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Engineering thermostable affinity proteins for use
in high-throughput immunoassay formats†
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ELISA utilizes polystyrene materials for capture reagents. Natural

absorption randomly orients the capture reagent, decreasing

immobilization and target biomarker accessibility. A thermostable

affinity protein rcSso7d can replace antibodies as a capture

reagent in cellulose-based diagnostic tests. ‘RAFIASRRIRRP’ at

the N-terminus of two repeating units of rcSso7d improved

polystyrene immobilization for high-throughput ELISA.

1. Introduction

Immunoassays are bioanalytical techniques that quantify a
target analyte on the basis of its interaction with affinity
agents such as antibodies, aptamers, and small proteins.1–5

As detection reagents in the sandwich-based enzyme-linked
immunosorbent assay (ELISA), match-paired antibodies that
bind to complementary epitopes of the target biomarker are
typically used. In recent years, as immunoassays and
diagnostic tests have advanced, substitutions of antibodies
have been used extensively in immunoassays to overcome
drawbacks of antibodies, such as off-target binding,
unpredictable thermostability, lengthy production times, high
batch-to-batch variation, and complexity of modifications.6,7

An engineered rcSso7d scaffold protein is a candidate as a
detection reagent for the development of diagnostic tests. It
has been shown to have great thermostability with a melting
temperature of up to 98 °C and can be easily manufactured
through bacterial production.8–10 Moreover, the RAPIDS
(rapid affinity pair identification by directed selection)
method can efficiently screen rcSso7d scaffold proteins as
matched pairs for target biomarkers.11

For diagnostic test applications, an anchoring substrate is
required for trapping the sandwich complex and differentiating
it from the surrounding fluid. Polystyrene multi-well plates,
nitrocellulose paper, and cellulose paper are common
substrates.12 With tailored rcSso7d affinity agents with an
additional cellulose binding domain (CBD), we have
investigated the possibility of employing cellulose paper
instead of nitrocellulose paper for point-of-care diagnostics.5,13

In contrast, 96-well polystyrene plates are commonly used
in diagnostic tests, biochemical research, and pharmaceutical
research in laboratory settings.14 The capability to conduct
high-throughput experiments is an advantage of 96-well
plates. Random orientation of the physiosorbed capture
reagent on the polystyrene substrate has been recognized as
a convenience that comes with limitations, as it significantly
reduces the accessibility of the binding site to the target
ligand. In addition, a small-sized capture reagent may lose
functionality when immobilized on a polystyrene surface.15,16

Here, we investigate and compare methods for expanding
the utilization of rcSso7d proteins to polystyrene 96-well
immunoassay plates. Biomolecular modification strategies
were employed to create modified rcSso7d proteins in an effort
to increase immobilisation efficiency. The ELISA detection
capability of modified rcSso7d proteins was also investigated.

2. Results

As a study model, a pair of engineered rcSso7d binders for
interleukin-6 (IL-6) were utilized, namely Sso.E1 and Sso.
E2.11,17 Sso.E1 was utilized as a capture binder for the
modifications. Sso.E2 was fused to a maltose binding protein
(MBP) and biotin acceptor (BA) to generate a reporter reagent
BA-MBP-Sso.E2. In this investigation, we compared the
immobilisation efficiency and ELISA performance of eight
Sso.E1 constructs, as shown in Fig. 1A. Using SDS-PAGE, the
isolated proteins encoded by these eight Sso.E1 genetic
constructions and BA-MBP-Sso.E2 are depicted in Fig. 1B.
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2.1 Small peptide polystyrene tag PS2 shows the greatest
improvement in immobilisation of Sso.E1 onto polystyrene
plates

A cellulose binding domain (CBD) was fused to the modified
rcSso7d binders to improve their capture ability towards
cellulose paper, hence enabling applications in cellulose-
based point-of-care diagnostics.5,13,17–20 Using this
biomolecular modification strategy as a guide, we explored

the literature for fusion peptide sequences with the property
of efficient capture towards polystyrene substrates. Three
candidates listed in Fig. 2A have been identified and labelled
as PS1, PS2 and PS3, which were isolated from a phage
display library. These peptides exhibited consistent adhesion
to polystyrene plates and were further characterised showing
improved interaction with polystyrene substrates.21–23

At the C terminus of Sso.E1, nucleotide sequences
encoding PS1, PS2, and PS3 were inserted. All constructs were

Fig. 1 Information on protein constructs used in this study. A. A list of modified Sso.E1 constructs and BA-MBP-Sso.E2 construct, and B. purified
proteins shown on SDS-PAGE.

Fig. 2 Immobilization improvement with the PS tag. A. A table of PS tag candidates and their amino acid sequences; B. schematic representation
of half-ELISA utilized for assessing immobilized PS(X)-Sso.E1; C. fold change of immobilisation density between Sso.E1 and Sso.E1 with the PS tag.
Data in C are mean ± s.d. with n = 3 independent replicates; ordinary one-way ANOVA for multiple comparison test.
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expressed and purified. Equimolar amounts of the Sso.E1-
PS1, Sso.E1-PS2, Sso.E1-PS3 and Sso.E1 proteins were added
to 96-well polystyrene plates, and each sample was tested
with three replicates. Plates were incubated at room
temperature for 10 to 120 minutes, and immobilisation
densities were compared using an anti-His antibody linked to
horseradish peroxidase (HRP) to mark the histidine tag at the
N terminus of the proteins (Fig. 2B). At a brief
immobilisation duration of 10 minutes, all PS tagged
constructs exhibited improved immobilisation density in
comparison to the original Sso.E1. The PS2 tag, with the
amino acid sequence ‘RAFIASRRIRRP’, demonstrated the
largest improvement of more than 3 fold (Fig. 2C). In
addition, the immobilisation density of Sso.E1-PS2 improved
with increasing incubation time in comparison to that of Sso.
E1. At 60 minutes of incubation, the maximum fold change
of immobilisation density between Sso.E1-PS2 and Sso.E1
was 20-fold (Fig. S1†).

2.2 The PS2-2xSso.E1 construct has optimal ELISA
performance in detecting IL-6

To further optimize the performance of Sso.E1 in ELISA, we
examined the position of the PS2 tag at the N- or C-terminus,
namely PS2-Sso.E1 and Sso.E1-PS2 (Fig. 1A). To conduct
ELISA, Sso.E1 constructs were immobilised for 10 minutes in
a 96-well polystyrene plate, followed by IL-6 antigen
incubation at a range of doses. The IL-6 protein was labelled
with BA-MBP-Sso.E2, and the signal was detected with HRP
conjugated streptavidin (SA-HRP) and TMB (3,3′,5,5′-
tetramethylbenzidine) (Fig. 3A). As depicted in Fig. 3B, PS2-

Sso.E1 provides the greatest signal response for identifying
the IL-6 antigen, compared to Sso.E1-PS2 and Sso.E1. The
limit of detection (LoD) for the IL-6 antigen improved to
31.25 nM for PS2-Sso.E1 as compared to an LoD of 62.5 nM
for Sso.E1-PS2 and LoD of 250 nM for Sso.E1.

In a recent work, it was demonstrated that repeating units
of an rcSso7d binder sequence targeting streptavidin (SA) as
a model analyte can increase the density of binding sites,
hence enhancing the detection capability of the SA analyte.24

The performance of repeating Sso.SA in capturing SA-HRP as
a model analyte was evaluated, revealing a significant
enhancement in the signal with 2xSso.SA, but a similar
performance with 3xSso.SA, 4xSso.SA, and 5xSso.SA (Fig.
S2A†). Thus, we designed 2xSso.E1 and 3xSso.E1 in order to
test their sensitivity in identifying the IL-6 antigen in ELISA.
As shown in Fig. S2B,† 2xSso.E1 and 3xSso.E1 exhibit
comparable detection performance; hence 2xSso.E1
modification was chosen.

Next, a combination of the PS2 tag and repetitive units of
Sso.E1 was designed to obtain PS2-2xSso.E1. The
performance of PS2-2xSso.E1 in comparison to that of Sso.E1,
PS2-Sso.E1, and 2xSso.E1 was evaluated by ELISA. Compared
to the Sso.E1 construct, the PS2-Sso.E1 and 2xSso.E1
constructs resulted in a significant improvement in the
detection signal, while the PS2-2xSso.E1 construct resulted in
an even greater gain in performance (Fig. 3C).

3. Discussion and conclusions

Building upon our prior use of protein engineering
technologies to evolve rcSso7d for protein detection

Fig. 3 ELISA performance in detecting IL-6. A. Schematic representation of full ELISA with PS2-Sso.E1 constructs as a capture reagent and BA-
MBP-Sso.E2 as a reporter reagent; B. IL-6 detection ELISA for the Sso.E1, Sso.E1-PS2 and PS2-Sso.E1 constructs; C. IL-6 detection ELISA for the
Sso.E1, 2xSso.E1, PS2-Sso.E1 and PS2-2xSso.E1 constructs. Data in B and C are mean ± s.d. with n = 3 independent replicates. The red dashed line
in B indicates ‘negative + 3 × s.d.’.
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assays,5,17,18 we demonstrated here the methods to broaden
the use of the rcSso7d protein onto polystyrene 96 well-plates,
a consumable often used for lab-based high-throughput
ELISA tests.

The method of protein engineering at the genetic level,
such as the inclusion of the PS2 peptide sequence and the
repeating units of the rcSso7d region, allows for the rapid
and consistent modification of proteins. It eliminates post-
translational modifications, which have a negative impact on
site-selectivity, conjugation efficiency, and
reproducibility.25–27 The enhanced performance of rcSso7d in
detecting the IL-6 protein on a polystyrene substrate suggests
the possibility of establishing a high-throughput plate-based
assay with the rcSso7d protein. Though the limit of detection
for the IL-6 antigen is yet to be comparable with those of
commercially available antibody-based ELISAs,28,29 the
reagent immobilisation time has been reduced significantly
to 10 minutes. To achieve comparable sensitivity with
antibody-based ELISAs, it will be important to replace the
small reporter binder bearing one biotin coupled to at most
one streptavidin-HRP with a system that provides comparable
amplification with primary antibodies followed by labelled
secondary antibodies. The focus of this study is
immobilization of the capture reagent and the comparison of
several approaches. We anticipate that thermostable rcSso7d
proteins fused to polystyrene binding tags can be exploited in
many fields of application, including polystyrene-based
bioprocesses.
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