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ABSTRACT: The microsomal epoxide hydrolase (mEH) is important in the
detoxification of carcinogens in the liver and other tissues but is also a blood
biomarker of hepatitis and liver cancer. Improved analytical methods are
needed for the study of its role in the metabolism of xenobiotics and
endogenous roles as a blood biomarker of diseases. The development of a
double nanobody sandwich ELISA offers significant improvements over
traditional polyclonal or monoclonal antibody-based assays, enhancing both R L

[l Metrics & More ’ Q Supporting Information

™B oxTMB

the homogeneity and the stability of assay production. This study focuses on r o | e i._&‘lﬂl .
selecting and optimizing nanobody pairs for detecting human mEH. Four | “g= | | | | I oo
high-affinity nanobodies were identified and tested for thermal stability. | * | | * | | | &
Combinations of these nanobodies were evaluated, revealing that the MQ4— I I I | e .

MQ30 pair achieved the best performance with a limit of detection (LOD) of slig—nm:ﬁlon '—!g—lmmobilizl%@—]

1 ng/mL. Additionally, polyHRP was also employed for signal amplification,

enhancing detection capabilities despite challenges related to the small size

and single epitope recognition of the nanobodies. Comparative studies using microplates and NHS@MF membranes were also
performed. The superior performance of the NHS@MF membranes highlighted their potential as a promising alternative for point-
of-care testing. The assay exhibited high specificity for human mEH and minimal cross-reactivity with related enzymes and effectively
addressed matrix effects in plasma and tissue samples. These findings underscore the potential of double nanobody sandwich ELISAs
for reliable and sensitive biomarker detection.

B INTRODUCTION

Epoxide hydrolases are a/f hydrolase fold enzymes that
hydrolyze cyclic ethers known as epoxides to the correspond-
ing diols. The microsomal epoxide hydrolase (mEH, EPHXI,
EC 3.3.2.9) was the first discovered mammalian epoxide
hydrolase. It was initially studied for its role in the conversion

Therefore, the development of mEH detection could serve as
an important diagnostic tool for human health, offering
insights into biological metabolism.

Among the methods used to selectively detect a protein,
immunological assays based on the specific binding between
antibody and antigen are the most promising for rapid, high-

of carcinogenic epoxides of polycyclic aromatic hydrocarbons,
pesticides, and other xenobiotics to vicinal diols.' > Such diols
are not alkylating agents and are more easily excreted. More
recently, it has also been suggested that mEH is involved in
regulating natural epoxy-fatty acids (EpFAs) that in turn
resolve inflammation and regulate other biological functions in
the organism, and their imbalance can lead to diseases.”
Additionally, the expression of high activity mEH mutants has
been associated with the development of several diseases,
including cancer, preeclampsia, and neurological disorders.®””
The presence of mEH in plasma has been strongly correlated
with Kaposi’s sarcoma metastasis to the liver."® Furthermore,
mEH has been detected in the plasma of patients with hepatitis
C and A virus infections."" The mEH levels in tissues and body
fluids may provide valuable information for epidemiological
studies, pharmacological treatments, and disease diagnostics.

© 2024 The Authors. Published by
American Chemical Society
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throughput, and quantitative detection of biomolecules in
patient tissues and biofluids. New-generation engineered
antibodies, represented by the variable domain of heavy
chain (VHH), have attracted extensive attention due to their
unique advantages.'”"* Also known as nanobodies, VHHs
consist of a single antigen-binding domain with a molecular
weight of approximately 15 kDa. Benefiting from phage display
technology, researchers can easily retrieve and use these
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nanobodies. Since then, many nanobodies have been
developed and applied in various fields such as medical
diagnosis, therapy, environmental pollutants, and monitoring
of foodborne microbes.'*"?

Nanobodies are widely used in the immunological analysis
of small molecules employing competitive immunoassay
methods, which often require only a single nanobody to
construct the assay.'® However, for the detection of macro-
molecules, double-antibody-based sandwich immunoassays are
typically used. In these assays, nanobodies mostly serve as
detection antibodies, while traditional polyclonal or mono-
clonal antibodies are used as capture antibodies.'”'® The
limited use of double-nanobody-based sandwich immuno-
assays can be attributed to several reasons: (1) the difficulty in
selecting paired nanobodies from a limited pool of positive
clones; (2) the small size makes them challenging to
immobilize on polystyrene plastic plates through physical
adsorption, and nonspecific binding may occur; and (3) the
insufficient amplitude in signal output resulting from the lack
of amplification from a secondary antibody. The limitations of
paired nanobodies can be addressed through affinity
maturation prior to screening for nanobodies, increasing the
capacity of phage libraries, or optimizing screening strategies.19
Given the premise of obtaining paired nanobodies through
biopanning, the sensitivity of double nanobody sandwich
immunoassays can be improved through two key approaches:
immobilization and signal amplification. Several approaches
have been employed to enhance the immobilization efficiency
of the nanobodies. A convenient method has been to use
streptavidin as a bridge to immobilize capture antibodies on
microplates, which can significantly improve the sensitivity of
double nanobody sandwich ELISA.””*' There were also
several effective strategies for maximizing nanobody exposure,
including developing fenobodies and bispecific nanobod-
ies.”””** From the perspective of the signal output, there was
also research on using phage-encoding nanobodies displayed as
detection antibodies to amplify the output signal to
compensate for insufficient antibody immobilization.”> Signals
can also be improved with alternative detection systems. For
example, polyHRP is an ideal reagent that forms a supra-
molecular polymer of horseradish peroxidase (HRP), capable
of incorporating up to 400 enzyme molecules.'” It can bind to
various ligands and receptors (e.g, streptavidin) and has been
shown to improve sensitivity by up to 100-fold."> Moreover, it
is a commercially available reagent that is suitable for a wider
range of research groups.

As a model for testing improved analytical methods for
detecting proteins, we utilized double nanobody sandwich
immunoassays to detect human mEH. In a previous work, we
successfully expressed and purified the recombinant human
mEH, and we constructed a phage display library using an
immunized llama. Four unique encoding nanobodies were
selected from the library for the detection of human mEH. A
sandwich immunoassay method using a monoclonal antibody
as a capture antibody and a nanobody as a detection antibody
was developed, while polyHRP was also used as a signal
amplification label, improving the sensitivity of the reaction.”®
However, this sandwich immunoassay relied on the production
of stable and consistent batches of monoclonal antibodies,
whereas genetically encoded nanobodies can yield consistent
proteins with extremely high purity, reducing risks of variations
between batches. In this study, we investigated different
strategies for the development of double nanobody sandwich

immunoassays as depicted in Figure 1. One approach involved
using streptavidin as a bridge to immobilize nanobodies on

HRP
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Figure 1. Diagram of the development of double nanobody sandwich
immunoassays for human mEH.

microplates to optimize nanobody noncovalent fixation to the
microplate. The second approach, to increase the assay
sensitivity, utilized SA-polyHRP as an enzyme-linked signal
reagent. Additionally, NHS-modified melamine-formaldehyde
foam (MF) was used as an assay support, with nanobodies
covalently attached to it. MF is a network polymer with a
unique macroporous, three-dimensional, homogeneous, and
reticulated framework, featuring pores of 100—200 ym and an
average framework diameter of ~7 um.”” In general, these
structural features make MF advantageous because of its low
density, high compressibility, excellent sound absorption, low
fluid resistance, and effective surface contact, leading to the
widespread use in cleaning, insulation, acoustic absorption,
filtration, and purification. When applied as a matrix for
immunoassays, these unique features offer several advantages
including enhanced immobilization efliciency, excellent
mechanical properties, and increased surface area for binding.
Additionally, the matrix allows the free movement of
biomolecules of various sizes in all directions within the
framework, leading to improved efficiency and effectiveness in
target molecule detection.”® This interconnected structure
promotes chaotic and vortex mixing, thereby increasing the
frequency of contacts between biomolecules and the frame-
work’s surfaces. Building on these advantages, we explored the
use of MF in a novel application as a matrix for a double-
nanobody-based immunoassay. Specifically, a paper-based
double nanobody sandwich immunoassay was developed,
designed to facilitate naked-eye observation for practical and
accessible diagnostics. In this section, we compared the
sensitivity of two different immobilization carriers: traditional
microplates and melamine foam. The comparison aimed to
assess whether the unique structural and chemical properties of

https://doi.org/10.1021/acs.analchem.4c04505
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Figure 2. (a) Schematic diagram of the proposed sandwich nanobody immunoassay. (b) Combination pairs of the double nanobody sandwich
ELISA for human mEH. (c) Heat map result of the different combinations of nanobody pairs by applying a series concentration of human mEH in
sandwich ELISA. One hundred microliters of 1 pg/mL MQ4 was incubated to a microplate, and then a series concentration of human mEH was
added. A 10'° pfu/mL phage displaying corresponding VHH was then applied as the detection antibody followed by adding the HRP labeled anti-
M13 antibody. Subsequently, the TMB solution was used for signal development. Error bars indicate standard deviations (n = 3).

MF could outperform conventional microplates in enhancing
the assay sensitivity and overall performance. These simple and
sensitive double-nanobody-based ELISAs were applied to
determine the mEH content in practical samples and validated
by using a radiometric assay for enzyme activity testing.

B EXPERIMENTAL SECTION

Materials. Antihuman mEH VHHs and human mEH
recombinant protein were prepared as described in our
previous work.”® Streptavidin-HRP conjugate (SA-HRP) was
purchased from Southern Biotech (Birmingham, AL). The
anti-HA tag antibody with HRP was purchased from Roche
(NJ, USA). Streptavidin polyHRP40 conjugate (SA-polyHRP)
was purchased from Fitzgerald Industries International
(Concord, MA). Streptavidin, plasma from human, sodium
periodate, sulfo-NHS-LC-biotin, and 3,3’,5,5’-tetramethylben-
zidine (TMB) were obtained from Sigma-Aldrich (St. Louis,
MO). Unless otherwise specified, all other chemicals and
reagents used were analytical grade.

Selection of Nanobody Pairs. First, we screened
approximately 96 phage display clones for binding to the
mEH. Secondary screens were selected based on high affinity
for the mEH, and then we evaluated paired combinations of
four nanobodies specifically recognizing mEH to establish an
immunoassay method by utilizing a double nanobody
sandwich ELISA. Specifically, there were 16 pairings in total
among the four nanobodies (including homologous pairings).
Briefly, 100 uL/well of different VHHs (1 ug/mL) was added
and immobilized to the microplate at 4 °C overnight, washed
with PBST, and and blocked with 3% skim milk. Subsequently,
the mEH recombinant protein standards (ranging from 0 to
400 ng/mL) were added, and the mixture was incubated at
room temperature for 1 h. After washing with PBST, the
corresponding phage display nanobodies (10'° pfu/mL) were
added to each well. Following 1 h of incubation at room
temperature, HRP labeled anti-M13 antibody was added. After
1 h of incubation and washing with PBST, TMB substrate
solution was added for color development. The reaction was
terminated by adding sulfuric acid, and the absorbance at 450
nm was read on an M2 microplate reader (Molecular Devices,
San Jose, CA).

19607

Double Nanobody Sandwich-Based ELISA on the
Microplate. Based on the screened paired nanobodies, we
constructed methods for double nanobody sandwich-based
ELISA on a microplate using the streptavidin—biotin system to
establish methods from the perspective of optimizing coating
and signal amplification, respectively. Considering the
immobilization aspect, for example, streptavidin was coated
on the microplate followed by blocking with 2% BSA in PBS,
and then the biotinylated MQ4 was added. After washing with
PBST, a series of concentrations of authentic human mEH (or
samples) were added and incubated for 1 h at room
temperature followed by incubation with HRP-labeled MQ30
for another 1 h before color development. From the signal
improvement perspective, MQ4 was directly immobilized on
the microplate followed by blocking with 3% skim milk in PBS.
After PBST washing, a series of concentrations of recombinant
human mEH were added and incubated for 1 h followed by the
biotinylated MQ30. After another round of PBST washing, SA-
polyHRP was added for the signal output. In both cases, color
development was achieved through HRP catalyzing TMB
substrate, and the reaction was terminated using sulfuric acid,
followed by reading OD,s, results for analysis.

Double Nanobody Sandwich-Based ELISA on the
Melamine Foam Membranes. Melamine foam membranes
in 1 mm thick slices and $ mm diameter were manufactured
and chemically modified by NHS as previously described.””
Briefly, 100 uL of the nanobody (MQ4, 1 ug/mL) was added
to the NHS@MF membranes and incubated for 1 h at room
temperature. After washing with PBST, 100 uL of 3% skim
milk was added to block the unspecific binding. After 1 h, the
membranes were washed with PBST, and then 100 uL of
varying concentrations of human mEH (ranging from 0 to
1000 ng/mL) and samples was added to each membrane and
incubated for 1 h. After washing with PBST, 100 uL of
nanobody labeled HRP (MQ30-HRP, 1 ug/mL) was added.
After 1 h, the membranes were washed five times with PBST
and dried in the air. Then, 25 uL of the TMB substrate was
added to the membranes, and the membranes were placed in
an LED light box. A smartphone (iPhone XR) captured the
colorimetric signal generated by the interaction between HRP
and the TMB substrate. The data for RBD analysis were
subsequently processed using the Photoshop (Adobe)
software.

https://doi.org/10.1021/acs.analchem.4c04505
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Figure 3. Optimization of the concentration of capture antibody and

detection antibody with different nanobody pairs by sandwich ELISA.

Streptavidin was preimmobilized on the plate, the biotinylated nanobody was applied as the capture antibody, and the HRP labeled antibody was
used as the detection antibody. (a) Dual nanobody sandwich ELISA using VHH MQ4 as the capture antibody and VHH MQ30 as the detection
antibody. (b) VHH MQ30 as the capture antibody and VHH MQ4 as the detection antibody. (c) VHH MQMS as the capture antibody and VHH
MQ4 as the detection antibody. Capl + Detl stands for capture antibody concentration (1 yg/mL) + detection antibody concentration (1 pg/

mL). Error bars denote the standard deviation (n = 3).
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Figure 4. (a) Schematic diagram of three kinds of sandwich nanobody immunoassays. (b) Comparison of different formats of sandwich ELISA for
the detection of human mEH. MQ4 (1 pug/mL) or biotinylated MQ4 was added as the capture antibody, while MQ30 or biotinylated MQ30 was
applied as the detection antibody. Error bars denote the standard deviation (n = 3).

Cross-Reactivity. To evaluate the selectivity of the
proposed double nanobody sandwich ELISA for mEH, we
conducted tests to detect various epoxide hydrolases including
mEH from different species (rat mEH) and other human
epoxide hydrolases (human sEH, EH3, and EH4), which were
spiked into PBS at a final concentration of 1000 ng/mL. The
prepared enzyme samples were then analyzed by using double
nanobody sandwich-based ELISA on microplate and NHS@
MF membranes, alongside standard solutions of recombinant
human mEH.

Sample Analysis and Method Validation. Whole tissue
extracts from six different human commercial tissue samples
(BioChain Institute, CA, USA) were obtained. These extracts
were subjected to testing using proposed immunoassays at
dilutions of 10*-, 10*, and 10°-fold on microplates and at 20-
and 50-fold dilutions on NHS@MF membranes. The accuracy
of the results was confirmed by monitoring enzyme catalytic
activity, as previously reported using [*H]-cis-stilbene oxide as
the substrate.”

19608

B RESULT AND DISCUSSION

Selection of Nanobody Pairs for Double Nanobody
Sandwich ELISAs. In traditional sandwich ELISA, capture
antibodies are immobilized on microplates to catch the
analytes, which are then quantified by enzyme-labeled
detection antibodies. Benefiting from the unique advantages
of nanobodies, developing a sandwich ELISA based on double
nanobodies can entirely replace the use of polyclonal
antibodies (pAb) or monoclonal antibodies (mAb), thereby
enhancing the homogeneity of assay production and the
stability of assay kits. In concept, the nanobodies are
“immortal” because they can be easily regenerated from the
DNA sequence should store aliquots be lost. Previously, four
unique nanobodies had been identified with high affinity to
human mEH?, The thermal stability tests of four nanobodies
were conducted by incubating the nanobodies and monoclonal
antibodies at different temperatures for 30 min followed by
direct ELISA to evaluate the remaining activity of the
antibodies. As shown in Figure S1, the monoclonal antibodies
completely lost their functionality after treatment at 80 °C,
whereas the nanobodies maintained at least 60% of their

https://doi.org/10.1021/acs.analchem.4c04505
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Figure 5. Calibration curves and the corresponding optical image of the double nanobody sandwich ELISA by microplate (a, c¢) and NHS@MF
membranes (b, d). One hundred microliters of 1 pg/mL MQ4 was incubated to the microplate and NHS@MF membranes, and then a series
concentration of human mEH was added. MQ30-HRP (2 ug/mL) was then applied as the detection antibody followed by a TMB solution for
signal development. Error bars indicate standard deviations (n = 4 for microplate and n = 3 for NHS@MF).

activity. Particularly, MQ4 and MQMS8 retained over 50%
activity even at the extreme temperature of 95 °C. The data
showed that the thermal stability of different nanobodies is not
all identical but that they are more stable than the monoclonal
antibody used for comparison.

To find suitable paired nanobodies, combinations of the four
nanobodies, as depicted in Figure 2, were tested. Combination
A, C, and I exhibited a notable concentration-dependent
increase, whereas combination L also showed a positive trend,
indicating that those combination formats were suitable for the
establishment of double nanobody sandwich ELISA for human
mEH. The homologous nanobodies (combination A) were
also capable of forming a self-pair sandwich ELISA, possibly
due to the mEH forming a polymer when released from
membrane, with the nanobody pair recognizing repeated
epitopes. The study was further focused exclusively on the
heterologous nanobody pairs that are more sensitive.
Subsequently, optimization experiments were conducted on
the nanobody amounts for the three combinations to
determine the optimal heterologous nanobody pair. As
shown in Figure 3, the MQ4—MQ30 combination format
demonstrated the best sandwich performance, achieving a limit
of detection (LOD) of around 1 ng/mL. The LOD was
calculated as 3Sy/k, where Sy represented the standard
deviation of the blank and k is the slope from the linear
regression equation y = kx + i, with i as the intercept. In
contrast, the MQM8—MQ30 format was less efficient with an
approximately 20-fold higher LOD. Here, the MQ4—MQ30
combination was selected for subsequent experiments.

Comparison of Different Formats of Sandwich ELISAs
on the Microplate. Different from the conventional double
sandwich ELISA utilizing the polyclonal or monoclonal
antibody, nanobodies face several challenges when being
coated onto polystyrene microplates, primarily due to their
small size. These issues lead to difficulties in physical
adsorption and suboptimal orientation of the immobilized
nanobody; the recognition site could be facing the solid matrix
and be unavailable to catch the analyte. Additionally, given the
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limited amount of immobilized nanobodies and lack of
amplification of the reporting signal, the signal output from
conventional ELISA reagents is insufficient to sensitively detect
the analyte, which could limit the use of double nanobody
sandwich ELISA applications. Therefore, taking advantage of
the high affinity and specificity of the avidin—biotin
interaction, two pathways to increase the applicability of
double nanobody ELISA were investigated. The first approach
involved coating the plate with streptavidin followed by the
addition of biotinylated nanobodies to increase the amount of
optimally oriented capture nanobody. The second approach
involves the use of polyHRP to amplify the reporting signal.

For the first approach, after the introduction of the analyte,
the HRP-labeled MQ30 reporting nanobody was used. Upon
optimizing the concentrations of streptavidin and biotinylated
nanobodies (Figure S2a), 2.5 pg/mL streptavidin and 1 pg/
mL biotinylated MQ4 were selected for further optimization.
Additionally, as shown in Figure S2b, using PBS containing
skim milk as the buffer when adding HRP-labeled nanobodies
can further reduce the nonspecific binding, which is crucial for
enhancing the sensitivity of the assay. The adjusted slope of the
regression reflects the assay sensitivity, emphasizing the
correlation between the optical density and increasing analyte
concentrations. As shown in Figure 4, the assay developed with
streptavidin immobilization reached a sensitivity of 0.01081
OD mL/ng and LOD of 0.11 ng/mL with 468-fold lower LOD
and a 12-fold higher sensitivity than the format merely applied
with nanobodies.

HRP is an enzyme commonly used in ELISA, generating a
detectable signal such as luminescence or color reaction, thus
acting as an important tool in ELISA quantitation. PolyHRP is
an ideal and evolutionary substitute for HRP. PolyHRP is a
supermolecular polymer incorporating up to 400 molecules of
HRP. Because the efficiency of immobilization of nanobodies
on polystyrene microplate appeared limited and insufficient,
signal output amplification is crucial for the development of a
sensitive method. The introduction of polyHRP not only
enhanced the color reaction of positive samples but also
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o increased the nonspecific binding of negative samples. To
%g 2288 further reduce nonspecific binding, a c'hff_erent blocking strategy
g 2 for the polyHRP system was optimized. Because of the
= involvement of the biotin—streptavidin system, the blocking
z - o~ effects of skim milk powder and BSA with PBS as the blocking
§ g%\ 2332 buffer were investigated. In addition to the conventional
) A blocking step performed after coating the capture nanobody,
= 2%3S the blocking buffer was also applied when adding the detection
nanobody to further reduce nonspecific binding. As shown in
o Figure S3, using BSA in PBS as the blocking buffer resulted in
& E2 2522 the highest nonspecific binding, while the absorbance at 450
TZlg 877777 nm of the blank samples was around 0.8, resulting in a narrow
“; 5 detection range. It was also observed that skim milk powder
5 g 82 os was 'super.ior to BSA in terms of blocking e'ﬁ’.ectiveness and hfid
o 5 —%’@ S S S o minimal impact on the biotin—streptavidin system despite
@ % §€o \Z' :;' :_;' :)' containing a small amount of biotin. Therefore, skim milk
% 2 I A powder was selected as the preferred blocking reagent in the
o £ following experiments. After the optimization, the performance
é g N of VHH/analyte/bioVHH/SA-ployHRP, along with the other
. E %g m 23 two approaches, is shown in Figure 4. The assay utilizing
£ E g 2 polyHRP for signal amplification achieved a sensitivity of
g ‘5 0.09337 OD'mL/ng and an LOD of 0.93 ng/mL, showing a
2 S namye 55-fold lower LOD and a 103-fold higher sensitivity compared
g o3 2 S S oo to the format that used only nanobodies and the standard HRP
g %Eo :,L_I HH :l reporter system. Notably, the VHH/analyte/bioVHH/SA-
g R S ployHRP format exhibited nearly 10 times higher LOD and
g sensitivity compared to SA/bioVHH/analyte/VHH-HRP.
é . NHS@MF vs Microplate. Under optimal conditions
=l EE (depicted in Figures S4—S6), the establishment of double
[ % 0 <+ AN~
by & nanobody sandwich ELISA by NHS@MF membranes was
- - compared with the ELISA by a microplate. Except for the
Q>~ different “medium” used, all other experimental conditions,
": g — " including reagent concentrations, reaction time, etc., were the
% g §€\/ T D =2E same. As depicted in Figure Sa,c, the ELISA with the
g £ - microplate showed a sensitivity of 0. 0013 OD-mL/ng and
3 5 an LOD of 36.0 ng/mL. In Figure Sb,d, the assay applied to
g g 93 5 S 3 n NHS@MF membranes was developed and reached an LOD of
K Z2E HHH fl 2.4 ng/mL, which is 15-fold lower than the microplate format.
A 28 OE g g 2 Compared to “traditional” microplates, the image demon-
E strated that using NHS@MF membranes for chemical
B conjugation to immobilize nanobodies can significantly
: g = o o enhance the coating efliciency. Moreover, the unique 3D
E 5|« §3\/ ® === macroporous reticulated structure of NHS@MEF allows for the
H OZ[(E 7 rapid mass transfer of large biomolecules through the
E E|= framework in all directions. This structural feature ensures
g % S v =2 3 3~ excellent accessibility of the entire active binding sites on the
§ 2| ggo HowA 3 framework to the target molecules, resulting in significantly
E k) SE g9 %% increased intensity of colorimetric signals, making it easier to
° = visually observe color variations, which positions it as a
é % ' promising material for point-of-care testing (POCT).*
T D 5? i w Notably, our previous study revealed that using nanobodies
é 3 §‘°> e e i as capture antibodies in melamine foam-based biosensors
B é ) = significantly improved their storage stability compared to that
% = S of using full-length antibodies. Without the existence of any
2 S y3 323 o a2 stabilizers, the colorimetric signal of the nanobody-based
_né g gb HoHH G H sensors retained over 70% of its original intensity after 30 days
g ) ; § % 2 g of storage at room temperature.’’ By using double nanobodies,
&‘) 5 the proposed ELISAs demonstrated high stability, attributed to
= & the unique structural properties of nanobodies, which offer
« -3 g enhanced resistance to extreme pH and temperature.”"*
o %: go o ad £ Cross-Reactivity. The selectivity of the double nanobody
% ENES § immunoassay was assessed using ELISA assays on NHS@MF
= s membranes and microplates. Spiked with 1000 ng/mL
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Figure 6. Spike-and-recovery assay of the double nanobody sandwich ELISA for human mEH on NHS@MF membranes. The optical images (a, c)
and plots (b, d) for the spike-and-recovery test for the NHS@MF membranes-based immunoassay in human plasma and mice brain tissue extract.

Error bars indicate standard deviations (n = 3).

recombinant human mEH, rat mEH, and other human epoxide
hydrolases (EH3 and EH4), samples were analyzed using the
NHS@MF membranes, while a series concentration of those
same epoxide hydrolases was added to the microplate for
absorbance measurement. Figure S7a reveals that only the
mEH could be visually identified among samples spiked with
1000 ng/mL of epoxide hydrolases, whereas other target
enzymes did not result in chromogenic reactions. Cross-
reactivities (CR) were determined using the following formula:
CR (%) = [measured concentration of the analogs/spiked
concentration of the analogs] X 100%. The assay demon-
strated minimal cross-reactivity with denatured mEH (0.18%)
and rat mEH (1.56%) showing slight reactivity. No cross-
reactivity was observed with human sEH, human EH-3, and
human EH-4. A similar result was obtained in the microplate
and is shown in Figure S7b. Therefore, the method exhibited a
high level of specificity because did not recognize denatured
proteins, and notably, it did not exhibit cross-reactivity with rat
sEH despite an 80% similarity in gene sequences, and even
lower similarity was noted for human sEH, human EH-3, and
human EH-4. These findings illustrated the strong selectivity of
the proposed double nanobody sandwich ELISA method for
human mEH because it takes advantage of the high specificity
of the two individual nanobodies and requires that both
nanobodies bind to the target analyte for a signal to appear.
Matrix Effects. To assess the potential interference or
impact within a sample matrix and ensure the accuracy and
reliability of analytical results, the matrix effect was investigated
by applying it in the plasma and tissue extracts. Dilution of
samples is commonly employed to mitigate matrix effects,
although then, greater demands are placed on assay sensitivity.
Herein, the spike-and-recovery analysis in spiked plasma
samples was conducted by different immunoassays on
microplates with 1:10, 1:100, and 1:1000 dilution of the

human plasma spiked with human mEH (see Table 1). The
recoveries were 67—116, 81—119, and 82—120% for 1:10,
1:100, and 1:1000, respectively. It can be observed that there
was a matrix effect at a dilution ratio of 1:10. However,
increasing the dilution ratio effectively reduces the matrix effect
in plasma. In tissue extracts, those proposed methods also
demonstrated good reproducibility (Table S1). Intra-assay and
interassay variabilities were evaluated, with coefficients of
variation (CVs) ranging from 0.2 to 18.8% across 1:10 to
1:1000 dilutions of mice brain tissue extract samples, indicating
robust reproducibility across different dilution ratios of tissue
extracts. Therefore, the development of highly sensitive
analytical methods to adapt to higher dilutions for reducing
matrix effects is crucial for the practical application of the
method. The matrix effect of the double-nanobody-based
immunoassay on NHS@MF membranes was also investigated.
As shown in Figure 6a,b, the NHS@MF membrane-based
ELISA exhibited matrix effects in human plasma, and dilution
partially alleviated them. When the plasma was diluted 500-
fold, accurate and reliable analytical results could be obtained.
The matrix effect of the tissue extract was also investigated
because the subsequent test for mEH detection was applied
within the tissue extract. From Figure 6¢,d, it can be observed
that there was a matrix effect in the tissue, but this effect was
mitigated when there was a fivefold dilution of the sample.
Biological Sample Analysis. Double nanobody sandwich
ELISAs were applied to detect human mEH in human tissue
samples. Three kinds of ELISAs with microplates and NHS@
MF membranes and enzyme activity were used to analyze the
same samples. As shown in Table 2, the results of the ELISAs
were comparable to the enzyme activity based on the
radiometric assay by using *H ¢-SO as the substrate. Despite
the significant differences between the data obtained through
the RGB analysis from NHS@MF and the absorbance values
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Table 2. A Comparison of Double Nanobody Sandwich ELISA and Enzyme Activity Test for the Analysis of Human MEH in

the Human Tissue Whole Cell Extract Samples

mEH concentration (nM)*

Human
Enzyme

VHH/analyte/VHH-HRP

tissues - SA/bioVHH/analyte/VHH-HRP 'VHH/analyte/bioVHH/SA-ployHRP Optical image
activity® (NHS@MF membrane)
liver 850+50 170.63+12.54 135.46+8.11 152.42+16.19
50 x dilution
kidney 2211 N.D. N.D. 8.14+2.66
20 x dilution
lung 20+2 4.43+£0.40 1.73£0.13 33.29+4.48
20 x dilution
adrenal 290+50 10.69+1.50 8.09+0.64 43.55+5.22
20 x dilution
heart 10+4 N.D. N.D. N.D.
20 x dilution
spleen 6+1 N.D. N.D. N.D.
20 x dilution

“Results are average + SD (CV, n = 3). Data from ref 29. 1 nM mEH corresponds to 50 ng/mL mEH. All samples were diluted in 10% 10* and

10° for ELISA.

read by the microplate reader, the trends between the samples
are consistently similar. The relative levels can be easily
discerned by the naked eye when observing the MF
membrane, indicating that the chemical immobilization of
the double nanobody sandwich method on NHS@MF is
feasible, highlighting the effectiveness of this analytical
approach employing double nanobody sandwich ELISA.

B CONCLUSIONS

In this study, double nanobody sandwich ELISAs for the
detection of human microsomal epoxide hydrolase (mEH)
were successfully developed, demonstrating several key
advancements over traditional antibody-based assays. Our
focus was on improving both the capture nanobody
immobilization and the signal output of the detection antibody
to explore strategies for enhancing the sensitivity of the double
nanobody immunoassay. By leveraging the unique advantages
of nanobodies, including their high thermal stability and
specificity, we identified and optimized the MQ4—MQ30
nanobody pair, which exhibited the best performance with an
LOD of 1 ng/mL.

The comparative analysis demonstrated that the use of
PolyHRP effectively compensated for the lower efficiency of
nonoriented nanobody immobilization, resulting in a 103-fold
increase in sensitivity compared to the format using only
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nanobodies labeled with HRP. Additionally, immobilizing the
capture nanobody on microplates via streptavidin led to a 12-
fold increase in sensitivity compared to formats that use
nanobodies alone. Moreover, the use of NHS@MF mem-
branes outperformed traditional microplates, offering a more
efficient and visually intuitive platform for POCT, with a limit
of detection (LOD) of 2.4 ng/mL, which is 15-fold lower than
the microplate format. The advantages of each reagent
immobilization method are discussed in detail elsewhere.
The assays demonstrated high specificity with minimal cross-
reactivity with other epoxide hydrolases and effectively
mitigated matrix effects in plasma and tissue samples through
the appropriate dilution strategies.

Nanobodies can be selected not only for high sensitivity but
also for high specificity, often optimizing both attributes
simultaneously. High specificity is highly desirable and may
correlate with a high signal-to-noise ratio and enhanced
sensitivity. However, it is crucial to exercise caution when
applying antibody reagents across different species, as this
common practice may not be reliable without proper controls.
Especially in double sandwich assays, nanobodies can exhibit
exceptional selectivity, making it essential to run appropriate
controls with the specific protein target. For instance, data
shown in Figure S7 illustrated that the dual nanobody assay
developed here can distinguish between human and rat mEH
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enzymes. Although it is possible to select nanobody pairs that
recognize different antigenic sites on the same enzyme across
species, it is important to be cautious when using an assay
developed for one species to analyze proteins from another
species, particularly when both capture and reporting antibod-
ies target the same antigenic determinant. Furthermore, the
thermal stability of nanobodies facilitates easy storage and
transport, and the sequences provided in this study render
these nanobodies as “immortal reagents” for the scientific
community. These considerations highlight the potential of
double nanobody sandwich ELISAs as reliable, sensitive, and
stable tools for biomarker detection with promising applica-
tions in clinical diagnostics and environmental monitoring.
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