UC Davis
UC Davis Previously Published Works

Title

Development of Improved Double-Nanobody Sandwich ELISAs for Human Soluble Epoxide
Hydrolase Detection in Peripheral Blood Mononuclear Cells of Diabetic Patients and the
Prefrontal Cortex of Multiple Sclerosis Patients

Permalink
https://escholarship.org/uc/item/8135k6pZ

Journal
Analytical Chemistry, 92(10)

ISSN
0003-2700

Authors

Li, Dongyang
Morisseau, Christophe
McReynolds, Cindy B

Publication Date
2020-05-19

DOI
10.1021/acs.analchem.0c01115

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8135k6pz
https://escholarship.org/uc/item/8135k6pz#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2021 May 19.

-, HHS Public Access
«

Published in final edited form as:
Anal Chem. 2020 May 19; 92(10): 7334-7342. doi:10.1021/acs.analchem.0c01115.

Development of Improved Double Nanobody Sandwich ELISAS
for Human Soluble Epoxide Hydrolase Detection in PBMCs of
Diabetic and Pre-frontal Cortex of Multiple Sclerosis Patients

Dongyang Lit, Christophe Morisseau', Cindy B. McReynoldst, Thomas Duflot*, Jérémy
Bellien*, Rashed M. Nagra', Ameer Y. Taha$, Bruce D. Hammock™ "

TDepartment of Entomology and Nematology and UCD Comprehensive Cancer Center, University
of California, Davis, California 95616, United States

*Department of Clinical Pharmacology, Rouen University Hospital & Institut National de la Santé
et de la Recherche Médicale (INSERM) U1096, Normandie University, UNIROUEN, Rouen,
France

'Neurology Research, West Los Angeles VA Medical Center, Los Angeles, California 90073,
United States

$Department of Food Science and Technology, University of California, Davis, California 95616,
United States

Abstract

Nanobodies have been progressively replacing traditional antibodies in various immunological
methods. However, the use of nanobodies as capture antibodies is greatly hampered by their poor
performance after passive adsorption to polystyrene microplates, and this restricts the full use of
double nanobodies in sandwich ELISAs. Herein, using the human soluble epoxide hydrolase
(sEH) as a model analyte, we found both the immobilization format and blocking agent have a
significant influence on the performance of capture nanobodies immobilized on polystyrene and
the subsequent development of double nanobody sandwich ELISAs. We first conducted epitope
mapping for pairing nanobodies and then prepared a horseradish peroxidase labeled nanobody
using a mild conjugation procedure as detection antibody throughout the work. The resulting
sandwich ELISA using capture nanobody (A9, 1.25 pg/mL) after passive adsorption and BSA as
blocking agent generated a moderate sensitivity of 0.0164 ODemL/ng and a LOD of 0.74 ng/mL.
However, the introduction of streptavidin as a linker to the capture nanobody at the same working
concentration demonstrated a dramatic 16-fold increase in sensitivity (0.262 ODsmL/ng) and 25-
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fold decrease in the LOD for sEH (0.03 ng/mL). The streptavidin bridged double nanobody
ELISA was then applied successfully to tests for recovery, cross-reactivity, and real samples.
Meanwhile, we accidentally found that blocking with skim milk could severely damage the
performance of the capture nanobody by an order of magnitude, compared to BSA. This work
provides guideline to retain the high effectiveness of capture nanobody and thus to further develop
double nanobody ELISA for various analytes.
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INTRODUCTION

Rapid and sensitive detection technologies are critical for decision-making procedures in
many fields, including clinic, food safety, and environmental monitoring. Immunoassay is
one of the most powerful of all immunochemistry techniques and has been extensively used
to detect and quantitate numerous analytes in many applications.! Taking /n vitro diagnostics
(IvVD) for example, it possessed the highest market share of the VD market (37%) with
sales of $18.6 billion achieved in 2012 and $26.9 billion predicted by 2024.2:3 Among
immunoassays, enzyme linked immunosorbent assay (ELISA) has been most used due to its
overwhelming overall advantages of high sensitivity, excellent selectivity, simplicity, fast
speed, high throughput, low cost, safety, and general applicability.3# The key of an excellent
ELISA is the availability of antibodies with high affinity, specificity, and batch-to-batch
consistency. However, both academic and industrial communities have been suffering from
reproducibility crisis of antibodies caused by the limited supply and large variance between
batches of the polyclonal antibodies (pAbs) or the deterioration and loss of hybridomas of
monoclonal antibodies (mADbs) in storage.® Thus, there is a strong demand that “all antibody
reagents should be sequenced and then produced from the genetic code obtained”.®

A nanobody, also termed VHH, is an antibody with a single variable domain derived from
heavy-chain only antibodies in camelids or cartilaginous fish.”~9 This recombinant antibody
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is a promising solution to the reproducibility crisis, since it can be easily sequenced and
resynthesized. Moreover, nanobodies have received increasing interest owing to their small
size, monoclonal nature, genetic manipulability, high thermostability, superior solubility,
ease of clone storage and expression in diverse expression platforms, and cost effectiveness
for both discovery and continuous production.#10 It can not only address the issues of
limited supply and batch-to-batch variation of pAb, but also the risk of hybridomas
deterioration associated with costly liquid nitrogen cryogenic storage and the non-
monospecific problem of the classical mAb caused by the frequent expression of additional
functional variable regions by hydridomas.1! It is therefore no wonder that nanobodies are
progressively replacing conventional 1gG based antibodies in various immunological
techniques, especially in immunoassay. Our group recently developed many successful
immunoassays using nanobodies as detection antibody for various analytes, including small
molecules such as 3-phenoxybenzoic acid,19 triclocarban,12 tetrabromobisphenol A,13
ochratoxin, 4 triazophos,® fipronil, 16 as well as large proteins such as soluble epoxide
hydrolase?17 and cystic fibrosis transmembrane conductance regulator (CFTR) inhibitory
factor.18 However, the use of nanobody as capture antibody in classical sandwich ELISAs
relying only on fully sequenced nanobodies for both capturing and reporting is greatly
hampered by its poor performance after the passive adsorption of the small-size based
nanobody on polystyrene microplates. The fundamental study on the mechanism behind the
deterioration of the capture nanobody is lacking, and the physical and functional behavior of
the capture nanobody immobilized on polystyrene remains unexplored. It is important to
understand the potential cause for the substantial loss of functionality of capture nanobodies
adsorbed on polystyrene microplates and hereby further improve their performance in
ELISAs.

To tackle this problem, we developed two sandwich ELISA formats using nanobodies as
capture antibodies and compared them to that using pAb as capture antibody on polystyrene
microplates. Human soluble epoxide hydrolase (SEH) was chosen as the model analyte
considering its increasing significance as a biomarker of many diseases,19-2% and the
availability of corresponding nanobodies in the laboratory. The basic purpose of this study
was to examine the physical and functional behavior of capture nanobody immobilized on
polystyrene and thus establish a guideline for developing double nanobody ELISA. First, we
conducted epitope mapping for pairing nanobodies and then prepared a horseradish
peroxidase (HRP) labeled nanobody (HRP-A1) as detection antibody using a mild
conjugation method. Second, we compared the performance of a sandwich ELISA for sEH
detection using nanobody (format B, Figure 1b) and polyclonal Ab (format A, Figure 1a)
passively adsorbed as capture Ab. Third, we evaluated the effect of streptavidin as bridge for
immobilizing nanobody on polystyrene (format C, Figure 1c) and compared several ways of
blocking in this format. Fourth, three ELISA (format A, B, and C) were compared in a
quantitative way at the same working concentration of capture antibody. Fifth, bovine serum
albumin (BSA) blocking was compared with skim milk blocking on polystyrene plate with
nanobody passively adsorbed (format B). Finally, streptavidin bridged double nanobody
ELISAs were applied to tests for recovery and cross-reactivity and the analysis of real
samples with various sEH levels.

Anal Chem. Author manuscript; available in PMC 2021 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 4

EXPERIMENTAL SECTION

Materials

Recombinant human sEH, anti-human sEH rabbit pAb and eight nanobodies (A1, A9, B1,
B3, B4, B6, B7, and B15) were produced as described in our previous work.17:26
Horseradish peroxidase (HRP, Cat. No. P6782), sodium periodate (311448), Sulfo-NHS-LC-
biotin (B1022), and streptavidin (S4762) were purchased from Sigma-Aldrich. BSA
(BP1600-100) and skim milk powder (1.15363.0500) were purchased from Fisher Scientific
and EMD Muillipore, respectively. High-binding polystyrene microplates (Nunc Maxisorp,
442404) were purchased from Thermo Fisher Scientific Inc. A sensitive 3,3",5,5"-
tetramethylbenzidine (TMB) substrate for color development was prepared as detailed in
Supporting Information (SI). Eight anti-human sEH VHHs were biotinylated against amine
groups at a 10:1 molar ratio of Sulfo-NHS-LC-Biotin to nanobody as previously described.*

Epitope Mapping

Modified from the assay for epitope mapping of mAbs on cells,2” competition assays based
on indirect immunoassay were herein proposed to determine the epitope specificity of eight
anti-human sEH nanobodies we obtained previously. As shown in Figure Sla, unconjugated
nanobodies were incubated with biotinylated nanobodies for competitive binding to human
SEH coated on microplate. Percentage of inhibition (PI) was defined as a ratio between the
optical density (OD) of well with unconjugated nanobody in excess and the OD obtained for
each biotinylated nanobody alone (Figure S1b). Inhibition was regarded significant when the
P1 was higher than 50%.27

Preparation of HRP Labeled Nanobody Conjugate (HRP-A1)

As illustrated in Figure 2, HRP enzyme was labeled to hanobody (A1) through periodate
oxidation (Maraprade reaction) but in a mild condition (pH 5.4, 10 mM NalQy, 30 min, ice
bath (1.2 °C)) with high working concentration of HRP. Fractions without unconjugated
monomer after size exclusion chromatography (SEC) were collected and further processed
for downstream use as detection antibody. Detailed preparation and characterization of the
HRP labeled nanobody conjugate was available in Sl.

Comparison of Polyclonal Ab and Nanobody as Capture Antibody in ELISA

Anti-human sEH antiserum (1:2000 dilution) or affinity-purified pAb (3 ug/mL) through
protein A column was coated in 0.05 M pH 9.6 carbonate-bicarbonate buffer (CB) overnight
at 4 °C on a high-binding Nunc microplate (100 pL/well). Meanwhile, nanobody A9 (20
ug/mL) was coated in CB or phosphate buffered saline (PBS) on the same plate. After
washing, 3% (w/v) skim milk/PBS (250 pL/well) was added to block the plate for 1 h and
subsequently washed. Then, serial concentrations of human sEH standards prepared in PBS
containing 0.1 mg/mL BSA were added to the plate (100 pL/well), followed immediately by
HRP-A1 in PBS (1:1600, 100 uL/well). After another 1 h incubation, the immunoreaction
was ended with the final washing step. TMB substrate (100 pL/well) was then added to the
plate and incubated for 15 min. The color development was then terminated with 1 M
sulfuric acid (100 uL/well) and the OD was recorded within 10 min using a microplate
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reader at 450 nm. All incubations unless otherwise specified were performed with shaking
(600 rpm) on a microplate shaker at room temperature, and three washings with PBS
containing 0.05% Tween-20 (PBST, 300 pL/well) were conducted in each washing step
using a plate washer.

Development of SBANb ELISA (format C) for sEH Detection

Streptavidin (2.5 pg/mL) was coated in CB overnight at 4 °C on Nunc microplate (100 pL/
well). After washing, the plates were blocked with 2% BSA (250 pL/well) for 1 h and then
washed. Biotinylated nanobody A9 (BioA9, 1.25 pg/mL, 100 uL) were added to each well.
After 1 h incubation and then washing, serial human sEH standards (100 uL/well) were
added to the plate and then followed immediately by addition of varying detection antibody
HRP-A1 (1:1600—1:12800, 100 pL/well) in PBS or 10% SM/PBS. After another 1 h
incubation and then the final washing, color was developed for 15 min with TMB and
stopped with sulfuric acid. OD was recorded at 450 nm. Prior optimization of streptavidin
and BioA9 is detailed in Figure S4.

Comparison of Three Formats at the Same Working Concentration of Capture Antibodies

The SBdNb ELISA and other two formats (A and B) were compared simultaneously with
two Nunc microplates used. Streptavidin (2.5 pg/mL) were coated in CB overnight at 4 °C
on plate | and the SBdNb ELISA was run on this plate as the same as previously described.
For plate Il, pAb (1.25 pg/mL in CB), A9 (1.25 ug/mL in PBS), and A9 (20 pg/mL in PBS)
were coated overnight at 4 °C (100 pL/well) on columns 1-3, 4-6, and 7-12, respectively.
After washing, the plate Il was blocked with 2% BSA (columns 1-9) or 3% SM (columns
10-12) at 250 pL per well and this blocking was conducted simultaneously with the addition
of BioA9 (1.25 pg/mL) on plate I. After 1 h incubation, both plates were washed and then
added with human sEH standards plus HRP-A1 (1:6400) in one step. After another 1 h
incubation, both plates were simultaneously washed, incubated with TMB, and finished with
OD reading as previously described.

BSA vs SM in Blocking of Microplate with Nanobody Passively Adsorbed

Varying concentrations of nanobody A9 (0.625-20 ug/mL) was directly coated in PBS
overnight at 4 °C on Nunc microplate. After washing, both plates were simultaneously
blocked with 2% BSA or 3% SM (half plate for each blocking agents, 250 pL/well) for 1 h.
Subsequently, downstream steps were performed the same as that for format A as
aforementioned.

Cross-reactivity

The cross-reactivity of SBANb ELISA was evaluated by its sensitivity for an interferent
relative to that for the target analyte. A group of epoxide hydrolases were tested.

Matrix Effects

SBdNb ELISA was applied to brain tissue samples from sEH knockout (KO) mice. A simple
dilution protocol was followed to evaluate the matrix effect. Briefly, the brain tissue samples
were diluted with standard diluent (PBS containing 0.1 mg/mL BSA) to 1:150, 1:450 and
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1:1350. Subsequently, spiked samples were obtained by spiking a series of human sEH
solutions into samples of various dilutions and analyzed with the SBANb ELISA.

Real Sample Analysis

S9 fractions from pooled (4-50 individuals) human tissues of six kinds purchased from
Xenotech LLC (Lenexa, KS), PMBCs samples from patients without or with type 2
diabetes, and post-mortem brain samples from patients without or with multiple sclerosis
were serially diluted with standard diluent and analyzed with the SBANb ELISA. Dilutions
resulting in OD reading in the linear range of the calibration curve were adopted to calculate
the human sEH level in the samples.

RESULTS AND DISCUSSION
Epitope Mapping and the Preparation of HRP Labeled Nanobody Conjugate (HRP-A1)

The classical sandwich ELISA captures the analytes using the capture antibody immobilized
on the microplate and subsequently detects them with an enzyme labeled detection antibody.
Theoretically, double nanobody based sandwich ELISAs in such a classical and simple
format (as shown in Figure 1b) can be developed and could fully replace the classical
sandwich format using double Abs of pAb or mAb. As is true with antibodies, it is ideal to
use a pair of nanobodies recognizing different epitopes in sandwich ELISA. This procedure
utilizes formation of a sandwich immunocomplex resulting in increased selectivity. As
illustrated in Figure S1, the 8 nanobodies were divided into six groups of mutually
noncompetitive antibodies as follows: group | (A1, B4, B7), group 11 (A9), group 111 (B1),
group 1V (B3), group V (B6), and group VI (B15). This also means that the six groups of
nanobodies recognize six different epitopes of human sEH. Considering their high yield of
expression and good affinity, A1 from group | and A9 from group Il were chosen as the pair
in this work for double nanobody ELISA development. Al is used to conjugate enzyme
label since it has been well validated as a detection antibody after biotinylation elsewhere.*

As illustrated in Figure 2, HRP enzyme was labeled to nanobody (A1) through periodate
oxidation (Maraprade reaction) but in a mild condition (pH 5.4, 10 mM NalQy, 30 min, ice
bath (1.2 °C)). This revised working condition is much milder than that of periodate
oxidation in the classical literature for preparing HRP labeled 19G Ab.28 It cannot only
better retain the enzyme activity of the oxidized HRP, but it also avoids the formation of
HRP polymer caused by overoxidation. In addition, unlike IgG, the unique small size of
nanobody allowed a clearer separation of HRP, antibody, and the conjugates in the resulting
mixture through SEC and thereby a harvest of the conjugates with unconjugated monomer
eliminated. This is very meaningful since the free antibody can suppress the specific signal
of the conjugates and the unconjugated enzyme can cause increased nonspecific background.
They together may greatly reduce the signal to noise ratio. The synthesis, purification, and
characterization of HRP labeled nanobody conjugates are detailed in SI. Eventually, the
resultant purified HRP-A1 conjugates possess an average of 3 nanobodies conjugated per
HRP according to the densitometry on SDS-PAGE (Figure S2c) or 1.8 nanobodies per HRP
calculated from its adsorption at 280 nm and 403 nm. As shown in Figure S3, the optimal
working concentration of the HRP-A1 conjugate obtained is 1:1600 for sandwich ELISA
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(format A) in terms of sufficient signal and low background, using antiserum at1:2000 (the
same coating as ref4) as capture antibody and 3% skim milk (SM) for plate blocking. The
sensitivity obtained in this condition is around one fourth of that in the ultrasensitive
PolyHRP ELISA previously published, indicating the high potency of the HRP labeled
nanobody.

Comparison of ELISA Formats Using Polyclonal Ab and Nanobody as Capture Antibody

To fully replace traditional antibodies in immunoassay, it is crucial that nanobodies can
demonstrate superior or at least comparable performance to classical polyclonal antibodies
of 1gG type as both detection and capture antibodies. The previous studies as
aforementioned indicated satisfactory performance of nanobodies as detection antibody with
the extra advantages of excellent solubility and superior penetration. However, performance
comparison between 1gG and nanobody as capture antibody in a quantitative way is rarely
seen. Thus, we evaluated their capture performance of the pAb and nanobody reagents by
comparing the ELISA format A and B as shown in Figure 1. Yet, for comparison, it is
important to have a proper parameter as an index of the performance. For the study of pAb
and mADb, Butler et al. defined and introduced the parameter of antigen capture capacity
(AgCC) as a reflection of antibody activity or affinity. AgCC equals [Agly/[Ag]:. It is
expressed as percent where [Ag]y, is the amount of Ag bound in the linear binding region
(region of capture Ab in excess) at high dilution of antigen. [Ag]; is the total amount of
antigen added. They used iodinated antigen for tracing and quantification. This parameter
tends to be constant in the linear binding region.2® In our work, we adopted sensitivity
(slope) in linear range as a direct measure of the immunoactivity of nanobody immobilized
on polystyrene. This parameter eliminates the obscurity of AQCC, making quantitative
comparisons simple and straightforward. Figure 3 shows the signal responses of two ELISA
(format A and B) run under same conditions for human sEH detection. For format B, 20
ug/mL nanobody coated in 10 mM phosphate buffered saline (PBS, pH 7.4) buffer generated
38% higher assay sensitivity (0.0116 ODemL/ng) than that coated in CB (0.0084 ODemL/
ng), indicating PBS to be a superior coating buffer to CB for nanobody A9. This is however
much lower than that of format A. Format A using affinity purified polyclonal antibody
(pAb, 3 pg/mL, purified through protein A column with a yield of 6 mg pAb per mL of
antiserum) and antiserum (1:2000 dilution) as capture antibodies demonstrated a sensitivity
of 0.1650 and 0.0443 ODemL/ng, respectively. It is astonishing that 20 pg/mL nanobody (17
kDa, monovalent) just gave just 7% assay sensitivity of 3 pg/mL pAb (150 kDa, divalent) as
capture antibody, though the former contains 29.4-fold (or 294-fold supposing antigen-
specific pAb accounts for only 10% IgG?) antigen-binding sites as the latter does. It was
unclear in that microenvironment what exactly caused the dramatic deterioration of capture
nanobody passively adsorbed on the high-binding polystyrene microplate.

Development of Streptavidin Bridged Double Nanobody ELISA

Butler et al found only < 3% of the binding sites of mAb and about 5-10% of those of pAb
were capable of capturing antigens after passive adsorption on polystyrene. They also
surprisingly found over 70% capture capability could be preserved when the antibodies were
immobilized via a streptavidin bridge, i.e., the protein-(strept)avidin-biotin-capture (PABC)
system.30:31 Thus, we tried a similar strategy to evaluate the possibility of improving the
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capture performance of a nanobody on polystyrene. However, a direct coating of streptavidin
rather than PABC was used. As shown in Figure 4a, the streptavidin bridged double
nanobody ELISA (SBdNb ELISA, format C) demonstrated a dramatic OD signal
enhancement with sensitivity of (0.4447 ODemL/ng) achieved at the working concentrations
of streptavidin, biotin-A9 and HRP-AL1 being 2.5 ug/mL, 1.25 pug/mL and 1:1600 dilution,
respectively. This improved sensitivity is 38-fold of the format B (Figure 3) but with just
1/16 the amount of capture nanobody used. This huge increase in sensitivity demonstrated
the excellent capability of the streptavidin bridge in retaining the substantial functional
activity of the immobilized capture nanobody. We thought there might be two roles of the
streptavidin in the preservation of nanobody functionality. One is that the streptavidin works
as an insulating gasket which prevents nanobody from contacting polystyrene and the
consequent denaturation. The other is that it acts as a giant booster seat or steppingstone
anchored in the deep polystyrene groove for better exposure of capture nanobody to antigen,
for the polystyrene surface is not atomically flat and cavities up to 5 um and from 10 to 40
nm in depth were observed in Nunc Maxisorp plate with atomic force microscope.3? Yet, it
is unclear if these or other mechanisms account for the dramatic role of streptavidin in this
protection phenomenon. In addition, it is meaningful to optimize the working concentrations
of the assay so as to conserve reagents while maintaining the performance. As shown in
Figure S4, 2.5 pg/mL was chosen for streptavidin coated in CB and 1.25 pg/mL for biotin-
A9 in PBS after optimization by varying the working concentrations of streptavidin (10, 5,
2.5, 1.25, and 0.625 pg/mL) and biotin-A9 (5, 2.5, 1.25, and 0.625 pg/mL). For the
streptavidin coated solid phase, SM should not be used as the blocking agent since it
contains endogenous biotins which may occupy the biotin-binding sites of streptavidin
immobilized and consequently prevent biotinylated antibody from binding. This interference
was first observed in immunoblotting using streptavidin for coating and SM for blocking.33
It was also confirmed in SBANb ELISA that the SM blocking gave a very weak signal
response while the BSA blocking showed the opposite (see Figure S4a,f). Therefore,
avoidance of SM blocking is crucial to SBANb ELISA. As an alternative to SM, BSA
blocking allowed high sensitivity but also high background (OD>0.3) when HRP-AL at
1:1600 was used. This increased background is attributed to the weaker blocking efficacy of
BSA compared to SM.34 The latter contains small caseins, enabling deeper penetration and
thus more efficient blocking of the plate. Besides sensitivity, limit of detection (LOD) is
another important index related to detectability. It is the lowest quantity of an analyte that
can be distinguished from the absence of that analyte (a blank value) with a specified
confidence level (generally 99%)3° and hence is a statistical parameter. The LOD = 3Sg/k
refers to the calculated analyte concentration corresponding to signal response of the blank
plus three times its standard deviation and is used with unit of ng/mL throughout this work,
where ks the slope or sensitivity obtained in a linear regression analysis and Sg s the
standard deviation of the blank. The LOD is not only determined by the sensitivity but also
the standard deviation of the blank. Therefore, higher sensitivity may mean increased odds
of lower LOD but cannot guarantee it, as is shown in Figure 3-5 of this paper. Although the
background signal above does not determine the sensitivity and detectability of an assay,
clean or weak background is always preferred by the end users. To decrease the background,
normally caused by nonspecific adsorption of the tracer, decreasing the working
concentration of HRP-A1 or adding blocking proteins in tracer was performed. As illustrated
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in Figure 4a, decreasing HRP-A1 led to a decrease of both background and sensitivity. For
HRP-A1 diluted in 1:6400 and 1:12800, acceptable clean background of OD around 0.1 was
achieved with sufficient sensitivity comparable to the PolyHRP ELISA previously
published:* and the linearity can be extended to 10 ng/mL (data not shown) and the LOD is
0.03 and 0.06 ng/mL, respectively. On the other hand, using 10% SM in PBS as the diluent
of HRP-A1 also reduced the background significantly (Figure 4b), because SM is a potent
blocker that outcompetes the HRP-A1 for nonspecific binding sites. BSA was not adopted
since it showed a modest effect as a simultaneous blocking agent in other ELISAs developed
in our lab (data not shown). Similar phenomena revealing the efficacy of SM and inefficacy
of BSA for simultaneous blocking was previously observed in immunohistology as well.36
Despite decreased background due to SM, the sensitivities (Figure 4b) also dropped
remarkably with only around 1/3 remaining compared to that of corresponding dilutions of
HRP-AL1 in PBS illustrated in Figure 4a. The decrease in sensitivity likely is due to the SM-
containing endogenous biotin,33 which probably displaced 2/3 of previously bound
biotinylated capture nanobody (biotin-A9) from streptavidin-coated plate. It is worth noting
that the high affinity of streptavidin for free biotin (Ka =101 M~1) actually does not hold for
biotinylated macromolecules probably because of the steric hindrance caused by the linked
proteins. Vincent and Samuel found that the affinity of biotinylated macromolecules to
streptavidin decreased orders of magnitude compared to that of free biotin to streptavidin.3’
Thus, the prevalent idea that the binding between streptavidin and biotinylated biomolecules
is almost irreversible should be treated with caution. This also means that risk of
competition or displacement from second biotinylated probe (especially if it is in excess)
with the first one can happen when free streptavidin is used to connect two biotinylated
probes, e.g., PABC system aforementioned. Therefore, it is important to use direct coating of
streptavidin and avoid SM in SBdNb ELISA. Considering the balance among background,
sensitivity and cost efficiency, SBdNb ELISA with HRP-AL in 1:6400 dilution illustrated in
Figure 4a was chosen as the optimal condition and used for downstream selectivity,
recovery, and real sample tests.

Comparison of SBdNb ELISA and Other Two ELISA Formats

As previously described, the SBANb ELISA demonstrated excellent performance thanks to
the streptavidin bridge. To precisely evaluate the influence of antibody type and streptavidin
bridge on the functionality of capture antibodies, it is meaningful to compare SBANb ELISA
(format C) with other formats at the same working concentration of the capture antibody.
Figure 5a shows the signal responses of formats A and C using the same concentration (1.25
ug/mL) of pAb and biotinylated nanobody (BioA9) as capture antibodies, respectively.
Format C generated a sensitivity (0.2619 ODemL/ng) 3.1-fold of that of format A (0.0834
ODemL/ng), with the advantage of nanobody containing more antigen-binding sites
probably revealed at the same mass compared to pAb. Moreover, the format C gave a lower
background than format A. This is likely due to the single domain nature of nanobody
devoid of Fc portion. In addition, the SBANb ELISA demonstrated the magic of streptavidin
bridge when compared to format B with 1.25 pug/mL nanobody A9 coated directly. Its
sensitivity is 16-fold of that of format B (Figure 5b, diamond, 0.0164 ODsmL/ng). In other
words, less than 6% nanobody adsorbed passively on polystyrene is still effective for antigen
binding. Thus, we can conclude that the procedure used for immobilizing nanobody is
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crucial to the functionality of capture nanobody. Moreover, it is worth noting that format B
(Figure 5b, diamond) has 141% sensitivity as the ELISA (format B) described in Figure 3
where PBS was used as the coating buffer, though the working concentrations of capture
nanobody and HRP-A1 in the latter is 16-fold and 4-fold higher than that of the former,
respectively. This unexpected increased sensitivity is likely due to the switch of blocking
agent from 3% SM/PBS to 2% BSA/PBS. It seems that SM not only reduced the nonspecific
background but also shielded substantial specific signal in format B. This was further
confirmed by the parallel ELISASs of format B using 20 ug/mL A9 for direct coating (passive
adsorption) followed by 2% BSA or 3% SM for blocking (see Figure 5b). The SM blocking
based direct double nanobody ELISA demonstrated only 7% sensitivity of the BSA blocking
based assay. That means that at least 93% of the capture nanobody adsorbed lost its
functionality or effectiveness because of SM blocking. There is the question of whether SM
disabled more capture nanobody (e.g., through changing its conformation or masking
paratopes) due to its nature alone or if it stripped more adsorbed nanobody off polystyrene
than BSA did during blocking. The answer to this remains unclear and further investigation
is needed.

Systematic Comparison of BSA Blocking with SM Blocking in Format B

The radical difference in blocking the plate with BSA vs SM was previously demonstrated
with a high coating concentration of nanobody (20 pg/mL). To further evaluate this
difference, varying coating concentrations (0.625-20 ug/mL) of capture nanobody A9 was
passively adsorbed and later blocked with BSA or SM in parallel for each on the same high-
binding polystyrene microplate (Nunc Maxisorp). As illustrated in Figure 6, sensitivity
increased with increasing coating concentrations of capture nanobody in both blocking
conditions. For BSA blocking, the saturation of sensitivity occurred at 5 ug/mL of capture
A9 (Figure 6a). Whereas for SM blocking shown in Figure 6b, a huge drop in sensitivity by
an order of magnitude was observed in various coating concentrations of nanobodies
compared to the BSA blocking based situation. Thus, we can conclude that capture
nanobody passively adsorbed could retain good functionality with BSA blocking, and SM
blocking should be avoided due to its severe damage to the efficacy of capture nanobody. On
the other hand, the format B demonstrated a 1/4 sensitivity of the optimized SBdNb ELISA
when the saturating 5 pg/mL of A9 was used as the optimal coating concentration, though
the former used 4-fold more nanobody. This sensitivity is actually sufficient for detecting
many real samples where the sEH abundance is not too low. Compared to SBANb ELISA,
the format B based on passive adsorption of capture nanobody saved steps of streptavidin
bridge and the biotinylation of nanobody, however, at the cost of dramatic loss of antibody
efficiency, i.e., with no more than 1/16 functionality per nanobody amount remaining.

Validation of SBANb ELISA

Based on the aforementioned comparison of three ELISA formats, SBANb ELISA (format
C) turned out to be the superior double nanobody ELISA in terms of sensitivity as well as
reagents cost-effectiveness and thus was used for further validation. As detailed in Table S1,
the SBANb ELISA demonstrated excellent selectivity for the target, allowing specific
detection of only the bioactive sEH with negligible interference from epoxide hydrolases in
the same enzyme family, such as human mEH and human EH3. Moreover, the matrix effects
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were evaluated through spike-and-recovery tests against spiked samples at varying dilutions.
As detailed in Table S2, the background decreased and the net signal increased with
increasing dilutions of the sample matrix of SEH free mouse brain tissue. The recovery was
75-98%, 78-90% and 78-97% for the spiked samples prepared at 1:150, 1:450 and 1:1350
dilution of the sample matrix, respectively. The corresponding overall recovery was 75%,
84% and 91%, respectively. These data support the acceptance of SBANb ELISA for sEH
detection in biological samples. Furthermore, a successful analytical approach must satisfy
the need for detection of real samples with high accuracy.38 The SBdNb ELISA was used to
analyze the sEH in the S9 fractions of pooled (4-50 persons) human tissue samples
described in SI. The resultant data were compared with that obtained through the enzyme
activity based radiometric assay, Western-blot, conventional ELISA, ELISA NbS7/NbS43,
and PolyHRP ELISA (Table S3). We can find that the data by SBANb ELISA is comparable
to that by other fiver methods. Moreover, the SBdNb ELISA showed good correlation to the
radioactive assay in these tissue samples with correlation coefficient r > 0.99, suggesting the
SEH protein level through SBdNb ELISA is a good indication of its enzyme activity. Also,
as specified in Table S4 and S5, the SBdNb ELISA successfully measured peripheral blood
mononuclear cells (PBMCs) samples from patients without or with type 2 diabetes, and
brain samples from patients without or with multiple sclerosis, respectively. Generally,
PBMCs have very low abundance of sEH and thus require assays of high sensitivity. The
results obtained through SBdNb ELISA well disclosed the association between sEH
overexpression and the pathogenesis of type 2 diabetes, as well as the lack of a correlation
between sEH and the progression of multiple sclerosis. This further indicates the
significance of SBANb ELISA as an important diagnostic tool for human health.

Further Overall Discussion

Interestingly, Zhu et al. reported a streptavidin-biotin-based directional double nanobody
sandwich ELISA for detection of influenza H5N1. The capture nanobody was biotinylated
in vivo at the opposite terminal of antigen-binding site and later bound to a commercial
streptavidin-coated microplate for a directional immobilization with the paratope facing
outward. The resultant directional ELISA was claimed to show more sensitivity than the
undirectional conventional ELISA involving passive adsorption of capture nanobody and
BSA blocking.3? However, the sensitivities of both ELISAs are moderate and seem to be
comparable. A confirmative comparison is difficult to make in view of the limited quality of
the linear fitting. Also, Rossotti et al. developed a sensitive double nanobody based indirect
sandwich ELISA for sEH detection using avidin as a bridge on polystyrene plates. This
format was adopted as the adaptation to a screening platform they proposed, where the
output clones were first biotinylated in vivo in 96-well culture plates and then bound to
avidin-coated microplates for immobilization. Clones with high affinity were ranked
according to their reactivity with the HRP labeled antigen.*? Actually, their avidin bridged
indirect sandwich ELISA is similar to our SBANb ELISA. We therefore inferred that the
high sensitivity of the assay is not only due to nanobodies of high affinity obtained alone,
but also due to the bioactivity enhancement of the avidin bridge. Despite emergence of some
early research on developing double nanobody based ELISA, field has mainly focused on
the analytical aspects. The exploration of other factors contributing to the performance of
capture nanobodies is rare in the literature.

Anal Chem. Author manuscript; available in PMC 2021 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal. Page 12

CONCLUSION

We developed an improved double nanobody sandwich ELISA for human sEH detection.
Epitope mapping was successfully performed to pair nanobodies for sandwich

immunoassay, and HRP labeled nanobody conjugate as detection antibody was favorably
prepared through an improved periodate oxidation in a much mild but efficient conjugation
manner. Compared to the double nanobody ELISA with capture nanobody passively
adsorbed on polystyrene microplate, the streptavidin bridged double nanobody ELISA
demonstrated a 16-fold higher sensitivity and 25-fold lower LOD of the former, with the
sensitivity improved from 0.0164 to 0.2619 ODemL/ng and LOD from 0.74 to 0.03 ng/mL
for human sEH detection. The enhanced ELISA was then successfully applied to tests for
recovery and cross-reactivity and the analysis of real samples. Meanwhile, the blocking with
skim milk was unexpectedly found to severely damage the performance of capture nanobody
passively adsorbed by an order of magnitude, compared to that with BSA. Thus,
understanding of the physical and functional behavior of capture nanobodies immobilized on
polystyrene related to both the immobilization format and blocking agent provides a general
guideline for developing double nanobody ELISAs for various targets.
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Schematic comparison of three different sandwich ELISA formats for human sEH detection
using the same horseradish peroxidase (HRP) labeled anti-sEH nanobody conjugate (HRP-

Al) as detection antibody. (a) format A (pAb/HRP-A1): polyclonal antibody passively

adsorbed, (b) format B: (A9/HRP-A1): nanobody passively adsorbed, (c) format C (SA/
biotin-A9/HRP-A1): nanobody biotinylated and bound to streptavidin passively adsorbed, as
capture antibody, respectively.
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Schematic preparation of the enzyme HRP labeled nanobody Al conjugate (HRP-A1) based
on a mild periodate oxidation (Malaprade reaction). HRP is a heme-containing glycoprotein
that may be oxidized with sodium periodate. The resulting reactive aldehyde residues may
be conjugated to nanobody with Schiff base formed and further stabilized by sodium
cyanoborohydride.
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Figure 3.
Signal responses of four ELISAs in two formats (A and B) run on the same plate using

HRP-VHH A1 (1:1600 dilution) as the detection antibody. For format A, anti-sEH affinity
purified polyclonal antibody (pAb, 3 pg/mL) or antiserum (1:2000 dilution) was used as the
capture antibody through passive adsorption on high-binding polystyrene microplate. For
format B, nanobody A9 (20 pug/mL) coated in CB or PBS buffer was used as the capture
antibody after passive adsorption. The four ELISAs were performed on the same plate using
3% skim milk (SM) for blocking after the coating step. The same reagents involved for
different formats are used from the same batch prepared. All same or similar steps were
performed at the same time under the same conditions. Error bars indicate standard
deviations (7= 3). All coefficient of determination R2>0.99.
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Figure 4.
Calibration curves of SBANb ELISAs (format C) with varying concentrations of detection

antibody (HRP-A1, 1:1600-1:12800 dilution) in PBS (a) or 10% SM/PBS (b). Other
conditions: streptavidin, 2.5 pg/mL coated in CB overnight at 4 °C; blocking buffer, 2%
BSA/PBS 1 h; biotin-A9, 1.25 ug/mL 1 h; HRP-A1, 1h; TMB 15 min. All same or similar
steps were performed under the same conditions (e.g., incubation time, reagents). Error bars
indicate standard deviations (/7= 3). All coefficient of determination R2>0.99.
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Figure5.
Comparison of three ELISA formats using HRP-A1 (1:6400 dilution in PBS) as detection

antibody. (a) format C (SBdNb ELISA, square): 2.5 pg/mL streptavidin, 2% BSA/PBS
blocking, 1.25 pg/mL biotin-A9; format A (circle): 1.25 pg/mL anti-sEH pAb, 2% BSA/PBS
blocking. (b) format B with varying nanobody A9 coated in PBS and different blocking
agents: diamond, 1.25 pg/mL A9 plus 2% BSA/PBS blocking; sphere, 20 pg/mL A9 plus
2% BSA/PBS blocking; up-triangle, 20 pg/mL A9 plus 3% SM/PBS blocking. All same or
similar steps were performed under the same conditions. Error bars indicate standard
deviations (7= 3). All R2>0.99 except the up-triangle of Fig. 5b (R2=0.9878).
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Comparison of ELISA format B using different blocking reagents with varying working

HRP-A1 (1:6400 dilution in PBS) was used as detection antibody.

Anal Chem. Author manuscript; available in PMC 2021 May 19.

concentrations of capture nanobody A9 (0.625-20 pg/mL). Direct coating of A9 (format A)
through passive adsorption was followed by 2% BSA blocking (a) or 3% SM blocking (b).
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