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Biosensor assay of neuropathy target
esterase in whole blood as a new approach
to OPIDN risk assessment: review of
progress
Galina F Makhaeva1, Vladimir V Malygin1, Nadezhda N Strakhova1, Larisa V Sigolaeva2,
Lidia G Sokolovskaya2, Arkady V Eremenko2, Ilya N Kurochkin2 and Rudy J Richardson*,3

1Institute of Physiologically Active Compounds, Russian Academy of Sciences, Chernogolovka,
Moscow Region 142432, Russia;
2Faculty of Chemistry, M.V. Lomonosov Moscow State University, Moscow 119992, Russia;
3Toxicology Research Training Program, Department of Environmental Health Sciences, School of Public
Health, The University of Michigan, Ann Arbor, MI 48109, USA

Organophosphates (OPs) that inhibit neuropathy target
esterase (NTE) with subsequent ageing can produce OP-
induced delayed neuropathy (OPIDN). NTE inhibition in
lymphocytes can be used as a biomarker of exposure to
neuropathic OPs. An electrochemical method was devel-
oped to assay NTE in whole blood. The high sensitivity of
the tyrosinase carbon-paste biosensors for the phenol
produced by hydrolysis of the substrate, phenyl valerate,
allowed NTE activity to be measured in diluted samples
of whole blood, which cannot be done using the standard
colorimetric assay. The biosensor was used to establish
correlations of NTE inhibitions in blood with that in
lymphocytes and brain after dosing hens with a neuro-
pathic OP. The results of further studies demonstrated
that whole blood NTE is a reliable biomarker of neuro-

pathic OPs for up to 96 hours after exposure. These
validation results suggest that the biosensor NTE assay
for whole blood could be developed to measure human
exposure to neuropathic OPs as a predictor of OPIDN.
The small blood volume required (100 mL), simplicity of
sample preparation and rapid analysis times indicate
that the biosensor should be useful in biomonitoring and
epidemiological studies. The present paper is an over-
view of our previous and ongoing work in this area.
Human & Experimental Toxicology (2007) 26, 273�282
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Introduction

Organophosphate-induced delayed neurotoxicity
(OPIDN) is a central-peripheral distal axonopathy
that occurs �/8�21 days after acute exposure to
neuropathic OPs. Initial flaccid paralysis and sen-
sory loss in distal extremities converts to spastic
paralysis months to years after disease onset.1,2

Axonopathy does not depend upon acetylcholines-
terase (AChE) inhibition/ageing, and can be induced
by OPs with low acute toxicity.3,4 Most of the
�/50 000 cases of OPIDN occurred between 1930
and 1980, and the current incidence is extremely
low.2,5 However, OPIDN is still of great concern,

because humans are highly susceptible and the

disease cannot be stopped once it is initiated.6,7

These properties of OPIDN raise the spectre of

neuropathic OP compounds being used as agents

for chemical terrorism. Defence against such agents

requires detection that distinguishes them from

classical OP nerve agents. Measurement of neuro-

pathy target esterase (NTE) inhibition in blood

provides such a method.
OPIDN is initiated by the concerted organopho-

sphorylation and ageing of NTE.3,8�12 Chickens are

more susceptible to OPIDN than rats, and adults are

more sensitive than young.13 Thus, the experimental

animal model of choice for studies of OPIDN is the

adult hen.14,15 Brain inhibition/ageing of �/70% of

the NTE activity predicts that OPIDN will develop

in hens. It is likely that a similar threshold exists for

humans.16
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Because of the solid relationship between NTE
inhibition/ageing and OPIDN, this enzyme is an
ideal predictive biomarker.3,12,17 NTE has been
found in circulating lymphocytes and platelets,18�21

and lymphocyte NTE has been used or proposed for
use as a biomarker of animal and human exposure to
neuropathic OP compounds.10,21�25 In addition,
lymphocyte NTE inhibition has been suggested as
a predictor of OPIDN or an adjunct for its early
diagnosis.7,21,26�28

Although NTE in lymphocytes should be an ideal
marker, it takes time, resources and relatively high
sample volumes to separate lymphocytes from
whole blood. Therefore, there would be an advan-
tage to being able to detect the lymphocyte (and
platelet) NTE directly in whole blood.29 The stan-
dard NTE assay is based on the colorimetric deter-
mination of phenol released by hydrolysis of the
substrate, phenyl valerate.30,31 Because of interfer-
ing absorbances, the colorimetric assay as typically
conducted cannot be used to assay NTE in whole
blood.29

The problems inherent in a colorimetric NTE
assay could be eliminated by using an amperometric
technique to detect phenol produced by the NTE
hydrolysis of phenyl valerate. Such an approach
was developed using tyrosinase-based biosensors.
These involve the enzymatic oxidation of phenol via
catechol into o -quinone, a reaction that consumes
molecular oxygen (Figure 1).32

The concentration of phenol can be monitored by
oxygen consumption when an oxygen electrode is
used as an electrochemical transducer (Figure 1,
I).33,34 Electroreduction of quinone to catechol
directly on the graphite electrode can also be used
as a detection reaction for the quantification of
phenol.35�37 This regenerating process amplifies
the electrode response to achieve more sensitive
phenol detection than is possible by measurement of
oxygen consumption (Figure 1, II).29,38 Regeneration
via a mediator can give a more enhanced sensitivity

to phenol compared to the direct electroreduction of
o -quinone (Figure 1, III).

In this paper, we present an overview of our
previous and current works on development of
phenolic biosensors for NTE assay with emphasis
on 1-methoxyphenazine methosulfate (MPMS)-
modified tyrosinase carbon paste electrode; valida-
tion of the new biosensor methods of NTE analysis;
demonstration of the utility of the new biosensor
method for assaying NTE activity in whole blood;
and use of these measurements as a biomarker of
exposure to neuropathic OPs.

Methods

Chemicals
Mushroom tyrosinase (monophenol monooxidase,
EC 1.14.18.1), activity 3800 U/mg for L-tyrosine,
graphite powder, phenol, MPMS, paraoxon (O ,O -
diethyl-4-nitrophenyl phosphate), 4-aminoantipyr-
ine and potassium ferricyanide were purchased
from Sigma Chemical Co. (St. Louis, MO, USA).
Phenyl valerate was from Oryza (Chelmsford,
USA). N ,N ?-Di-2-propylphosphorodiamido fluori-
date (mipafox), O ,O -di-1-propyl O -2,2-dichloro-
vinylphosphate (PrDChVP) were synthesized and
characterized in the Institute of Physiologically
Active Compounds, Russian Academy of Sciences
(RAS) (Russia). The purity of all substances was
�/99% (by spectral, chromatographic and elemental
analysis data). The Coomassie protein kit was from
Sigma Chemical Co. (USA). All other chemicals
were of analytical grade and used without further
purification. Aqueous solutions were prepared
using deionized water.

Preparation of tyrosinase electrode and assembly
of biosensor
The tyrosinase electrode was prepared as described
below.39 Graphite/paraffin oil (3.5:1, w/w) was
mixed thoroughly and packed firmly into a plastic

Figure 1 Principle of amperometric phenol detection and NTE analysis by different types of tyrosinase biosensors: I, Clark-type oxygen
electrode; II, tyrosinase carbon paste electrode; III, mediator-modified tyrosinase carbon-paste electrode. Medox, an oxidized mediator;
Medred, a reduced mediator.
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holder (2 mm diameter). Electrical contact was
established by a 0.2-mm copper wire inserted from
the rear. The surface of the electrode was covered by
the composite of tyrosinase, graphite, MPMS and
paraffin oil (2:5.6:1:2, by weight), and then the
surface was polished. The electrodes were stored
dry at 48C until use.

Electrochemical measurements
All measurements were performed with an IPC-2000
potentiostat (Institute of Physical Chemistry, RAS).
The amperometric current response was recorded at
�/150 mV versus the Ag/AgCl reference electrode in
a flow-through electrochemical cell. Operation of
the device and processing of electrochemical mea-
surements were done using software developed in
the laboratory.

Studies in vitro
Hen brain NTE assay A lyophilized hen brain

membrane fraction consisting of combined mito-
chondrial/synaptosomal and microsomal pellets
(P2�/P3)40 preinhibited with paraoxon (40 mM at
258C for 45 min) was used as a source of NTE. It
was prepared as described41,42 and stored in sealed
ampoules. Before use, ampoule contents were sus-
pended with a Potter homogenizer in 5 mL of
working buffer (50 mM Tris�HCl, 0.2 mM EDTA,
pH 8.0 at 258C). NTE activity was determined
colorimetrically according to the differential inhibi-
tion method of Johnson30 as modified by Kayyali
and co-workers31 at 492 nm using a Benchmark Plus
Microplate Reader (Bio-Rad, Hercules, CA, USA).
Each measurement was made in triplicate. Protein
was determined by the microbiuret method with
bovine serum albumin as a reference standard.43

Whole blood NTE assay Whole hen blood stabi-
lized by citrate/EDTA was diluted 10-fold with
working buffer and homogenized in a Potter glass/
glass homogenizer before NTE assay. The differen-
tial inhibition method of Johnson30 with an
electrochemical endpoint was used as described
previously.44 Each measurement was made in tri-
plicate. Protein was determined using a Coomassie
protein assay kit from Sigma (USA) with bovine
serum albumin as a reference standard.

NTE I50 determinations The I50 (the concentra-
tion that inhibits 50% of the enzyme activity under
defined preincubation conditions) for inhibitors
against NTE was measured by preincubating a
sample of enzyme with 10�12 different concentra-
tions of the OP compound for 20 min at 378C in
working buffer. Residual NTE activity was then

determined either using the colorimetric (hen brain
NTE) or the amperometric (blood NTE, tyrosinase
carbon-paste electrode) method.29,44 Each measure-
ment was made in triplicate (colorimetry) or in
duplicate (amperometry). I50 values were calculated
using Origin 6.1 software (Northampton, MA, USA).
Every value represents the mean9/SEM from three
independent experiments.

Experimental animal study
Animals Adult white Leghorn hens (18 months

of age, 1.5�2.0 kg) were from Noginsk poultry farm
(Noginsk, Russia). Hens were used under conditions
that prevented them from experiencing unnecessary
pain and discomfort in accordance with guidelines
from the Committee for the Control and Supervision
of Experiments on Animals of Russian Ministry of
Education and Russian Ministry of Health as well as
international recommendations (Ethical codex) for
carrying out experiments on animals.45 Hens were
kept three to a stainless steel cage with food and
tap water ad libitum . Hens were kept in a room with
a 12-hour light cycle and controlled temperature
(20�238C).

Dose-dependence of blood, lymphocyte and
brain NTE inhibition 24 hours after PrDChVP
administration The experimental details were des-
cribed previously.44

Dose-dependence of blood and brain NTE
inhibition 4 hours after PrDChVP administration
PrDChVP in acetone/water 1/1 (v/v) solvent was
injected im (1.0 mL/kg) into hens at doses of 0.32,
0.40, 0.56 and 1.0 mg/kg, to groups of three hens per
dose to assess NTE inhibition in brain and whole
blood 4 hours after administration. All hens were
pretreated with atropine sulphate in water, 20 mg/kg
im (1.0 mL/kg), 20 min before PrDChVP injection.
Control animals received atropine sulphate only.
Four hours after PrDChVP administration, hens
were decapitated under CO2-induced anaesthesia
for collection of tissue samples. Blood from each
hen was collected immediately in glass vials con-
taining a solution of 3.8% (w/v) sodium citrate and
D-glucose (at a ratio of 0.20 mL anticoagulant per
millilitre of blood), frozen in liquid nitrogen and
stored at �/208C before NTE assay. Brains were
rapidly removed, frozen in liquid nitrogen, weighed
and stored at �/208C before NTE assay.

Time-dependence of blood and brain NTE
inhibition PrDChVP in acetone/water 1/1 (v/v)
was injected im (1.0 mL/kg) into hens at the max-
imum dose used in dosing Experiment I above:
1 mg/kg to groups of three hens per time to assess
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NTE inhibition in brain and whole blood 4, 24, 48,
72 and 96 hours after administration. All hens were
pretreated with atropine sulphate in water, 20 mg/kg
im (1.0 mL/kg), 20 min before PrDChVP injection.
Control animals received atropine sulphate only. At
4, 24, 48, 72 and 96 hours after PrDChVP adminis-
tration hens were decapitated, and blood and brains
from each hen were collected and stored as des-
cribed above for measurement of NTE activity in
dosing experiments.

Brain NTE assay After being allowed to thaw at
room temperature, each brain was homogenized at
48C in 5 volumes of working buffer with a Potter
homogenizer, and centrifuged for 15 min at 9000�/g
at 48C. The brain 9S supernatant was used for NTE
assay46 with substrate (phenyl valerate) using the
differential colorimetric method of Johnson30 in a
microassay version31 as described previously.44 The
measurements were carried out at 492 nm using a
Benchmark Plus Microplate Reader (Bio-Rad, USA).
Each measurement was made in triplicate. Protein
was determined by the microbiuret method43 with
bovine serum albumin as a reference standard.

Whole blood NTE assay Frozen blood samples
were allowed to thaw to room temperature, diluted
10-fold with working buffer and homogenized in a
Potter homogenizer before the amperometric NTE
assay. The differential inhibition method of John-
son30 with the electrochemical endpoint was used
as described before,44 using phenyl valerate as the
substrate. Prior to phenol measurements, samples
obtained after stopping the enzymatic reaction with
SDS were further diluted 20�50-fold in 0.1 M
NaCl�/0.05 M sodium phosphate buffer, pH 7.0.
Enzymatically released phenol was measured am-
perometrically after an injection of the diluted final
reaction mixture into a flow of 0.1 M NaCl�/0.05 M
sodium phosphate buffer, pH 7.0 via an injector
with a 50-mL sample loop (Valve V-7, Pharmacia,
Sweden). Flow rate was 0.25 mL/min. Each mea-
surement was made in triplicate. Protein was deter-
mined using a Coomassie protein assay kit from
Sigma Chemical Co. (USA) with bovine serum
albumin as a reference standard.

Statistical analysis
In vitro studies All values are expressed as the

mean9/SEM (n�/3 separate experiments). Indepen-
dent two-tailed t -tests were used to determine the
significance of differences between I50 values for a
given inhibitor and tissue measured by amperome-
try versus colorimetry or by amperometry on hen
versus human blood. The level of significance

was set at P B/0.05. These tests were carried out
using GraphPad Prism version 3.02 for Windows,
GraphPad Software (San Diego, CA).

In vivo studies NTE activity in brain and whole
blood from hens treated with atropine and PrDChVP
was compared to activity in corresponding tissues
from animals treated with atropine only (control) to
calculate % inhibition relative to control. The
results were analysed with one-way ANOVA using
GraphPad Prism 3.0 software (GraphPad Software,
Inc. San Diego, CA, USA). The correlation of NTE
inhibition between brain and blood (dosing Experi-
ment I) was examined by plotting correlation curves
and calculating associated correlation coefficients
(r) and P-values, using Origin 6.1 software (Origi-
nLab Corp., Northampton, MA, USA).

Results

Influence of whole blood dilution on measured NTE
activity
Using a MPMS-modified tyrosinase carbon-paste
biosensor,39 the dependence of an apparent NTE
activity on amount of blood in the analysed sample
(influence of level of dilution of the homogenized
blood) was studied. The results presented in
Figure 2 demonstrate a linear dependence of the
apparent NTE activity on blood concentration when
the extent of blood dilution changed from 1:275 to
1:2200.

Figure 2 Dependence of the apparent NTE activity in human
blood (measured as the MPMS-modified tyrosinase carbon-paste
electrode response, nA) on final blood sample dilution. Condi-
tions: 0.05 M phosphate buffer solution with 0.1 M NaCl; pH 7.0;
applied working potential �/150 mV versus Ag/AgCl; volume of
the analysed blood in each dilution, 20 mL; incubation time,
30 min; blood NTE specific activity, 0.25 nmol phenol produced/
(min�/mg protein).
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Mipafox and PrDChVP I50 values against NTE from
different sources determined by colorimetry and
amperometry
To validate the biosensor measurements, I50 values
of standard neurotoxicants mipafox and PrDChVP
to hen brain NTE as well as hen and human
lymphocytes were determined using the traditional
colorimetric method and the tyrosinase carbon
paste electrode methods.29,44,47 Biosensor methods
were used to determine I50 values of mipafox and
PrDChVP against hen and human whole blood NTE;
I50 values for hen blood were determined both with
MPMS-modified and unmodified tyrosinase paste
electrodes. The results, along with literature data
on hen brain and hen and human lymphocyte
NTE inhibition, are presented in Table 1.

Studies in vivo
Dose-dependence of blood, lymphocyte and brain

NTE inhibition 24 h after PrDChVP administra-
tion Inhibition of NTE in hen brain and lympho-
cytes (Experiment I) as well in brain and blood
(Experiment II) was studied 24 hours after injecting
hens with increasing doses of the neuropathic OP,
PrDChVP. NTE inhibition was measured in brain
and lymphocytes using the colorimetric assay and in
whole blood using the amperometric biosensor
assay.44 Dose-dependent inhibition of NTE was
found in both experiments, as shown in Figure 3.

Dose-dependence of blood and brain NTE
inhibition 4 hours after PrDChVP administration
Inhibition of NTE in hen brain and whole blood was
studied 4 hours after injecting hens with increasing
doses of PrDChVP. NTE inhibition was measured in

brain by the colorimetric assay and in whole blood

using the amperometric biosensor assay. Figure 4

shows that brain and blood NTE were inhibited in a

dose-responsive manner 4 hours after dosing.

Table 1 Mipafox and PrDChVP I50 for NTE from different sources determined by amperometry and colorimetry

Source of NTE Method

Amperometryb Colorimetryb Colorimetry (literature data)

Mipafox I50 (mM)a

Hen brain 4.329/0.2829 4.209/0.5429 7.919; 748; 3.841; 6.6�8.149c; 7.350; 3.151

Hen lymphocytes 6.949/0.6244 6.029/0.7144 11.219;12.621

Hen whole blood 4.229/0.1247 NDd NDd

4.179/0.22e

Human lymphocytes 8.389/0.8829 7.589/0.7929 1018; 9.621

Human whole blood 6.279/0.4329 NDd NDd

PrDChVP I50 (mM)a

Hen brain 0.0399/0.00844 0.0429/0.00244 0.05248

Hen whole blood 0.0669/0.00344 NDd NDd

0.0589/0.005e

Human whole blood 0.0709/0.01444 NDd NDd

aAll I50 values based on using a 20-min preincubation with mipafox or PrDChVP at 378C, pH 8.0. Reference numbers are shown for values
taken from our previous studies or other literature.
bEach value represents the mean9/SEM for at least three independent experiments.
cRange of values for NTE solubilized under various conditions.
dND, no data, because colorimetric determination of NTE cannot be carried out in whole blood.
eDetermined with MPMS-modified electrode.

Figure 3 Dose-related NTE inhibition in brain, lymphocytes
and whole blood of hens 24 hours after injection of the neuro-
pathic OP, PrDChVP. Results are % control values for each
tissue expressed as mean9/SEM, n�/3. Open square, dashed line
(� �I� � Brain-Exp I), brain NTE, dosing experiment I (NTE
assayed colorimetrically in brain and lymphocytes; both tissues
assayed fresh). Open circle, dashed line (� �k� Lymph-Exp I),
lymphocyte NTE, dosing experiment I. Closed square, solid line
(*j* Brain-Exp II), brain NTE, dosing experiment II (NTE
assayed colorimetrically in brain and amperometrically in blood;
both tissues assayed after freezing and thawing). Closed circle,
solid line (*m* Blood-Exp II), blood NTE, dosing experiment
II. Control NTE activities, nmol/(min�/mg protein), mean9/SEM,
n�/3: Dosing experiment I, brain�/30.99/2.8, lymphocyte�/9.09/

1.4; Dosing experiment II, brain�/16.89/0.88, whole blood�/

0.1079/0.013. Copyright 2003,44 reproduced in slightly altered
form by permission of Taylor & Francis Group, LLC., http://
www.taylorandfrancis.com.
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Time-dependence of blood and brain NTE
inhibition Inhibition of NTE in hen brain and
whole blood was studied 4, 24, 48, 72 and 96 hours
after administration of the maximal injected dose,
1.0 mg/kg PrDChVP. NTE inhibition was measured
in brain by the colorimetric assay and in whole
blood using the amperometric biosensor assay
(Figure 5). Figure 5 shows that NTE activity in brain
and blood of hens killed 4, 24, 48, 72 and 96 hours
after dosing with 1 mg/kg PrDChVP is reduced
significantly in comparison to respective control
values.

Discussion

This paper presents the overview of our previous
and current work on development of amperometric
sensors for NTE. We pioneered the application of
biosensors for NTE assay using a Clark-type oxygen
electrode covered with tyrosinase immobilized in
polyvinyl alcohol (Figure 1, I).38 A hen brain
lyophilized NTE preparation41,42 was used as a
source of enzyme. The sensitivity of this biosensor
did not exceed the sensitivity of the traditional
colorimetric method. However, the tyrosinase
carbon-paste electrode (Figure 1, II) improved the
sensitivity of the NTE assay compared to the colori-
metric method or an earlier amperometric technique
based on oxygen detection.29

Due to the high sensitivity of the tyrosinase
carbon-paste electrode, the influence of interfering

blood components (ascorbic acid, tyrosine and
others) was diminished by the extensive sample
dilution (from 1:275 to 1:2200), thus allowing NTE
to be detected selectively and with high sensitivity
in whole blood, where the usual colorimetric assay
is impossible.29,52 Using phenol calibration of the
MPMS-modified tyrosinase carbon paste electrode,
blood NTE specific activity was calculated to be
0.25 nmol phenol produced/(min�/mg protein) in
agreement with the earlier data.29 The minimum
statistically significant decrease in NTE catalytic
activity that can be detected with this method is
0.016 nmol phenol/(min�/mg protein), when the
volume of blood sample taken for analysis is 20 mL.

A linear dependence of the apparent NTE activity
on blood concentration in analysed samples (the
extent of blood dilution) (Figure 2) demonstrates
that the influence of the interfering blood compo-
nents on the phenol analysis is negligible. Further-
more, the influence of interfering electrochemical
reactions on selectivity and sensitivity of the NTE
assay with tyrosinase carbon paste electrodes is
decreased by the relatively low operating potential
(Figure 1, II, III). It should be noted that the MPMS-
modified tyrosinase carbon paste electrode, in
addition to having a high sensitivity, has high
operational and functional stabilities39 that enable
improved reproducibility of measurements and pro-
longed ‘working life’ of the electrode.

The data presented in Table 1 show that consis-
tent agreement was obtained between the colori-

Figure 4 Dose-related NTE inhibition in brain and whole blood of hens 4 hours after injection of the neuropathic OP, PrDChVP (A) and
correlation between blood and brain NTE inhibition (B). NTE assayed colorimetrically in brain and amperometrically (MPMS-modified
tyrosinase carbon biosensor) in blood; both tissues assayed after freezing and thawing. Closed square (*j* ), brain NTE; closed
circle (*m* ), blood NTE. Results are % control values for each tissue expressed as mean9/SEM, n�/3. Control NTE activities, nmol/
(min�/mg protein), mean9/SEM, n�/3: brain�/219/2, whole blood�/0.239/0.02.
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metric and amperometric methods for I50 determi-
nations of mipafox against hen brain NTE, hen and
human lymphocyte NTE, hen and human whole
blood NTE, as well as PrDChVP against hen brain,
hen blood and human blood NTE. In addition, the
mipafox I50 values determined by the two methods
for hen brain, hen and human lymphocyte NTE and
PrDChVP I50 for hen brain overlap with those
reported earlier in the literature. From these com-
parisons, it is apparent that PrDChVP is about 100-
fold more potent than mipafox against lymphocyte
or blood NTE, in agreement with data reported for
brain NTE.48 Table 1 also shows that a good agree-
ment was obtained between the two amperometric
methods (MPMS-modified and unmodified electro-
des) for I50 determinations of mipafox and PrDChVP
against blood NTE.

In order to use the measurement of blood NTE
activity as a surrogate of brain NTE, the correlation
between the inhibition of the enzyme in brain and
blood should be known. Previous work has shown
that assay of lymphocyte NTE provides a reliable
monitor of exposure to neuropathic OPs within 24
hours between exposure and measurement.25 To
investigate the possibility of using blood NTE
inhibition as a biochemical marker of neuropathic
OP exposure, NTE inhibition in brain and lympho-
cytes (Experiment I) as well as in brain and blood
(Experiment II) was studied 24 hours after dosing
hens with the neuropathic OP, PrDChVP.44 NTE
activity in brain and lymphocytes was determined
colorimetrically and in whole blood amperometri-
cally using the tyrosinase carbon paste biosensor.

Data from both experiments are presented in
Figure 3. Brain, lymphocyte and blood NTE were
inhibited in a dose-responsive manner (linear trend,
P B/0.0001) and showed a similar pattern and degree
of inhibition. There were strong correlations of
NTE inhibition between brain and lymphocytes
(r�/0.994, P B/0.0001, n�/6), brain and blood (r�/

0.997, P�/0.003, n�/4) and lymphocytes (I) and
blood (II) (r�/0.946, P�/0.003, n�/4).44 This analysis
supports the use of whole blood NTE inhibition
measured by the new biosensor method as a bio-
chemical marker for exposure to neuropathic OPs.
Furthermore, these results are in agreement with
previous work using lymphocyte NTE as a biomar-
ker within 24 hours of exposure.25 In addition, the
results indicate that whole blood NTE inhibition
reflects NTE inhibition in brain within 24 hours of
exposure.44

To evaluate further the dose and time dependence
of the blood NTE assay, we studied NTE inhibition
in brain and blood at a short time (4 hours) after
dosing hens with PrDChVP (0.32�1.0 mg/kg, im), as
well as 4, 24, 48, 72 and 96 hours after the maximal
injected dose, 1.0 mg/kg. In both experiments, NTE
inhibition was measured in brain by the colorimetric
assay and in whole blood using the amperometric
assay with the MPMS-modified tyrosinase carbon
paste electrode.

Data from the first experiment are presented in
Figure 4. Brain and blood NTE were inhibited in a
dose-responsive manner 4 hours after dosing (linear
trend, P B/0.0001; Figure 4A), and NTE inhibition
was highly correlated between brain and blood (r�/

0.997, n�/4; Figure 4B).
Data on time dependence of blood and brain NTE

inhibition are presented in Figure 5. NTE activity in
brain and blood of hens killed 4, 24, 48, 72 and 96
hours after dosing with 1 mg/kg PrDChVP differed
significantly from respective control values (P B/

0.0001, ANOVA, Dunnett’s post-test). During all
measured times, brain NTE was inhibited (mean9/

SE, n�/5) 729/4% and blood NTE 759/3% relative
to controls. The results demonstrate that whole
blood NTE is a reliable biomarker of exposure to
neuropathic OPs during 96 hours between exposure
and measurement.

As noted above, previous work has shown that
inhibition of lymphocyte NTE is a reliable monitor
of exposure to neuropathic OPs when measured
within 24 hours of exposure.25 However, the same
work showed that correlation of inhibition between
lymphocyte and brain NTE 48 hours after exposure
was poor, with consistently less inhibition of lym-
phocyte NTE relative to brain NTE. The reason for
this difference in correlation between 24 and 48

Figure 5 Time-dependence of NTE activity in brain and whole
blood of hens injected with 1 mg/kg of the neuropathic OP,
PrDChVP. NTE assayed colorimetrically in brain and ampero-
metrically (MPMS-modified tyrosinase carbon biosensor) in
blood; both tissues assayed after freezing and thawing. Closed
square (*j* ), brain NTE; closed circle (*m* ), blood NTE.
Results are % control values for each tissue expressed as mean9/

SEM, n�/3. Control NTE activities, nmol/(min�/mg protein),
mean9/SEM, n�/3: brain�/219/2, whole blood�/0.239/0.02.
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hours is unclear. The authors speculated that the
divergence of brain and lymphocyte NTE inhibition
at 48 hours was due to dissimilar kinetics of
reappearance of enzyme activity in the two tis-
sues.25 In the brain, reappearance of NTE activity
could occur only by resynthesis, whereas in lym-
phocytes, NTE activity could return via resynthesis
and turnover of cells.

In the present work, good correlation between
whole blood NTE and brain NTE was maintained for
96 hours. It should be noted that whole blood
contains not only lymphocyte NTE, but also platelet
NTE.20,21 Moreover, the present work used a differ-
ent compound (PrDChVP) and route of administra-
tion from those used in previously reported
results.25 The relationships between blood and brain
NTE inhibition are likely to vary between different
OPs with different toxicokinetic properties and
between different routes of exposure. An extended
examination is necessary in order to clarify these
issues more fully.

In conclusion, the results support the validity of
measurements carried out with the new biosensor
method. The tyrosinase carbon-paste biosensors are
suitable for assaying NTE in whole human and hen
blood, which cannot be done using the classical
colorimetric technique. Other advantages include
the small sample volume required (100 mL), simpli-
city of sample preparation and rapid analysis time.
A strong correlation between NTE inhibition in

whole blood with that in brain suggests that the
biosensor NTE assay for whole blood appears to be
promising, not only as a biomarker of human
exposure to neuropathic OP compounds, but also
as a predictor of OPIDN and as an adjunct to its early
diagnosis.

Application of the developed biosensors will
enable rapid assessment of human exposure to
neuropathic OPs. This is important in biomonitor-
ing and epidemiological studies as well as in
supporting consequence management and risk mini-
mization of a chemical attack or chemical accident.
Finally, because OPIDN depends not only upon
inhibition of NTE, but also ageing of the NTE-OP
conjugate, future work will investigate the use of the
biosensors for measuring NTE ageing as well as
inhibition.
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