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ABSTRACT: A novel ultrasensitive nanobody-based electrochemical .

immunoassay was prepared for assessing human exposure to pyrethroid

insecticides. 3-Phenoxybenzoic acid (3-PBA) is a common human urinary ™™ ’ )

metabolite for numerous pyrethroids, which broadly served as a biomarker * » s

for following the human exposure to this pesticide group. The 3-PBA
detection was via a direct competition for binding to alkaline phosphatase-
embedded nanobodies between free 3-PBA and a 3-PBA-bovine serum
albumin conjugate covalently immobilized onto citric acid-decorated nylon
nanofibers, which were incorporated on a screen-printed electrode (SPE).
Electrochemical impedance spectroscopy (EIS) was utilized to support the
advantage of the employment of nanofibrous membranes and the success of , _
the immunosensor assembly. The coupling between the nanofiber and ' ane

nanobody technologies provided an ultrasensitive and selective immuno-

sensor for 3-PBA detection in the range of 0.8 to 1000 pg mL™" with a detection limit of 0.64 pg mL~". Moreover, when the test for
3-PBA was applied to real samples, the established immunosensor proved to be a viable alternative to the conventional methods for
3-PBA detection in human urine even without sample cleanup. It showed excellent properties and stability over time.

KEYWORDS: nylon, nanofibers, electrochemical immunosensor, nanobody, pyrethroids, point-of-care, 3-PBA

1. INTRODUCTION Pyrethroids are widely used synthetic insecticides for

Nanofibers (NFs) and nanofibrous membranes (NFMs) agncultuﬁal a}?i P Wati, }}(cl)usﬁ?dellllses. s a? al;ernatw: 0
produced via electrospinning are promising materials, due to organophosphate insecticides. ¢ Impacts ol exception-
their ultrahigh specific surface areas, and have received a ally high pyrethroid exposure 1nc1}1de many harmful effect§.
growing interest for their applications in many fields including Moreover, long-term exposure to high levels of these synthet};:
environmental, ~> en ergy,4’5 me dical,6_8 and food applica- insecticides may contribute to developmental neurotoxicity,

) .16 :
19 1
tions. ” One of the aspects on which biosensor performance harmful impacts on male reproduction, ™ and endocrine

depends is the sensor matrix material. An appropriate matrix system disruption.’

provides high loading capacity for biorecognition elements and 3-Phenoxybenzoic acid (3-PBA) is the most known
accessibility of target analytes to the active sites. As a result, the metablgligg from hydrolysis of numerous pyrethroid pesti-
employment of the nanofibers with the high surface areas and cides. """ These pyrethroids in mammals are hydrolyzed by
microporous network in the development of the sensors has esterases to 3-phenoxybenzyl alcohol or 3-phenoxybenzalde-
produced higher sensitivity and lower limits of detection hyde, which rapidly turned into 3-PBA. Hence, 3-PBA is
(LOD) to toxicants.”'® Polycaprolactam (nylon 6) fibers, widely employed as the common biomarker for human
commonly known as polyamide fibers, have been commonly pyrethroid exposure,lg’21 although it has other uses as well.
served as media supporting materials, owing to their desired Using 3-PBA in the analysis of pyrethroid metabolite have
chemical stability and biocompatibility as well as notable been reported”””*” with high sensitivity and accuracy in
mechanical properties.'’ However, compared with other

polymers such as polyvinyl alcohol and cellulose, polyamide Received: September 7, 2019

lacks reactive groups for chemical modifications and Accepted: January 13, 2020

biomolecule immobilization. Polyamide fibers incorporated Published: January 13, 2020

with desired reactive groups are ideal media for various
o o g 12
applications such as protein immobilization.
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Scheme 1. Modification of Nylon NFM with Citric Acid
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different real samples. However, they are not convenient and chloride (EDC), N-hydroxyl succinimide (NHS), disodium hydrogen
practical for field sensing and monitoring applications and phosphate (Na,HPO,), monosodium orthophosphate (NaH,PO,),
require expensive instruments, highly trained people, and and O-phosphoric acid (85%) were purchased from Acros Chemical
transport to a central laboratory. Despite the tremendous (Pittsburgh, PA, USA). All other chemicals were of analytical grade
popularity of ELISA, the feasibility of it as a point-of-care and were supplied l?y Merck (Darmstad, Germany)'.
L. . . A 263A potentiostat/galvanostat equipped with a frequency
monitoring tool is hard to realize. . .
. . response detector (FRD100) (Princeton Applied Research Co., Oak
Electrochemical biosensors are commonly assembled for Ridge, TN, USA) d for the el hemical
. .. . L . ge, TN, was used for the electrochemical measurements.
p 01¥1t—0f-car.e appllcatl(?ns owing to their unique merits such as The disposable SPE, comprising a carbon working electrode, a carbon
rapid real-time detection and the operational procedures for counter electrode, and an Ag/AgCl reference electrode, was
on-site analysis application. Electrochemical immunosensing purchased from eDAQ Inc. (Colorado, US). The morphological
systems are receiving an expanding attention due to the characterizations of the polymeric nanofibrous membranes were
operational simplicity, high sensitivity, and high selectivity implemented by a FEI 430 Nova NanoSEM scanning electron
toward the desired target, depending on the specific antibody— microscope (SEM).
antigen interaction on the electrode surface.”® Nevertheless, The FT-IR spectra of membrane materials were achieved by using a
the instability of recombinant antibodies requires a very careful Nicolet 6700 spectrometer, followed by the pressing of the grounded
fabrication and application processes. Ny NFEMs at different reaction steps with anhydrous KBr; FT-IR
Nanobodies (Nbs), termed variable heavy chain (VHH) spectra of theselspecimens were scanned in tlhe wavenumber range of
domains or single-domain antigen-binding fragments, are 500—4000 cm _WIth afresolutlon of 4 Cr;_.ll :
derived from heavy-chain-only antibodies that occur naturally NF2M1). Xafbrlc_atlo:l 01 Nylon 6 Nano b§°”5 Membranes (Ny
. 29 . A formic acid solution of nylon 6 (15% w/v) was prepared by
in the serum of Cam.el'lds. Se\.leral. advantages the Nb_s. could mechanical stirring at 60 °C for 8 h. Electrospinning was carried out
afford over the traditional antibodies such as small size and using a 10 mL plastic syringe with an 18-gauge tubular metal needle
ease of expression, more thermal and chemical stability, high with a flat tip. The nylon nanofibrous membranes were fabricated
Solubility, Sultablllty for the determination Of Small molecules thrgugh electrospinning of the nylon solution at room temperature
(MW < 1500 Da) in different matrices, proteolysis resistance, utilizing a DXES-1 spinning equipment supplied with an applied
and ease of genetic manipulation®”" as well as the intact and voltage of 20 kV and spinning rate of 0.7 mL/h with a 23 cm needle
unique antigen-binding antibody fragments.30 However, tip far from the collector surface. The resultant nylon nanofibrous
research on use of the Nbs in electrochemical sensors is still membranes (Ny NEM) were kept for 12 h in a vacuum oven at 40 °C
limited. for drying. The nylon solution (15% w/v) was used to cast a thin
Herein, we adapted and integrated different technologies, membrane film (NY'QM) in similar ﬂ‘liCkness to the Ny NEM. A 4
including nanofibrous materials, nanobodies, and electro- mm NY NEM disc with 0.05 mm tthkneSS, was lammated. on the
chemical methods to develop a novel sensitive electrochemical working electrode. Of the SPE using a conductive paste to_fabncate Ny
e . . NFEM/SPE, and similarly, an Ny-CM/SPE was prepared in parallel by
competitive immunosensor for rapid assaying of 3-PBA. The using an Ny-CM disc
nanosensor is assembled based on the use of novel nylon 2.2. Chemical Modifications of Nylon Nanofibrous Mem-
nanofibrous membranes that were surface-modified with citric branes. Ny NFMs were chemically modified according to reactions
acid (CA) and a nanobody—alkaline phosphatase (Nb-ALP) shown in Scheme 1. First, nylon 6 NFMs were turned to N-methylol
fusion protein. The proposed immunosensor was fabricated by nylon 6 by converting the amide (N—H) groups to N-methylol
immobilization of 3-PBA onto the surface of the CA and Nb- groups via reacting with formaldehyde, and the product was
ALP-decorated nylon nanofibrous membrane and then designated as Ny-OH NFMs.>>*® Briefly, 2 g of Ny NFM was
incorporation of the membrane onto a screen-printed immersed in 25 mL formaldehyde (36.5% w/v) and 0.2 mL
electrode (SPE). Differential pulse voltammetry (DPV) was phosphoric acid (85% w/w) at a temperature of 60 °C for about 1
used to determine the activity of the alkaline phosphatase. h. Then, the prepared Ny-OH NFMs were washed several times with
distilled water.
The hydroxyl groups on the Ny-OH NFMs were then reacted with
2. CHEMICALS, MATERIALS, AND INSTRUMENTS the carboxylic groups of citric acid (CA) in a procedure performed as
Polycaprolactam (nylon 6, Ny), formaldehyde, formic acid, citric acid follows:* a CA solution 8% (w/v) was prepared via dissolving CA in
(CA), 3-phenoxybenzoic acid and its analogues, permethrin, 10 mL of PBS buffer pH 7.2, synchronously, EDC and NHS were
cypermethrin, deltamethrin, fenpropathrin, phenothrin, ethanolamine added into the CA solution at a final concentration of 1 mM. This
(EA), 1-naphthyl phosphate (1-NP), and p-nitrophenyl phosphate blend was energetically mixed at room temperature for 2 h. Afterward,
(pNPP) were supplied by Sigma (St. Louis, MO) and used as the as-prepared Ny-OH NFMs were dipped into the CA/EDC/NHS
received. N-Ethyl-N'-(3- dimethyl aminopropyl) carbodiimide hydro- solution for 60 min at 60 °C. Subsequently, the resulted membranes
6160 https://dx.doi.org/10.1021/acsami.9b16193
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Scheme 2. Fabrication Process and Sensing Mechanism of Nanobody-Based Electrochemical Immunosensor for 3-PBA
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Figure 1. SEM images of (a) pristine nylon NFM, (c) Ny-OH NFM, and (e) Ny-CA. Fiber diameter distributions of (b) nylon NFM, (d) Ny-OH
NEM, and (f) Ny-CA.
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(Ny-CA NFM) were washed by PBS and dried in a vacuum oven at
80 °C for 1 h.

2.3. Production of Anti-3-PBA Nb-ALP Fusion Protein. The
Nb-ALP fusion protein with a 6X His tag at its C-terminal end was
created as depicted previously.** Briefly, primers were used to amplify
the Nb gene (forward primer: GAG GAG GAG GTG GCC CAG
CCG GCC CAG GTG CAG CTC GTG GAG TCT GGG GGA,
reverse primer: GAG GAG GAG CTG GCC CCC GAG GCC GCG
TCT TGT GGT TTT GGT GTC TTG GG). After a ligation
reaction, the ligation products were then transformed into chemically
competent cells of E. coli strain BL21(DE3) pLysS, then the positive
clones grown on the plates were picked up for sequencing, and this
was followed by multiplication, induction, and purification of the
crude fusion protein by affinity chromatography using a high-capacity
nickel-immobilized metal-ion-resin column. The elution of the
purified Nb-ALP fusion protein was carried out with an elution
buffer (PBS containing 100 mM imidazole) subsequently by the
dialysis with PBS at 4 °C for 72 h to obtain the Nb-ALP fusion
protein and stored at —20 °C to use.

2.4. Fabrication of the Immunosensor. First, the carboxylic
groups of the Ny-CA NFM/SPE were activated by incubation with
100 pL of 1 mM EDC/NHS for 1 h. After being rinsed with PBS, 6
uL 3-phenoxybenzoic acid/bovine serum albumin conjugate (3PBA-
BSA) prepared according to Shan et al.*>° at a concentration of 10 ug/
mL in PBS was dropped onto the surface of EDC/NHS=-decorated
Ny-CA NFM/SPE for 2 h at 4 °C. Followed by the washing with PBS
to remove any unimmobilized antigen, the remaining active groups
were blocked with 100 uL of 2% ethanolamine (EA) at room
temperature for 1 h and then rinsed again with PBS and stored at 4 °C
to use.

The competition step was performed by incubating 50 uL of Nb-
ALP (400 pg mL™') and equivalent volume from different
concentrations of 3-PBA on the immunosensor surface for 40 min
at room temperature. In the wake of washing multiple times by PBST
(PBS containing 0.5% Tween 20), the ALP activity was measured
electrochemically using differential pulse voltammetry (DPV). The
assembly steps of the 3-PBA nanosensor and detection mechanism are
illustrated in the following schematic diagram (Scheme 2).

2.5. Electrochemical Measurements. Electrochemical impe-
dance spectroscopy (EIS) was used for characterizing of the
immunosensor surface using ferri/ferrocyanide ( [Fe(CN)4]+737)
dissolved in PBS at a concentration of 2.5 mM. The Nyquist plots
were recorded at an applied potential of 0.09 V versus Ag/AgCl, with
a frequency range from 10 KHz to 1 Hz. DPV measurements were
carried out with an applied potential range of 0—400 mV, pulse
amplitude of 60 mV, pulse period of 200 ms, pulse width of 100 ms,
and scan rate of 50 mV/s. The signal generation depends on ALP
dephosphorylates of non-electroactive 1-NP to I-naphthol, which
electrochemically oxidized to 1-iminoquinone on the electrode
surface.

2.6. Applicability of the Nanosensor for Real Sample
Analysis. Urine samples were gathered from a healthy person and
spiked with various concentrations of 3-BPA from 0.01 to 0.5 ng
mL™" after the negative 3-PBA content was verified using LC—MS.
The resulting samples were then diluted 10 times with PBS followed
by direct analysis using the assembled nanobody-based sensor.

3. RESULTS AND DISCUSSION

3.1. Morphologies and Structure. The nanosensor was
designed based on the use of a chemically modified nylon
nanofibrous membrane as a supporting matrix with immobi-
lized antigen to satisfy the following important principles: (i)
the hydrophilicity of the matrix that improves the performance
of the sensor in aqueous samples, (ii) the physical and
chemical characteristics of nylon as a robust matrix for the
fabrication and detection processes, and (iii) the ultrahigh
surface and microporous areas that can increase the efficiency
and the accessibility of the active sites to the targets.

6162

The morphologies of the nylon NFMs during the different
steps of chemical modifications were characterized by scanning
electron microscopy (SEM). As shown in Figure la,b, the
nylon NFMs revealed randomly oriented three-dimensional
nonwoven membrane structures with an average fiber diameter
of 75 nm. The average diameter of the nanofiber increased to
90 nm after the reaction with formaldehyde in an acidic
medium (Figure lc,d). Consequently, the nanofiber diameter
was further increased to 100—110 nm after incorporation of
CA, as illustrated in Figure le,f. The increase of the nanofiber
diameters after the modifications were possibly due to
increased hydrophilicity and swelling behavior of the
methylolated and carboxylated nylon fibers and the impregna-
tions of the fibers with different aqueous solutions through the
modifications.*® This observation agreed well with the water
wetting properties of the nylon NFMs before and after the
modification where the contact angle measurements (Figure
S2) decreased from 85° for the nonmodified nylon NFM to
52° for the CA grafted Ny NFM during a contact time of 30 s,
attributing to the presence of hydroxyl and carboxyl groups
after the modifications by formaldehyde and citric acid,
respectively.

FT-IR spectroscopy was utilized to characterize successful
grafting of CA onto the NFM. FT-IR spectra of the pristine
nylon nanofibers before and after modifications are shown in
Figure 2. The conversion of the amide groups of nylon to
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Figure 2. FT-IR spectra of (a) pristine Ny NFM, (b) N-methylol Ny
NFM, and (c) Ny NFM grafted with citric acid.

hydroxyl groups by formaldehyde was confirmed by the
appearance of a new peak at 1042 cm™' for the C—O of
primary alcohol, broadening the band in the region 3250—
3500 cm™', corresponding to the stretching mode of formed
hydroxyl groups on the surface of the nylon NFM. Also, a
relatively weak decrease in the intensity of C=0 and N—H of
amide peaks at 1630 cm ™" and 1552 cm™!, respectively, can be
the evidence of the reaction on the N—H group in the nylon.

The appeared peak of C=O of the ester at 1750 cm
confirmed the effective incorporation of carboxyl groups onto
the nylon NFM surface between the methylene hydroxy
(CH,OH) on the nylon and carboxylic acid (—COOH) group
of CA,>”” and the decrease of hydroxyl group peak intensity at
1042 cm™. With increase of the initial CA concentration, the
intensity of the new peak at 1750 cm™ of the resulting ester
was increased correspondingly. The same trend in intensity
change was observed at 1040 cm™" (Figure S1).

3.2. Electrochemical Characterization. EIS is a suitable
tool for studying the surface features of the different modified

https://dx.doi.org/10.1021/acsami.9b16193
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electrodes through assembling and dynamic performances of
electrochemical processes.’® Herein, the EIS was used to study
the advantages of the nanofibrous membranes and to validate
the sensors fabricated through these steps. The most common
equivalent circuit, which was used in the electrochemical
immunosensors development, is provided by Randles.””™*" As
shown in Figure 3A (inset), the components of the circuit are
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Figure 3. Electrochemical impedance spectroscopies in 2.5 mM

[Fe(CN)4]* /3 for (A) bare SPE (a), Ny NEM/SPE (b), and Ny-
CM/SPE (c) (inset: Randles model for the common equivalent
circuit). (B) Assembling steps of the 3-PBA immunosensor: bare SPE
(a), Ny NFM/SPE (b), Ny-CA NFM/SPE (c), activated Ny-CA
NFM/SPE (d), 3PBA-BSA/ Ny-CA NFM/SPE (e), EA/3PBA-BSA/
Ny-CA NFM/SPE (f), and Nb-ALP/ EA/3PBA-BSA/Ny-CA NFM/
SPE (g).

the electrolyte resistance (R,), the electron-transfer resistance
(Re), capacitance of the double layer (C;), and Warburg
impedance (Z,) where R, and Z, represent the resistance of
the supporting electrolyte and the diffusion properties of the
redox probe in the solution, respectively, and are not affected
by the occurred modifications on the electrode surface. The
Nyquist plot contains two parts. At higher frequencies, a
semicircle portion reflects R, of the surface of the electrode,
which is the most important parameter, and its value changed
due to the modification and interaction of the electrode surface
with the electrolyte. The second part at the lower frequencies
is a linear portion, which presents the diffusion-limited
process.”” As shown in Figure 3A, the Nyquist plot of the
bare SPE reveals a very low resistance value (curve a). The
modification of SPE with the casted nylon membrane (Ny-
CM) exhibited a dramatic increase in the resistance of the
electron transfer due to the insulation of the electrode surface
by the Ny-CM (curve b). While with the replacement of the
casted membrane by the nanofibrous membrane (Ny NFM)
with its distinctive porous structure decreased the R, by more
than five times (curve c), it facilitates the access of
[Fe(CN)4]*/3" and accelerates the electron transfer toward
the electrode surface, making this unique material to be
introduced as an ideal matrix for fabricating highly sensitive
sensing systems.

The fabrication of the nanosensor was finalized by the
application of the chemically modified nanofibers (Ny-CA)
with EDC/NHS as a supported matrix for immobilization of
3PBA-BSA. Figure 3B confirmed the success of the fabrication
steps. The bare SPE showed very low electron-transfer
resistance (curve a). After the lamination of the electrode
surface with the nylon nanofibrous membranes, the semicircle
increased, revealing that the nanofibrous membranes acted as
an electron transfer barrier (curve b). The grafting of CA onto
the Ny NFM enhanced the hydrophilicity (Figure S2) but
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induced a small increase of the R,, (curve c), which could be
ascribed to the electrostatic repulsion between the same
negative charge of [Fe(CN)] 3=/% and carboxylic groups of the
CA. The activation of the modified nylon nanofibrous
membranes with EDC/NHS induced a decrease of R,
(curve d), possibly owing to the replacement of the carboxyl
group by NHS groups, which facilitates the electrolyte move
through the porous structure of the nanofibrous membranes.
The deterred electron transfer continued with immobilization
of 3PBA-BSA, blocking of the unreacted sites and reaction with
Nb-ALP (curves e—g), and evidence of the effective
immobilization of blocking groups. All the EIS results
confirmed the successful assembly of the nanosensor.

3.3. Experimental Parameter Optimization. In order to
accomplish the most effective analytical performance of the
fabricated immunosensor for 3-PBA detection, different
important experimental conditions were optimized by
measuring the achieved currents using DPV, which include
3PBA-BSA concentration, required time for immobilization of
3PBA-BSA, Nb-ALP concentration, the immunoreaction time,
substrate concentration, and the blocking process.

3.3.1. Antigen Concentration. The 3PBA-BSA concen-
tration was optimized using the reaction with the Ny-CA
NFM/SPE, an incubation time of 2 h, an Nb-ALP
concentration of 400 ug mL™', a substrate concentration of
1 mg mL™}, and an immunoreaction time of 40 min. As shown
in Figure 4a, the current response increased gradually with the
increment of the 3PBA-BSA concentration, and the maximum
response at a concentration of 10 g mL™' was observed.
Nevertheless, the higher concentrations than 10 g mL™
prompted a decline in the current achieved. This may be
due to the steric hindrance of the membrane that could
obstruct the ability of nanobodies to reach the binding sites on
the nanofibers surfaces and the moving of the electrons from
the analyte solution toward the electrode surface.

3.3.2. Antigen Immobilization Time. The necessary time
for the 3PBA-BSA immobilization on the Ny-CA NFM/SPE
was adjusted at a 3PBA-BSA concentration of 10 yg mL ™", Nb-
ALP concentration of 400 ug mL™", substrate concentration of
1 mg mL™}, and immunoreaction time of 40 min. As seen in
Figure 4b, expanding of the immobilization time of the Ny-CA
NFM/SPE with 3PBA-BSA from 30 up to 120 min resulted in
an increase of the current response and achieved a plateau at
the incubation time over 120 min, revealing the saturation of
the immobilization sites of the nanofibrous membrane. A
tethering time of 120 min was selected for the further
experiments.

3.3.3. Nanobody Concentration. The nanobody concen-
tration is considered as a key factor in the development of the
sensitive competitive immunoassays as the increase of the
nanobody concentration decreases the sensitivity of the
immunosensor, and lower nanobody concentrations reduce
the signal response. For the optimization of the nanobody
concentration, the fabricated immunosensor immobilized with
10 ug mL™' 3PBA-BSA for 120 min was incubated with
different Nb-ALP concentrations in a range of 100 to 600 ug
mL™" for 40 min. The current responses were recorded at a
substrate concentration of 1 mg mL™". As observed in Figure
4c, the signal response was directly proportional to the Nb-
ALP concentration, and until a concentration of 400 ug mL™}
the increase in the generated current was achieved, which was
selected for the electrochemical assays.
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Figure 4. Dependences of the obtained currents via DPV on (A) antigen concentration, (B) antigen immobilization time, (C) nanobody
concentration, (D) immunoreaction time, and (E) 1-NP concentration. (F) Blocking process of the active sites of (I) Ny-CM and (II) NFM by (a)

control, (b) BSA, and (c) EA, at a concentration of 2% (n = 3).

3.3.4. Immunoreaction Time. The optimization of the
immunoreaction time was carried out by incubating the
fabricated immunosensor (3PBA-BSA concentration of 10 yg
mL™!, immobilization time of 120 min, and substrate
concentration of 1 mg mL™") with Nb-ALP at a concentration
of 400 ug mL™"' for different times. The signal response
gradually increased with the increasing time to reach a
maximum and then to a platform at the time of 40 min
(Figure 4d), indicating that there was no available free
nanobody to match with the immobilized 3PBA-BSA after that
time.

3.3.5. Substrate Concentration. Finally, the concentration
of the substrate is another critical factor affecting the enzyme-
catalyzed reaction.”® With the other parameters fixed, the
current response increased continuously with the concen-
tration of 1-NP and reached the maximum value at the
concentration of 1 mg mL™! (Figure 4e). No further obvious
increase in the response with an increase of the substrate
concentration was observed afterward. So, 1 mg mL™" was
adopted as the ideal concentration for the best analytical
performance.

3.3.6. Blocking of Remaining Active Sites of NFM. 1t is

necessary to block any residual free active groups on the

6164

chemically modified and coating antigen-incorporated nano-
fiber surface to prevent any nonspecific reaction with Nb-ALP
during the competition step. Incomplete blockage of the sites
could affect the accuracy of the immunosensor. In some cases,
the type and concentration of blocking reagents can have a
large effect on assay performance. Two blocking reagents,
bovine serum albumin (BSA) and ethanolamine (EA), with a
concentration of 2% (w/v) were assayed. Samples of S mm of
Ny-CA NFM and Ny-CA CM discs were incubated with the
blocking solutions for 12 h at 4 °C, respectively. After washing
with PBS, 100 uL Nb-ALP at a concentration of 400 g mL™"
was added onto the discs for 2 h at room temperature.
Consequently, the discs were washed several times with a
Vortex mixer in PBS to remove unbonded Nb-ALP. The
efficiency of the blocking process was evaluated by colorimetry
based on the colorimetric analysis of the ALP enzyme activity
using a p-nitrophenyl phosphate (pNPP) substrate. The
control samples were incubated with no blocking solutions
(only PBS). As shown in Figure 4F, in the case of the activated
CA-Ny-CM, both reagent solutions showed the ability for full
blocking of the active groups on the surface of the membranes.
On the other hand, the use of BSA resulted in insufficient
blocking for the active groups on the surface of the activated
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CA-Ny NEM, while EA observed total blockage of the active
sites of the nanofibrous membranes. The microporosity of the
nanofibrous membranes might have restricted BSA from
penetrating into the membranes since the BSA molecular
size (66.5 kDa) is quite large, almost four times larger than the
nanobody molecular size (about 15 Da).****

3.4. Detection of 3-Phenoxybenzoic Acid. With the
optimization of the different factors, the analytical performance
of the fabricated nanosensor for 3-PBA detection was
investigated based on a competition between the free and
immobilized 3-PBA to bind with the nanobody in the solution
followed by measuring ALP-impeded-Nb activity electrochemi-
cally using the 1-NP substrate. Figure SA shows the DPV

4) B)

Current (LA)
Current Inhibition %

T T T T
1E3 0.01 0.1 1

0.2
Potential (V)

0.3 04

3-PBA concentration (ng ml'l)

Figure S. (A) Electrocatalytic current responses of the assembled
nanobody-based electrochemical sensor for the detection of different
concentrations of 3-PBA: 0ng mL™" (a), 0.0008 ng mL™" (b), 0.001
ng mL™" (c), 0.005 ng mL™" (d), 0.01 ng mL™" (e), 0.05 ng mL™" (f),
0.1ng mL™" (g), 0.5ng mL™" (h), and 1 ng mL™" (i). (B) Calibration
curve of the immunosensor for the detection of different
concentrations of 3-PBA (n = 3).

responses of the assembled nanosensor at different 3-PBA
concentrations; it was obvious that the current decreased as 3-
PBA concentration increased. As illustrated in Figure 5B, the
current responses exhibited a linear decrease with the
logarithm of the 3-PBA concentration from 0.0008 to 1 ng
mL™" and could be fitted into a linear regression equation: I%
12.925 log c/ng mL™" + 93235 (R® = 0.9913). The
developed immunosensor demonstrated a high sensitivity
toward 3-PBA with a limit of detection (LOD) at 0.64 pg
mL™' (LOD = 3Sb/m, where Sb is the standard deviation of
the blank and m is the slope of the calibration plot.). When
comparing the assembled electrochemical immunosensor to
other 3-PBA detection methods (Table 1), the assembled
nanobody-based sensor observed a good behavior in terms of
LOD; the ultrahigh sensitivity of the nanosensor could be
attributed to the integration of the different technologies,
including the microporous nanofibrous membranes enhancing
the accessibility of the nanobody to the recognition sites and
accelerating the electron transfer, consequently improving the
sensing surface and the utilization of the nanobodies with their
merits as an alternative to the traditional antibodies, allowing
detection of the 3-PBA with high sensitivity.

3.5. Specificity, Reusability, and Stability of the
Immunosensor. The ability of a sensor to specifically detect
the desired target in samples containing different analogs and
other molecules is considered as one of the most important
challenges in the sensing technology field. The selectivity of
the assembled immunosensor was investigated by examining
0.1 ng mL™" of two 3-PBA analogues (3-phenoxybeneyl
aldehyde and 3-phenoxybenzyl alcohol) and three pyrethroids
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Table 1. Comparison of the Detection Limits of 3-PBA of
the Developed Nanosensor with Other Previously Published
Researches

LOD
no. method of detection (ng mL™") ref

1 polyclonal antibodies/enzyme-linked 0.43 13
immunosorbent assay

2 Mn-doped Zn$S quantum dots (QDs)/optical 25 25
sensor

3 colloidal gold/monoclonal antibodies/lateral- 130 27
flow immunoassay

HPLC-UV 130 45

5 antibody fragments/Au electrode/ 2.4 46
electrochemical (EIS)

6 bacteriophage-assisted sandwich 740 47
immunoassay/11-mercaptoundecanoic—Au
electrode/electrochemical (EIS)

7  Nb-ALP/sensitive direct competitive 0.011 34
fluorescence enzyme immunoassay (dc-

FEIA)

8  Nb-ALP/Ny NFM-SPE/electrochemical 0.00064  this

(DPV) study

(permethrin, cypermethrin, and deltamethrin) pesticides. The
cross-reactivity (CR %) was studied by determining the
residual current response after the competitions between each
molecule and immobilized 3PBA-BSA to bind with the
nanobodies. It was in terms of 3-PBA-equivalent concentration
and expressed as a percentage of 3-PBA response.”** As seen
in Table 2, the assembled nanosensor presented a very high
specificity to 3-PBA. Whereas, the different tested materials did
not exhibit cross-reactivity, except 3-phenoxybeneyl aldehyde,
which showed a low cross-reactivity (12.9%). This compound
can rapidly convert to 3-PBA in the human body.*

The reusability of the sensors could be useful for minimizing
the cost of the medical screening tests and reducing medical
wastes. The assembled immunosensor was regenerated by
dipping in a 0.1 M glycine hydrochloric acid buffer at a pH
value of 2.8 for S min after detection of 0.1 ng mL™" of 3-PBA.
The assembled immunosensor demonstrated good reusability
by maintaining more than 90% of its initial activity in the
second cycle and about 66% after three assay runs (Figure S3).
The activity loss may be due to denaturation of the bovine
serum albumin or destruction of Ny NFM with repeating
regeneration in an acidic glycine buffer.*’

The immunosensor was stored at 4 °C, and its activity was
evaluated every week to study the stability. The immunosensor
showed good stability by maintaining more than 90% of its
original activity after S weeks.

3.6. Applicability of the Immunosensor. In order to
investigate the practicality and feasibility of the assembled
nanosensor in the detection of trace amounts of 3-BPA in real
samples, human urine samples were spiked with known
concentrations of 3-BPA ranging from 0.01 to 0.5 ng mL™".
Preceding the spiking process, the urine samples were verified
by LC—MS to be free of 3-BPA. The spiked urine samples
were diluted 10 times with PBS without any further treatments
and then were analyzed by the immunosensor in a blind
fashion. Each concentration was tested in triplicate. As
illustrated in Table S1, the recovery rate was from 94.8% to
about 102%, and the relative standard deviation (RSD%) was
about 4.7%. The abovementioned results prove the applic-
ability, accuracy, and reproducibility of the assembled
nanosensor for fast 3-PBA detection in the human urine at
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Table 2. Cross-Reactivity of the Developed Immunosensor for 3-PBA Analogues and Pyrethroid Pesticides at 0.1 ng mL ™"

compound
CR %

3-phenoxybeneyl aldehyde
12.9 0

3-phenoxybenzyl alcohol

deltamethrin
0

permethrin
0

cypermethrin
0

an extremely lower concentration without precleaning of the
samples.

4. CONCLUSIONS

An ultrasensitive, disposable, and rapid detection immuno-
sensor for monitoring human exposure to pyrethroid pesticides
was successfully developed by coupling a nanobody Nb-ALP to
surfaces of the nanofibers in microporous nanofibrous
membranes. The developed nanosensor exhibited very
attractive analytical performance with a competitive detection
limit of 0.64 pg mL™". The fabricated immunosensors possess
the advantage of easy use, low-cost assay, reusability, and fast
analysis where the sample analysis could be accomplished in
less than 45 min. The new immunosensor could be a
promising alternative tool to the traditional methods for
point-of-care detection of 3-PBA.
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