obtaining an Emergency Use Authorization.
This MagPlex assay has the advantage of showing good

sensitivity while being low cost and having a high throughput.
One can prepare 96 samples in about 2 h and they can be
evaluated on the MAGPIX instrument in less than 1 h. One
challenge of using the amplification step is maintaining a low
background. Initial studies showed a signal response at equally
low concentrations, but it did not always achieve the desired
LOD or a consistent dose response. By using 1:1 PBST/
LowCross buffer for the sample and all assay reagents,

Figure 3. Checkerboard format sandwich MagPlex assay in which each of the three sdAbs is paired with itself and the other two. None of the sdAb
captures works well with itself as a Bt tracer, but each functions with the other two.

Figure 4. MagPlex amplified sandwich fluid array assay for the detection of SARS-CoV-2 N using each sdAb as the Bt tracer with each sdAb on a
separate capture microsphere set. The control shown was a MagPlex set coated with sdAb toward an unrelated target. The assay was done in an
amplified format, as described in the Materials and Methods, with a ratio of 2 (signals divided by background) being considered the LOD. Bt-
tracerA: Bt-B6, B: Bt-C2, and C: Bt-E2.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c00677
Anal. Chem. 2021, 93, 7283−7291

7287

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c00677/suppl_file/ac1c00677_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c00677?fig=fig4&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c00677?rel=cite-as&ref=PDF&jav=VoR


consistent sensitive results were obtained.39 The challenge will
be to achieve these results with actual samples.
At this point, we also desired to investigate the cross

reactivity of these reagents. MagPlex microspheres coated with
E2, C2, B6, E2−E2, and E2−C2 were combined and tested
simultaneously with each as the Bt tracer antibody. Since E2−
C2 was functional as a capture for each of the Bt sdAb used as
the tracer antibody, only that set is shown in Figure 7. Figure 8
shows the results with the E2−E2 capture and the Bt-C2−B6
tracer; additional data are not shown as the data presented
provided the illuminating findings. The tracers that included
B6 have strong cross reactivity to SARS-CoV N; otherwise,
these reagents show good selectivity with cross reactivity to the
other NP variants observed only at high concentrations. It is
not surprising to observe cross reactivity with the SARS-CoV
N as high similarity (over 87%) has been noted between the N

sequence of SARS-CoV-2 and the N sequence of other β
coronaviruses (i.e., SARS-CoV).46 As both of these coronavi-
ruses can be associated with severe diseases, this cross
reactivity should not be a liability for an assay built with the
sdAbs, especially as MagPlex assays can easily be multiplexed.
It appears that E2 has much better selectivity than the other
sdAbs, so it would be possible to detect and discriminate both
SARS-CoV and SARS-CoV-2 simultaneously using multiple
capture bead sets. This is confirmed in Figure 8, where the
response to SARS-CoV NP was much less for E2−E2 as the
capture molecule than that was observed for E2−C2 in Figure
7.
Although we have not performed the more extensive

inclusivity and exclusivity panels that would be necessary
prior to moving this assay to actual patient sample testing, our
limited panels in combination with the fact that these sdAb
constructs do not bind either RBD or the EBOV indicate that
they have good specificity. Another potential concern is the
ability of diagnostic reagents to recognize N variants. Although
one would not expect the binding to N to be under the same
evolutionary pressure to develop an escape mutant that
binding to the RBD of the S protein is under, substitutions
are found within the N. An examination of N from over 38,000
SARS-CoV-2 sequences showed that mutations cluster in the
linker region between the RNA-binding domain and the
dimerization domain.47 Future studies to elucidate the epitopes
of the N-binding sdAbs would be helpful in determining if they
bind in the conserved regions of N or in regions more prone to
substitutions.

■ CONCLUSIONS

There have been numerous reports of sdAbs developed toward
SARS-CoV-2 S for the development of therapeutics, the first
published among these detailed sdAbs originally selected for
their binding to S from SARS-CoV.48 In addition to sdAbs
derived from camelids, SARS-CoV-2 S binders have also been
derived from a semisynthetic library of human variable heavy
domains.49 Currently, there are almost no literature reports
describing SARS-CoV-2 N binding sdAbs; one report details N
binders selected from a semisynthetic llama library.50 We have
selected sdAbs from an immune llama library that are specific
for three different epitopes on the N of SARS-CoV-2. These
three sdAbs bind with high affinity, and by the formation of
heterobivalent and homobivalent constructs, we were able to
achieve sub-nM affinities. Selecting the best pairs of bivalent
constructs, we developed a MagPlex fluid array assay that
achieved a LOD of 50 pg/mL for N and 1.28 × 103 pfu/mL for
the killed virus. Specificity testing showed significant binding to
only the N of SARS-CoV-2 and SARS-CoV, indicating highly
selective binding. In addition, it should also be possible to
further improve the sensitivity of detection on the MAGPIX
platform, as a neither a means to orient the capture molecule,
nor peptide tail additions that allow for increased biotinylation
were applied to these constructs.39,51 Furthermore, it should be
possible to engineer these same sdAbs to possess enhanced
thermal stability or optimize them to enable the sensitive
detection of SARS-CoV-2 on other detection platforms. Other
applications focused toward the use of these sdAbs as
therapeutics might also be envisioned. This work, by inclusion
of the sequences of sdAbs discovered here, enables those
efforts to proceed unfettered and hopefully can provide
additional tools to help defeat this ongoing pandemic.

Figure 5. MagPlex sandwich fluid array assay for the detection of
SARS-CoV-2 N (a) using two sets of E2−E2 and E2−C2 as the
capture on the MagPlex bead indicated in the legend and Bt-C2−B6
as the tracer in an amplified assay, as described in the Materials and
Methods. A dose−response bar graph for an experiment conducted
with eight replicates at each concentration is shown; error bars
represent the SD of those eight replicates. This experiment was
repeated three times, once as shown, once in quadruplicate, and once
in triplicate, all giving similar results. A ratio of 2 (signal divided by a
background) is considered the LOD.

Figure 6.MagPlex amplified sandwich immunoassay for the detection
of killed SARS-CoV-2 virus using the E2−C2 and E2−E2 captures
paired with the Bt-C2−B6 tracer. The inset shows the two lowest
concentrations to allow visualization of the LOD. The error bars
shown represent the average % CV of the data.
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