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Abstract

Non-invasive biomonitoring approaches are being developed using reliable portable analytical systems to quantify dosimetry utilizing readily
obtainable body fluids, such as saliva. In the current study, rats were given single oral gavage doses (1, 10, or 50 mg/kg) of the insecticide
chlorpyrifos (CPF). Saliva and blood were then collected from groups of animals (4/time-point) at 3, 6, and 12 h post-dosing, and were analyzed
for the CPF metabolite trichloropyridinol (TCP). Trichloropyridinol was detected in both blood and saliva at all doses and the TCP concentration
in blood exceeded saliva, although the kinetics in blood and saliva were comparable. A physiologically based pharmacokinetic and
pharmacodynamic (PBPK/PD) model for CPF incorporated a compartment model to describe the time-course of TCP in blood and saliva. The
model adequately simulated the experimental results over the dose ranges evaluated. A rapid and sensitive sequential injection (SI)
electrochemical immunoassay was developed to monitor TCP, and the reported detection limit for TCP was 6 ng/L (in water). Computer model
simulation in the range of the Allowable Daily Intake (ADI) or Reference Dose (RfD) for CPF (0.01–0.003 mg/kg/day) suggests that the
electrochemical immunoassay has adequate sensitivity to detect and quantify TCP in saliva at these low exposure levels. However, to validate this
approach, further studies are needed to more fully understand the pharmacokinetics of CPF and TCP excretion in saliva. These initial findings
suggest that the utilization of saliva as a biomonitoring matrix, coupled to real-time quantitation and PBPK/PD modeling represents a novel
approach with broad application for evaluating both occupational and environmental exposures to CPF.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

In light of the potential for human exposures to a broad range
of chemical contaminants, there is a need to develop rapid
approaches for assessing internal exposure (dosimetry) and the
resulting health hazards. A strategy has been developed that
effectively links non-invasive biomonitoring approaches that
will utilize portable micro-analytical systems for real-time
analysis. To help interpret the non-invasive measurements,
pharmacokinetic models are then used to estimate dosimetry
(Timchalk et al., 2001).
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Organophosphorus insecticides, like chlorpyrifos (CPF),
constitute a large class of chemical insecticides that are widely
used in the agricultural industry and historically in home
applications (Aspelin, 1992, 1994). As a result, they are
involved in more occupational poisoning cases than any other
single class of insecticide, and in-home use has resulted in both
intentional (suicide) and accidental human exposure (Al-Saleh,
1994). The toxic effects of organophosphorus insecticides are
associated with the capacity of the parent chemical, or an active
metabolite, to inhibit acetylcholinesterase (AChE) enzyme
activity within nerve tissue (Murphy, 1986; Sultatos, 1994).
The biochemical interactions between organophosphates and
AChE and the toxicological implications of AChE inhibition are
well understood. In general, phosphorothionates like CPF, lack
the capacity to directly inhibit AChE, and must first be meta-
bolized to the corresponding oxygen analog (CPF-oxon). The
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metabolic scheme for the thionophosphate insecticide CPF (#1)
is presented in Fig. 1. Activation to CPF-oxon (#2) is mediated
by CYP mixed function oxidases primarily in the liver. In
addition, oxidative dearylation of CPF to trichloropyridinol
(TCP) and diethylthiophosphate represents a competing detox-
ification pathway, which is likewise mediated by hepatic CYP
(Ma and Chambers, 1994). A-Esterases (i.e. PON-1) can also
effectively metabolize CPF-oxon to TCP without inactivating
the enzyme (Pond et al., 1998); whereas, B-esterases (B-EST),
such as carboxylesterases (CaE) and butyrylcholinesterases
(BuChE), also detoxify CPF-oxon to TCP. However, these
B-EST become stoichiometrically inhibited by the oxon (Chan-
da et al., 1997; Clement, 1984). Studies in humans and rodents
indicate that TCP (#3) represents the primary urinary metabolite
of CPF although glucuronide and sulfate conjugates of TCP
have also been observed (Nolan et al., 1984; Bakke et al., 1976,
Timchalk et al., 2005).

Biomonitoring offers one of the best approaches for
accurately assessing human dosimetry and for determining risk
from both occupational and environmental exposure to xeno-
biotics (Friberg and Elinder, 1993; Christensen, 1995). In this
regard, organophosphorus insecticide biomonitoring has pri-
marily focused on the assessment of ChE activity in blood or the
quantification of metabolites in urine (Peoples and Knaak, 1982;
Chester, 1993). As such, TCP has been used as an important
analyte for biomonitoring CPF exposure (Nolan et al., 1984).
Geer et al. (2004) reviewed a number of pesticide registrant
studies that employed a combination of whole body dosimetry
Fig. 1. Metabolic scheme for (#1) chlorpyrifos (CPF), and the major metabolites (#2)
and diethylthiophosphate.
and biological monitoring to assess exposure to CPF. In these
occupational studies, doses of CPF were determined by the
measurement of urinary TCP, and based on these analyses the
CPF dose was estimated to range from 97 to 275 μg/applicant
(∼1.3–4 μg/kg). With respect to non-occupational exposures,
biological monitoring studies conducted in children prior to the
EPA phase out of CPF for indoor residence use (EPA, 2000), also
reported CPF dosimetry based on TCP biological monitoring. In
a study that evaluated exposure 2 weeks after crack-and-crevice
application of CPF, average post-application doses of CPF in
children, again based on urinary TCP, were reported to range
from 0.02–4.8 μg CPF/kg/day (Hore et al., 2005). Likewise,
several studies have focused on non-occupational exposures (i.e.
dietary or home use of insecticides), evaluated both aggregate
chemical exposures (i.e. range of organic pesticides and
persistent pollutants) as well as specific exposure to CPF in
children. The authors reported median CPF doses in pre-school
children ranging from 3 to 30 ng/kg/day (Wilson et al., 2003;
Morgan et al., 2005). Since these exposures to CPF occurred
prior to the EPA halting the use of CPF-based products for
indoor and home applications, it is anticipated that they most
likely represent upper limit dosimetry estimates.

To facilitate biomonitoring, there is a need to develop
reliable, portable, and cost-effective analytical instrumentation
for on-site personal monitoring (Timchalk et al., 2004). For the
insecticide CPF, immunoassays have been developed for
analysis of the parent compound or metabolite residues in
food, agrochemicals, and environmental samples (Brun et al.,
chlorpyrifos-oxon (CPF-oxon), (#3) trichloropyridinol (TCP), diethyl phosphate,
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2005; Banks et al., 2005; Galve et al., 2002). Similar ap-
proaches can be readily applied to quantify the insecticide or
metabolites in readily obtainable human biological samples.
Although biomonitoring has been conducted primarily by
utilizing biological matrices such as blood and urine, other
matrices such as saliva represent a simple and readily obtainable
fluid. Although currently not extensively used as a biomonitor-
ing matrix, saliva has been used to evaluate a number of
biomarkers, drugs, and environmental contaminants including
drugs of abuse, hormones, chemotherapeutics, heavy metals,
and pesticides (Joselow et al., 1968; Hayashi et al., 1989; Nigg
and Wade, 1992; Schramm et al., 1992; Lu et al., 1997, 1998).
To reliably estimate internal dosimetry from a “spot” saliva
sample requires a good understanding of the pharmacokinetics
of the chemical and the relationship between the chemical
concentration in the saliva and blood. Nigg and Wade (1992)
summarized a number of early studies that attempted to
correlate saliva levels of drugs, hormones, and chemicals with
plasma levels to accurately estimate internal dose. In experi-
mental animal models such as the rat, there are a number of
studies evaluating the kinetics of saliva clearance for environ-
mental contaminants (Borzelleca and Skalsky, 1980; Mobarak
and P'an, 1984; Bratt et al., 1995; Lu et al., 1997, 1998;
Timchalk et al., 2002; Kosuba et al., 2003). With increasing
interest in the use of non-invasive monitoring for drug testing
and for the evaluation of chemical exposures, it is anticipated
that many more agents will be included in future lists. To
facilitate understanding of the kinetics of drug and/or chemical
clearance from blood into saliva, a fundamental understanding
of salivary gland physiology and biochemistry is essential. Höld
et al. (2000) provide a detailed review of human salivary gland
anatomy, physiology as well as the mechanisms associated with
drug transfer from blood to saliva. Although a fundamental
understanding of saliva gland physiology exists, comparative
cross-species (i.e. rodent vs. human) pharmacokinetic studies
are lacking and are needed to further develop and refine
dosimetry models. The current study serves to provide such
models and support the utilization of saliva for pharmacokinetic
and pharmacodynamic evaluation of chemical exposure.

The importance that physiologically based pharmacokinetic
(PBPK) modeling can play in facilitating biomonitoring has
been suggested (Mason and Wilson, 1999). These models are
used to calculate target tissue dosimetry, facilitate extrapolation
to low-doses, and enable cross-species extrapolation (Andersen,
2003). These models integrate standard values for organ
volumes, and blood flows with chemical-specific parameters
(e.g., tissue solubility, metabolic rate constants) to determine
tissue dosimetry and pharmacodynamics. The PBPK models
also provide a biologically based approach for assessing
aggregate and cumulative risk associated with environmental
exposures to a range of chemical agents. A physiologically
based pharmacokinetic and pharmacodynamic (PBPK/PD)
model for the organophosphorus insecticide CPF has been
developed (Timchalk et al., 2002), and is being modified to
accommodate salivary clearance. An illustration of the PBPK/
PD model structure developed for CPF is presented in Fig. 2.
This model is comprised of four sub-models describing the
pharmacokinetics of CPF (#1), CPF-oxon (#2), TCP (#3), and
the pharmacodynamics of ChE inhibition (#2 and #4) in both rats
and humans (for a more detailed discussion of the CPF PBPK/
PD model see Timchalk et al., 2002). As previously noted, the
application of these models has been recognized as an important
tool for equating exposure to target tissue dosimetry (Andersen,
2003) and biological response.

The objectives of the current study were: (1) to evaluate the
pharmacokinetics of the major CPF metabolite TCP in blood
and saliva; (2) to modify the PBPK/PD model to accommodate
TCP salivary clearance; and (3) to highlight current approaches
for developing an electrochemical immunoassay for quantifying
TCP in biological samples. These initial accomplishments are
being used to facilitate additional model refinements, design of
in vivo clearance studies, and sensor platform validation studies
over a realistic range of concentrations.
Materials and methods

Chemicals. Chlorpyrifos (molecular wt. 350; 99% pure) (O,O-diethyl-O-
[3,5,6-trichloro-2-pyridyl]-phosphorothioate) and TCP (3,5,6-trichloro-2-pyr-
idinol) were kindly provided by Dow AgroSciences (Indianapolis, IN). Methyl-
CPF (99.7% pure) was purchased from Chem Service Inc. (West Chester, PA).
The derivatizing agent (N-(tert-butyldimethylsilyl)-N-methyltrifluoroacetamide)
was purchased from Sigma Aldrich (Milwaukee, WI). The remaining chemicals
used in this study were reagent grade or better and were purchased from Sigma
Chemical Company (St. Louis, MO).

Animals. Male Sprague–Dawley rats (∼250 g) were purchased from Charles
River Lab Inc. (Raleigh, NC). Prior to use, animals were housed in solid-bottom
cages with hardwood chips under standard laboratory conditions and given free
access to water and food (PMI 5002, Certified Rodent Diet; Animal Specialties,
Inc., Hubbard, OR). All procedures involving animals were in accordance with
protocols established in the NIH/NRC Guide and Use of Laboratory Animals
and were reviewed by the Institutional Animal Care and Use Committee at
Battelle, Pacific Northwest Division.

Dose formulation and administration. The oral dose solutions for CPF were
prepared in corn oil. Four groups of rats (4 rats/time-point) were orally gavaged
(5 mL/kg) with CPF at dose levels of 1, 10, or 50 mg/kg of body weight. Food
was withheld for ∼12 h before and 3 h post-dosing and water was available ad
libitum. At each time-point, saliva was collected from groups of rats (4 rats/dose)
as previously described (Timchalk et al., 2001; Kosuba et al., 2003). In brief, rats
were anesthetized with an ip injection of ketamine (87 mg/kg):xylazine (13 mg/
kg), then given an ip injection of the cholinergic agonist pilocarpine (1 mg/kg) to
induce salivation. Saliva was then collected, using a glass capillary tube, for
approximately 30 min (∼1–2 mL saliva) at which time the rats were
exsanguinated by cardiac puncture. Whole blood and saliva specimens were
weighed and stored frozen (−80 °C) until the TCP analysis was conducted.

Blood and saliva analysis. The concentration of TCP in blood and saliva was
determined by negative ion chemical ionization mass spectrometry as previously
described by Campbell et al. (2005) and similar to the approach developed by
Brzak et al. (1998) for analysis of CPF and TCP in blood. The limit of TCP
quantitation was reported to be 5 ng/mL.

Pharmacokinetic analysis. The time-course of TCP in blood and saliva was
described using a one-compartment pharmacokinetic model that was originally
used to describe the formation and elimination of TCP in a PBPK/PDmodel (see
Fig. 2) for CPF (Timchalk et al., 2002). The equations used to describe the time-
course of TCP are presented in Fig. 3. In this model the total amount of TCP
formed from the metabolism of CPF and CPF-oxon in the PBPK/PD model is
summed and the elimination of TCP in urine (Eq. (3) in Fig. 3) is described using
a 1st order-rate (Ke); whereas, the clearance and excretion of TCP in saliva were



Fig. 2. Physiologically based pharmacokinetic and pharmacodynamic (PBPK/PD) model used to describe the disposition of (#1) chlorpyrifos (CPF), (#2) chlorpyrifos-
oxon (CPF-oxon), (#3) trichloropyridinol (TCP), and (#4) B-esterase inhibition in rats and humans following oral (gavage and dietary), and dermal exposures. The
shaded tissue compartments indicate organs in which B-esterases (AChE, butyrylcholinesterase (BuChE), and carboxylesterase (CarbE)) enzyme activity is described.
Model parameter definitions: QC cardiac output (L/h);Qi, blood flow to “i” tissue (L/h); Ca, arterial blood concentration (μmol/L); Cao, arterial blood concentration of
oxon (μmol/L); Cv, pooled venous blood concentration (μmol/L); Cvi, venous blood concentration draining “i” tissue (μmol/L); Cvio, venous blood concentration of
oxon draining “i” tissue (μmol/L); SA, surface area of skin exposed (cm2); KP, skin permeability coefficient (cm/h); Kzero, zero (μmol/h) rate of absorption from diet;
Fa, fractional absorption (%); KaS and KaI, 1st-order rate constants for absorption from compartments 1 and 2 (per hour); KsI, 1st-order rate constant for transfer from
compartment 1 and 2 (per hour); Ke, 1st-order rate constant for elimination of metabolite from compartment 3; Km(1–4), Michaelis constant for saturable processes
(μmol/L); Vmax(1–4), maximum velocity for saturable process (μmol/h).
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best described as a non-linear process using a Michaelis–Menten equation (Eq.
(5) in Fig. 3). The concentration of TCP in blood (Cbtcp) was defined as total
amount of TCP in the compartment (A1TCP) divided by the volume of
distribution (V) for the compartment (Eq. (4) in Fig. 3). The concentration of
TCP in saliva (csalTCP) was calculated by dividing the rate of TCP excretion in
saliva dTCPsal

dt

� �
by the saliva flow rate (Ksl) (Eq. (7) in Fig. 3).

The pharmacokinetic model was coded using the computer program
SIMUSOLV®, which contains a numerical integration, optimization and
graphical routine, and is based on the FORTRAN-based software ACLS
(Advanced Continuous Simulation Language). Specific values for model
parameters used in the saliva compartmental model are presented in Table 1,
other PBPK/PD model parameters are as previously described (Timchalk et al.,
2002).

Results

The time-course of TCP in both blood and saliva following
single oral gavage exposure to CPF over a range of doses (1, 10,
and 50 mg/kg) is illustrated in Fig. 4. For all the dose groups,
blood TCP was readily detectable at all sampling time points
with peak blood TCP concentrations being attained by 6 h post-
dosing. The time-course of TCP in the blood of rats demon-
strated a linear response with increasing dose and was
comparable to previously observed kinetics in humans (Tim-
chalk et al., 2002). Trichloropyridinol was also readily detected
in the saliva and peak TCP concentrations were likewise attained
at 6 h post-dosing although the concentrations were∼1–2 orders
of magnitude less than that observed in blood. At 6 h post-dosing
peak saliva TCP concentration following 1, 10, or 50mgCPF/kg
was 0.07±0.03, 0.11±0.05, and 0.60±0.40 μmol/L, respec-
tively. With increasing dose of CPF, there was a less than
proportional increase in the TCP saliva concentration. None-
theless, the saliva TCP kinetic profiles reasonably paralleled the
blood TCP kinetics over the 12 h post-dosing sampling period.

To further compare the relationship between the blood and
saliva TCP pharmacokinetics, for each dose group the TCP
time-course for the blood and saliva concentrations was plotted
and the results are presented in Fig. 5. Within each dose group
the blood and saliva TCP concentrations are reasonably parallel
to each other. As previously noted, although the blood TCP



Fig. 3. Single compartment model and related equations used to describe the blood, urine, and saliva concentration time-course of trichloropyridinol (TCP). The
compartmental model is capable of describing the TCP pharmacokinetics resulting from the metabolism of chlorpyrifos (CPF), as a sub-compartment within the CPF
PBPK/PD model.
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concentrations do increase proportionally to dose, the saliva
concentration does not. Hence, the results suggest that with
increasing CPF dose the TCP ½blood�

½saliva�
� �

ratio increases.
The PBPK/PD model that was developed for CPF incorpo-

rated a 1-compartment model to accommodate TCP formation
and excretion (Timchalk et al., 2002). The TCP compartment
model (see Fig. 3) was modified to accommodate saliva, and the
model parameters are presented in Table 1. The apparent volume
of distribution (V) and elimination rate (Ke) were optimized to fit
the TCP blood time-course concentrations. The saliva:plasma
ratio (Fsl) was calculated for the high dose (50 mg/kg) and to
reasonably fit the non-linear saliva TCP concentrations blood/
saliva clearance was described using a Michaelis–Menten
equation where the apparent Km and Vmax parameters were
determined by optimization against the experimental data. The
saliva flow rate (Ksl) was determined based on the saliva volume
Table 1
Parameter estimates for a TCP saliva compartment using a physiologically based
pharmacokinetic and pharmacodynamic model for CPF

Parameter Value Estimation method a

Volume distribution, V (L) 0.62 Fit
Saliva: plasma ratio, Fsl 1.5E−2 Fixed
TCP elimination rate, Ke (h−1) 0.07 Fit
TCPsal, Vmax (μmol h−1) 9.1E−4 Fit
TCPsal, Km (μmol L−1) 4.6E−2 Fit
Saliva flow rate, Ksl (mL h−1) 2 Measured
a The model parameters were estimated independently and held fixed (fixed),

experimentally determined (measured), or estimated by fitting the model to the
data (fit).
obtained following the pilocarpine injection, and as such is an
overestimate of normal saliva flow rates. The pharmacokinetic
model was simultaneously fit to all 3 data sets and the resulting
model fit is illustrated in Fig. 4. Overall, the model accurately
simulated both the blood and saliva TCP time-course results
through 12 h post-dosing.
Fig. 4. Concentration time-course of trichloropyridinol (TCP) in blood (A) and
saliva (B) following oral administration of chlorpyrifos (CPF) to rats at doses
ranging from 1 to 50 mg/kg of body weight. The data points are the mean±SD of
TCP concentration for 4 animals/treatment/time-point. The line is the pharma-
cokineticmodel fit to the experimental data (note: Saliva 12 h post-dosing sample
from 10 mg/kg dose group not included, due to analytical error).



Fig. 5. Concentration time-course of trichloropyridinol (TCP) in blood and saliva
following oral administration of chlorpyrifos to rats at doses of (A) 1 mg/kg, (B)
10 mg/kg, and (C) 50 mg/kg. The data points are the mean±SD of TCP
concentration for 4 animals/treatment/time-point. The dashed line was included
to illustrate the magnitude of difference between blood and saliva TCP
concentrations as a function of increasing dose.
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Recent research efforts within our laboratory have focused
on the initial development of an automated and sensitive
sequential injection electrochemical immunoassay for the
detection and quantitation of TCP in environmental and
eventually biological samples (Liu et al., 2005). A schematic
diagram of the sequential injection competitive immunoassay
previously described by Liu et al. (2005) is presented in Fig. 6.
The assay works by first immobilizing a TCP antibody-coated
magnetic bead (MB) to the internal wall of a reactor tube with a
magnet (A). After the beads are washed (B), the sample solution
containing the TCP analyte and TCP-horseradish peroxidase
(TCP-HRP) is introduced for a competitive immunoreaction
(C). The beads are again washed (D) and a substrate solution of
tetramethylbenzidine dihydrochloride and hydrogen peroxide
(TMB+H2O2) is introduced to initiate an enzymatic reaction
(E). The enzymatic product is then introduced into a thin-layer
flow cell for electrochemical quantitation.

The electrochemical signal of the enzymatic product is
directly proportional to the amount of formed immunocomplex
(TCP-AB-MB/TCP-HRP) and is inversely proportional to the
initial concentration of TCP (Liu et al., 2005). A typical
electrochemical response and associated calibration curve
resulting from increasing TCP concentrations are illustrated in
Fig. 7. The detection limit was reported as 6.0 ng TCP/L.
Preliminary results evaluating the response of the electroche-
mical immunoassay system with a commercially available
ELISA immunoassays are reported in Table 2 (Liu et al., 2005),
where water samples were spiked with known concentrations of
TCP. The results with the electrochemical immunoassay are
very comparable with those of the ELISA methods.

To help ascertain whether the electrochemical immunoassay
would be adequately sensitive to detect TCP in saliva and blood
at relevant environmental exposure levels, the PBPK model was
used to simulate saliva and blood TCP concentration and blood
CPF concentrations in humans. The model was used to simulate
repeated dietary exposure over a 72 h period. To more
reasonably simulate human behavior, continuous dietary
exposures were simulated for 12 h, followed by a 12 h period
of no exposure. Simulations were conducted at a dose of
0.01 mg/kg/day corresponding to an Allowable Daily Intake
(ADI) or the EPA Reference Dose (RfD) of 0.003 mg/kg/day
(Lu, 1995; EPA, 1994). The results from these simulations and
the reported detection limits for a commercial TCP ELISA and
the electrochemical immunoassay are presented in Fig. 8. In
conducting this evaluation, the detection limits for both assays
were based on the quantitation of TCP in water; and for the
purpose of the current comparison it was assumed that similar
detection limits would be achieved in blood or saliva. It is
important to note that it is highly probable that the detection
limits in biological fluids, like blood and saliva, will be
somewhat lower than reported here. However, the comparison
is still valuable since it can be used as an initial evaluation to
determine a starting point for analytical sensitivity. Based on the
current analyses, the commercial ELISA-based detection
system would have limited sensitivity to detect saliva TCP at
the ADI, and would not be able to detect TCP at an RfD of 3 μg/
kg/day. In contrast, the electrochemical immunoassay theore-
tically has more than adequate sensitivity to detect TCP in both
blood and saliva at the ADI or RfD levels (see Fig. 8).

Discussion

Biological monitoring is an important approach for deter-
mining absorbed dose since it incorporates all potential
exposure routes (Mason and Wilson, 1999). However, the
application of biological monitoring is hampered by a number
of factors including the need for complicated and/or expensive
analytical instrumentation, difficulty in obtaining biological
specimens, and the lack of understanding of the pharmacoki-
netic properties of a chemical; all of which are needed to
accurately estimate internal dose (Timchalk et al., 2001, 2004).

The current study demonstrated the ability to detect TCP in
both blood and saliva following exposure to CPF at single oral
doses ranging from 1 to 50 mg/kg. At all dose levels, the
concentration of TCP in the blood exceeded the saliva and the
magnitude of the blood:saliva difference increased over the
dose range tested, ranging from 11- to 67-fold. These results



Fig. 6. Diagram illustrating competitive immunoassay in sequential injection system for determining trichloropyridinol (TCP) concentration. Figure adapted from Liu
et al. (2005) with permission.
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with TCP are generally consistent with results observed with
other insecticides. Borzelleca and Skalsky (1980) reported that
both the organochlorine insecticide Kepone and the carbamate
insecticide carbaryl were detectable in saliva within the first
24 h post-dosing. In the case of carbaryl (most similar to CPF),
the plasma concentration exceeded the saliva carbaryl concen-
tration and the uptake (in vitro) of carbaryl into the submaxillary
gland appeared to be via a passive (non-energy dependent)
process. The authors also noted that carbaryl metabolites were
excreted in saliva in a parallel fashion to plasma with a
corresponding dose-dependent inhibition of saliva ChE (Bor-
Fig. 7. (A) Typical sensor responses of increasing trichloropyridinol (TCP)
concentration in incubation solution. From bottom to top, the concentrations of
TCP in incubation solution are 0, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 2, 8, and 10 μg/L,
respectively; (B) the resulting calibration curve for TCP. Figure adapted from Liu
et al. (2005) with permission.
zelleca and Skalsky, 1980). Similarly, our research group has
characterized salivary ChE activity in vitro with CPF-oxon
(Kosuba et al., 2003), and has previously reported a dose-
dependent inhibition of plasma and saliva ChE following CPF
exposure in rats (Timchalk et al., 2004). Therefore the results of
both studies suggest that saliva may be a good biological matrix
for assessing organophosphorus insecticide exposure since both
dosimetry and ChE inhibition are detectable.

Although the current study and computational model
demonstrates the ability to detect and model TCP in both
blood and saliva, initial results suggest that the response is non-
linear over the dose levels evaluated. It is important to
acknowledge that the dose range used in the current study
substantially inhibited plasma and saliva ChE activity (Tim-
chalk et al., 2004) consistent with the high dose representing
∼50% of an LD50. These high doses were initially utilized to
optimize the ability to detect TCP; however, it is also
acknowledged that these doses could adversely impacted
salivary clearance, particularly since excessive salivation is
clearly associated with cholinergic crisis. In this regard,
additional studies similar to those described by Lu et al.
(1997) to characterize the salivary clearance of atrazine are
needed to characterize TCP clearance at relevant occupational
and environmental exposure levels.

Although the use of saliva as a biomonitoring matrix is
appealing, a clear understanding of its limitations is needed
before it can be used quantitatively to assess chemical exposure
(Nigg and Wade, 1992). In general the ease of collection makes
Table 2
Recovery of trichloropyridinol (TCP) from spiked samples of tap water and river
water

Recovery % mean±SD a

Sample origin TCP added
(μg/L)

Electrochemical
immunoassay

ELISA
(spectrometer)

Tap water 0.006 107±7 104±9
Tap water 2 95±6 96±5
Columbia river 0.006 102±8 106±6
Columbia river 2 98±4 100±4

Table adapted from Liu et al. (2005) with permission.
a Standard deviation calculated from the average of three measurements.



Fig. 8. Model simulation of TCP blood and saliva concentrations and blood CPF
concentration following a repeated (3-day) dietary exposure (12 h/day) to (A)
0.01 mg/kg/day (ADI) or (B) 0.003 mg/kg/day (RfD). The detection limit (*) for
the ELISA assay is based on the value reported by the manufacturer of the TCP
RaPID Assay® kit (0.25 μg/L or 1E−3 μmol/L).
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saliva ideally suited as a non-invasive approach and should
result in excellent compliance, which is of critical importance
for meaningful interpretation of biomonitoring data. However,
to enable utilization of saliva for chemical biomonitoring
requires the utilization of very sensitive and specific analytical
methods for quantitation and the relationship between chemical
concentration in blood and saliva must be established (Timchalk
et al., 2004). As previously reported by Liu et al. (2005) and
highlighted in this manuscript, a sequential injection electro-
chemical immunoassay has been developed for the quantitation
of TCP, and has a reported detection limit for TCP of 6 ng/L in
water. Using the PBPK model to simulate a theoretical blood
and saliva TCP concentration resulting from CPF exposure at
the ADI or RfD dose levels, suggests that the electrochemical
immunoassay could quantify TCP in both blood and saliva
specimens. Although this is encouraging, it will be critically
important to evaluate the detection limits for TCP in biological
fluids. For example, in developing a microanalytical system for
the detection of lead (Pb) in blood or saliva, protein in the
sample produced some electrode fouling resulting in a reduced
responsiveness and irreproducible quantitation (Yantasee et al.,
2005). However, optimization of sample pretreatment has
resulted in excellent reproducibility and reliability of the sensor
using biological fluids.

For saliva to be a useful quantitative biomonitoring matrix
for assessing CPF exposure, it is imperative to understand the
pharmacokinetic relationship between saliva concentration of
TCP and CPF dose. To this end, PBPK modeling has been
useful as a quantitative tool (Andersen, 1995). With regard to
CPF, a PBPK/PD model has been previously developed and
included a compartmental model to handle the formation and
excretion of TCP in urine (Timchalk et al., 2002). To facilitate
modeling of saliva TCP, the TCP compartmental sub-model
within the CPF PBPK/PD model has been modified to
accommodate saliva excretion. It is important to recognize
that this model was developed with a limited data set;
nonetheless the capability of the model to predict blood and
saliva TCP concentration following CPF exposure is encoura-
ging. Ongoing efforts are focused at including a saliva
compartment within the pharmacodynamic model to enable
simulation of salivary ChE inhibition kinetics.

To achieve a goal of employing saliva as a non-invasive
quantitative tool for assessing CPF exposure in humans, a
number of improvements in the understanding of CPF and TCP
saliva kinetics are needed. These include: (1) basic under-
standing of how TCP is transported from the blood to salivary
gland and secreted into saliva, (2) impact of changes in saliva
secretion rate on salivary TCP clearance, (3) consequences of
non-linear processes, such as TCP binding with blood or saliva
proteins, and (4) more extensive in vivo data to compare TCP
pharmacokinetics in blood and saliva following chronic and
acute exposures over a wide dose range.

In summary, the current study demonstrated that the major
CPF metabolite, TCP, is detectable in saliva and the kinetics
parallel the TCP blood kinetics over the range evaluated. A
sequential injection electrochemical immunoassay was devel-
oped to monitor for TCP, and theoretical model simulations
suggest that the detection limits (based on TCP analysis in
water) may be in the range to detect TCP in blood and saliva at
relevant exposure levels. The results presented are encouraging
and suggest that once fully developed and validated, a field
deployable immunosensor platform coupled to PBPK/PD
modeling may enable real-time biomonitoring for organopho-
sphorus insecticides following occupational or environmental
exposures.
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