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NONINVASIVE BIOMONITORING APPROACHES TO 
DETERMINE DOSIMETRY AND RISK FOLLOWING 
ACUTE CHEMICAL EXPOSURE: ANALYSIS OF LEAD 
OR ORGANOPHOSPHATE INSECTICIDE IN SALIVA 

Charles Timchalk, Torka S. Poet, Ahmed A. Kousba, 
James A. Campbell, Yuehe Lin 

Pacific Northwest National Laboratory, Richland, Washington, USA 

There is a need to develop approaches for assessing risk associated with acute exposures to a
broad range of metals and chemical agents and to rapidly determine the potential implications
to human health. Noninvasive biomonitoring approaches are being developed using reliable
portable analytical systems to quantitate dosimetry utilizing readily obtainable body fluids, such
as saliva. Saliva has been used to evaluate a broad range of biomarkers, drugs, and environ-
mental contaminants, including heavy metals and pesticides. To advance the application of
noninvasive biomonitoring a microfluidic/electrochemical device has also been developed for
the analysis of lead (Pb), using square-wave anodic stripping voltametry. The system demon-
strates a linear response over a broad concentration range (1–2000 ppb) and is capable of
quantitating saliva Pb in rats orally administered acute doses of Pb acetate. Appropriate pharma-
cokinetic analyses have been used to quantitate systemic dosimetry based on determination of
saliva Pb concentrations. In addition, saliva has recently been used to quantitate dosimetry
following exposure to the organophosphate insecticide chlorpyrifos in a rodent model system
by measuring the major metabolite, trichloropyridinol, and saliva cholinesterase inhibition fol-
lowing acute exposures. These results suggest that technology developed for noninvasive bio-
monitoring can provide a sensitive and portable analytical tool capable of assessing exposure
and risk in real-time. By coupling these noninvasive technologies with pharmacokinetic mode-
ling it is feasible to rapidly quantitate acute exposure to a broad range of chemical agents. In
summary, it is envisioned that once fully developed, these monitoring and modeling
approaches will be useful for evaluating acute exposure and health risk. 

In light of the potential for high-dose acute exposures to a broad range of
chemical contaminants both from occupational accidents and from acts of
terrorism there is a need to develop rapid approaches for assessing systemic

Accepted 21 July 2003. 
This work was partially supported by U.S. Department of Energy contract DE-AC06-76RLO1830.

Although partially supported by the U.S. Environmental Protection Agency’s STAR program through grant
R828608, it has not been subject to any U.S. EPA review and therefore does not necessarily reflect the views
of the agency, and no public endorsement should be inferred. This publication was also partially supported
by grant 1 R01 OH03629-01A2 from Centers for Disease Control and prevention (CDC) and grant 1 R01
ES010976-01A2 fron the National Institute of Environmental Health Sciences (NIEHS), NIH. Its contents are
solely the responsibility of the authors and do not necessarily represent the official views of CDC or NIEHS. 

Address correspondence to Charles Timchalk, PhD, DABT, Pacific Northwest National Laboratory,
MSIN: P7-59, 902 Battelle Blvd., PO Box 999, Richland, WA 99352, USA. E-mail: charles.timchalk@pnl.gov 



636 C. TIMCHALK ET AL. 

dosimetry and the resulting health hazards. A strategy has been developed that
effectively links noninvasive biomonitoring approaches that will utilize portable
microanalytical systems for real-time analysis to pharmacokinetic models to pre-
dict dosimetry following acute exposures to xenobiotics (Timchalk et al., 2001). 

Biomonitoring offers one of the best approaches for accurately assessing
human dosimetry and for determining risk from both occupational and envi-
ronmental exposure to xenobiotics (Friberg & Elinder, 1993; Christensen,
1995). Although biomonitoring has been conducted primarily by utilizing bio-
logical matrixes such as blood and urine, other matrixes such as saliva repre-
sent a simple and readily obtainable fluid. In this regard, saliva has been used
to evaluate a broad range of biomarkers, drugs, and environmental contami-
nants, including drugs of abuse, hormones, chemotherapeutics, heavy metals,
and pesticides (Joselow et al., 1968; Hayashi et al., 1989; Nigg & Wade,
1992; Schramm et al., 1992; Lu et al., 1997, 1998). 

To facilitate biomonitoring there is a need to develop reliable, portable,
and cost-effective analytical instrumentation for on-site monitoring of individuals.
Microfabrication technology has been utilized to create a micro-scale total
analytical system (µ-TAS). One potential application of µ-TAS is the develop-
ment of microanalytical devices that can be easily integrated into microchemical
or biological systems for real-time monitoring (Lin et al., 2001). Coupled to
µ-TAS is the development of relevant sensor systems that can be based on a
number of technologies including electrochemical detection, immunosensors,
and immobilized enzyme-based detection (Lin et al., 2001; Andreescu et al.,
2002; Mulchandani et al., 1998; Imato & Ishibashi; 1995; Penalva et al.,
2000; Gaberlein et al., 2000). The general approach is illustrated in Figure 1

Electrochemical Sensors

for Chemical Mixtures

Enzyme Biosensors

• Chlorophenols

• Immobilization of enzyme

Stripping Voltammetry

• Toxic metals (Pb, Hg, Cr)

• Selective preconcentration

Single Microfluidic Platform

Portable Analytical System 

Immunosensors

• Pesticides/herbicides

• Antibody-antigen reactions

FIGURE 1. Schematic for integrating multiple sensors into a plug and play microfluidics platform for portable
analytical systems. 
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and involves development of an array of sensors that are incorporated into a
single microfluidics platform using a “plug-and-play” design where sensors are
readily exchanged depending on the contaminants of interest. 

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. With increasing interest in the use of
noninvasive 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) provides a
detailed review of human salivary gland anatomy, physiology, and the mech-
anisms associated with drug transfer from blood to saliva. Likewise, in rodents
there are a number of studies evaluating the kinetics of saliva clearance for
environmental contaminants (Borzelleca & Skalsky, 1980; Mobarak & P’an
1984; Bratt et al., 1995; Lu et al., 1997, 1998; Timchalk et al., 2002; Kousba
et al., 2003). Although a fundamental understanding of saliva-gland physi-
ology exists, comparative cross-species (i.e., rodent vs. human) pharmacoki-
netic studies are lacking and are needed to further develop and refine
dosimetry models. 

The importance that physiologically based pharmacokinetic (PBPK) modeling
can have in facilitating biomonitoring has been suggested (Mason & 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 metals
and chemical agents. 

Physiologically based pharmacokinetic models for lead (Pb) and the organo-
phosphate insecticide chlorpyrifos have recently been modified to incorporate
a saliva compartment (O’Flaherty, 1991; Timchalk et al., 2001, 2002). An
illustration of the PBPK model structure for Pb with the inclusion of a saliva
compartment is presented in Figure 2. As previously noted, the application of
these models has been recognized as an important tool for equating exposure
to target tissue dosimetry (Andersen, 2003). To achieve a goal of employing
saliva as a noninvasive quantitative biomonitoring matrix in humans, a number
of improvements in the current understanding of xenobiotic salivary kinetics is
warranted. Additional research is needed to provide a basic understanding of
the mechanism by which chemicals are transported from the blood into the
salivary glands, and subsequently secreted into the saliva. Finally, there is a
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need to acquire a more extensive in vivo data set comparing the pharmaco-
kinetics of xenobiotics in blood and saliva in both rodents and humans. None-
theless, once fully validated these models hold promise to accurately predict
systemic dosimetry based on a limited sampling of saliva, thereby providing an
accurate predictor of “internal dose.” 

The objective of this article is to illustrate, using two examples, the poten-
tial utility of real-time saliva analysis coupled with pharmacokinetic modeling
as a novel biomonitoring strategy. The first example focuses on the applica-
tion of saliva biomonitoring for assessing dosimetry to the heavy metal Pb,
while the second example highlights recent developments to extend this
approach to biomonitoring pesticides and in particular organophosphate
insecticides. 

EXAMPLE 1: NONINVASIVE LEAD (Pb) BIOMONITORING 

There has been a significant ongoing effort to reduce the utilization and
subsequent release of Pb into the environment, resulting in a beneficial reduc-
tion in the blood Pb levels among the U.S. population and in particular
children (Juberg et al., 1997). However, even though blood Pb levels have

FIGURE 2. Physiologically based pharmacokinetic (PBPK) model for Pb that has been modified to incorpo-
rate a saliva gland compartment. PBPK model parameters were as previously described by O’Flaherty (1991)
and modified by Timchalk et al. (2001) to incorporate saliva compartment parameters. Shaded compartments
represent potential routes for exposure. 
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decreased there are still significant numbers of children within susceptible
socioeconomic groups where blood Pb levels are excessively high, representing
a potential health threat. In the case of Pb, biomonitoring has primarily
focused on the measurement of blood Pb concentration, although hair, urine,
and saliva have likewise been utilized to assess exposure (P’an, 1981; Revich,
1994; Pirkle et al., 1995). Although blood biomonitoring represents the most
common strategy for Pb, several studies suggest that saliva is a viable alter-
native matrix. The use of saliva is particularly enticing since this represents a
simple noninvasive method that has distinct advantages in the evaluation of
newborn infants and young children (Gorodischer & Koren, 1992). The poten-
tial utility of saliva as a biomonitoring medium for assessing human body bur-
den of Pb from ambient environmental exposure has previously been
demonstrated (P’an, 1981; Gonzalez et al., 1997). Gonzalez et al. (1997)
utilized saliva to biomonitor for Pb and cadmium in a limited population of
young adults living in Mexico City. Their results suggest that saliva is a good
biomonitor for Pb and demonstrated that populations residing in Mexico City
had elevated Pb levels. Mobarak and P’an (1984) conducted studies using rats
to better understand the relationship between saliva Pb concentration and the
distribution of Pb in whole blood, plasma, and plasma ultrafiltrate. A linear
relationship was observed when comparing Pb concentrations in saliva with
either whole blood or free plasma in rats administered multiple doses of Pb
(100 mg/kg) by intraperitoneal injection and sacrificed up to 21 after the last
injection. The data from this study are presented in Figure 3 and suggest a
good linear correlation (r2 = .71) for saliva and blood Pb concentration over the
range tested. 
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FIGURE 3. Correlation between the amount of Pb detected in saliva and blood in rats. The data was
obtained from a study of Mobarak and P’an (1984) and reanalyzed by Timchalk et al. (2001). Adapted with
permission from Timchalk et al. (2001). 



640 C. TIMCHALK ET AL. 

Integrated Microfluidics/Electrochemical Sensor System for Pb 
Details concerning the fabrication of a microfluidics/electrochemical

device have been previously published (Lin et al., 2001), and a schematic
diagram illustrating the components of the integrated microfluidic device is
presented in Figure 4. The microelectrochemical flow cell is based on a wall-
jet (flow-onto) design that integrates three electrodes (Bohs et al., 1994; Zhou
et al., 1997), a mercury-film (Hg) working electrode and a platinum (Pt) and
silver (Ag/AgCl) auxiliary and reference electrode, respectively. The sample
solution is loaded into the sample reservoir and delivered by an integrated
micropump, and square-wave anodic stripping voltametry (SWASV) is used for
quantitation of Pb in the specimens (Timchalk et al., 2001; Lin et al., 2001). 

As is illustrated in Figure 5, the response of the sensor system is linear up to
2000ppb with a detection limit of 0.2ppb (Figure 5 illustrates the low end of
the curve, 0–10ppb). Pirkle et al. (1998) reported that the overall mean blood
Pb for the U.S. population was 2.3µgPb/dl (23ppb), with 2.2% of the popula-
tion having blood Pb >10µgPb/dl (100ppb) (i.e., above a health concern level).
Based on these blood Pb levels and the levels of Pb detected in human saliva
(Gonzalez et al., 1997), detection capability in the low ppb range is reasonable
for a portable sensor system. In addition, the Hg-film electrode was shown to
have good stability when repeatedly used in the flow stream with a reported
4–5% standard deviation for up to 16 consecutive runs (Lin et al., 2001). 

In Vivo Saliva Validation and PBPK Modeling of Blood 
and Saliva Pb in Rats 
Details describing the animal exposures, analytical methods, and PBPK

model development have been previously reported (Timchalk et al., 2001). In
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FIGURE 4. Schematic diagram of the integrated micro-fluidic system with plug-in micropump and
microelectrochemical detector. 
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brief, adult male rats were orally administered acute doses (0–500mg/kg of
body weight) of Pb acetate; 24 h postdosing they were anesthetized, and saliva
and blood were collected and analyzed for Pb using the microanalytical
system and compared against inductively coupled plasma mass spectrometry
(ICP-MS) analysis. The predictive capability of the PBPK model was evaluated
against both previously published data (Mobarak & P’an, 1984) and experi-
mental data generated in our laboratory (Timchalk et al., 2001). As illustrated
in Figure 6, the concentration of Pb in saliva was consistently less than the
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blood concentration (~1–2 orders of magnitude); however, the kinetics in
saliva reasonably paralleled the response seen in blood. In addition, the good-
ness of model fit as demonstrated by the model prediction (line) versus. experi-
mental results (data points) suggests that the PBPK model can be used to
describe the kinetics of Pb in both blood and saliva. Although the PBPK saliva
Pb model was developed with a limited data set, the results are encouraging
and suggest that with further model development, refinement, and validation
the model will be a useful tool to assess Pb dosimetry using saliva. 

Saliva Pb Summary 
A portable microanalytical system has been developed to quantitate Pb in

saliva with analytical sensitivity in the low ppb range and has been evaluated
using saliva and blood specimens obtained from rats pretreated with Pb acetate.
The results suggest that the microanalytical system can be used for real-time
monitoring of saliva Pb; however, further validation in animal model systems
and with human samples is needed. 

EXAMPLE 2: NONINVASIVE ORGANOPHOSPHATE INSECTICIDE 
BIOMONITORING 

Organophosphates, like chlorpyrifos, constitute a large class of chemical
insecticides that are widely used in the agricultural industry and in home appli-
cations (Aspelin, 1992, 1994). As a result, they are involved in more occup-
ational 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 organophosphate insecticides are associated with the
capacity of the parent chemical, or an active metabolite, to inhibit acetyl-
cholinesterase (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 chlorpyrifos lack the capacity to directly
inhibit AChE and must first be metabolized to the corresponding oxygen analog
(chlorpyrifos-oxon). The metabolic scheme for the thionophosphate insecticide
chlorpyrifos is presented in Figure 7. Activation to the oxon is mediated by cyto-
chrome P-450 (CYP) mixed function oxidases primarily in the liver. In addition,
oxidative dearylation of chlorpyrifos to trichloropyridinol (TCP) and diethylthio-
phosphate represents a competing detoxification pathway, which is likewise
mediated by hepatic CYP (Ma & Chambers, 1994). Studies in humans and
rodents indicate that trichloropyridinol represents the primary urinary metabo-
lite of chlorpyrifos, although glucuronide and sulfate conjugates of trichloropy-
ridinol have also been observed (Nolan et al., 1984; Bakke et al., 1976). 

Since the mode of action for organophosphate insecticide toxicity primarily
involves the chemical inhibition of AChE in nerve tissue, it is feasible to extend
the dosimetry models to incorporate this pharmacodynamic (PD) response.
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Andersen (1995) noted that a linkage of dosimetry and PD models provides a
strong biologically based framework to establish dose-response extrapolations.
With regard to organophosphate insecticides, the formation of the oxon
metabolite (pharmacokinetics) can be directly coupled to the inhibition of
AChE (pharmacodynamics), forming an integrated PBPK/PD dosimetry and
response model as illustrated in Figure 8. In this regard a limited number of
PBPK/PD models for organophosphate insecticides and nerve agents have
been published in the literature (Maxwell et al., 1988; Gearhart et al., 1990;
Sultatos, 1990; Abbas & Hayton, 1997; Timchalk et al., 2002). Most recently, a
PBPK/PD model has been developed for chlorpyrifos, and the pharmaco-
kinetic and pharmacodynamic response has been validated in both rats and
humans; the model structure has been previously described (Timchalk et al.,
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2002). An illustration of the model fit to human serum dosimetry and ChE
inhibition data is presented in Figure 9. As illustrated, the model is capable of
accurately describing the overall pharmacokinetics of chlorpyrifos in the blood
of a poison victim (Drevenkar et al., 1993) who ingested 30–60 ml of a com-
mercially available insecticide (see Figure 9A). Likewise, the time course of
plasma cholinesterase (ChE) inhibition following a single oral (0.5 mg/kg) or
dermal (5 mg/kg) dose of chlorpyrifos in human volunteers (Nolan et al., 1984)
was well described with the model. This model is now being extended to
incorporate a salivary-gland compartment similar to the model structure previ-
ously described for Pb (see Figure 2). 

Organophosphate insecticide biomonitoring has been primarily focused on
the assessment of ChE activity in blood or the quantification of metabolites in
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duct containing chlorpyrifos (data extracted from Drevenkar et al., 1993). (B) Plasma ChE inhibition in
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resents the model simulation of the experimental data. Adapted with permission from Timchalk et al.
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urine (Peoples & Knaak, 1982; Chester, 1993). As such, trichloropyridinol is an
important candidate for biomonitoring (Nolan et al., 1984). Borzelleca and
Skalsky (1980) noted that in rats exposed to the carbamate insecticide carbaryl,
saliva ChE inhibition was consistent with the plasma and red blood cell ChE inhi-
bition and the saliva carbaryl metabolite concentrations correlated with the
metabolite blood concentrations. Overall, this suggests that both the saliva chem-
ical concentration and ChE inhibition may be particularly useful noninvasive
markers to predict the chemical concentration and ChE activity in the blood. 

Saliva ChE Activity in Rats 
To determine the feasibility of utilizing salivary ChE activity as a biomonitor

for ChE inhibiting agents there is a need to adequately characterize the ChE
enzyme activity within the saliva matrix. In this regard, Kousba et al. (2003)
recently characterized the saliva ChE activity in rats using specific enzyme sub-
strates (acetylthiocholine and butyrylthiocholine) and inhibitors of AChE
(BW284C51) and butyrl cholinesterase (BuChE) (iso-OMPA) enzyme activity and
compared the response in saliva against brain (pure AChE) and plasma (50:50
AChE:BuChE) enzyme activity. In summary, these experiments demonstrated
that rat saliva ChE is primarily associated with BuChE activity (>95%). A time
course illustrating the in vitro activity of saliva BuChE is presented in Figure 10.
The maximum inhibition of BuChE activity was achieved by ~5h postincubation,
and a PD model was used to determine the BuChE active-site concentration,
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(filled circle and solid line) incubated with saliva from naive adult rats. The maximum enzyme inhibition
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yielding an actual BuChE concentration of ~1.20±0.13fmolml−1 saliva. This con-
centration of BuChE enzyme activity is ~12,000- and 1000-fold less than that of
the brain and plasma, respectively (Kousba et al., 2003), but nonetheless could
be easily measured. These results clearly indicate that the ChE activity is present
in saliva, and it is possible to follow the kinetics of inhibition over time. 

To further establish the potential utility of saliva for organophosphate insecti-
cide biomonitoring, adult male rats were orally exposed to single chlorpyrifos
doses (1–50 mg/kg), and the time course of the major metabolite trichloro-
pyridinol and the extent of ChE inhibition were determined in both blood and
saliva. The procedures for saliva collection were as previously described
(Timchalk et al., 2001). The results from these experiments are presented in
Figure 11. The time course of trichloropyridinol in the blood of rats demons-
trated a linear response with increasing dose and was comparable to previ-
ously observed kinetics in humans (Timchalk et al., 2002). Trichloropyridinol
was readily detected in the saliva although the concentrations were ~2 orders
of magnitude less than that observed in blood; however, the kinetic profile in
saliva clearly paralleled the response seen in the blood. The ChE response in
both plasma and saliva likewise demonstrated a dose-dependent inhibition,
with maximum inhibition being achieved 3–6 h post-dosing, which is consis-
tent with the plasma ChE inhibition kinetics previously observed in the rat
(Timchalk et al., 2002). The degree of saliva ChE inhibition is fairly comparable
to the response observed in the plasma and may be related to the fact that
saliva is nearly all BuChE, which is particularly sensitive to chlorpyrifos inhibi-
tion (Kousba et al., 2003; Timchalk et al., 2002), whereas, plasma ChE in rats
is an equal mixture of AChE and BuChE enzyme. 

Saliva Organophosphate Insecticide Summary 
These initial in vitro and in vivo experimental results indicate that both the

major metabolite of chlorpyrifos and the degree of saliva ChE inhibition can be
measured following in vivo exposure to a range of chlorpyrifos doses in rats.
Although additional studies are needed in both rats and humans to further val-
idate the observed results, these are promising and suggest that the utility of
saliva as a biomonitoring matrix for organophosphate insecticides is plausible. 

UTILITY AND CHALLENGES OF SALIVA AS A BIOMONITORING 
MATRIX 

Although saliva as a biomonitoring matrix holds great promise, a clear
understanding of its limitations is needed before it can be used quantitatively to
assess chemical exposure (Niggs & Wade, 1992). In general, the ease of collec-
tion makes saliva ideally suited as a noninvasive approach and should result in
excellent compliance, which is particularly critical in biomonitoring poten-
tially sensitive subpopulations such as children and newborns. However, to
utilize saliva for chemical biomonitoring, the relationship between the chemical
concentrations in blood and saliva needs to be established. If a correlation
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exists, then it will be feasible to directly predict a blood concentration for a
given chemical based on a “spot” saliva analysis. For example, in the case of
Pb the biological exposure index (BEI) is based on blood Pb concentration and
is independent of time, so a spot saliva sample that correlates with blood Pb
can be directly compared to the current BEI. For organophosphate insecti-
cides, the BEI is based on the degree of inhibition of red blood cell ChE activity
(70% of baseline). In this case it is anticipated that the PBPK/PD model can be
used to correlate the dynamics of saliva ChE inhibition directly with the red
blood cell response, thereby enabling us to determine the extent of systemic
ChE inhibition from a “spot” saliva specimen. Again, the key to the utility of
saliva for biomonitoring will be to conduct the appropriate validation studies
to establish a fundamental understanding of what a saliva measurement means
with regard to systemic dosimetry for a xenobiotic. 

CONCLUSIONS 

There is a growing need to develop reliable and portable analytical instru-
ments for on-site monitoring of xenobiotic contaminants that use readily
obtainable biological fluids like saliva for real-time analysis. To facilitate quanti-
tating systemic dosimetry using a “spot” saliva sample, pharmacokinetic models
are being developed. The results presented are encouraging and suggest that
once fully developed the microanalytical system coupled to PBPK modeling
will be an important tool for real-time biomonitoring for both Pb and organo-
phosphate insecticides, for both occupational and environmental exposures. 
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