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Abstract

There is a need to develop reliable portable analytical systems for on-site and real-time biomonitoring of lead (Pb) from both occupational
and environmental exposures. Saliva is an appealing matrix since it is easily obtainable, and therefore a potential substitute for blood due to
existing reasonably good correlation between Pb levels in blood and saliva. The microanalytical system is based on flow-injection/stripping
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oltammetry with a wall-jet (flow-onto) microelectrochemical cell. Samples that contain as little as 1% saliva can cause electrod
esulting in significantly reduced responsiveness and irreproducible quantitations. In addition, incomplete Pb release from saliv
an also yield a lower Pb response than expected. This paper evaluates the extent of in vitro Pb-protein binding and the optimal p
or releasing Pb from the saliva samples. Even in 50% by volume of rat saliva, the electrode fouling was not observed, due to the
ample pretreatment and the constant flow of the sample and acidic carrier that prevented passivation by the protein. The syste
inear response over a low Pb range of 1–10 ppb, low detection limit of 1 ppb, excellent reproducibility, and reliability. It also yielded
b concentrations in unknown samples as did the ICP-MS. These encouraging results suggest that the microanalytical system r

mportant analytical advancement for real-time non-invasive biomonitoring of Pb.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Biomonitoring enables quantitative evaluation of human
xposures to both occupational and environmental hazards,

ncluding heavy metals[1,2]. Of all heavy metals, lead (Pb)
s one of the most problematic. The conventional approach
or biomonitoring of Pb is accomplished by making a blood
b determination since blood is the accepted biological ma-

rix for assessing Pb exposure and the basis for the current
iological exposure index (BEI) for Pb[3]. However, collect-

ng blood samples is highly invasive and often not suitable
or newborns and infants. Non-invasive samples like saliva
re easily to be collected, making them an appealing matrix

∗ Corresponding author.
E-mail address:yuehe.lin@pnl.gov (Y. Lin).

as blood substitute. Our research group[3,4] and others[5,6]
have reported a good correlation between the saliva and
Pb levels in rats which suggests the feasibility of utilizin
“spot” saliva sample to predict internal dose as propose
our previous work[3,4].

The analytical techniques for determining Pb conc
tration in biological samples include ion chromatograp
atomic absorption spectroscopy (AAS), or inductively c
pled plasma mass spectrometry (ICP-MS). These ana
are generally done at centralized laboratories, resultin
lengthy turn around time. They are also expensive and re
significant labor and analytical resources[7]. Thus there is
growing need to develop reliable, portable, and cost-effe
analytical instruments for on-site, real-time monitoring
trace metals in individuals. Electrochemical sensors b
on stripping voltammetry appear to be a promising techn

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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for determining aqueous heavy metal concentrations because
they usually are sensitive, compact, low cost, easily integrated
into field-deployable units, and can be automated[8–10].

There are two major obstacles that prevent the wide ap-
plications of electrochemical sensors for analyzing chemical
species in biological samples. The first one is the lack of un-
derstanding of the binding between the target chemicals and
the surface-active species in the biological samples[11]. For
instance, since Pb is suggested to be extensively bound to
high molecular weight molecules such as proteins[7], the
low electrochemical response to known concentrations of Pb
in rat saliva may be caused by the incomplete sample di-
gestion and release of Pb from saliva protein[4,11]. Thus,
understanding of the saliva composition, the binding of Pb
by the saliva protein, and release of Pb via acid treatment
of the samples will greatly improve the Pb quantitation by
electrochemical sensors.

The second obstacle is related to significant signal re-
duction, caused by the electrode fouling[11–16]. Biologi-
cal samples contain surface-active species (i.e., protein) that
can hamper electrochemical sensing by causing interference
and electrode passivation[11]. Adsorption of the protein at
the solid–liquid interface is widely known even at very low
saliva content in the samples[17–19]. The Compton’s group
[14,16]has found that when all other conditions remain con-
stant, additions of artificial saliva (0.1–0.9% by volume) in the
s uthors
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device will potentially have broad applications for assessing
both occupational and environmental Pb exposures.

2. Experimental

2.1. Microanalytical system

The detailed fabrication of the microelectrochemical cell
has been published elsewhere[7,10]. A schematic diagram
of the unit is presented inFig. 1(A). The microanalytical
system inFig. 1(B) consists of a computer-controlled mi-
cropump (MilliGAT pump, Global FIA, Fox Island, WA), an
injection valve with a 50�L sample loop, interconnecting
PTFE tubing, and a microelectrochemical cell. The micro-
electrochemical cell integrates three electrodes and is based
on a wall-jet (flow-onto) design[20,21]. A laser-cut Teflon
gasket was sandwiched between two PEEK blocks to form
a radial flow-cell, and 1-mm diameter strips of platinum (Pt)
and silver (Ag/AgCl) were used as the auxiliary and refer-
ence electrodes, respectively. The solution flowed onto the
Hg-film working electrode (glassy carbon) by a computer-
controlled micropump and exited through the groove from
the outlet that was positioned directly across the Pt auxiliary
electrode. The three electrodes were connected to a hand-held
bipotentiostat (model 1232, CH Instrument Inc., TX), which

Fig. 1. Schematic of (A) the microelectrochemical cell having 1.8 cm×
2.4 cm of total size and (B) the microanalytical system, dash lines represents
liquid lines and solid lines represent cable lines.
ample causes a significantly reduced Pb signals. The a
ttributed the signal reduction to the increasing passiv
covering layer) of the electrode surface by the surface-a
lycoproteins in the saliva. Electrode fouling normally cau

he fluctuation in baseline current and signal depression,
ng to inaccurate quantitation of the target species. Elec
ouling also requires frequent surface cleanings, which
abor- and time-consuming.

In response to the need for on-site biomonitoring of he
etals, especially Pb, using non-invasively collected sal
icroanalytical system for the assay of Pb in saliva has
eveloped in our lab. This microanalytical system is com
nd portable, requires small sample volumes (in microlit
nd offer rapid analysis. Having realized that getting bio

cal samples in the form that can take full advantage o
nstrument’s capability is the most challenging task of
nalysis[11], this manuscript focuses on further characte

ng the dynamics of saliva protein and Pb interactions (b
ng and release) such that samples can be prepared in
hat minimizes the fouling and optimize the electroche
al analysis. Rats were initially used as the saliva do
nstead of humans, since the results in rats will facilitate
nitial validation of the technology, which involves expos
nimals to known concentrations of Pb. Future studies
xtend this evaluation to human saliva. The electrochem
arameters were optimized and the figures of merits (d

ion limits, reproducibility, and linear calibration range) w
etermined. The results were compared with those from

CP-MS to demonstrate that the system can accurately q
ify Pb in saliva. It is anticipated that this new technique
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was also connected to a computer for instrumental control
and data recording.

2.2. Collection of rat saliva

Saliva specimens were collected from naı̈ve male Sprague
Dawley rats (∼10 animals, each weighed from 0.33 to
0.37 kg) as previously described[4]. In brief, the rats were
anesthetized with an intraperitoneal (i.p.) injection of ke-
tamine (87 mg/kg):xylazine (13 mg/kg). In addition, each rat
was given an i.p. injection of the cholinergic agonist pilo-
carpine (1 mg/kg) to induce salivation. Saliva was then col-
lected from each rat, using a glass capillary tube, for ap-
proximately 30 min (1–2 mL saliva). Additional saliva was
collected from the same rats after allowing them 1–2 days
of recovery. For the in vitro Pb binding analysis the saliva
specimens were not pooled; however, for the acid treatment
studies and Pb measurements by the microanalytical system
the saliva specimens were pooled. All saliva was stored frozen
(−80◦C) until the Pb analysis was conducted.

2.3. In vitro Pb binding analysis

The extent of in vitro Pb saliva protein binding was de-
termined using saliva obtained from naı̈ve male Sprague-
Dawley rats. Saliva was collected utilizing ultra-clean meth-
o mens
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of ultrapure water; the procedure was repeated three times.
The contents of the vessel and rinses were transferred to a
polypropylene centrifuge tube and the solution volume was
brought up to 14.0 mL with ultrapure water. All glassware
was prewashed in a leaching solution (10% (v/v) HNO3/HCl)
to remove potential Pb contamination.

A VG Plasma Quad, model PQ2 ICP-MS (VG Instruments
Inc., Cherry Hill Drive, MA) was used for Pb analysis with a
scanning mode acquisition: the parameters were set at 10.24
dwell (millisecond), 19 channels/amu, PC Detector mode,
0.5 time/sweep (sec), and selected mass range of 99.6–210.4.
Mass 208 was selected for the Pb analysis. Most samples
were diluted to few ppb level of Pb (up to 100-fold dilution)
to minimize matrix effect with 2% (v/v) HNO3, which also
was used as rinse and background solutions. All sample and
standard solutions contained 2.5 ppb of Thallium (Tl-205),
2 ppb of Iridium (Ir-193), and/or 2 ppb Rhodium (Rh-103) as
internal standards. Three to five Pb standard solutions were
analyzed along with the samples to establish a calibration
curve that covered the concentration range of Pb(II) in the
samples (e.g., from 0.1 to 5 ppb,R2 = 0.999). The analysis
time per mass was 3 s, and a total of three replicates per sam-
ple were run.

2.4. Acid treatment study
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ds as previously described above. The saliva speci
ere spiked with Pb-acetate to achieve 50 ppb Pb(II).
b-acetate was incubated in saliva at a ratio of 1:36
cetate:sample) by volume in order to minimize sampl

ution. The binding assay was carried out in prewashed (
v/v) HNO3/HCl) glass tubes rinsed in ultra-pure water to
ove potential Pb contamination. The assay was cond
t 37◦C in a shaking water bath. Initial studies were likew
onducted to determine an optimum incubation time to in
hat steady state has been obtained. Based on the res
aplan et al.[22], it was anticipated that <1 h was requi

o achieve optimum binding. Next, aliquots of spiked sa
ere subjected to ultrafiltration as previously described[23].

n brief, the saliva ultrafiltration was done utilizing the MP
micropartitioning system (Amicon Corp., Danver, MA)
7◦C and the ultrafiltrate was weighed and analyzed fo
y ICP-MS. The extent saliva protein binding was determ
y comparing the ratio of Pb concentrations in the saliva

he respective filtrates.
Samples of saliva that had been incubated with Pb-ac

n vitro were analyzed by inductively coupled plasma m
pectrometry (ICP-MS). Saliva was acid digested prio
CP-MS analysis as follows. The specimens were care
eighed into a tarred advanced composite vessel (ACV)
mL each of ultrapure Millipore water (18.2 M�-cm) and
oncentrated HNO3. The Teflon ACV vessels were capp
nd sealed into numbered stainless steel Parr Bomb sl

hen transferred to a preheated oven and maintained at 1◦C
or a minimum of 3 h. Upon removing and cooling of
amples, each vessel was opened and rinsed with∼2.0 mL
f

,

One milliliter of rat saliva was spiked with a given volum
50–60�L) of 2000 ppb Pb(II) solution, prepared by diluti
tomic absorption standard solution from Aldrich Co. (c
rised of 1000 mg/L Pb(II) in a 1–2% HNO3 solution) with
ltrapure Millipore water. The mixture was then incubated
0 min in a 30◦C water bath. Next, the mixture was spik
ith a given volume (7–157�L) of concentrated HNO3 or
oncentrated HCl (trace element grade, Sigma-Aldrich
his point, the saliva fraction was approximately 90% (by
me) of the total solutions, the as-prepared concentrati
b was 100 ppb and the acid concentrations were 0.1
.0, or 2.0 M. The mixture was centrifuged at room tem
ture at the relative centrifugal force (RCF) of 15,200×g

or 15 min. The supernatant was removed and stored fr
−80◦C) until the Pb analysis by ICP-MS was conduc
sing the procedure mentioned in the in vitro Pb bind
nalysis section, but without further acid digestion. Prio

he ICP-MS analysis, the samples were diluted 100-fold
ltrapure water resulting in samples with acid concentra
anging from 0.001 to 0.02 M. The effect of the matrix (fr
.001 to 0.02 M HNO3) on Pb signals by ICP-MS was me
ured and found to be negligible.

.5. Pb analysis by microanalytical system

To quantify trace amounts of Pb in rat saliva samples
amples were prepared in the similar fashion as in the
reatment study, but with an optimal acid condition (1.
Cl) and varied spiked Pb concentrations. The superna
ere diluted two-fold with 10 ppm Hg (II) in ultrapure w

er. The carrier was prepared to have the same matrix (5
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Table 1
Typical operating parameters

Differential pulse voltammetry parameters
Initial potential −0.8 V
Final potential −0.45 V
Amplitude 0.05 V
Pulse width 0.05 s
Pulse period 0.2 s

Microanalytical system parameters
Flow rate 1�L/s
Carrier 5 ppm Hg(II)/0.5 M HCl
Sample Pb (II) in 50% saliva (in same matrix

with carrier)
Deposition 90 s of carrier at−1.0 V, followed by

45 s of sample at−1.0 V
Cleaning 60 s at +0.7 V in 1�L/s of carrier

Hg(II)/0.5 M HCl) with the feed samples. The carrier was
stored in a reservoir and the sample was injected into the sys-
tem at a sample inlet port prior to each analysis. Both carrier
and sample were delivered into the microanalytical system by
a computer-controlled micropump. Differential pulse anodic
stripping voltammetry (DPASV) was used for quantitation
of Pb in the specimens. The typical operating parameters of
DPASV and the microelectroanalytical cell are summarized
in Table 1.

Prior to the analysis, the working electrode was regen-
erated daily by polishing with 35% (v/v) HNO3, followed
by water, acetone, and water, respectively. Next, the film of
Hg was first deposited on the electrode surface at−1.0 V
for 10 min in 1�L/s of carrier on the first run and for only
90 s for the subsequent runs. Then the Pb- and Hg-containing
saliva sample was flowed over the electrode surface for 45 s,
while Pb(II) and Hg(II) were simultaneously reduced and
deposited. After the deposition period, the flow was stopped,
and the potential at−0.8 V was applied for 10 s quiet period,
followed by scanning the potential of the working electrode
from −0.8 V to −0.45 V also under the no-flow condition.
For the electrode cleaning, the carrier was pumped in at the
flow rate of 1�L/s, while a positive potential of 0.7 V was ap-
plied for 60 s. The electrode was then ready for analysis of the
next specimen. The sensor was normally reliable for a whole
analysis day (over 50 runs). For a new-day analysis, the two
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Fig. 2. The liquid- and solid-phase distributions of 50 ppb of lead in rat saliva
(pH 8.5) as a function of contact time.

was consistently lower than that obtained by ICP-MS. This
lower responsiveness may be caused by the incomplete sam-
ple digestion and release of Pb from saliva protein. Without
fully understanding the dynamics of Pb-protein binding in
saliva, sample pretreatment was carried out by diluting the
sample five-fold with 0.5 M HCl. More recent studies have
been conducted in our lab to better understand the binding ac-
tivity and saliva components. These data provide new insight
on an alternative sample pretreatment protocol that will take
full advantage of the microanalytical system. The specific
rat saliva was analyzed for total protein and amylase activ-
ity using protocols described elsewhere[24,25]. The protein
content was 0.66± 0.28 mg/mL (N= 5) and the amylase ac-
tivity was 18.1± 1.7 U/mL (N= 5), where N represents the
number of saliva samples tested. This large molecular-weight
amylase is believed to be one of the key Pb-binders[7].

To better understand Pb-protein binding, the extent of Pb
distribution (in solution and in solid phases) was measured
at different incubation times (2–60 min) after the saliva sam-
ples were spiked with Pb to obtain 50 ppb Pb(II). The saliva
pH was measured to be 8.5± 0.2 (N= 5). The kinetics of Pb
adsorption to salivary protein is presented inFig. 2. The Y-
error bars represent standard deviation of four samples. The
kinetic study demonstrates that > 95% of Pb adsorbed onto
the salivary protein within 2 min of Pb exposure. Thus an in-
cubation time of 10 min was chosen for subsequent studies to
e st that
s

im-
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t y the
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i gnif-
i .1 M
a
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EEK blocks were taken apart, and the working elect
as regenerated as previously described. Only one reg
tion was normally required per day. All water was ultrap
18.2 M�-cm resistivity). All reagents were of highest pur
rade as possible. Unless specified otherwise, all glas
as rinsed with 2% HNO3 prior to use.

. Results and discussion

.1. Nature of Pb binding with surface-active species in
aliva

In our previous reports[3,4], Pb(II) concentrations i
aliva samples analyzed by a similar microanalytical sy
nsure the complete Pb adsorption. These data sugge
aliva Pb is highly bound to available protein.

Complete release of Pb bound to the protein is very
ortant for accurate Pb quantitation in the liquid phase
elease the protein-bound Pb, samples of Pb-spiked
100 ppb Pb) were treated with a range of acid conce
ions.Table 2shows the Pb concentrations (measured b
CP-MS) in supernatants after different acid treatmen
ell as the percent Pb(II) recovered. All acid concentrati

ncluding a concentration as low as 0.1 M, resulted in a si
cant release of Pb (94%) from the saliva proteins. At 0
cid level, the pH is likely to be lower than the pKa of the
rotein, leading to protonation of the protein. At such co

ions, an excess molar ratio of proton (H+) per protein-boun
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Table 2
Effects of acid treatments on the release of saliva-bound Pb, n represents the number of analysis

Pb spiked (ppb) Acid treatment Final Pb in supernatant (ppb) % Pb recovered

103.3± 0.7 (n= 2) 0.1 M HNO3 97.3± 6.7 (n= 2) 94
0.5 M HNO3 99.2± 5.7 (n= 2) 96
1.0 M HNO3 102.0± 3.1 (n= 2) 99
2.0 M HNO3 101.6± 3.9 (n= 2) 98
1.0 M HCl 103.8± 3.2 (n= 2) 100

Pb(II) (∼5× 10−7 M) ensures the completion of the Pb re-
lease. Both HCl and HNO3 at the same concentration (1.0 M)
were comparable in releasing 100% of the bound Pb. Due to
the incompatibility of ICP-MS and HCl, HNO3 was used for
the samples prepared for the ICP-MS analysis. On the other
hand, for the proper function of Ag/AgCl electrode, HCl was
used for the samples prepared for the microanalytical system
in order to constantly provide the required chloride ions.

3.2. Sample pretreatment for microanalytical system

Although 0.1 M acid appeared to be sufficient in releasing
protein-bound Pb, in the perspective of electrochemical de-
tection, sample treatment with 0.1 M or 0.5 M acid was found
to be ineffective to prevent signal reductions when the sam-
ples were subjected to the Pb analysis by the microanalytical
system (data not shown). This is likely due to the incom-
plete removal of some electroactive species that caused the
high background currents or the formation of the passiva-
tion layer[19]. Therefore, 1.0 M acid was used to spike the
samples prior to centrifuging. However, a 0.5 M HCl solution
was found to be optimal for the operation of the Hg-film elec-
trode; at 1.0 M and 2.0 M HCl, poor reproducibility of the Pb
signals were observed (not shown). This may be attributed to
poor Pb and Hg deposition due to some hydrogen gas produc-
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producibility. In addition to Nafion coating, the Compton’s
group has investigated “sonoelectroanalysis” by exploiting
ultrasound during the analyte deposition period in order to
minimize electrode fouling in saliva samples[13–16]. The
momentum from the applied sound wave promotes high tur-
bulent flow and causes cavitation activity (e.g., collapse of
cavities) at the solid–liquid interface. This cavitation at the
surface and the shear force when the electrode is flushed are
believed to remove organic species from the electrode sur-
face allowing the deposition of the target analyte to proceed.
Analogously, we propose that, under the right conditions and
with appropriate sample pretreatment, constant flow-through
of the samples in the microanalytical system during the de-
position period can also remove the organic species, thereby
eliminating the fouling without the need of polymer mem-
brane coating.

To minimize a formation of the passivation layer by the
salivary protein, a glassy carbon electrode was used as the
working electrode since the protein adsorption is less severe
at carbon electrodes than on gold or platinum electrode[30].
The film of Hg was first deposited on the electrode surface,
followed by the deposition of Pb in the Pb-containing saliva
sample at an optimal time (45 s). Like acoustic streaming, the
flow through of the samples also increases the mass trans-
port, thereby reducing the deposition time (to only 45 s) and
increasing the sensitivity[31–32]. After the stripping and the
e Hg-
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ion at−1.0 V. Thus the 1.0 M-acid-treated samples were
uted two-fold with a 10 ppm Hg solution resulting in samp
ontaining 50% saliva/5 ppm Hg(II)/0.5 M HCl/trace leve
b(II). The carrier was prepared analogously to the sam

without saliva and lead) to contain 5 ppm Hg(II) in 0.5
Cl. Finally, the speed of centrifuging was also found
lay an important role; RCF of 2100×gwas not as effectiv
s RCF of 15,200×g to remove the impurity in the saliv
esulting in poor Pb signals (not shown).

.3. Pb analysis by microanalytical system

In spite of the great potential of electrochemical sen
or biomonitoring of trace metals, limited number of wo
as been done on minimizing the electrode fouling in b
nd saliva[12–16]. Coating of the mercury-film electrod
ith polymers like Nafion[26,27] has been reported to im
rove the sensitivity and resistance to electrode foulin
assivation media by excluding negatively charged org
pecies[28,29]. However, the lack of reproducibility of th
afion film coating often causes the poor intersample
lectrode cleaning at a positive potential (0.7 V), some
lm was also removed along with Pb and protein. Thus
lm required replenishing first by deposition of Hg(II) in t
arrier for 90 s prior to subjecting the electrode to the sam
or another 45 s of deposition. This demonstrates the m
dvantage of the microanalytical system, in which the in
hanging of solution streams can be conveniently contr
ithout interruption and easily automated. The volum
ample and reagent required are also minimal (i.e., 50�L of
aliva and 150�L of carrier per run).

.4. Calibration curve

Fig. 3 shows comparison of representative Pb sig
found at−0.6 V) measured using 5 ppb Pb(II) in carrier w
ut or with saliva (50%, v/v). When all conditions were h
onstant, the Pb signals without or with saliva remained
hanged, demonstrating no negative effects of saliva o
b detections. This suggests that the calibration curve c
onstructed from standard solutions having the same m
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Fig. 3. Representative voltammograms of 5 ppb Pb(II) in carrier (5 ppm
Hg/0.5 M HCl) with 50% saliva (dotted line) and without saliva (solid line).
Other conditions are as inTable 1.

with the samples but without saliva.Fig. 4shows such a cal-
ibration curve, in which the signal (area in volt-ampere) is
a linear function of Pb concentration in the solution ranging
from 1 to 10 ppb (R2 = 0.99), which is a reasonable range for
a portable sensor system for salivary Pb monitoring[3].

3.5. Reproducibility

In order to measure the reproducibility of the Pb mea-
surements, whole saliva was spiked with 10 ppb Pb(II)
then diluted two-fold with the carrier solution and sub-
jected to the microanalytical system for seven consecu-
tive measurements.Fig. 5 shows the Pb voltammograms
from the seven runs. With a 50% saliva sample, the sys-
tem yielded a highly reproducible signal for Pb; areas from
the seven runs were 2.22× 10−9, 2.22× 10−9, 2.15× 10−9,
2.15× 10−9, 1.99× 10−9, 1.97× 10−9, 2.21× 10−9 V A,

F ndard
s Cl).
O

Fig. 5. Reproducibility of 5 ppb Pb(II) signals (peak areas) (after two-fold
dilution) from seven consecutive runs with %R.S.D. of 5.0. Other conditions
are as inTable 1.

respectively. This corresponded to a relative standard devi-
ation (%R.S.D.) of 5.0% and a measured Pb concentration
(corrected for dilution) of 9.2± 0.5 ppb. The reproducibility
from day-to-day operations was also determined. When used
to measure 10 ppb of Pb(II) on three separate days, the freshly
prepared Hg-film electrode (after regeneration with HNO3,
acetone, and water) yielded Pb peak areas that were 1-, 1.01-,
1.13-fold relative to that of day 1. These factors were used
to scale all peak signals on a given day to the day that the
calibration curve was measured.

3.6. Detection limits

The detection limit was determined as the concentration
of Pb that would give a signal three times the background
noise. The background noise was measured using the opti-
mal conditions previously described but without Pb in the
solution. Three times the background noise was measured to
be 5× 10−10 volt-ampere, which corresponded to a detection
limit of 1 ppb Pb(II).

3.7. Analysis of unknown samples

To assess the accuracy of saliva Pb quantitation by the mi-
croanalytical system, three unknown samples (prepared by
s were
c um-
m he
r gest-
i ring
ig. 4. Calibration curve for the Pb analysis measured using the Pb sta
olutions containing same matrix with the samples (5 ppm Hg/0.5 M H
ther conditions are as inTable 1.
piking lead into saliva) were analyzed and the results
ompared with those from the ICP-MS. The results are s
arized inTable 3. The microanalytical system yielded t

esults that were highly comparable to the ICP-MS, sug
ng the great potential of the system for on-site biomonito
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Table 3
Comparison of Pb concentrations in unknown saliva samples by the microanalytical system and ICP-MS,n represents number of analysis

Unknown # Pb peak area (V A) (dilution = 2) Pb conc. (ppb) by microanalytical system Pb conc. (ppb) by ICP-MS

1 4.58E-10 2.2 ± 0.1 (n= 2) 2.2 ± N/A (n= 1)
4.25E-10

2 1.29E-09 6.1 ± 0.3 (n= 2) 6.2 ± 0.2 (n= 2)
1.19E-09

3 2.48E-09 11.9 ± 0.4 (n= 2) 11.6 ± 1.4 (n= 4)
2.37E-09

of Pb as opposed to the in-lab analysis by the ICP-MS. This
is also the first time that Pb in up to 50% by volume of real
saliva in the samples can be quantified accurately by an elec-
trochemical technique, compared to 2.5% of saliva as previ-
ously reported[14,16]. Reducing the fraction of saliva (and
hence protein content) in the samples by using large dilution
factors is not desirable because it compromises the analysis
of the real samples having inherently low Pb content[11].

4. Conclusions

In response to the growing need for biomonitoring of
heavy metals, a microanalytical system has been developed
that will potentially improve the quality and efficiency of on-
site and real-time biomonitoring of heavy metals. Saliva is
very attractive as a biomonitoring matrix since it can be easily
and non-invasively collected. However, saliva poses a chal-
lenge on the electroanalysis of heavy metals because of the
lack of understanding of the metal–protein binding and the
fouling of the electrode caused by the surface-active species
in saliva. In vitro studies were carried out to understand Pb
protein-binding and releasing using rat saliva.

With the proper pretreatment of the samples and the opti-
mal operating conditions of the microanalytical system, 50%
(v/v) saliva in the samples did not cause the electrode foul-
i ved.
T liva
s id
a t, as
w eams
w act
i eld-
d

sys-
t ples,
w of
b ddi-
t from
b to the
s the
p d hu-
m a as
a ue
c
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