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ABSTRACT: We report a new approach for electrochemical

quantification of enzymatic inhibition and phosphorylation for

biomonitoring of exposure to organophosphorus (OP) pesti-
cides and nerve agents based on a magnetic bead (MB)
immunosensing platform. The principle of this approach is
based on the combination of MB immunocapture-based en-
zyme activity assay and competitive immunoassay of the total
amount of enzyme for simultaneous detection of enzyme
inhibition and phosphorylation in biological fluids. Butyrylcho-
linesterase (BChE) was chosen as a model enzyme. In compe-
titive immunoassay, the target BChE in a sample competes with

the BChE immobilized on the MBs to bind to the limited sites of

anti-BChE antibody labeled with quantum dots (QD—anti-
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BChE), followed by stripping voltammetric analysis of the bound QD conjugate on the MBs. This assay shows a linear response over
the total BChE concentration range of 0.1—20 nM. Simultaneous real time BChE activity was measured on an electrochemical
carbon nanotube-based sensor coupled with a microflow injection system after immunocapture by the MB—anti-BChE conjugate.
Therefore, the formed phosphorylated BChE adduct (OP—BChE) can be estimated by the difference values of the total amount of
BChE (including active and OP-inhibited) and active BChE from established calibration curves. This approach not only eliminates
the difficulty in screening of low-dose OP exposure (less than 20% inhibition of BChE) because of individual variation of BChE
values but also avoids the drawback of the scarce availability of OP—BChE antibody. It is sensitive enough to detect 0.5 nM
OP—BChE, which is less than 2% BChE inhibition. This method offers a new method for rapid, accurate, selective, and inexpensive
quantification of OP-BChE and enzyme inhibition for biomonitoring of OP and nerve agent exposures.

ith an increased risk and threat to people's health resulting

from the ongoing use of organophosphorus (OP) com-
pounds, such as pesticides and potential exposure to chemical
nerve agents in terrorist attacks, in military activities, or from
accidents, there is a need to develop new and improved counter-
measures for such events."” Development of more effective
diagnostic technologies for rapid detection of these exposures
is essential. A simple, portable, durable, and reliable diagnosis
tool is needed for biological monitoring, to screen poison victims
for the initiation of appropriate medical treatments, and to effec-
tively triage nonexposed individuals during a mass casualty event.
Following exposure, OP pesticides and nerve agents readily
interact with enzymes and proteins within the biological matrix
to produce a number of relevant biomarkers, including the follow-
ing: (i) OP adducts by phosphorylation of proteins, including
enzymes, resulting in the loss of enzyme (e.g, cholinesterase)
activity; (ii) metabolites by hydrolysis; (iii) unbound free OP

v ACS Publications ©2011 American chemical Society

in fluids.” All are typical biomarkers of exposure to OP agents;
therefore, some methods such as enzyme activity assays,*
immunoassays of OP adducts®~” and metabolites, and GC/LC
MS analysis of OP adducts, metabolites, and free OPs have
been developed for biomonitoring of exposure to OP agents.>”
However, for simple and rapid diagnosis/screening, especially in
emergency cases, laboratory-based analytical methods (GC/LC
MS) are not ideal because of lack of portability and lack of real
time results.'>"" Immunoassays of OP adducts or metabolites for
diagnosis of OP exposure are challenged because of unavailability
of OP-specific antibodies. Hence, the most utilized detection
method is to measure enzyme activity, since it is a rapid
and simple method for OP exposure evaluation and risk
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assessment.'>'* Some methods, including the colorimetric ElI-
man assay,'* fluorescence assays,"> the Michel (ApH) ChE
assay,'® radioactive assays,'” and the Walter Reed Army Institute
of Research (WRAIR) assay,'®'* have been developed. However,
these methods require a baseline or a control for an individual in
order to detect meaningful changes in blood enzyme levels.”’
Generally, a statistically derived value of enzyme activity from a
large amount of people serves as this baseline. These methods are
not accurate and may provide ambiguous results at subclinical
exposure (less than 20% enzyme inhibition) because of inter- and
intraindividual variations (e.g, sex, age, ethnicity, etc.) in the
normal levels of BChE between individuals.* To help address
this issue, we have developed a method based on reactivation of
phosphorylated ChE to evaluate OP exposure. This method
shows some advantages, such as baseline-free, sensitive,
and accurate, but it is not useful for some OP exposures in
which the phosphorylated enzymes can either spontaneously
regenerate or quickly age (irreversibly inhibited).”' More-
over, none of these enzyme activity-based methods provide
any quantitative information for the formed OP adducts.
In this regard, novel methods for simple, rapid, accurate,
and reliable detection/screening of exposure to OP agents are
highly desirable.

Thus far, little attention has been paid to combining the
enzyme activity assay with an immunoassay for detecting/screen-
ing OP exposures. Herein, we propose a novel approach for
simple and rapid detection of exposure to OP agents on the basis
of the combination of immunocapture-based enzyme activity
assay and immunoassay of the total amount of enzyme simulta-
neously for detection of enzyme inhibition and phosphorylation
in biological fluids, both of which are typical biomarkers of
OP exposure. This approach is based on a hypothesis that
the catalytic capability of cholinesterase is the same between
individuals, and the key to the method is that the quantitative
dependence of enzyme activity on its concentration could
be established prior to OP exposures. Therefore, the measured
enzyme activity from a postexposure directly indicates active
enzyme levels in a given sample, and the total amount of
enzyme (including active and inhibited) detected serves as
a control. As such, it is easy to quantify both enzyme inhi-
bition and phosphorylation from postexposure samples, pro-
viding a convenient way for screening/assessing exposure to
OP agents.

In this paper, we report on a novel sensing platform based on
magnetic immunodetection for simultaneously measuring en-
zyme activity and the total amount of enzyme for diagnosis/
screening exposure to OP agents. To achieve specificity of the
method, butyrylcholinesterase (BChE) antibodies immobilized
on magnetic beads (MBs) are used to capture BChE in samples
and detect enzyme activity. Simultaneously, MB-based compe-
titive immunoassay of the total amount of enzyme is performed
using electrochemical techniques. The difference values of the
total amount of BChE and active BChE derived from an
established calibration curve of enzyme vs concentration are
used to estimate the formed OP—BChE adduct in the serum. We
chose BChE as a model analyte to demonstrate the principle-of-
concept of this method because BChE reacts quickly with OP at
low concentrations and the symptoms of acute toxicity always
correlate with inhibition of BChE.* In addition, BChE is abun-
dant in human plasma, allowing for sensitive detection required
for low-level exposure. Here, MBs were used as a sensing platform
because ofits inherent advantages such as good stability, versatility

in chemical modification, and ease of separation.”” >* This
approach not only eliminates the difficulty in screening of low-
dose OP exposures of less than 20% inhibition of BChE but also
avoids the drawback of the unavailability of OP-specific antibodies
for quantifying phosphorylated adduct. This method is baseline-
free, and it offers a new avenue for rapid, accurate, selective, and
inexpensive biomonitoring of a variety of OP exposures.

B EXPERIMENTAL SECTION

Reagents. Qdot@62$ antibody conjugation kit, which was
purchased from Molecular Probes Inc. (Eugene, OR), includes
QDs (CdS@ZnS), succinimidyl trans-4-(N-maleimidylmethyl)-
cyclohexane-1-carboxylate solution, dithiothreitol (DDT) solu-
tion, dye-labeled marker for antibody elution, mercaptoethanol,
separation media, and exchange buffer. Human BChE, butyr-
ylthiocholine (BTCh), bovine serum albumin (BSA), Tween-20,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC), N-hydroxysuccinimide (NHS), 3,3',5,5'-tetramethyl-
benzidine (TMB), phosphate-buffered saline (PBS), and 2-(N-
morpholino)ethanesulfonic acid (MES) were products from
Sigma-Aldrich Co. (St. Louis, MO). Anti-BChE antibody
(ab17246) was purchased from Abcam Inc. (Cambridge, MA).
Carboxyl-functionalized MBs (20 mg/mL, 5 x 10° MBs/mg)
were obtained from Polysciences, Inc. (Warrington, PA). Su-
perBlock T20 (TBS) blocking buffer and bicinchoninic acid
assay (BCA) kit were purchased from Thermo Scientific
(Rockford, IL). Paraoxon was purchased from Chem Service,
Inc. (West Chester, PA). Microplates for enzyme-linked immu-
nosorbent assay (ELISA) were purchased from Becton (Franklin
Lakes, NJ). All stock and buffer solutions were prepared using
autoclaved double-deionized water. Mixed human plasma with
sodium heparin as the anticoagulant was procured from Bior-
eclamation Inc. (Liverpool, NY).

Apparatus. All electrochemical measurements were per-
formed with an electrochemical analyzer CHI 824 (CH Instru-
ments, Austin, TX) connected to a personal computer. For
square wave voltammetry (SWV) measurement, the disposable
screen printed carbon electrode (SPCE) or multiwalled carbon
nanotube electrode (110CNT) consisting of a carbon working
electrode, a carbon counter electrode, and an Ag/AgCl reference
electrode was purchased from Dropsens, Inc. (Spain) for elec-
trochemical measurements. A sensor connector (Dropsens, Inc.)
allows for connection of the SPCE to the CHI electrochemical
analyzer. Magnetic capturing and separations were conducted on
an MCB 1200 Biomagnetic Processing Platform (Sigris, CA).
ELISA measurements were carried out at room temperature on a
Safire 2 microplate reader (TECAN, Switzerland). A transmis-
sion electron microscope (TEM, Hitachi H-7000) was used to
characterize sample suspensions, each of which was dropped
onto carbonate film-coated copper grids (3-mm diameter,
200 mesh) to be dried at room temperature and then measured
at 75 kV. X-ray photoelectron spectroscopy (XPS) measure-
ments were taken with a Physical Electronics Quantum 2000
Scanning Microprobe.

Conjugation of anti-BChE Antibody and BChE with MBs.
The conjugation of anti-BChE antibody and BChE with MBs
was processed by EDC/NHS chemistry (see Supporting In-
formation). From UV results, an average number of ~1.1x 10°
anti-BChE antibodies per MB or 20 nM MB—anti-BChE
conjugate were obtained (see Supporting Information).
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Scheme 1. Schematic Illustrations of the Principle of Inmunosensing Platform Based on (A) Immunodetection of Enzyme
Activity and (B) Immunoassay of Total Amount of Enzyme Simultaneously for Biomonitoring of OP Exposure
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MB—anti-BChE and MB—BChE conjugates are stable at 4 °C
for at least 4 weeks.

Preparation of QD-—anti-BChE Antibody Conjugates.
QD —anti-BChE antibody conjugates were prepared by follow-
ing the protocol for the Qdot@625 antibody conjugation kit (see
Supporting Information).

Preparation of Phosphorylated BChE Adduct and Human
Plasma Samples. Phosphorylated adduct was prepared by the
incubation of BChE or human plasma samples with paraoxon as a
model of OPs (see Supporting Information).

Testing of Immunoaffinity of anti-BChE Antibody to BChE
and OP—BChE by ELISA. The immunoaffinity of anti-BChE
antibody to BChE and OP—BChE was examined by ELISA (see
Supporting Information).

Competitive Imnmunoassays of the Total Amount of BChE.
Competitive immunoassays of the total amount of BChE
using electrochemical SWV measurement include three steps:
(1) competitive capturing of BChE in samples or plasma samples;
(2) releasing the QD label captured on the surface of MBs;
(3) electrochemical SWV detection (see Supporting Information).

Electrochemical Immunosensing of Active BChE. Electro-
chemical quantification of the active BChE using flow injec-
tion sensing system includes two steps: (1) magnetic capturing
of BChE from samples; (2) electrochemical detection of en-
zyme activity with the flow injection system (see Supporting
Information).

B RESULTS AND DISCUSSION

MB Immunosensing Platform for Quantification of Expo-
sure to OP Agents. Scheme 1 illustrates the principle of
combination of enzyme activity assay and immunoassay for
detecting OP exposures. Briefly, one sensor detects enzyme
activity using MB—anti-BChE conjugates to capture BChE in
the samples (mixture of OP-inhibited BChE and active BChE)
followed by electrochemical detection of electroactive enzymatic

products thiocholine (A) based on the reactions:

BTCh + H,0 EE, thiocholine (RSH) 4+ HA (acetic acid)
2 thiocholine (RSH) — thiocholine (RSSR) + 2H" + 2¢~

As such, enzyme activity measured from samples can be used
to calculate active enzyme according to an established calibration
curve of enzyme activity vs enzyme concentration. Here, multi-
wall carbon nanotubes (MWCNTSs) are used to enhance the
signal from oxidation of enzymatic products. Simultaneously, the
other sensor can detect total enzyme (mixture of OP-inhibited
BChE and active BChE) based on competitive immunoassay
using MB—BChE conjugates (B). In this platform, BChE was
conjugated to MBs, and QDs served as a label for enhancing
signal output. In the assay, the target BChE (mixture of OP-
inhibited BChE and active BChE) in samples competes with
BChE conjugated on the MBs to bind to the limited binding sites
of the QD—anti-BChE conjugate in the incubation solution.
Upon completion of the immunoreaction, electrochemical mea-
surements were used to quantify the total amount of BChE by
analysis of cadmium ions released from captured quantum dots.
Both the total real time enzyme amount and the enzyme activity
can be detected in the sample; therefore, we can achieve both
enzyme inhibition and the phosphorylation adduct in samples for
detection of exposure to OP agents.

TEM Characterization of MBs and MB Conjugates. Figure 1
illustrates typical TEM images of negatively stained samples
including carboxylated MBs (A), MB—BChE/QD—anti-BChE
conjugate (B), and QD—anti-BChE (C). Magnified images are
shown in panels D and E. Carboxylated MB shows an average
size of ~1 ym with a smooth surface (Figure 1A). Also individual
QD —anti-BChE conjugates are clearly identifiable and appear
uniform in size with a diameter of 10 nm (Figure 1C). When
BChE were first covalently linked to carboxylated MB and then
followed by competitive immunoreactions between MB—BChE

3772 dx.doi.org/10.1021/ac200217d |Anal. Chem. 2011, 83, 3770-3777



Analytical Chemistry

A

200 nm

50 nm

Figure 1. Typical TEM images of (A) carboxylated MBs, (B) MB—BChE/QD—anti-BChE conjugates, (C) QD —anti-BChE. (D) Magnified image
of carboxylated MBs and (E) magnified image of MB—BChE/QD —anti-BChE.

and QD —anti-BChE, the formed MB—BChE/QD—anti-BChE
immunocomplex results in an increase of surface roughness of
the MBs (Figure 1B). Detailed magnified images of carboxylated
MBs (Figure 1D) and MB—BChE/QD—anti-BChE (Figure 1E)
further display smooth and rough lateral surfaces, respectively.
XPS Analysis of Carboxyl-Functionalized MBs and MB
Conjugates. XPS spectra of the carboxyl-functionalized MBs
(curve a), MB—anti-BChE conjugate (curve b), and MB—BChE
conjugate (curve c) are shown in Figure Sl in Supporting
Information. All MBs showed the binding energy of the core
electrons for the Ci line at 285.0 eV from the C—H groups
(Figure S1A). The carboxyl-functionalized MBs were confirmed
by the obvious signal in the peak at 288.1 eV (curve a), which was
attributed to the COOH unit.** After MB binding with BChE or
anti-BChE antibody, the peak of COOH shifted slightly left and
appeared at 287.6 eV (curves b and c in Figure S1B), which might
be attributed to the interaction between EDC/NHS-activated
carboxylate of MBs and amino groups on the antibody or antigen.
Furthermore, a strong Nj; binding energy at 399.6 eV was
observed in the MB—anti-BChE conjugate (curve b) and MB—
BChE conjugate (curve c) as shown in Figure S1B, while a much
smaller signal could be detected on the MBs (curve a) which
comes from surface polymer containing N. The Ny, core level
spectra showed a typical binding energy of the amide nitrogen

atoms (HN—C=0) coming from the function of antibodies and
antigens,26 indicating successful modification of MBs with BChE
or anti-BChE.

Electrochemical Characterization of BChE Activity Based
on MB—anti-BChE Capturing. As shown above, active BChE
can hydrolyze its substrate BT Ch to produce thiocholine which is
electroactive and detectable at the CN'T/SPCE by application of
a low potential. The CNT is used to decrease the overpotential
and enhance the electrochemical signal because of its high surface
area, excellent electrical conductivity, and electrocatalytic
activity.”” > The activity of BChE was inhibited with paraoxon,
resulting in a phosphorylated OP—BChE adduct and decrease
electrochemical signals. The BChE activity was studied by cyclic
voltammetry using the proposed method. As shown in Figure 2A,
after incubation of MB—anti-BChE with 10 nM BChE, the
formed MB—anti-BChE/BChE immunocomplex displayed no
detectable redox peaks on the bare SPCE (curve a) and CNT/
SPCE (curve b) in PBS buffer (pH 7.4) because no substrates
were present. However, when BTCh was added into the PBS, an
obvious oxidation peak was observed on both bare SPCE (curve c)
and CNT/SPCE (curve d) at 780 mV and 583 mV, respectively.
Since no peaks were observed for the BTCh solution on both
electrodes (data not shown), the peak is obviously attributed to
the oxidation of thiocholine, the hydrolysis product of BTCh
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Figure 2. (A) Cyclic voltammograms obtained at MB—anti-BChE/BChE immunocomplex coated on (a) bare SPCE and (b) CNT/SPCE in PBS, and
on (c) bare SPCE and (d) CNTs/SPCE in PBS containing S mM BTCh. (B) Cyclic voltammograms obtained at the MB—anti-BChE/BChE
immunocomplex coated on CNT/SPCE in PBS containing S mM BTCh after incubating MB—anti-BChE (a) with 10 nM BChE and (b) with 5 nM
BChE and § nM paraoxon—BChE mixture for 40 min. (C) ELISA assay of anti-BChE antibody for recognition of (red) BChE and (green) OP—BChE.
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Figure 3. (A) Amperometric responses for MB—anti-BChE incubated with different concentrations of BChE: (a) 0.05 nM; (b) 0.1 nM; (c) 0.2 nM;
(d) 0.5 nM; (e) 1.0 nM; (f) 2.0 nM; (g) 5.0 nM; (h) 10 nM; (i) 20 nM; (j) SO nM. (B) Calibration plot for BChE activity and concentration. (C) SWV
responses for MB—BChE incubated with different concentrations of BChE: (a) 0 nM; (b) 0.1 nM; (c) 0.2 nM; (d) 0.5 nM; (e) 1.0 nM; (f) 2.0 nM;
(g) 5.0 nM; (h) 10 nM; (i) 20 nM; (j) SO nM. (D) Calibration plot for SWV response and BChE concentration.

which was catalyzed by the active BChE on the MB —anti-BChE/
BChE immnuocomplex. Furthermore, the oxidation peak cur-
rent on the CNT/SPCE was much higher than that on the
bare SPCE and the peak potential shifted negatively ~200 mV.
These results revealed that CNTs can greatly enhance the
electrochemical signal of the enzymatic product and decrease
the overpotential of thiocholine oxidation. The decrease of the
overpotential is beneficial for avoiding interferences from other
electroactive species in biological matrixes. Here, cyclic voltam-
metric measurements were further used to understand the effects
of OP exposure on the BChE activity as shown in Figure 2B.
When S nM BChE and § nM paraoxon—BChE mixture solution
was incubated with MB—anti-BChE, the peak current of the
immnuocomplex on the CNTs/SPCE decreased greatly (curve b)
compared to that of 10 nM BChE incubation (curve a). It is
evident that paraoxon inhibits BChE enzyme activity, resulting
in the decreased electrochemical response. These results also

3774

demonstrate that the immunocapture electrochemical detection
approach is capable of measuring the enzyme activity in samples.

Furthermore, we studied the immunoaffinities of anti-BChE
antibody to both BChE and OP—BChE by ELISA (Figure 2C).
Almost equal absorbance values were observed for anti-BChE
antibodies recognizing both BChE and OP—BChE at the same
concentrations, demonstrating that anti-BChE can equally re-
cognize both BChE and OP—BChE. It is very important to
confirm the equal binding affinity of anti-BChE antibodies to
BChE and OP—BChE because we want to use an immunoassay
to measure the total amount of BChE including active BChE and
OP-inhibited BChE from samples exposed to OPs. The same
affinity of anti-BChE to both BChE and OP—BCAhE is critical to
this method. Otherwise, this method cannot be used to measure
the total amount of BChE. Furthermore, only when anti-BChE
equally recognizes both BChE and OP—BChE can we con-
clude that the decrease of peak current at the sensor for

dx.doi.org/10.1021/ac200217d |Anal. Chem. 2011, 83, 3770-3777
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Table 1. Comparison of Calculated and Known OP—BChE in Artificially Prepared BChE Samples

added BChE (¢, nM)

added OP—BChE (c,, nM)

total added BChE + OP—BChE (co, nM)

determined total BChE + OP—BChE from immunoreaction curve (c,/, nM)
determined BChE from activity curve (c,’, nM)

determined OP—BChE (¢,’ = ¢/ — ¢;/, nM)

relative deviations ((c,’ — ¢;)/c, X 100%)

determinedphosphorylation percent (P% = (¢’ /c;’) X 100%)

sample no.

1 2 3 4 S 6
10 9.5 8 4 1 0
0 0.5 2 6 9 10
10 10 10 10 10 10
10.19 9.67 10.05 10.13 9.64 9.71
10.15 9.21 7.89 372 112 0.09
0.04 0.46 2.16 6.41 8.52 9.62
- —8.0% +8.0% +6.8% —5.3% —3.8%
0.39% 4.76% 21.50% 63.28% 88.38% 99.07%

immunoenzyme activity assay stems from the resulting phos-
phorylated adducts, rather than immunoaffinities.

Optimization of Assays. To improve the sensitivity of elec-
trochemical detection of enzyme activity and total BChE by the
immunocapture approach, we optimized the MB concentration
(A), incubation time for immunoreactions (B), BTCh reaction
time (C), and volume of QD —anti-BChE (D), and the results are
shown in Figure S2 in Supporting Information.

Establishment of a Quantitative Relationship between
Enzyme Activity and Enzyme Concentration. To explore the
quantitative relationship between enzyme activity and concen-
tration, we used purified human serum BChE as a standard. In
this study, MB—anti-BChE was first incubated with different
concentrations of standard BChE for 40 min, and the formed
MB —anti-BChE/BChE immunocomplex was then reacted with
BTCh for S min. After magnetic separation, the final reaction
solution was collected and injected into the flow injection sensing
system for amperometric measurements (Figure 3A). It can be
seen that the electrochemical signals increase with an increase of
BChE concentrations. A linear response is obtained over the
concentration range from 0.1 nM to 20 nM, with the regression
equation of i, (#A) = 0.7716 + 0.8497Igc (nM) (1) and the
correlation coefficient of 0.9935 (Figure 3B). The detection limit
is calculated to be as low as 0.05 nM.

Competitive Immunoassay of the Total Amount of BChE.
Under optimal conditions, a competitive immunoassay config-
uration was used for the determination of the total target amount
of BChE. Figure 3C shows the SWV responses of different
concentrations of BChE at a SPCE. The target BChE at a known
concentration competes with captured BChE on the MBs to bind
to the limited binding sites of the QD —anti-BChE conjugate in
the incubation solution. As expected for a competitive mechan-
ism, the SWV peak current from the captured QDs on the
MB—BChE shows a decrease with an increase of target BChE
concentrations in the incubation solution. The resulting calibra-
tion curve is linear between SWV responses and BChE concen-
trations over the range of 0.1—20 nM, with the regression
equation of i, (4A) = 0.7331 — 0.5753lgc (nM) (2) and the
correlation coefficient of 0.9956 (Figure 3D). The detection limit
is calculated to be 0.05 nM.

Performance of the Sensing Platform for Measurement of
Phosphorylated Adducts and Enzyme Inhibition. To demon-
strate the capability of the sensing platform for quantification of
phosphorylated adducts by simultaneous detection of enzyme
activity and total amount of BChE, we used simulated samples
containing different concentrations of standard BChE and
OP—BChE. Briefly, these samples were prepared by mixing a

series of standard BChE of known concentrations with phos-
phorylated adducts of OP—BChE at different ratios (Table 1).
Each sample was measured using the proposed sensing platform
for detecting enzyme activity and total BChE, and all the results
are shown in Table 1. Measured OP—BChE concentrations
are consistent with the added known OP—BChE values for all
the samples, and the relative deviations are lower than 8.0%,
indicating that this new quantitative approach is applicable
and reliable for OP—BChE analysis. Since the average con-
centration of BChE in serum is 40—70 nM,**~>? this method
is sensitive enough to detect 0.5 nM OP—BChE, which is
less than 2% BChE inhibition. Furthermore, the percentage of
phosphorylated BChE in these samples could be obtained by
this method (Table 1), which is consistent with the values from
the prepared samples, indicating that this method is accurate
and reliable.

Validation of the Sensing Platform with Paraoxon-Dosed
Human Plasma Samples. The validation of the sensing platform
for biomonitoring OP exposure was further explored with in vitro
paraoxon-dosed human plasma samples. A series of human
plasma samples was prepared by incubating with various con-
centrations of paraoxon. First, enzyme activity of these samples
was detected by the proposed sensing platform. As shown in
Figure S3A, the plasma sample control displayed the maximum
current (peak a) and the amperometric signal decreased with
increasing paraoxon concentrations (peaks b, ¢, d, e, f, g, h, and i).
The observed amperometric signal inversely correlates with
paraoxon concentration, indicating that a decrease in enzymatic
activity was directly related to phosphorylation of enzymes by
OP exposure. Since BChE reacts quickly with OP at low con-
centrations, the symptoms of acute toxicity always correlate with
the inhibition of BChE.

In parallel, the total amount of BChE for each sample was
determined by competitive immunoassay according to calibra-
tion curve 2. Therefore, the amount of OP—BChE adduct
formed in the plasma could be estimated by subtracting the
active BChE concentration obtained from the calibration curve 1.
These results were listed in Table S1 in Supporting Information.
The relationship between OP—BChE adduct and OP concen-
tration in human samples was further plotted (Figure S3B).
Table S1 and Figure S3B show that the formed OP—BChE
adducts increase with increasing concentration of paraoxon at
low doses. However, the increase in phosphorylation slows down
at high dose (>180 nM). The percentage of phosphorylation in
these samples was also calculated (Table S1). We found that the
maximum value of % phosphorylation of BChE in the sample is
about 96% even at high dose of exposure to paraoxon, indicating
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that some phosphorylated BChE may be reversible. This rever-
sibility was likely attributed to the binding equilibrium between
pesticide and binding sites in enzyme. This is first time we have
used phosphorylation data to explain why the enzyme inhibition
obtained by Ellman assay is always less than 100% even at high
doses. We further calculated total enzyme activity via the
calibration curve (1) for each sample assumed prior to the OP
exposure. Thus, enzyme inhibition for each sample could be
measured. A plot of enzyme inhibition vs OP concentration was
obtained (curve a in Figure S3C), which was consistent with the
curve obtained by Ellman assay (curve b in Figure S3C).

Bl CONCLUSIONS

We have developed a novel immunocapture/electrochemical
detection platform for the biomonitoring of exposure to OP
agents based on simultaneous immunodetection of enzyme ac-
tivity and immunoassay of the total amount of enzyme in the
samples. The novelty of this method relies on the following:
(1) the use of antibody to selectively capture enzyme for the
enzyme activity assay, overcoming the lack of specificity of the
conventional Ellman assay; (2) combination of the immunocap-
ture for enzyme activity assay and immunoassay of total enzyme
for the biomonitoring of exposure to OP agents. Such a method
offers great advantages: (i) baseline-free; (ii) good selectivity;
(iii) good sensitivity (less than 2% BChE inhibition); (iv) no need
for OP-specific antibody quantitation of phosphorylated enzyme;
(v) less interference because magnetic beads are used for sep-
aration of analytes from biological matrixes; (vi) simple, portable,
and inexpensive. Overall, the proposed method has a great
potential for realizing an accurate, sensitive, rapid, and low-cost
onsite biomonitoring of OP exposure and diagnosis/screening of
victims after OP exposures.
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