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Binding protein scaffolds, such as rcSso7d, have been investigated
for use in diagnostic tests; however, the functional performance of
rcSso7d has not yet been studied in comparison to antibodies.
Here, we assessed the analyte-binding capabilities of rcSso7d and
antibodies on cellulose with samples in buffer and 100% human
serum.

Zika virus (ZIKV) is a mosquito-borne flavivirus that recently
emerged as a global public health issue after being linked to
neurological disorders, including microcephaly in infants and
Guillain-Barré syndrome in adults." Rapid, accurate diagnosis
of ZIKV is vital to track, control, and prevent the spread of
ZIKV. Since clinical symptoms and diagnostic biomarkers for
ZIKV are similar to those of other flaviviruses—such as
Dengue virus (DENV)—diagnostic tests must minimize cross-
reactivity and false-positive results."* The nonstructural
protein 1 (NS1) of Zika virus (ZNS1) has been identified as a
promising biomarker for ZIKV diagnostics.” "> Although
ZNS1 has similar structure and sequence as other flavivirus
NS1 proteins, studies have shown that specific detection of
ZIKV is possible using ZNS1-based diagnostics.* >

The World Health Organization introduced the ASSURED
criteria for ideal characteristics of diagnostic tests: Affordable,
Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free, and Delivered to those who need it."* To
address the ASSURED criteria, sandwich immunoassays are
often used in diagnostic tests to capture and detect specific
biomarkers in patient samples. This format requires a pair of
affinity reagents: one is surface-immobilized to capture the
target biomarker, and another is labeled to associate a signal
to the captured biomarker. Antibodies have been commonly
used as the affinity reagents in diagnostic tests; however, in
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recent years, alternative scaffolds have been investigated for
use in diagnostic tests due to their desirable characteristics
such as intrinsic thermal stability and ease of production.'*"”
In recent years, studies have begun reporting the use of non-
antibody scaffolds in full sandwich assays using pairs of
nanobodies,'®™° affimers,?”*' DARPins,*> and the reduced-
charge Sso7d variant (rcSso7d).***' However, a direct func-
tional comparison of antibodies and non-antibody scaffolds in
an identical full sandwich immunoassay test format has yet to
be conducted.

Here, we investigated the functionality of rcSso7d clones
engineered against ZNS1 in a full immunoassay format. We
compared the binding capabilities of an reSso7d-based sand-
wich assay to antibody-based sandwich assays and rcSso7d/
antibody hybrid assays in a cellulose paper-based format. For
one hybrid assay, we developed a protein A fusion with a cell-
ulose-binding domain (CBD) to immobilize antibodies on cell-
ulose test strips without requiring chemical functionalization
of the cellulose or subsequent bioconjugation reactions. We
found that the rcSso7d-based assay had similar limits of detec-
tion (LOD) as antibody-based assays. Furthermore, compared
to antibody-based assays, the rcSso7d full sandwich assay
demonstrated greater improvement in sensitivity when a larger
sample volume was applied. Both the rcSso7d full sandwich
and an antibody/rcSso7d hybrid assays performed equally well
in 100% human serum and in buffer, signifying that rcSso7d
is a promising alternative scaffold for use in clinical diagnostic
tests.

Results and discussion

For this study, we used rcSso7d clones previously engineered
to bind specifically to ZNS1 (SsoZNS1.E1 and SsoZNS1.E2; E1:
binding to epitope 1, E2: binding to epitope 2) with minimal
cross-reactivity to a similar non-target biomarker, Dengue-2
virus NS1 (D2NS1).*" To integrate the rcSso7d clones into a
paper assay format, we incorporated the clones into genetic
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fusion constructs that improve their activity as capture and
reporter agents. Prior studies required chemical oxidation of
cellulose and overnight incubation of the capture proteins on
the test zones for covalent immobilization.?”> However, we
found that a cellulose-binding domain (CBD) fusion construct
achieves non-covalent, high-density immobilization of rcSso7d
(SS0ZNS1.E2-CBD) to cellulose without requiring surface
functionalization or overnight incubation.?®*® For the reporter
construct, we used the in vivo biotinylated maltose-binding
protein (MBP) fusion to associate a biotin moiety with rcSso7d
for detection (b-MBP-SsoZNS1.E1).>° A streptavidin-fluoro-
phore conjugate (SA AF647) was used to associate a fluorescent
signal to the biotinylated reporter protein.

To assess the performance of an rcSso7d-based assay, we
incorporated the rcSso7d clones into a full sandwich assay
format (Fig. 1A). We tested a range of ZNS1 concentrations in
buffer (PBSA: 1x PBS with 1% bovine serum albumin) by incu-
bating 10 pL of the samples for 30 minutes, following con-
ditions established previously’”***' (Fig. 1B, yellow dia-
monds). Since cross-reactivity with other flavivirus NS1 var-
iants can lead to false positive results, we also challenged the
system with 1 pM of D2NS1 and confirmed that the engineered
rcSso7d clones demonstrated no cross-reactivity this off-target
NS1 variant in a cellulose assay format (Fig. 1B, red square).

We also investigated the effect of applying a larger sample
volume on assay sensitivity by incrementally applying 100 pL
of ZNS1 sample solution over 30 minutes (Fig. 1B, blue
circles).*® Previous studies suggest that larger sample volumes
can increase sensitivity and reduce the LOD of diagnostic
tests.>>** To quantify the performance of these rcSso7d-based
sandwich assays, we conducted quadratic regression on each
titration curve (Fig. 1B and S1t) and calculated LODs of 6.1 nM
(10 pL) and 0.9 nM (100 pL) (Table 1; Fig. 1B, arrows). We also
conducted linear regression on the linear range of the titration
curves and compared their slopes to assess the sensitivity®* of
the two sample volumes (Fig. S21) and found approximately a
21-fold improvement in sensitivity by increasing the sample
volume 10-fold (Table 1; Fig. 1B).

B
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Table 1 Compiled results from each assay format with limits of detec-

tion (LOD) for different sample volumes and sensitivity improvement
from increase in sample volume

LOD, LOD, Sensitivity

10 pL 100 pL improvement
Type (nM) (nM) (10 pL to 100 pL)
Sso-CBD + BA-MBP-Sso 6.1+1.3 09+0.1 21.3+0.3
MouseAb + bAb 45.0+5.4 1.2+0.2 8.1+0.2
RabbitAb + bAb 9.6 £ 0.3 0.1+0.1 12.2 £0.3
ProA-CBD/rabbitAb + 21.6+8.4 0.9+0.3 12.9+£0.2
BA-MBP-Sso
Sso-CBD + bAb 5.5+3.2 0.6 £0.2 9.4+0.1

To compare the functionality of the engineered rcSso7d
clones to antibodies, we tested commercial anti-ZNS1 anti-
bodies in a cellulose assay format. We assessed two different
commercial antibodies for capture: a mouse anti-ZNS1 IgG1
antibody (“mouseAb”; Abcam) and a rabbit anti-ZNS1 IgG anti-
body (“rabbitAb”; GeneTex) (Fig. 2A and B). Since the anti-
bodies do not intrinsically bind to non-functionalized cell-
ulose fibers, we used oxidized cellulose to covalently immobi-
lize the capture antibodies as described previously.*”> We used
a biotinylated mouse anti-ZNS1 IgG2a antibody (“bAb”; Arigo
Biolaboratories) as the reporter reagent.

After conducting titrations of the ZNS1 biomarker with two
different sample volumes (Fig. 2C and D), we found that assay
functionality varied depending on the antibodies used in the
assay. The mouseAb system had higher background signal,
leading to a higher LOD of 45 nM (10 pL) (Table 1; Fig. 2C and
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Fig. 1 (A) Schematic of rcSso7d full sandwich assay format. (B) Titration

curves with 10 pL (yellow diamond) and 100 pL (blue circle) of ZNS1, as
well as a cross-reactivity test with 10 pL of DENV2 NS1 (red square).
Values were subtracted by the background signal + 3¢ (standard devi-
ation). Yellow and blue arrows indicate the LOD for 10 pL and 100 puL
sample volumes, respectively. The increase in sample volume provided a
21-fold increase in sensitivity.
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Fig. 2 Schematics of antibody full sandwich assay formats using (A)
mouse anti-ZNS1 antibody (mouseAb) or (B) rabbit anti-ZNS1 antibody
(rabbitAb) for capture. (C and D) Titration curves for mouseAb (C) and
rabbitAb (D) sandwich with 10 pL (yellow diamond) and 100 pL (blue
circle) of ZNS1. Values were subtracted by the background signal + 3o.
Yellow and blue arrows indicate LOD. The increase in sample volume
caused an 8-fold (C) and 12-fold (D) increase in sensitivity.
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S1t). For 100 pL samples, the LOD was more comparable to
the rcSso7d assay at 1.2 nM (Table 1; Fig. 2C). The rabbitAb
system had improved performance over the mouseAb system,
with LODs of 9.6 nM (10 pL) and 0.1 nM (100 pL) (Table 1;
Fig. 2D and S1}). Both antibody assays had an 8- to 12-fold
sensitivity increase with a 10-fold volume increase (Table 1;
Fig. 2C, D and S27), signifying that excess immobilized anti-
body molecules were still available for biomarker binding.

Based on these results, the rcSso7d assays perform similarly
to antibody assays. However, several intrinsic differences in
the assay formats should be noted. The rcSso7d sandwich
used non-functionalized cellulose with a CBD-fusion protein
and a singly biotinylated rcSso7d as the reporter. In contrast,
the antibody sandwiches used oxidized cellulose for immobil-
ization and a bivalent antibody with multiple conjugated
biotin moieties as the reporter. These format differences com-
plicate the comparison of diagnostic performance for these
binding proteins.

In order to draw a closer comparison between rcSso7d and
antibody, we devised a different method to immobilize anti-
bodies on cellulose. Since protein A binds to antibodies, it can
be used for the immobilization of antibodies to a surface.**’
We constructed a fusion protein with protein A and CBD
(“ProA-CBD”) to immobilize ProA in high density on non-func-
tionalized cellulose surfaces and bind to compatible capture
antibodies (Fig. 3A).>> We used rabbitAb for capture due to the
high affinity of protein A to rabbit 1gG.*®* We also used
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Fig. 3 Schematics and titration curves of antibody-rcSso7d hybrid
assay formats using ProA-CBD/rabbitAb as capture and
b-MBP-SsoZNS1.E1 as reporter (A and B) or SsoZNS1.E2-CBD as capture
and bAb as reporter (C and D). Titration curves for ProA-CBD/Ab/
b-MBP-rcSso7d hybrid (B) and rcSso7d-CBD/bAb hybrid (D) use 10 uL
(yellow diamond) or 100 pL (blue circle) of ZNS1. Values were subtracted
by the background signal + 3c. Yellow and blue arrows indicate LOD.
The increases in biomarker volume produced a 13-fold (B) and 9-fold
(D) increase in sensitivity.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

b-MBP-Ss0ZNS1.E2 as the reporter species to address the mul-
tivalency effects observed with bAb and to minimize non-
specific interactions between ProA and an antibody-based
reporter molecule. Furthermore, using the ProA-CBD con-
struct, we can reduce the manufacturing and processing
burden required from using oxidized cellulose for protein
immobilization.

We demonstrated the function of ProA-CBD/Ab in cellulose
assays by conducting biomarker titrations and determined
LODs of 21.6 nM (10 pL) and 0.9 nM (100 pL) (Table 1; Fig. 3B
and S1t). These values are higher than for the antibody full
sandwich using rabbitAb, which may be due to different
binding interactions (1-step covalent immobilization of anti-
body vs. 2-step non-covalent immobilization of antibody via
protein A binding). Additionally, the use of b-MBP-Ss0ZNS1.E2
instead of bAb removed multivalency effects that may impact
the LOD. However, this format draws a more equitable com-
parison to the reSso7d full sandwich by using CBD for immo-
bilization. Compared to the rcSso7d full sandwich, the LODs
are similar or slightly higher. The increase in sample volume
also led to a 13-fold increase in sensitivity (Table 1; Fig. 3B
and S27).

We tested another hybrid system with rcSso7d-CBD as the
capture reagent and bAb as the reporter reagent (Fig. 3C). In
this format, we determined LODs of 5.5 nM (10 pL) and 0.6
nM (100 pL) (Table 1; Fig. S1t1 and Fig. 3D), which were com-
parable to the LOD in the rcSso7d full sandwich assay. A
10-fold increase in sample volume also led to a 9-fold increase
in sensitivity (Table 1; Fig. 3D and S2f). Using the multiva-
lently-labeled bAb as a reporter improved the sensitivity 4-fold
(10 pL) and 2-fold (100 pL) relative to the singly biotinylated
b-MBP-rcSso7d in the rcSso7d full sandwich assay (Fig. S27).
This increase in sensitivity may be attributed to the multiva-
lency of the biotinylated antibody.

In all of the assay formats, the larger sample volume
improved both the LOD and sensitivity of the assays. These
results suggest that the amount of free capture molecules are
in excess to the biomarker molecules in solution. By introdu-
cing a greater molar quantity of biomarker molecules into the
assay via a larger sample volume, the capture reagents can con-
tinue to bind to free target molecules. Furthermore, the
reSso7d full sandwich assay had a greater increase in sensi-
tivity (21-fold) compared to the antibody full sandwich or
hybrid assays (8- to 13-fold). We hypothesize that rcSso7d-CBD
is immobilized in higher density than antibodies on oxidized
cellulose or antibodies via ProA-CBD; therefore, higher excess
of free capture molecules may allow for more efficient capture
of target molecules from the sample.

The above studies were all conducted with the ZNS1 bio-
marker spiked into buffer. Unfortunately, many assays have
reduced function in human serum due to matrix effects and
often require dilution of the serum sample in buffer to achieve
reasonable performance.””'*?*° To assess functionality of
rcSso7d in a relevant bodily fluid, we conducted a side-by-side
comparison titration with ZNS1 spiked into either PBSA or
100% human serum (Fig. 4A). The rcSso7d clones performed

Analyst, 2020, 145, 2515-2519 | 2517
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Fig. 4 Schematics and titration curves of rcSso7d full sandwich assay
format (A and B) and hybrid assay format with ProA-CBD with rabbitAb
as capture and b-MBP-SsoZNS1.E1 as reporter (C and D). Titration
curves for rcSso7d sandwich (B) and ProA-CBD/Ab/b-MBP-rcSso7d
hybrid (D) used 10 pL of ZNS1 in buffer (yellow triangle) and 100%
human serum (red circle). Values were subtracted by the background
signal + 3o.

Table 2 Limits of detection (LOD) for assays conducted with ZNS1 bio-
marker in buffer or in 100% human serum

LOD, buffer LOD, serum
Type (nM) (nM)
Sso-CBD + BA-MBP-Sso 6.1+1.3 3.0+1.8
ProA-CBD/rabbitAb + BA-MBP-Sso 21.6 +8.4 19.6 £ 2.7

equally well in human serum as in buffer (Fig. 4B; Table 2).
We also assessed the performance of the ProA-CBD/Ab hybrid
assay in serum (Fig. 4C) and found that it retained function in
human serum as well (Fig. 4D; Table 2). Both of these assays
maintained functionality in 100% human serum with minimal
matrix effects.

Conclusions

In conclusion, engineered rcSso7d clones against ZNS1
showed comparable functionality to antibodies in cellulose-
based assays. We found that, in almost all instances, the LOD
of the rcSso7d-based assay was similar to or better than anti-
body-based assays. Furthermore, larger sample volumes pro-
vided greater improvement in the sensitivity of the rcSso7d
sandwich assay compared to the antibody-based and hybrid
assays. We also developed a method to immobilize antibodies
on non-functionalized cellulose surfaces via a protein A fused
with a cellulose-binding domain. This construct reduced pro-
cessing time compared to using oxidized cellulose and can be
used to develop hybrid assays when a well-validated capture

2518 | Analyst, 2020, 145, 2515-2519
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antibody is available. Finally, the rcSso7d sandwich and
ProA-CBD hybrid assays functioned equally well in buffer and
100% human serum without a reduction in LOD as previously
reported in other assays using antibodies or aptamers.”***

reSso7d affinity reagents have been demonstrated to yield
similar diagnostic performance as antibodies, with the added
benefits of thermal stability, inexpensive production, and
facile incorporation of new properties via fusion proteins. New
rcSso7d variants can also be generated against other target
disease biomarkers via straightforward in vitro development
processes.’’ These non-antibody proteins may be used in rapid
diagnostic tests for diseases such as ZIKV. Due to the lack of
interest in ZIKV until recent years, the clinically relevant con-
centration of ZNS1 in patient samples is still largely unknown.
However, studies suggest NS1 concentrations in ZIKV patients
are lower than in DENV patients,*® which is reported at levels
from the high picomolar range to the high micromolar
range.*"** Future work will focus on investigating signal
amplification methods to match the LOD of these rcSso7d-
based immunoassays to clinically relevant levels. The present
finding that rcSso7d-based assays can yield equivalent diag-
nostic performance to antibody-based assays suggest that
reSso7d can be employed as a promising alternative scaffold to
develop rapid diagnostic tests that meet the WHO ASSURED
criteria.
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