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ABSTRACT: High-quality affinity probes are critical for sensitive and specific protein detection, in particular for detection of
protein biomarkers in the early phases of disease development. Proximity extension assays (PEAs) have been used for high-
throughput multiplexed protein detection of up to a few thousand different proteins in one or a few microliters of plasma. Clonal
affinity reagents can offer advantages over the commonly used polyclonal antibodies (pAbs) in terms of reproducibility and
standardization of such assays. Here, we explore nanobodies (Nbs) as an alternative to pAbs as affinity reagents for PEA. We
describe an efficient site-specific approach for preparing high-quality oligo-conjugated Nb probes via enzyme coupling using Sortase
A (SrtA). The procedure allows convenient removal of unconjugated affinity reagents after conjugation. The purified high-grade Nb
probes were used in PEA, and the reactions provided an efficient means to select optimal pairs of binding reagents from a group of
affinity reagents. We demonstrate that Nb-based PEA (nano-PEA) for interleukin-6 (IL6) detection can augment assay performance,
compared to the use of pAb probes. We identify and validate Nb combinations capable of binding in pairs without competition for
IL6 antigen detection by PEA.

■ INTRODUCTION
Progress in technologies for protein detection and analysis
enables studies that go beyond investigations of genetic
predisposition at the level of DNA. Most drugs act by
interfering with protein function, and proteins are therefore
highly relevant as targets for analysis. Also, for diagnostic
purposes, protein analyses can provide insights into dynamic
states by monitoring protein levels in samples collected at
successive intervals. RNA analyses can also provide insights
into activity states, but they typically require access to the
tissues where the corresponding genes are expressed. More-
over, protein levels and activities often depend on protein
degradation rates, post-translational modifications, and their
involvement in forming complexes that profoundly affect their
activities, neither of which can be predicted from the levels of
the corresponding transcripts. Immunoassays are the most
commonly used methods for clinical proteomic analysis, widely
applied to diagnose disease and monitor therapeutic effects
clinically and during drug development.

The success of affinity-based immunoassays depends on the
availability of a large repertoire of affinity reagents against the
most clinically relevant protein targets.1 In addition, molecular

protein detection assays with improved proofreading are
needed for efficient detection of target molecules at high
efficiency and with a minimal nonspecific background to
ensure highly specific and sensitive detection. Oligo-assisted
proximity-based immunoassays2 have been adapted for differ-
ent proteomic applications, such as for high-throughput plasma
proteomics,3 visualization of protein and their complexes in
situ,4 detection of drug−target interactions and extracellular
vesicles,5,6 infectious diagnostics,7 flow cytometry,6 and
western blotting.8 Variants of proximity-based assays have
been developed where each target molecule must be
recognized by three different Abs for enhanced detection in
solution-phase assays9 or on solid supports,10 and prostate-
derived microvesicles called prostasomes have been detected at
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elevated levels in plasma from prostate cancer patients using
sets of five different Abs.11

The proximity extension assay (PEA) is a homogeneous
immunoassay using pairs of Abs conjugated to oligos with free,
complementary 3′ ends.3 When a pair of Ab conjugates binds
its target protein, the attached oligos are brought in proximity,
permitting extension by a polymerase to produce a DNA
reporter molecule for detection by real-time PCR or
sequencing.3 Around a hundred or even more different
proteins can be measured in 1 μL sample aliquots using this
technique, but access to suitable affinity reagents represents a
limiting factor. Recombinant protein-binding reagents have the
advantage over pAbs that they can be produced in any desired
amount and engineered for site-directed conjugation of
precisely one oligo per molecule, simplifying standardiza-
tion.12−14 Examples of such affinity reagents to replace or
complement Abs include nanobodies (Nbs), single-chain
variable fragments (scFvs), monobodies, and designed ankyrin
repeat proteins (DARPins).14

Nbs are single-domain Ab fragments of 120−130 amino
acids containing a single conserved disulfide bridge, and they
are derived from the variable regions of atypical immunoglo-
bulins of Camelidae.15,16 Nbs have proven useful as high-
affinity reagents for research, diagnostics, and therapeutics
owing to their high specificity, small size (∼15 kDa), and
straightforward bacterial expression.15−18 These minimal
protein domains can exhibit high-affinity binding for protein
targets, and they may be site-directedly modified using a
convenient, recently described enzyme-based conjugation
technique that relies on Staphylococcus aureus Sortase A
(SrtA)-mediated coupling reactions.19

Here, a set of Nbs was modified with sortase tags and
conjugated to suitably modified oligos by SrtA coupling. These
four different IL6 sortase-tag Nb clone (NbSORIL6) reagents
were explored as substitutes for or complements to pAbs in
PEA. We established assays combining pairs of Nb reagents
and compared the efficiency of protein detection by the
different pairs of reagents. The Nb reagents allowed sensitive
protein detection by PEA with real-time qPCR readout.

■ EXPERIMENTAL SECTION
Surface Plasmon Resonance (SPR) Biosensor Anal-

ysis. The affinity of the six SORIL6 Nbs for human IL6 was
determined by SPR using Biacore-T200 (Cytiva, Freiburg,
Germany). The experiments were performed by direct
immobilization of the recombinant IL6 protein (Cat. No.
Z03034, Genscript) on a CM5 biosensor chip surface (Cytiva)
by a standard amine coupling procedure using NHS (N-
hydroxysuccinimide)/EDC (1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide hydrochloride) chemistry, resulting in a
final change of 200 response units (RU). The formula used to
calculate the amount of immobilized IL6 is as follows: [Rmax
(200 RU) = immobilized IL6 (200 (Rmax) × 21 041 (MW
IL6)/15 000 (MW Nb)]). The SPR measurements were
performed at 25 °C with HBS (10 mM HEPES pH 7.4, 150
mM NaCl, 0.005% Tween-20, and 3.4 mM EDTA) as the
running buffer. For affinity measurements, the purified Nbs
were injected sequentially from samples prepared by in twofold
serial dilutions, from 500 to 1.95 nM, at a flow rate of 30 μL/
min. The association phase was followed for 120 s, the
dissociation phase was 600 s, and regeneration was performed
using 100 mM glycine (pH 2.7) for 60 s at 30 μl/min. After the
regeneration step, an additional stabilization step of 180 s was

included. The kinetic rate constants were determined by global
fitting of a 1:1 binding model with drift to the sensorgrams
using Biacore Evaluation software (Cytiva, Freiburg, Ger-
many). The equilibrium dissociation constant (KD) was
determined from the ratio of the rate constants (koff/kon).
For the epitope binning experiments, measurements were
performed at 10 μL/min in HBS buffer. The first sample
consisting of an excess of a first Nb (NbX), at a concentration
of 200 times its KD value, was initially injected for 300 s to
saturate all its available epitopes on the IL6 protein. This step
was followed by a second injection under the same conditions
for 300 s, but with a mixture of NbX + NbY (both at a
concentration of 200 times their respective KD values) to
guarantee equal competition of all Nbs. The RU was then
monitored for 600 s, followed by a regeneration step of 90 s at
30 μL/min, using 100 mM glycine (pH 2.7). The next cycle
was initiated after a stabilization time of 180 s. All Nb pairs
were evaluated in all possible combinations, and for each
pairwise combination, four cycles were performed:

(1) NbX + NbX

(2) NbX + Nb(X and Y)

(3) NbY + Nb(X and Y) and

(4) NbY + NbY

Nb−Oligo Conjugation, Identification, and Purifica-
tion. A hundred microliters of reaction samples were prepared
with 24, 60, and 120 μM Nbs (two-, five-, and tenfold molar
excess of NbSORIL6 over oligos), 150 μM SrtA enzyme, and
12 μM oligo modified at the 5′ end with three glycines (GGG-
oligo) in SrtA coupling buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 10 mM CaCl2; pH 7.5−8.0). The GGG-modified oligos
F1 and R1 or H1 and H2 were conjugated at stoichiometric
ratios to Nb, and a fivefold molar excess of Nb over oligos were
found to be optimal. The reactions were incubated at 37 °C
overnight with gentle shaking on a rotating platform. Following
incubation, the remaining His-tagged SrtA enzyme, acyl-
intermediate, unconjugated Nb, and cleaved-off his tags were
removed by binding to Dynabeads Magnetic Beads (Thermo
Scientific) overnight at 4 °C with continuous shaking in
binding buffer (100 mM sodium phosphate, pH 8.0, 600 mM
NaCl, 0.02% Tween-20). Conjugates were validated on 4−12%
NuPAGE Bis-Tris Gel (Thermo Scientific) with NuPAGE
LDS (4×) (Thermo Scientific) loading sample buffer + 50 mM
DTT heated at 80 °C for 3 min, followed by electrophoresis in
1× MES−SDS buffer for 60 min at room temperature. The
conjugates were visualized by staining using the PlusOne DNA
Silver Staining Kit (GE Healthcare, Uppsala) and Gel Doc XR
+ (Bio-Rad) for imaging (Figures 2A and S6). To ensure
thorough purification, the purification process was repeated up
to three times on new beads. The conjugates were purified
from unreacted oligos and any remaining free Nb by HPLC
using a proFIRE instrument (Dynamic Biosensors, Planegg,
Germany) according to the manufacturer’s instructions. In
brief, the ion exchange column was pre-equilibrated with buffer
A (50 mM Na2HPO4/NaH2PO4 pH 7.2, 150 mM NaCl)
followed by injection of 160 μL of bead-purified Nb−oligo
conjugates. The conjugates were eluted by a predefined salt
gradient using buffer B (50 mM Na2HPO4/NaH2PO4 pH 7.2,
1 M NaCl) at a flow rate of 1 mL/min. Subsequently, the PEA
assay-specific 89-mer oligo HF1, 73-mer oligo HR1 or 111-mer
oligo DimerS1-F, 121-mer oligo DimerS1-R or 121-mer oligo
Dimer-S2-F, and 119-mer oligo Dimer-S2 comprising 37 nt
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and 9 nt segments complementary to oligos F1 and R1 were
mixed together to prepare a hybrid.

Validation of Nb−Oligo Probes and Comparison via
SPR. The binding of different Nbs, and Nb−oligo conjugates
of two of them, to IL6 was investigated using two approaches:
(i) IL6 was directly immobilized on a CM5 biosensor chip
surface (GE Healthcare, Uppsala, Sweden) by standard amine
coupling, resulting in immobilization of 700−900 RU in 10
mM sodium acetate buffer, pH 4.5. The Nbs were injected on
the IL6-coated chip surface in a series of concentrations from
15.6 nM to 250 nM in the running buffer of 20 mM Tris−HCl,
pH 8.0, 125 mM NaCl, and 0.05% Tween-20 at a flow rate of
30 μL/min. (ii) IL6 was captured to a level of 1300−2800 RU
on an anti-IL6 monoclonal antibody (mAb clone 13A5,
MABTECH) coupled to the chip surface and the interaction
analysis of four selected Nbs was performed similarly as
described above. Anti-IL6 mAb was immobilized on the chip
surface by amine coupling in 10 mM sodium acetate buffer
(pH 5.0), resulting in an immobilization level of 15000−19000
RU. Reference surface and blank were subtracted from the
sensorgrams. The data were analyzed using Biacore-T200
Evaluation software v. 3.0 (GE Healthcare, Uppsala, Sweden).

Preparation of PEA Ab Probes. Antihuman IL6 pAbs
were diluted in PBS at 2 μg/μL and stored at −20 °C.
Antihuman IL6 pAbs (2 μg/μL in PBS) were activated with a
20-fold molar excess of cross-linker dibenzylcyclooctyne-NHS
(DBCO-NHS) ester (CLK-A102N, Jena Bioscience), diluted
in dimethyl sulfoxide (DMSO) at 4 mM, and incubated at RT
for 30 min. The reaction was stopped by adding 100 mM
Tris−HCl, pH 8.0 and incubating at RT for 5 min. The excess
unreacted DBCO-NHS ester was removed from the activated
Ab with an equilibrated Zeba Spin Desalting Column (7k
MWCO, Thermo Scientific). After purification, the DBCO-
labeled Abs were mixed with a 2.5-fold molar excess of 5′
azide-modified forward oligo F1 or reverse oligo R1 and
incubated overnight at 4 °C. Antihuman IL6 Ab concen-
trations were quantified using the Quant-it protein assay kit
(Life Technologies). Ab conjugates were validated on 10%
TBE urea denaturing gels and validated on an agarose gel
(Figure S8). Then, an assay-specific 89-mer oligo HF1 and 73-
mer oligo HR1 comprising 37 nt and 9 nt segments
complementary to oligos F1 and R1 were combined to prepare
DNA hybrids with the pAb-conjugated oligos F1 or R1 (Figure
S1). In addition, goat IgG was conjugated with both azide-
modified oligos F1 or R1 and used as an extension and PCR
control. The PEA probes were stored at 250 nM in PBS with
0.1% BSA and 0.05% NaN3, and the probes were diluted to a
1.33 nM stock concentration in the PEA buffer before use.

PEA Reactions and Data Analysis. Pairs of oligo-
conjugated Nb or antihuman IL6 Ab probes were mixed in
the assay diluent at a final concentration of 100 pM each, and 3
μL of the probe mixture was added per microtiter well,
followed by addition of 2 μL of IL6 dilutions. Recombinant
human IL6 protein had been diluted in the assay diluent (PBS
with 5 mM EDTA, 100 μg/mL single-stranded salmon sperm
DNA (Sigma-Aldrich), 0.1% BSA, 1 mM biotin, 100 nM goat
IgG, 0.05% Tween-20 solution). After incubation at 37 °C for
1 h, 46 μL of the extension solution was added, containing 1×
Hypernova buffer (BLIRT S.A.), 1.5 mM MgCl2, 0.2 mM each
dNTP, 1 μM each FEP (forward extension primer) and REP
(reverse extension primer), 0.2 U/mL DNA polymerase
(Invitrogen), and 1 U/mL Hypernova DNA polymerase. The
extension reactions were conducted at 50 °C for 20 min,

followed by a 5 min heat-activation step at 95 °C and 17 cycles
of pre-PCR of 30 s at 95 °C, 1 min at 54 °C, and 1 min at 60
°C. For subsequent qPCR detection, 2.5 μL of extension/pre-
PCR products were transferred to a 96- or 384-well plate and
combined with 7.5 μL of qPCR mix containing 1× PCR buffer
(Invitrogen), 0.1 μM each FEP (forward extension primer)
and REP (reverse extension primer) PCR primers, 2.5 mM
MgC12, 0.2 μM TaqMan probe (or 0.5× SYBER green I), 0.25
mM dNTPs (including dUTP instead of dTTP), 0.02 U/μL
Klenow exo-, 0.02 U/μL uracil-N-glycosylase, 1.5 U/μL Taq
polymerase, and 1.33 μM ROX (ROX-TTTTTTT, Biomers).
Quantitative real-time PCR was performed with an initial
incubation at 25 °C for 30 min, denaturation at 95 °C for 5
min, followed by 40 cycles of 15 s denaturation at 95 °C, and 1
min annealing/extension at 60 °C. ROX was used as reference
fluorescence, and SYBR green was used as detection
fluorescence. The qPCR data were recorded as Ct (cycle
threshold) values. The data were analyzed with Microsoft
Excel. The plots were generated on Microsoft Excel and using
an in-house script developed in “Rstudio” (http://www.R-
project.org/). The Ct values were plotted along the y-axis
against the concentration of the target protein in the reactions
(x-axis). The data was analyzed by linear regression to
determine the LOD (limit of detection). The LOD was
defined as the concentration of the protein corresponding to
CtLOD = CtN − (3 × SN), where CtN is the background noise
corresponding to the mean value of the three negative control
samples (N) and SN is the mean standard deviation of these
values.

■ RESULTS AND DISCUSSION
Site-Specific Conjugation of Oligos to NbSORIL6,

Validation, and Two-Step Purification of Conjugates.
Typically, conventional sandwich immunoassays require
chemical modification of the Abs to attach reporter groups,
but conjugation to random sites risk compromising target
binding. In our model experiments, we used four recombinant
Nbs directed against the IL6 protein, site-specifically
conjugating exactly one oligo per Nb molecule by SrtA
coupling (Figures 1, 2A, and S6). The SrtA enzyme reacts with
the consensus sequence LPETGG of the Nb and cleaves the
peptide bond between threonine and glycine, subsequently
joining the threonine by a peptide bond to the N-terminal
glycine on the oligo to give rise to sequence LPETGGG
(Figure 1).19,20 This site-directed conjugation technique has
been previously shown to allow construction and purification
of well-defined protein conjugates. Conjugation of NbSORIL6
to the glycine-oligos results in the removal of His-tag. Any
remaining unconjugated Nbs as well as His-tagged SrtA were
conveniently removed through incubation with anti-his
magnetic Ni-beads (Figure 1). The pure Nb−oligo conjugates
were then isolated from unreacted oligos and excess free Nbs
by chromatography using a proFIRE instrument. The Nb
conjugates were well separated from free Nb and oligos
yielding 68% and 87% pure conjugates for NbSORIL6_15-
oligos H1 and NbSORIL6_16-oligos H2, respectively, and the
yield was calculated by comparing the material used for the
conjugation reaction and the recovered material after
chromatography and elution (Figure 2B−D). Each Nb was
conjugated to either of two oligos to which secondary oligos
were then hybridized to create reagents for PEA reactions
(Figure S1). Polyclonal Ab-based PEA probes were prepared
through click chemical conjugation in a non-site-specific
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manner. The oligos are coupled to primary amines on the Ab
via heterobifunctional cross-linkers. The Ab conjugates were
validated by agarose gel analysis, showing the presence of
variable numbers of oligos per Ab (Figure S8).

Characterization of Binding Affinity Using SPR
Biosensor Analysis. The interaction between recombinant
human IL6 antigen and the four different NbSORIL6 reagents
as well as the NbSORIL6_21 and _15 oligo conjugates were
validated by SPR biosensor analysis (Table S1 and Figures S2
and S3). NbSORIL6_21 and _15 and their respective
conjugates all showed an interaction with immobilized IL6.
Some of the interactions were well described by a simple a 1:1
interaction model, allowing the affinities to be estimated from a
global analysis of the complete sensorgrams: NbSORIL6_5

(KD = 6.9 × 10−10 M), NbSORIL6_15 (KD = 1.1 × 10−8 M),
NbSORIL6_21 (KD = 7.4 × 10−9 M), NbSORIL6_21-oligo
H2 conjugates (KD = 4.4 × 10−8 M), and NbSORIL6_16 (KD
= 4.7 × 10−9 M). A steady-state analysis of the sensorgrams
was performed as a control. The data showed that of the
different NbSORIL6 variants tested, NbSORIL6_15 had the
weakest affinity for IL6 (Tables 1, S2, and S4). The
NbSORIL6_21-oligo conjugate showed a different kinetic
profile, with slower association and dissociation rates
compared to the unconjugated NbSORIL6_21 (Figures S3
and S4).

We included a mAb specific for human IL6-specific as a
positive control in our analysis, which showed that the mAb
binds much stronger than all Nbs tested with almost no
observable dissociation rate from the target IL6 protein,
preventing an accurate quantification of its affinity (Figure S3).
It is however to be expected that bivalent mAbs bind with
higher (apparent) affinity via avidity effects, compared to the
monovalent Nbs. We further investigated the affinities of all
four NbSORIL6s to IL6 captured on the surface via a mAb
immobilized on the sensor surface. Under these conditions, the
binding of NbSORIL6_15 and _21 was significantly reduced
(Figure S5 and Table S4), probably due to the competition for
the binding site with this mAb. However, the affinity of
NbSORIL6_5 was only slightly reduced (Tables 1 and S4). As
for NbSORIL6_16, the affinity as well as the binding level
increased significantly when the IL6 antigen was captured via
an immobilized mAb rather than via direct immobilization.
This could be due to the improved orientation or epitope
exposure of IL6 for binding by NbSORIL6_16 (Tables 1 and
S4).

Identifying Nonoverlapping Binding Pairs via PEA.
The NbSORIL6−oligo conjugates were then explored for their
potential to expand the range of reagents used for PEA,
complementing Abs. Two aliquots of all NbSORIL6s were
conjugated using SrtA to either of two oligos to which
secondary oligos were then hybridized to create reagents for
PEA reactions (Figure S1A). We combined pairs of Nb probes
at 100 pM with IL6 protein ranging from 100 ng/mL to 100
fg/mL and no added protein in PEA reactions (Figure 3B). We
investigated three combinations of the reagents to see which
would yield the highest sensitivity to detecting the target
protein in PEA reactions. Of the evaluated pairs, the
combination of NbSORIL6_5 and NbSORIL6_16 conjugates
yielded the assay with the greatest sensitivity and a detection
limit below 1 pg/mL (Figures 3B and 4A). We performed SPR
epitope binning and compared all different pairwise combina-
tions of SORIL6 Nbs from the set investigated herein (data
not shown). Our identification of the best optimal Nb probe
pair agreed with epitope mapping SPR data that showed that
these two Nbs (SORIL6_5 and SORIL6_16) had the most
effective binding as well as slower dissociation rates compared
to the other combinations (Figure 4A,B). We did not detect
any signal over background for this combination of two Nbs
(SORIL6_5 and SORIL6_16) when the IL6 antigen was
absent. Detection of IL6 using pAbs generated significantly
higher signals and lower concentrations of proteins could be
detected compared to when Nbs PEA probes were used
(Figure 3B). The much higher background for nanobodies was
presumably because Nb PEA probes were used at higher
concentrations or alternatively had a tendency to interact with
each other.

Figure 1. Schematic illustration of site-specific conjugation of PEA
oligos to the Nbs. The Nbs were expressed with a sortase-tag
sequence (LPETGG) recognized by SrtA enzyme, followed at the end
by a His-tag at the C-terminus, and the oligos to be conjugated had
three glycines at their 5′ ends as required for joining to the Nb by
SrtA. The SrtA enzyme also included a sacrificial His-tag at the C-
terminus, which allowed for removal of any unconjugated reactants
remaining in the solution by reverse nickel affinity pull-down with
paramagnetic Ni-beads. After the SrtA reaction, all His-tagged
materials in the solution were collected on paramagnetic Ni-beads
and discarded, while conjugates and free oligos were obtained in the
solution. This was followed by separation of the conjugated oligos
using a proFIRE instrument (Dynamic Biosensors) monitored via UV
detection to isolate pure conjugates.
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The limit of detection (LOD) was calculated as described
under data analysis in the Materials and Methods section and
is represented in Supporting File 1. The optimal Nb PEA
probes reached a plateau at the highest IL6 concentration,
while the pAb PEA probes did not reach a plateau even at 100
ng/mL IL6 (Figures 3B and 4C). Nb PEA reactions combining
the oligo-conjugated NbSORIL6_5 and _16 Nb pair detected
lower concentrations of IL6 to the pAb PEA probes, with a
broader dynamic range (Figure 4C). PEA reactions combining
NbSORIL6 probes 5 and 16 resulted in LODs of 0.38 fM or 10
fg/mL, respectively, while PEA using pAb probes yielded a
LOD of 3.2 fM or 80 fg/mL, indicating that the performance

of NbSORIL6 probes can be comparable to that of pAb probes
(Figure 4C and Table 2). To determine whether Nb probes
can be combined with Ab probes, we performed PEA with a
combination of Nb (NbSORIL6_5) and pAb PEA probes;
however, this assay performed poorly (Figure 4D). This could
be because the probes have overlapping epitopes and therefore
compete for binding.

Dimerization of Nb Reagents. Dimerization of affinity
reagents via their attached oligos could be expected to improve
binding avidity and thus assay performance. We designed and
evaluated the possibility to dimerize NbSORIL6−oligo
conjugates in the PEA experiments using the best-performing

Figure 2. Gel validation of the oligo-Nb conjugation reaction, two-step purification, and validation of the pure NbSORIL6−oligo conjugates. (A)
Gel electrophoresis of sortase-mediated oligo-Nb conjugation reaction products and samples undergoing two-step purification. Lane 1, protein
ladder; lane 12, gene ruler 50 bp DNA ladder; lanes 2 and 6, free NbSORIL6_16 and NbSORIL6_15, respectively; lane 9, negative control (only
loading buffer). Unpurified reaction products with a two-, five-, or tenfold molar excess of NbSORIL6_15 over oligo H1 is seen in lanes 5, 7, and 8,
respectively. The species identified in order of increasing migration in lane 5 are (a) acylated product, (b) free SrtA enzyme, (c) Nb−oligo
conjugate, (d) excess unreacted NbSORIL6_15, and (e) free oligo H1. Lanes 3 and 4 show products NbSORIL6_16-oligo H1 and
NbSORIL6_16-oligo H2, respectively, after single incubation with Ni-beads, while lanes 10 and 11 demonstrate products from NbSORIL6_16-
oligo H1 and NbSORIL6_16-oligo H2 reactions, respectively, remaining in the solution after two incubation steps with the beads. (B, C) Products
shown in lanes 10 and 11 of the gel were separated from free Nb and unreacted oligos using the proFIRE instrument, yielding the pure Nb
conjugates NbSORIL6_15 (B) and NbSORIL6_16 (C). The trace of the separation is shown in red. Software estimates the amount of conjugates
and unreacted oligos by fitting the chromatogram peaks. The blue lines correspond to fitted peaks of conjugates, while black lines represent fitted
peaks of unreacted oligos. (D) Gel electrophoretic validation of sortase-mediated oligo-Nb conjugation reaction products after two-step
purification. Lane 1, free NbSORIL6_16 and free oligo H2. Lanes 2 and 3, products from NbSORIL6_16-oligo H1 and NbSORIL6_16-oligo H2
reactions, respectively. The products shown in lanes 2 and 3 of the gel were separated from free Nb and unreacted oligos using the proFIRE
instrument, yielding the pure Nb conjugates.
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combination of NbSORIL6_5 and NbSORIL6_16 probes
(Figure S7A). We prepared homodimers of the conjugates
through complementary oligo hybridization (Table S3 and
Figure S1) to form homodimeric Nb PEA probes, and the

dimeric reagents were validated by gel electrophoresis (Figure
S7B). We established assays combining pairs of reagents and
then compared the performance of the homodimers to their
monomeric counterparts. However, under the investigated
conditions, no improved performance was observed using
homodimers of NbSORIL6_5+5 and NbSORIL6_16 + 16
conjugates over a single Nb combination of NbSORIL6_5 and
NbSORIL6_16 (Figure S7C).

■ CONCLUSIONS
Abs randomly modified with DNA by chemical coupling can
yield inconsistent results, affecting assay reproducibility.21 The
site-directed attachment of exactly one oligo per Nb opens
interesting possibilities where binders against different epitopes
on the same protein molecule can be brought together by
hybridization between their attached oligos for proximity
ligation (PLA) or extension (PEA) assays. In this manner, both
efficiency and specificity of binding might be enhanced.22,23

Table 1. Equilibrium Dissociation Constants Obtained from
Different Interaction Models between IL6, Immobilized on
the Chip Surface, and Nbsa

Nbs KD (M) 1:1b KD (M) steady-statec

NbSORIL6_5 6.9 × 10−10 1.6 × 10−10

NbSORIL6_15 1.1 × 10−8 3 × 10−8

NbSORIL6_16 4.7 × 10−9 1.1 × 10−8

NbSORIL6_21 7.4 × 10−9 2.1 × 10−8

NbSORIL6_21-oligo conjugates 4.4 × 10−8 not determined
aThe corresponding equilibrium dissociation constants (KD)
determined by various models are presented. bFrom global analysis
of complete sensorgrams. cFrom report points taken at steady-state.

Figure 3. Nb-based detection of IL6 by PEA using Nb−oligo conjugates and regular pAb PEA probes. (A) Schematic illustration of nano-PEA
reactions for protein detection. Nb probe pairs were incubated with target IL6 proteins, bringing the attached oligos in close proximity so that they
can be mutually extended upon dilution and addition of a DNA polymerase. The resulting reporter DNA strands were quantified by real-time PCR
(qPCR) as a measure of the amount of IL6 antigen in the buffer. (B) Different Nb probe combinations were applied for detection of serial dilutions
of IL6 from 100 ng/mL to 0 fg/mL in PEA buffer. A pair of pAb-based PEA probes served as a positive control (PC) in PEA detection. The data
were analyzed using an in-house script developed in “Rstudio,” and the Ct values were plotted along the y-axis against the concentration (x-axis).
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Immunoassays that require dual recognition by binders provide
higher specificity and can reduce the background compared to
single binder assays by reducing risks of cross reactivity by the
affinity reagents for irrelevant target molecules.24 However,
identifying noncompeting pairs of binders remains a
challenging task. Here, we used PEA to identify optimized
nonoverlapping nanobody binding pairs. We compared
different combinations of Nb pairs from four selected Nbs
and identified a pair that provided assay performance
comparable to that of pAbs. The nano-PEA assay is a simple
assay to establishing that may be promising for future
diagnostic multiplex assays that require highly specific and
sensitive detection of sets of targets over wide ranges of protein
concentrations.25
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