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Introduction

Many organophosphates (OPs) are highly neurotoxic be-
cause they disrupt the cholinesterase enzyme that regulates

the neurotransmitter acetylcholine,[1–5] which is needed for
proper nervous-system function. There are at least 13 types
of OPs and hundreds of OP compounds in use, which are
derivatives of phosphoric, phosphonic, or phosphinic acids.[6]

Most are used as pesticides, but a few have been used as
chemical weapons. After the tragic events of September 11,
2001, the perceived threat of a chemical attack by terrorists
has emphasized the need for effective countermeasures that
can rapidly diagnose and mitigate the effects of highly toxic
chemical exposures.[7,8] In general, a definitive diagnosis of
pesticide or nerve-agent exposure is required for the initia-
tion of appropriate medical countermeasures, whether expo-
sure is a result of chemical attack, accident, or self-inflict-
ed.[9] In addition, confirmation of exposure to nerve agents
is important for the health surveillance of persons handling
such agents for use as pesticides or as an indicator of illegal
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activity or for forensic purposes (e.g., verification of an al-
leged use of nerve agents). Finally, the verification of non-
exposure to nerve agents is of great importance to con-
cerned individuals.[10]

Following OP exposure in humans or animals the agent
can exist in several forms including: phosphyl-enzyme com-
plexes and protein adducts, unbound nerve agent, and hy-
drolysis products (phosphonic acids). Figure 1 represents the

biological fate of OPs (paraoxon as model compound)
within the human body. Organophosphates covalently bind
to several essential enzymes including: acetylcholinesterase
(AChE), butyrylcholinesterase (BChE), serine esterase, car-
boxylesterase (CaE), neuropathy target esterase (NTE),
trypsin, and chymotrypsin.[11–16] Furthermore, binding to a
tyrosine residue of human serum albumin has been ob-
served.[17] The persistence of unbound OPs in the body is de-
pendent on their physical-chemical properties and the activi-
ty of endogenous organophosphorus hydrolyzing enzymes.[18]

However, the high reactivity of these agents with biological
targets suggests that levels of unbound OP will be small.
Chemical or enzymatic decomposition of OPs results in the
formation of inactive phosphonic acids that are renally ex-
creted.[19]

In view of the fate of OPs in biological systems, different
analytical methods and technologies have been used to diag-
nose and retrospectively verify exposure to these nerve
agents. These methods include: a modified Ellman colori-
metric assay for cholinesterase activity,[20–22] identification
and quantification of unbound nerve agent,[23] analysis of de-
composition products by gas chromatography-mass spec-

trometry (GC-MS)[24] or liquid chromatography-mass spec-
trometry (LC-MS)/MS,[25,26] fluoride-induced reactivation of
inhibited AChE and BChE with reconstitution of the inhibi-
tor and analysis by GC-MS,[27] and analysis of phosphyl-pro-
tein-adducts in plasma by capillary electrophoresis-MS and
LC-MS/MS.[28–30] Of the approaches listed above, the colori-
metric assay remains a mainstay for the fast initial screening
of OP exposure, but it lacks sensitivity and specificity, and
control (or baseline) levels of cholinesterase activity must
be obtained from each subject before analyzing OP expo-
sure.[31] Mass spectrometry (MS) in connection with other
separation and detection technologies has been widely used
for detecting hydrolysis products, unbound nerve agents,
and phosphorylated cholinesterase adducts in biological ma-
trixes, such as red blood cells, plasma, and urine. MS meth-
ods provide very good sensitivity and accuracy, but are cur-
rently limited to laboratory analyses given the requirement
for sophisticated and expensive equipment. Hence, rapid,
sensitive, and field-deployable methods are still needed, and
new or improved diagnostic techniques or tools that can
provide rapid and reliable evaluation of nerve-agent expo-
sure will enhance our ability to respond quickly to an emer-
gency and thus improve our ability to medically counteract
the effects.

Electrochemical immunoassays and immunosensors have
evolved dramatically over the past two decades and are ide-
ally suited for meeting the portability requirements of de-
centralized point-of-care testing or field detection of chemi-
cals agents.[32] Recently, nanomaterial-based electrochemical
immunoassays and immunosensors have attracted considera-
ble interest given the potential for developing selective and
sensitive miniature diagnostic tools.[33–34] In this paper, we
demonstrate initial work toward developing a highly selec-
tive, ultrasensitive, and disposable immunosensor that can
detect sub-clinical exposure to OPs by using nanoparticle-
linked antibodies and metal chelation to selectively capture
phosphorylated AChE biomarkers followed by electrochem-
ical detection. Proof of principle is exhibited by detection of
organophosphate-modified human AChE in vitro.

Results and Discussion

Preparation and characterization of phosphorylated AChE
adducts : The biochemical mechanism of OP and inactivation
of AChE is a widely accepted process and is initiated by
precursory phosphorylation at the catalytic serine residue.[35]

In this study, paraoxon was used as a model of OP pesticide
and nerve agent to prepare diethylphosphoryl protein ad-
ducts for the development of an electrochemical immuno-
sensor. The diethylphosphoryl adduct can then undergo
aging and result in the loss of an alkyl group, leading to the
formation of monoethylphosphoryl adduct. Historically, al-
kylphosphoryl adducts of ChE are simply referred to as
phosphorylated ChE. In our study, the phosphorylated
AChE adduct was prepared by adding freshly prepared par-
aoxon solution (in acetone) to the purified human AChE

Figure 1. Various reaction paths of paraoxon after systemic exposure.
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(from red blood cells) in a tris-HCl buffer (pH 8.0) at a
molar ratio of 1.8:1 (paraoxon to AChE). The enzyme activ-
ity was measured with the modified Ellman colorimetric
method. The decrease in the AChE activity was monitored
until inhibition was complete. It was found that the AChE
activity decreased as a function of contact time, with nearly
complete enzyme inhibition being achieved within two
hours (Figure S1,Supporting Information). These results
were then used as the basis for all subsequent in vitro para-
oxon-AChE experiments.

FTIR spectroscopy and MS was used to confirm forma-
tion of the phosphorylated AChE adduct. The infrared spec-
tra of paraoxon, AChE, and phosphorylated AChE adduct
were recorded (Figure 2). Strong absorption bands resulting

from O�C�C stretching (ñ=1022 and 921 cm�1) are exhibit-
ed in the spectra of paraoxon and phosphorylated AChE,
but absent in the spectrum of AChE alone. In addition, sev-
eral bands associated with the nitrophenyl leaving group of
paraoxon were absent upon formation of the diethylphos-
phoryl adduct on AChE: C=C stretching associated with
conjugated double bonds and absorption bands of aryl-NO2

(Figure 2). Consistent with our understanding of OP to
AChE inhibition and FTIR analysis, the formation mecha-
nism of phosphorylated AChE is illustrated in Figure 1 (left
side). The phosphorylation of AChE by paraoxon is syn-
chronous with the release of p-nitrophenoxy (-OPhNO2) to
yield a stable, covalent diethylphosphoserine ester bond at
the active site serine (S234). The phosphorylated AChE can
usually undergo two possible post-inhibition fates, reactiva-
tion or “aging.” The reactivation process occurs by cleavage
of the phosphoester-serine bond, either spontaneously

(water) or mediated by oxime antidotes. The “aging” pro-
cess occurs when a phosphoester bond other than phospho-
serine is cleaved to produce a phosphate oxyanion; in this
case, the modification at the active site serine, diethylphos-
phoserine, ages to become monoethylphosphoserine, a nega-
tively charged anion at neutral pH. The “aged” phosphory-
lated AChE adduct is considered an irreversible inhibition
and the enzyme remains inactive.

LC MS/MS analyses confirmed the generation of OP
adduct. Paraoxon-modified huAChE (P22304) was chemi-
cally cleaved with CNBr followed by chymotrypsin proteoly-
sis and analyzed with nanoLC-ion trap MS/MS (see methods
below). The use of CNBr allowed for efficient initial cleav-
age of huAChE in the presence of the glycoinositol phos-

pholipid membrane anchor for
the erythrocyte associated pro-
tein, whereas chymotrypsin
generated smaller peptides,
which are ideal for MS/MS se-
quencing. Using MASCOT,
68% of the protein was detect-
ed and characterized for post-
translational modification (Fig-
ure S2, Supporting Informa-
tion). Generation and confirma-
tion of monoethylphophorylat-
ed (aged) AChE was confirmed
at the active site serine (S234)
by detection of peptide 222–
242, GGDPTpSVTLFGESA-
GAASVGMh (Mr =1987.88),
and subsequent neutral scan
loss of the fragmented peptide
as assigned by b- and y-ions
(Figure 3, Table S1). This pep-
tide was further confirmed by
identification of internal frag-
ments 4–10 (In4–10). Including
the overall, eighteen daughter
ions from the CID spectrum

were confidently assigned and an ion score of 24 was ob-
tained for the b- and y-ion assignment alone. Although
there are three serines in this peptide, only modification of
the active site serine is known to cause enzyme inhibition,
and therefore the modification is assigned accordingly. In
addition, we believe this is the first full LC MS/MS charac-
terization of huAChE from red blood cells to be published
(i.e., non-recombinant human red blood cell AChE).

QD based electrochemical immunosensing mechanism :
Recent studies in our group and others have shown that zir-
conium oxide (ZrO2) nanoparticles can selectively capture
OPs, pesticides, and phosphorylated peptides because of the
strong affinity of ZrO2 for the phosphoric group.[36,37] The
principle of immunosensing phosphylated protein biomark-
ers is similar to traditional sandwich immunoassays except
that primary recognition is performed by ZrO2 nanoparticle

Figure 2. Typical FTIR spectrums of paraoxon, AChE, and paraoxon-AChE adduct.
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chelation with the phosphorylated moiety of phosphylated
protein. Secondary recognition is performed by QD-tagged
anti-AChE antibodies. Figure 4 schematically illustrates the

procedure of electrochemical immunosensing of phosphory-
lated AChE adduct based on a QD label and a ZrO2 nano-
particle-modified screen printed electrode (SPE). The phos-
phorylated AChE is first captured by the ZrO2 nanoparti-
cles. The QD-tagged anti-AChE conjugate is introduced to
form the sandwich-like complex on the sensor surface. The
captured QDs are then dissolved by a drop of acid to re-
lease cadmium ions. This is followed by square-wave vol-
tammetric (SWV) detection of the released cadmium ions at
an in situ plated mercury film electrode. In this protocol, the
use of ZrO2 nanoparticles to capture the phosphorylated
AChE avoided the use of a capturing antibody, which would
need to be specific against the phosphorylated AChE
adduct and is currently not commercially available.

Evaluation of binding affinity of anti-AChE antibody to
phosphorylated AChE adduct : A monoclonal anti-AChE
antibody was purchased from Abcam (Cambridge, MA) and
the manufacturer instructions stated that it is specific to
human AChE. However, it was not clear whether this mono-
clonal antibody would also recognize phosphorylated AChE.
We studied its binding affinity using a traditional enzyme-
linked immunosorbent assay (ELISA). The monoclonal
anti-AChE was conjugated with horseradish peroxidase
(HRP) for ELISA application. Purified AChE and phos-
phorylated AChE were used as targets. The details are ex-
plained in the experimental section. Good responses were
observed for both AChE and phosphorylated-AChE (Fig-
ure S3, Supporting Information). Thus, the monoclonal anti-
AChE antibody has good affinity for both native and phos-
phorylated AChE. On the other hand, a significantly low re-
sponse was observed in the control experiment using bovine
serum albumin (BSA) as a target. This preliminary result
demonstrates that the monoclonal anti-AChE antibody can
be used for the development of an immunosensor for detec-
tion of phosphorylated AChE.

The monoclonal anti-AChE was thus conjugated with QD
tags for the development of electrochemical immunosensors
based on ZrO2-coated SPE. First, we investigated the bind-
ing affinity of QD-tagged anti-AChE to phosphorylated
AChE with the proposed electrochemical immunosensing
approach (atop ZrO2-coated SPE). Table 1 shows the typical
electrochemical responses of phosphorylated AChE, puri-
fied AChE, a mixture of phosphorylated AChE and AChE,
as well as BSA control on the immunosensors.

Theoretically, minimal absorption of AChE and BSA on
the ZrO2 SPE will occur, while strong absorption of phos-
phorylated AChE is expected. Subsequent detection of
ZrO2 captured material with the electrochemical detection
of QD-tagged antibody generated a well-defined voltammet-
ric peak current of 530 nA (peak potential of �0.78 V) from
stripping voltammetric detection of the cadmium component
of the QDs. Much lower responses (20 and 10 nA) were ob-
served in the control experiments of purified AChE and
nonspecific protein BSA, respectively. Signals from the con-
trol experiments are ascribed to the nonspecific adsorption
of QD-anti-AChE on the SPE surface. Such signal differen-

Figure 3. Mass spectrum of collision-induced dissociation of the 4+ ion,
497.76, from LC-MS/MS analysis of alkyphosphorylated AChE, retention
time 4.6 min. Assignment of the resulting fragments peaks (daughter
ions) can be confidently assigned to b- and y-ions and internal fragmenta-
tion of a subpeptide of the 21 amino acid sequence GGDPTSVTLFGE-
SAGAASVGMh (peptide 222–242) with a homoserine C-terminus (Mh,
due to incubation with CNBr). Assignments made from the amino termi-
nus of the parent peptide (far left, G) begin with b1 through b21 (left to
right), whereas those that begin from at the carboxyl terminus (far right,
Mh) are numbered y1 and through y21 (right to left). Each experimental
peak mass that can be matched to a subsection of the parent peptide is
labeled in the spectrum and the corresponding amino acid sequence for
the fragment is shown in the upper left of the figure. For example, b7 has
a mass of 614.28 (Table S1) and is assigned to GGDPTSV. Using the
MASCOT sequence mapping algorithm, an ion score greater than13 indi-
cates identity or extensive homology at p<0.05; a score of 24 was ob-
tained here. The match is further confirmed by detection of internal frag-
ments 4–10 (In4–10, PTSVTLF). Most importantly, a monoethyl-phos-
phoryl mass adduct of 107.998 Da is included in the assignment of y9, the
doubly charged y10++ , doubly charged a16++ , and y9–126 (neutral
loss of monoethylphosphate, Mr =126.01 from y9); the overlap of these
sequences pinpoints the OP adduct to Ser 13 within the parent peptide
(from left to right). In addition, only modification of active site serine
S234 (amino acid S13 of this peptide) by alkyphosphorylation is known
to yield inactive AChE as demonstrated by our Ellman assay.

Figure 4. The principle of electrochemical immunosensing of phosphory-
lated AChE, A) ZrO2 nanoparticle modified SPE; B) selective capturing
phosphorylated AChE adducts; C) Immunoreaction between bound
phosphorylated AChE adducts and QD-labeled anti-AChE antibody;
D) dissolution of nanoparticle with acid following an electrochemical
stripping analysis. AChE: purple, ZnO2: green, electrode: yellow.
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ces between the phosphorylated AChE and controls (AChE
and BSA) suggest preferential formation of ZrO2- phos-
phorylated AChE -anti-AChE-QD complexes. Since a mix-
ture of both AChE and phosphorylated AChE is to be ex-
pected in real biological samples at low levels of exposure, a
mixture of AChE and phosphorylated AChE was examined
as a sample to challenge our proposed approach. We ob-
tained an electrochemical response of 480 nA for the mix-
ture which is slightly lower than that of phosphorylated
AChE alone (530 nA), indicating that co-existing AChE
does not adversely affect the electrochemical response of
the immunosensor.

Optimization of the parameters for electrochemical immu-
nosensing phosphorylated AChE adduct : The principle of
the proposed electrochemical immunosensor is based on a
sandwich-like immunoreaction on the ZrO2-coated SPE.
ZrO2 nanoparticles are used as a capturing platform and im-
mobilized on the SPE surface to capture the phosphorylated
AChE moiety. The amount of ZrO2 immobilized influences
the amount of phosphorylated AChE bound to the surface
of the immunosensor, and this accounts for the amount of
QD-anti-AChE. Figure 5A displays the response current as
affected by the amount of ZrO2, which was controlled by
changing the cyclic voltammetric scanning cycles during the
preparation of ZrO2-coated SPE. The response current in-
creases upon raising the cyclic voltammetry (CV) cycles
from 2 to 10, and then it starts to decrease. Ten cycles of CV
scanning were used to prepare the electrode for the follow-
ing experiments. The decrease in current at higher amounts
of ZrO2 (more cycles) may be attributed to an increase in
electrode resistance, which decreases the sensitivity of metal
ion measurement.

Nonspecific adsorption is one of the important issues in
the development of nanoparticle-tag-based biosensors and
bioassays. In the current study, there was an electrochemical
response obtained from the control sample (in the absence
of phosphorylated AChE; see Table 1). This is due to non-
specific adsorption of QD-anti-AChE conjugate on the
sensor surface. To minimize such nonspecific adsorption, we
found that adding 0.5% BSA in the QD-anti-AChE conju-
gate solution and blocking the electrode surface (after cap-
turing paraoxon-AChE) with 1% BSA significantly de-

creased nonspecific adsorption. Figure 5B presents the elec-
trochemical responses of the sensors to 0.5 nm (sample) and
0 nm (control) phosphorylated AChE in the absence and
presence of BSA. Although the electrochemical signals of
both the sample and control decreased after using BSA as a
blocking agent, the signal to background ratio was improved
more than three times. A negligible signal was observed
from the control sample. Limiting of nonspecific adsorption
may be attributed to a shielding effect of BSA when ad-
sorbed on the surface of the QD and the sensor surface.

The response signal of the immunosensor depends on the
amount of QD-anti-AChE conjugate bound to the phos-
phorylated AChE on the surface of the ZrO2-coated elec-
trode. The optimal amount of QD-anti-AChE in the incuba-
tion solution was determined by incubating the phosphory-
lated AChE captured sensors with different concentrations
of QD-anti-AChE solution, which were prepared by diluting
the original conjugate solution. Figure 5C presents the elec-
trochemical responses of the sensors to 0.5 nm (sample) and

Table 1. Electrochemical responses of various species on immuno-
ACHTUNGTRENNUNGsensor.[a]

Sample Concentration
[nm]

Electrochemical
responses [nA]

phosphorylated AchE 1.0 530
AchE 5.0 20
BSA 5.0 10
phosphorylated AchE+ AChE 1.0+5.0 480

[a] Immunoreaction time: 1 h; QD-Ab conjugate (10 mL, 1/20, v/v) was
used during the incubation. [b] SWV measurements were performed by
using an in situ plated Hg film on the SPE by a 2 min accumulation at
�1.4 V. Subsequent stripping was performed after a 2-second rest period
from �1.0 V to �0.5 V with a step potential of 4 mV, amplitude of
25 mV, and frequency of 5 Hz.

Figure 5. A) The effect of the amount of ZrO2 on the response of the im-
munosensor; the amount of ZrO2 was controlled by the cycles of cyclic
potential scanning; B) BSA block effect on the immunosensor responses;
C) the effect of QD-anti-AChE concentration; concentration of phos-
phorylated AChE: 0.5 nm. The conditions of electrochemical measure-
ment are the same as in Table 1.
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0 nm (control) of phosphorylated AChE with different con-
centrations of QD-anti-AChE. Electrochemical responses of
samples and controls increase with increasing concentration
of conjugate. The optimum ratio of the sample to control
was obtained at the 1/50 dilution. So a 1/50 dilution of the
conjugate solution was used in most experiments.

Performance of the immunosensor : Under optimal experi-
mental conditions, we examined the performance of the im-
munosensor with different concentrations of phosphorylated
AChE. Figure 6 displays typical electrochemical responses
of the sensor with increasing concentrations of phosphory-
lated AChE from 10 pm to 4 nm. Well-defined stripping vol-
tammetric peaks (from cadmium ions) are observed across
the concentration range. The peak current intensities in-
crease with increasing phosphorylated AChE concentrations.
The resulting calibration plot of current versus known con-
centration of phosphorylated AChE (Figure 6 inset, bottom)
is linear over the 10 pm to 4 nm range and is suitable for
quantitative work. Also shown in Figure 6 top inset are the
SWV signals for a 10 pM phosphorylated AChE sample and
0 pm control, respectively. A small signal was observed in
the control experiment (in the absence of phosphorylated
AChE). Such behavior is ascribed to the blocking step with
1% BSA. The response of 10 pm phosphorylated AChE in-
dicates a detection limit of 8 pm (based on S/N=3), which is
comparable to that of mass spectrometric analysis of phos-
phylated cholinesterase adducts.[28] A series of six measure-

ments of 100 pm phosphorylated AChE yielded reproducible
electrochemical responses with an RSD of 4.3% (data not
shown). The target application of the immunosensor devel-
oped in this work is for biomonitoring of low-dose OP expo-
sure level (<15% inhibition of plasma cholinesterase). At
such exposure level, the victims will not show acute symp-
toms but may have a harmful biological effect. The average
AChE level at human plasma is around 8.0 ngmL�1

(�0.12 nm).[35] Based on a simple calculation, the OP-AChE
level in human plasma is around 0.018 nm for the low-dose
exposure victims. Therefore, the immunosensor developed
from this work should have the sensitivity for biomonitoring
of low-dose exposure to OPs.

Analysis of phosphorylated AChE in spiked human plasma
samples : To explore the use of the biosensor for monitoring
biological matrices, human plasma samples (Golden West
Biologicals) were spiked with phosphorylated AChE to final
concentrations of 25 and 80 pm. Plasma control samples
without the addition of phosphorylated AChE were also
evaluated. Analysis of 50 mL of sample was performed using
the immunosensor. Phosphorylated AChE concentrations of
the spiked samples were quantified based on the peak cur-
rent intensity generated from the samples and the calibra-
tion curve depicted in Figure 6. As shown in Table 2, the re-

coveries for these spiked samples obtained from the immu-
nosensor are calculated to be between 106% and 109%. A
more rigorous analysis of the analytical performance of the
immunosensor for use with biological matrices is underway;
however, these preliminary results demonstrate the potential
for characterizing very low levels of OP exposure using bio-
logical matrices.

Conclusion

We have presented a nanoparticle-based electrochemical im-
munosensor with the potential to measure phosphorylated
AChE as a biomarker of OP exposure. Under optimal con-
ditions, the immunosensor is very sensitive with the detec-
tion limit of 8.0 pm. Further, we have demonstrated the use

Figure 6. Typical electrochemical responses of the immunosensor with
the increasing phosphorylated AChE concentration (0.01, 0.05, 0.3, 0.5,
1.0, 2.0, 4 nm from a to g). The insets show the resulting calibration plot
(bottom) and the electrochemical responses of 10 pM and 0 pM (top)
paraoxon-AChE. Each concentration was measured three times with
three different immunosensors. The immunoreaction time was 1 hr;
10 mL of QD-Ab conjugate (1/50, v/v) was used during the incubation.
Electrochemical measurement conditions were the same as in Table 1.

Table 2. Electrochemical immunosensing of phosphorylated AChE in
human plasma.[a]

Sample Response
current [nA]

Phosphorylated
AChE [pm][b]

Recovery
[%]

Human plasma 6.1 ND N/A
Human plasma+25 pM
Posphoylated AChE

38.7�0.8 26.5�3.4 106

Human plasma +80 pM
Phosphorylated AChE

52.4�1.1 87.2�2.6 109

[a] samples were prepared by spiking purified phosphorylated AChE in
human plasma. [b] The concentration of the spiked phosphorylated
AChE was calculated by the obtained electrochemical response and the
calibration curve depicted in Figure 6. Each sample was measured three
times with three different electrodes.
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of the sensor to detect phosphorylated AChE in complex
biological matrices with satisfactory results. Other transi-
tional metal oxide such as titanium oxide has also been used
as capturing agents for OPs. TiO2 is generally used as a cap-
turing agent for photocatalytic decomposition of OPs.[23]

OP-specific antibody is a good capturing agent for develop-
ing immunoassay methods for detection of protein -OP ad-
ducts. However, the rare commercial availability of these
specific antibodies limits the development of antibody-based
methods. Because of the ease of fabrication and its high af-
finity to OPs, ZrO2 as capturing agents shows promising for
developing a portable and sensitive detector for measure-
ment of protein-OP adducts. The developed immunosensor
represents a new sensitive and quantitative tool for poten-
tially monitoring for a wide variety of OP exposures. Simul-
taneous detection of multiple phosphorylated esterase ad-
ducts could be realized by using different metallic nanopar-
ticle tags, such as CdS and PbS and specificity/selectivity
could be improved by using an QD-tagged anti-phosphory-
lated ChE antibody. Replacement of toxic metals (cadmium
and mercury) with environmentally friendly bismuth and an-
timony would further enhance the power of the new proto-
col.[38,39] Current research is being performed in these areas
as well as further validating the performance of these devi-
ces and fabrication of an affordable disposable version.[34c]

Overall, the immunosensor presented here shows great
promise for in-field and point-of-care diagnosis of OP pesti-
cides and nerve-agent exposures.

Experimental Section

Reagents : Paraoxon, non-recombinant human AChE from red blood
cells, acetylthiocholine iodide, zirconium oxychloride (ZrOCl2), 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), hydroxyl-
ACHTUNGTRENNUNGamine, CNBr, alpha-chymotrypsin (type I-S), 2-mercaptoethanol, N-hy-
droxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES)
buffer, horseradish peroxidase (HRP) and 5,5-dithio-bis(2-nitrobenzoic
acid) were purchased from Sigma–Aldrich. Polyclonal and monoclonal
anti-AChE antibodies were purchased from Abcam. A Qdot@655 anti-
body conjugation kit was purchased from Invitrogen. Human plasma was
purchased from Golden West Biologicals. Other reagents were commer-
cially available and were of analytical reagent grade. Solutions were pre-
pared with ultrapure (18MW) water from a Nanopure purification system
(Billerica, MA).

Instruments : Square-wave voltammetric (SWV) measurements were per-
formed using an electrochemical analyzer CHI 660 (CH Instruments,
Austin, TX) connected to a personal computer. A disposable screen-
printed electrode (SPE) consisting of a carbon working electrode, a
carbon counter electrode, and an Ag/AgCl reference electrode was pur-
chased from Alderon Biosciences, Inc. for electrochemical measurements.
A sensor connector (Alderon Biosciences) allows for connecting the SPE
to the CHI electrochemical analyzer. LC MS/MS analyses of the phos-
phorylated AChE was performed using the Agilent 1200 series LC
system, Agilent HPLC-Chip cube and Agilent 6330 XCT ion trap. Centri-
fugal filter devices (AmiconUltra-15, 30000 MWCO, Millipore Corpora-
tion) were used to separate and concentrate the sample solution. Dialysis
was performed with Float-A-Lyzer (MWCO 25 000, Spectrum Laborato-
ries). The Disposable PD-10 desalting column packed with Sephadex G-
25 medium (exclusion limit 5000) was purchased from Amersham Biosci-
ence Corporation and used to purify the protein solution. Centrifugation
was performed with a Sorvall RC 26 plus (Kendro Laboratory Product).

Preparation of phosphorylated AChE adducts : AChE was diluted in
phosphate buffer (0.01m, pH 7.4, final concentration, 110 nm) before par-
aoxon addition. Paraoxon was diluted in an appropriate vehicle, such as
acetone, at less than 5% of the total volume and had no significant effect
on AChE activity or reactivity with anti-AChE. The final concentration
of paraoxon was 750 mm. AChE was incubated with paraoxon for 2 h at
room temperature. The decrease in enzyme activity was monitored until
inhibition was complete. The solution was dialyzed against phosphate
buffer (0.01m) with saline (PBS) (2P1 L) overnight at 4 8C, to remove
the excess of paraoxon. Finally, a volume of phosphorylated AChE was
decreased to approximately 0.4 mL by ultrafiltration (Millipore Ultra-
free-MC, Bedford, MA). The protein content of the concentration was
determined spectrophotometrically at l =280 nm using an absorption co-
efficients of E1% =16.

Preparation of phosphorylated AChE samples for mass spectrometry
(MS) analysis : Prior to the MS characterization, phosphorylated AChE
was precipitated with ice-cold acetone (1:4 vol/vol), the acetone was dec-
anted, and the remaining pellet dried in a speed-vac. The pellet was reso-
lubilized in of degassed HCl (100 mL, 0.1 N) and CNBr (2.5 mL of
20 nmolmL�1) was added (a 20-fold excess) to chemically cleave the lipo-
philic protein at the C-terminus of methionine residues for 12 h at room
temperature, in the dark. CNBr was removed by adding acetonitrile
(200 mL) and lyophilizing the sample to dryness in a speed-vac. Finally,
the pellet was resolubilized in ammonium bicarbonate (200 mL, 50 mm,
pH 7.8) and treated with chymotrypsin (10 mL, 0.1 mgmL�1) at a protein
to enzyme ratio of 1:20 for 12 h, at 37 8C. Proteolysis was stopped by
flash freezing at �80 8C.

Mass spectrometry analyses : LC MS/MS analyses of the huAChE pep-
tides was performed by using the Agilent 1200 series LC system, Agilent
HPLC-Chip cube and Agilent 6330 XCT ion trap. 100 nL of peptide solu-
tion were loaded onto a 4 mm, 40 nL enrichment column and separated
on a polymer embedded 75 mmP43 mm column containing 5 mm, 300 Q
ZORBAX SB-C18. The mobile phases employed were: 0.1% formic acid
in water (A phase) and 90% acetonitrile with 0.1% formic acid (B
phase). After initial loading at 3% B, the gradient increased to 70% B
over 10 minutes then ramped to 95% B in two minutes. The analytical
flow rate was 600 nLmin�1. Peptides were ionized using nano-electro-
spray in the positive mode and automatically detected in MS/MS mode
from 50–2200 m/z. Peptide mass mapping of MS/MS data was performed
using MASCOTR (MatrixScience) after configuring the “enzyme file” to
include a CNBr/Chymotrypsin cleavage and configuring the “modifica-
tions file” to include the following variable modifications: homoserine
and homoserine lactone at C-terminal methionines, diethylphosphoryla-
tion (DEP) of serine with neutral scan loss of 154.0395 (monoisotopic),
and monoethylphosphorylation of serine (which results from “aging” of
the DEP adduct) with a neutral scan loss of 126.0082 (monoisotopic).

AChE and phosphorylated AChE activity assay : A modified Ellman
assay was performed essentially as described.[20] AChE or phosphorylated
AChE was diluted serially in 0.1m phosphate buffer (pH 7.4) and 2 mL
added to a microtiter plate. The plate substrate acetylthiocholine iodide
(ATCh-I; 2 mL) provided a final concentration of 0.75 mm. A 5, 5-dithio-
bis (2-nitrobenzoic acid) (DNTB) was added to the assay solution to give
a final concentration of 0.32 mm. Absorbance was measured at OD l=

412 nm over a 3 min period at 25 8C on a versaMax microplate reader
with SOFTMAX PRO v. 3.0 software (Molecular Devices).

Fourier transform infrared spectroscopic characterization of phosphory-
lated AChE adducts : Infrared spectra were collected using a Bruker
IFS66/S Fourier transform infrared spectrometer (FTIR) with a Michel-
son interferometer. The spectrometer was purged for 10 minutes with ni-
trogen gas before spectral collection to decrease strong absorbances from
atmospheric carbon dioxide and water vapor. Spectra were collected
using a mid-infrared Globar source, a KBr beamsplitter, and a deuterated
triglycine sulfate (DTGS) detector. Spectra consisted of 512 co-added
scans acquired using double-sided/forward-backward mirror motion with
a 10 kHz mirror velocity. Each spectrum took over seven minutes to ac-
quire. Spectra were collected at 4 cm�1 resolution over the frequency
range of 5200 to 500 cm�1, with a 16 cm�1 phase resolution and a zero fill-
ing factor of 2, using a Blackman Harris three-term apodization, and
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Mertz phase correction. A 16 kHz low-pass filter was used to prevent ali-
asing. Absorbance spectra were obtained by rationing the attenuated
total reflectance (ATR) spectra of the samples to the ATR spectra of the
uncoated diamond crystal.

Preparation of HRP- anti-AChE conjugate : The HRP-anti-AChE conju-
gate was prepared by following a modified procedure described by Gra-
back and Gergely.[40] Briefly, HRP was activated by adding HRP (0.5 mg)
in activation buffer (1 mL) containing MES (0.1m) and NaCl (0.5m,

pH 6.0). A total of EDC (0.4 mg, final concentration �2 mm) and NHS
(0.6 mg, final concentration �5 mm) were added to the activated HRP
solution, and reacted for 15 minutes at room temperature. The EDC was
quenched by adding 2-mercaptoethanol (1.4 mL, final concentration of
20 mm). The excess reducing agent and inactivated crosslinker were re-
moved with a PD-10 column. The eluent was collected and concentrated
to 1 mL in an ultracentrifuge tube. An amount of Anti-AChE was added
at an equal molar equivalent to the HRP in the above solution, and the
reaction proceeded for 2 h at room temperature. The reaction was
quenched by adding hydroxylamine to a final concentration of 10 mm.
Excess hydroxylamine was removed using a PD-10 column and the
eluent was collected and kept at 4 8C for further use.

Preparation of QD-anti-AChE antibody conjugates : Qdot@655 antibody
conjugation kit from Invitrogen was used to conjugate the anti-hAChE
antibody to QDs. Before conjugation, anti-AChE from a human was pu-
rified with a gel-filtration column (Superose 12, Pharmacia-LKB) to
remove surfactants and other proteins, such as bovine serum albumin
(BSA). The collected eluent fractions (10 mm phosphate, 138 mm NaCl,
2.7 mm KCl, pH 7.4) were mixed and concentrated to 0.3 mL by a centri-
fugal filter device (Amicon Ultra-15). The concentration of anti-AChE
was �0.5 mgmL�1. Conjugation was performed according to the manu-
facturerSs procedure. Anti-AChE was reduced with dithiothreitol (DTT)
to expose free sulfhydryls and excess DTT was removed by size-exclusion
chromatography. QDs were activated using the hetero-bifunctional cross-
linker, 4-(maleimidomethyl-1cyclohexanecarboxylic acid N-hydroxysucci-
nimide ester (SMCC), yielding a maleimide-nanocrystal surface. Excess
SMCC was removed by size-exclusion chromatography. Activated QDs
were mixed with reduced anti-AChE and a coupling reaction proceeded
for 1 hr. The reaction was quenched by adding b-mercaptoethanol. The
produced conjugate was concentrated by ultrafiltration and purified
using size-exclusion chromatography. The eluted QDs-anti-AChE conju-
gate was collected and then stored at 4 8C for further use.

Preparation of ZrO2 nanoparticle-coated SPE : Before experiments, the
screen printed electrode (SPE) was washed with distilled water and dried
with nitrogen. ZrO2 nanoparticles were deposited onto bare SPE in an
aqueous electrolyte ZrOCl2 (5.0 mm) and KCl (0.1m) by cycling the po-
tential between �1.1 and + 0.7 V (versus Ag/AgCl) at a scan rate of
20 mVs�1 for 10 consecutive scans.[36] The SPE modified with zirconia
nanoparticles (ZrO2/SPE) was rinsed with water and dried with N2 prior
to use.

Enzyme linked immunosorbent assay of phosphorylated AChE adducts :
Phosphorylated AChE adduct or purified AChE (50 mL) with the desired
concentration was placed in each microtiter plate well. Control experi-
ments were performed by adding blocking buffer (50 mL, PBS containing
1% BSA) in the microplate wells. The plate was covered with an adhe-
sive plastic and incubated overnight at 4 8C. The coating solution was
then removed, and the plate washed twice by filling the wells with
200 mL PBS. The washes were removed by flicking the plate over a sink.
The remaining drops were removed by patting the plate on a paper
towel. The remaining protein-binding sites in the coated wells were
blocked by adding 200 mL of blocking buffer per well. The plate was in-
cubated for 2 h at room temperature. The plate was then washed twice
with PBS. HRP-Anti-AChE (100 mL, 1/100) in blocking solution was
added and the immunoreaction proceeded for 2 h at room temperature.
The plate was then washed four times with PBS. Substrate (100 mL,
TMB+H2O2) was added to each well and the enzyme catalyzed reaction
progressed for 20 minutes at room temperature. Hydrochloric acid
(100 mL, 1m) was then added to stop the enzymatic reaction, and the
plate was read on a microplate reader at l=450 nm.

Electrochemical immunosensing phosphorylated AChE with ZrO2/SPE
and QD labeled anti-AChE : Phosphorylated AChE solution (50 mL) at
the desired concentration was aliquoted atop a ZrO2-coated SPE surface
and incubated for 1 h in a humidified chamber. The phosphorylated
AChE attached SPE was then washed intensively with washing buffer
(0.05m phosphate buffer containing 0.1% w/w Tween, pH 7.4). The wash-
ing included a 1 min rinse from a washing bottle followed by a 5 min
wash in a Millipore stirring cell (model 8010). The SPE was blocked for
30 min with BSA (0.5%) in phosphate buffer (0.05m). After washing, the
SPE was incubated with QD-anti-AChE (10 mL, 1/50, v/v) for 1 h in the
humidified chamber, then thoroughly rinsed with PBS, and then shaken
with washing buffer following the above procedure to remove the physi-
cal adsorption of QD-anti-AChE on the electrode surface. The SPE was
rinsed with PBS again and dried under an N2 stream. An aliquot of HCl
(10 mL, 1m) was dropped on the working electrode surface of the SPE to
dissolve the captured QDs. The detection solution (1m) containing
10 mgmL�1 Hg in acetate buffer (0.2m, pH 4.6) was then added for elec-
trochemical measurement. Square-wave voltammetry (SWV) measure-
ments were performed using an in situ-plated Hg film on the SPE by a
2 min accumulation at �1.4 V. Subsequent stripping was performed after
a 2-second rest period from �1.0 V to �0.5 V with a step potential of
4 mV, amplitude of 25 mV, and frequency of 15 Hz.

Safety considerations : Organophosphates (paraoxon), cadmium, and mer-
cury are highly toxic and the wastes containing these compounds should
be collected in a specific container. Skin and eye contact and accidental
inhalation or ingestion should be avoided.
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