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Urine is universally recognized as one of the best non-invasive matrices for biomonitoring
exposure to a broad range of xenobiotics, including toxic metals. Detection of metal ions in urine
has been problematic due to the protein competition and electrode fouling. For direct, simple, and
field-deployable monitoring of urinary Pb, electrochemical sensors employing superparamagnetic
iron oxide (Fe3O4) nanoparticles with a surface functionalization of dimercaptosuccinic acid
(DMSA) has been developed. The metal detection involves rapid collection of dispersed
metal-bound nanoparticles from a sample solution at a magnetic or electromagnetic electrode,
followed by the stripping voltammetry of the metal in acidic medium. The sensors were evaluated
as a function of solution pH, the binding affinity of Pb to DMSA–Fe3O4, the ratio of
nanoparticles per sample volume, preconcentration time, and Pb concentrations. The effect of
binding competitions between the DMSA–Fe3O4 and urine constituents for Pb on the sensor
responses was studied. After 90 s of preconcentration in samples containing 25 vol.% of rat urine
and 0.1 g L−1 of DMSA–Fe3O4, the sensor could detect background level of Pb (0.5 ppb) and
yielded linear responses from 0 to 50 ppb of Pb, excellent reproducibility (%RSD of 5.3 for seven
measurements of 30 ppb Pb), and Pb concentrations comparable to those measured by
ICP-MS. The sensor could also simultaneously detect background levels (<1 ppb) of Cd, Pb, Cu,
and Ag in river and seawater.

Introduction

Large numbers of industrial workers are regularly exposed to
toxic heavy metals like cadmium (Cd), lead (Pb), and mercury
(Hg), which are known to induce various diseases that are
detrimental to human health. Once in the body, the toxic
metals will distribute to various tissue compartments (e.g., liver,
bone, and brain) and depending upon their pharmacokinetic
properties (i.e. clearance rates, half-lives), a fraction of the
metals will partition into the blood and may be excreted in
urine. For Pb, the rate of urinary excretion is reported to be
directly proportional to the plasma Pb concentration; hence,
urinary Pb reflects Pb that has been cleared from the plasma
to urine by the kidney.1,2 Thus, urine is universally recognized
as one of the best non-invasive matrices to assess exposures
to a broad range of toxic metals.3 Metal clearances in urine
have also been correlated with the onset of various diseases,
particularly those associated with renal function.4 The state-of-
the-art method for the analysis of Pb in urine is inductively
coupled plasma-mass spectrometry (ICP-MS). The ICP-MS
analyses are performed in laboratories, resulting in lengthy
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turn around time. Current established field-portable methods
for Pb include NIOSH Methods 7700 (a screening method by
spot test kits), 7701 (for analyzing lead in air filter samples
using ultrasound/ASV), and 7702 (a field portable XRF for
air samples on filters). According to NMAM, none of these
methods have been established for Pb detection in biological
matrices. The accuracy of Pb was reported to be about ±17–19%
in nitric acid for the ultrasound/ASV technique, and ±16% on
air filters for the portable XRF. The accuracy is likely to be worse
in high complex biological matrices, thus for biomonitoring the
accuracy must be improved. A portable analyzer employing
an electrochemical technique will allow real-time analysis of
metal ions in spot urine specimens, thereby representing a novel
approach for the rapid assessment of exposure.

The major obstacles that prevent the wide applications of
electrochemical sensors for analyzing metal ions in biological
samples are (1) the binding of target metals to proteins,5 leading
to the low voltammetric response to known concentrations of the
metals6,7 and (2), the electrode fouling caused by proteins in the
biological samples, leading to reduced signals and shorten the
electrode life time. Adsorption of proteins at the solid–liquid in-
terface is widely known,8–13 even in samples containing extremely
low protein content (e.g., samples containing less than 1% of
artificial saliva.)10 For voltammetric detection of Cu in blood,
the Compton group11 has used solvent extraction coupled with
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ultrasound wave to free Cu from blood glycoproteins, followed
by sonication during stripping voltammetric measurements of
Cu (termed “sonoelectroanalysis”). For the detection of Pb in
saliva, they have used the sonoelectroanalysis at a nafion coated
mercury thin film electrode,10 which evidently improved the
detection of the trace Cu and Pb in the two fluids. However, large
dilution factors of blood (e.g., 2000-fold) and artificial saliva
(e.g., 40-fold) were required. Other researchers have explored
the use of internal standards, such as indium14 and thallium(III)15

to compensate for the biological matrix effect on the blood Pb
analysis at the Hg-film sensors. The use of internal standard
increases measurement complexity, is less reliable when the ratio
of Pb and the internal standard signal is not linear or resolution
between the two peaks is poor, and thallium is known to be
very toxic. Our previous work aimed at developing a portable
electrochemical sensor for Pb in urine, blood, and saliva16–18

has relied on acidifying the specimens to release Pb, followed
by ultrafiltration to remove proteins and macromolecules from
the specimens in combination with turbulent flowing of the Pb-
contained specimens over Hg-film electrodes, which allowed us
to successfully analyze Pb without matrix effect and electrode
fouling. However, mercury-based electrodes have issues related
to the use and disposal of toxic mercury, which may lead to its
future regulation.

In developing mercury-free electrochemical sensors for metal
detections, modifications of the sensor surface with bismuth
films,19,20 gold and platinum nanoparticles,21,22 and a variety
of chelating agents and sorbent materials23–26 have been used
for preconcentration of metal ions. However, these sensors
still suffer from slow mass transport of the metal ions from
bulk solution to the electrode surface. This is especially true
in complex biological matrices in which metals are bound to
organic molecules and proteins, thus, these Hg-free sensors are
often not investigated for use in biological samples.

Recently, we have reported27 a new class of highly dispersible
sorbent material for environmental cleanup, the superparamag-
netic iron oxide (Fe3O4) nanoparticles that are functionalized
with dimercaptosuccinic acid (DMSA), which show extremely
high affinity and selectivity for heavy metals, such as Pb, Cd,
and Hg. Being magnetic, the metal-bound nanoparticles can
be immobilized at a magnetic-based electrode surface prior
to the voltammetic detection of the metal ions. This allows
the preconcentration of Pb in urine to be done rapidly at
open circuit without tedious sample pretreatment and adding
electrolytes. With the use of DMSA–Fe3O4 as metal collector
from biological samples, heavy metals like Pb can be directly
detected in the samples using electrochemical sensors with high
accuracy and sensitivity without (1) sample pretreatment by
acid elution16–18 or solvent extraction11 to release metals from
proteins into a pure medium followed by metal preconcentration
at a mercury-film electrode, (2) the use of internal standards
at Hg-based electrodes,14,15 or (3) the use of sonication at the
polymeric film-coated mercury–film electrode coupled with large
sample dilution to minimize protein adsorption and promote
mass transport of metals to the sensor surface.10,11,28 Although
our research focus is on urinary Pb analysis, we will also
show the versatility of the DMSA–Fe3O4 based sensors in
simultaneous detecting of multiple metals (Cd, Pb, Cu, and Ag)
at as low as background levels in natural waters, which can be

attributed to the high affinity of the DMSA for these metal
ions.

Experimental

Sample preparation

Rat urine was collected from naı̈ve male Sprague Dawley rats,
0.33–0.37 kg in weight, that were placed in glass metabolism
cages designed for the separation of excreta. It was collected at
24 h intervals for a 72 h collection period (three samples per
animal) on dry ice and stored frozen (−80 ◦C) until the Pb
analysis was conducted. Since these rats were lab-grown, their
urine did not contain sufficient Pb for a sensor optimization
study. Thus, a pooled or individual rat urine was spiked with
known amounts of Pb stock solution prepared from diluting
of ICP standard solution (composed of 1000 mg L−1 of Pb
in 1–2% HNO3, Aldrich, Co) with DI water, incubated for at
least 30 min to ensure the complete binding of Pb and urine
constituents. Prior to the Pb detection, the Pb contained urine
was diluted with DI water and DMSA–Fe3O4 suspension in
DI water to obtain 4-fold dilution of Pb contained urine. For
example, 0.125 mL of 100 ppb Pb-contained urine was mixed
with 0.275 mL of DI and 0.1 mL of 0.5 g L−1 of DMSA–
Fe3O4, which resulted in a sample containing 25 ppb of Pb, 25
vol.% of urine and 0.1 g L−1 of DMSA–Fe3O4. The preparation
and surface characterization of DMSA–Fe3O4 were described
elsewhere.27 The solutions were used without adjusting pH
(pH 8.5), except in the pH study where the solutions pH was
adjusted with 1 M nitric acid.

Kd measurements

For the measurements of Kd as a function of pH, unfiltered
seawater (Sequim Bay, WA, USA) was spiked with the Pb stock
solution to obtain 500 ppb. The pH values of metal solutions
were adjusted with nitric acid and sodium hydroxide to obtain
the desired pH range. Each sample was then spiked with a small
volume of known concentration of nanoparticles (suspended
in DI water) to obtain a solid per liquid ratio (S/L in unit
of g L−1 throughout) of 0.01. The sample was then agitated
for 2 h at 160 rpm on an orbital shaker. After 2 h, each
tube was then placed on the face of a 1.2 T Neodymium Iron
Boron (NdFeB) magnet (K & J Magnetics, Inc., Jamison, PA,
USA). All of the nanoparticles in the tube migrated toward the
magnet in ∼10 s. After 30–60 s, the supernatant was removed
and kept in 1 vol.% HNO3 prior to metal analysis. All batch
experiments were performed in triplicates and the averaged
values were reported. The concentrations of Pb before and
after contacting with DMSA–Fe3O4 were measured by ICP-MS
(Agilent 7500ce, Agilent Technologies, CA, USA) in accordance
with the established procedure.29 Similar Kd measurements were
performed with multiple metal ions (500 ppb each of Cu, Ag,
Cd, Hg, and Pb) in as-received river water (Columbia River,
Richland, WA, USA) and seawater (Sequim Bay, WA, USA).

Magnetic and electromagnetic electrodes

Two classes of working electrodes were developed: a perma-
nent magnetic electrode and an electromagnetic electrode. The
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Fig. 1 Schematics of (a) magnetic electrode and (b) electromagnetic electrode which preconcentrate metal ions using (c) DMSA–Fe3O4 nanoparticles.

permanent magnetic electrode, as shown in Fig. 1(a), consisted
of a neodymium cylinder magnet (3 mm dia. × 25 mm length, K
& J Magnetics, Inc., Jamison, PA, USA) that was press-fit into a
PTFE cylindrical tube (6 mm od × 38 mm length). The magnet
was connected to a copper wire for electrical connection on one
end. On the other end, it was packed with carbon graphite paste
(Bioanalytical Systems, Inc.) to about 1 mm depth from the
liquid interface. The surface of carbon paste was smoothed on
a weighing paper and a very thin-layer was replaced after each
measurement. The permanent magnetic electrode yielded the
magnetic field strengths of 1700, 1000, 370, and 180 G, measured
at 0, 1, 3, and 5 mm from the electrode–liquid interface.

The electromagnetic electrode, as shown in Fig. 1(b), consisted
of a 3 mm dia. × 80 mm length ferromagnetic rod (80Ni–15.5Fe–
4.5Mo, Goodfellow Corporation, Oakdale, PA, USA). Ap-
proximately 800–850 windings of oxygen-free high conductivity
(OFHC) insulated copper wire (0.3 mm dia.) were wrapped over
a 25 mm length of the rod near the electrode tip. The tip was made
of glassy carbon (3 mm dia. × 1.5 mm depth) to minimize the
physisorption of the nanoparticles which was found to be severe
at the carbon paste electrode surface. When applying a current
of 1.3 A (coil resistance of 2.3 X), the electromagnetic electrode
yielded magnetic field strengths of 494, 320, 175, and 115 G,
measured at 0, 1, 3, and 5 mm from the electrode–liquid interface.

Voltammetric detection

Square wave voltammetry (SWV) experiments were performed
with a handheld electrochemical detector, model CHI1232A
(CH Instruments, Inc., Austin, TX, USA), equipped with a three
electrode system: a custom-made working electrode (Fig. 1(a–
b)), a platinum wire as the auxiliary electrode, and Ag/AgCl
in 3 M NaCl electrode as the reference electrode. Typical
operating conditions are summarized in Table 1. During the

Table 1 Typical operating conditions of DMSA–Fe3O4 based sensors

Parameters Conditions

Sample 0.5 mL of Pb sample (25 vol.% urine)
containing 0.1 g L−1 of DMSA–Fe3O4,
pH 8.5

Preconcentration 90s in vortexed sample at open circuit
Electrolysis −0.85 V, 60 s in 8 mL of 0.5 M HNO3 or HCl
Detection Scan from −0.70 V to −0.35 V in the same

acid
SWV parameters Amplitude: 25 mV, increment: 2 mV,

frequency: 25 Hz

metal preconcentration (normally for 90 s), the electrode tip
was immersed into 0.5 mL of sample solution containing
magnetic nanoparticles (DMSA–Fe3O4) and the solution was
continuously shaken using a vortex mixer. After 90 s, the
electrode tip was rinsed by stirring it for a few seconds in DI
water to remove the residual sample (including the unbound
Pb). During the rinsing, no nanoparticles were observed leaving
the surface, owing to the strong magnetic field. Electrolysis was
performed at −0.85 V for 60 s in 0.5 M acid solution (HNO3

or HCl, both yielded no difference in Pb signals). After a 5 s
quiet period at −0.7 V, the potential was scanned from −0.7 V
to −0.35 V and the peak of Pb appeared at −0.56 V. All
measurements were made at room temperature and under an
atmospheric environment. All solutions were made of reagents
of highest purity and were used without degassing. The SWV was
operated at a frequency of 25 Hz with a pulse amplitude of 25 mV
and a potential step height of 2 mV. For the permanent magnetic
electrode, renewal of surface was performed by replacing a thin-
layer of the carbon paste. For the electromagnetic electrode,
cleaning was performed while the current to the copper coils was
off (thus the electrode was no longer magnetic) and the potential
of 0.6 V was applied for 60 s to the working electrode immersed in
the stirred acid solution (same as the stripping solution), which
completely removed both the nanoparticles and Pb.

In addition to urinary Pb analysis, to show the capability
of the sensors in detecting multiple metal ions in natural waters,
simultaneous detection of Cd, Pb, Cu, Ag, and Hg in as-received
(non-filtered) river water (Columbia River, Richland, WA,
USA) and seawater (Sequim Bay, WA, USA) were performed
at the DMSA–Fe3O4-magnetic electrodes using the operating
conditions as in Table 1. The concentrations of background and
spiked metal ions in the waters were detected with both the
DMSA–Fe3O4 sensors and ICP-MS for comparison.

Results and discussion

Properties of DMSA–Fe3O4 nanoparticles

We have recently reported the surface properties of DMSA–
Fe3O4 aimed at environmental cleanup.27 In brief, the binding of
DMSA ligands to the nanoparticle surface resulted in a change
in water solubility of lauric acid-coated Fe3O4 nanoparticles
that were completely insoluble to fully water-soluble. TEM
images revealed an average diameter of DMSA–Fe3O4 particles
utilized to be 5.8 ± 0.9 nm with little to no evidence of large
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aggregate formation after suspending in an aqueous system.
Brunauer, Emmett and Teller (BET) analysis revealed a surface
area of 114 m2 g−1. Elemental analysis of S and Fe indicated
that 1 g of the DMSA–Fe3O4 nanoparticles contained 0.80 ±
0.03 g (3.5 ± 0.1 mmol) of Fe3O4 and 0.16 ± 0.01 g (0.91 ± 0.05
mmol) of DMSA or 1.8 mmol of thiols, which is equivalent to
full monolayer coverage. The IR spectrum showed the C = O
stretches at ∼1400 cm−1 and 1600 cm−1 and the S–H stretches
at 2345 cm−1 and 2370 cm−1. The carboxylate stretches were
consistent with the carboxylate being bound to FeO surface,
while thiol groups are free to bind with metal ions, as shown
schematically in Fig. 1(c), which corresponded to the previous
finding.27,30 Three batches of DMSA–Fe3O4 were used to
produce data for this manuscript. With good quality control
of the nanoparticle synthesis, TEM and FTIR on each batch
of the nanoparticles showed very little to no variation of the
nanoparticle size and functional group attachment, resulting in
no observed variation of Pb voltammetric analysis when other
conditions were kept the same.

Pb binding competition between DMSA–Fe3O4 and urine
constituents

Rat urine contains proteins/peptides, electrolytes, and metabolic
byproducts, including 6200 ± 150 mg L−1 of urea, 210 ±
13 mg L−1 of uric acid, and 840 ± 44 mg L−1 of creatinine (from
three 24 h urine specimens), assayed by colorimetric methods
using analyte-specific QuantiChromTM assay kits (BioAssay
Systems, CA, USA). To effectively preconcentrate Pb, the
DMSA–Fe3O4 must be able to effectively compete with these
urine constituents for Pb. To study the binding kinetics of Pb to
urinary constituents, the urine was spiked to obtain 100 ppb of
Pb and incubated at room temperature for a specified period of
time, followed by dilution of the sample 4-fold with DI water
just prior to subjecting the sample to the DMSA–Fe3O4 based
sensor. Fig. 2 shows that the peak signals of 25 ppb Pb decrease
with increasing incubation time between Pb and urine from 0
to 10 min and level off thereafter. The decreased Pb signals are

Fig. 2 Voltammograms of 25 ppb Pb measured at DMSA–Fe3O4-
magnetic sensors in decreasing order with increasing incubation time
between Pb and rat urine. Inset is the Pb signal vs. incubation time
profile; other operating conditions as in Table 1.

likely attributed to the binding of Pb to the urine constituents
that results in a lower number of Pb that are free to bind with the
DMSA–Fe3O4 and immobilized on the electrode surface. Fig. 2
also suggests that the steady-state binding occurs after 10 min.
Thus to imitate real samples inherently containing Pb using
urine spiked Pb, a 30 min incubation time was used throughout
this study. Nevertheless, the sensors based on DMSA–Fe3O4

nanoparticles still provided highly sensitive detection of Pb in
urine owing to their efficient metal preconcentration through
suitable and dispersible binding sites followed by rapid magnetic
collection at the electrode surface. To put things in perspective,
the signal to noise of 25 ppb Pb in 25 vol.% urine measured
at the DMSA–Fe3O4 based sensors was comparable to that of
100 ppb Pb in DI water measured at the carbon paste electrode
immobilized with a thiol-functionalized sorbent.31

Effect of solution pH

Fig. 3 shows the effect of solution pH on the Pb signals measured
in solutions containing 30 ppb Pb, 25 vol.% rat urine, and
0.1 g DMSA–Fe3O4 L−1. Fig. 3 also shows the distribution
coefficients (Kd) of Pb, measured in pH adjusted sea water (S/L
of 0.01 g DMSA–Fe3O4 L−1). The voltammetric signals of Pb are
controlled by how well the DMSA–Fe3O4 can capture Pb and
are subsequently collected on the electrode surface. The extent
of Pb capture is represented by the Kd; the higher the Kd, the
higher affinity of the sorbent for the metal ion is. From pH about
0 to 5, the Kd values were small, corresponding to virtually no Pb
signals in that pH range. As pH increased from about 5 to 8, the
Kd values increased significantly, corresponding to substantial
increases in Pb signals. Above pH 8, the Kd appeared to decrease
and so did the Pb signals, which dropped more drastically than
the Kd. Although the optimal pH was found to be 7.6, the
detection sensitivity of Pb in normal rat urine (pH ∼ 8.5 after
4-fold dilution in DI) is still large in this concentration range.
Thus, for user-friendly use of the sensors, no pH adjustment
is required. Unless specified otherwise, the urine samples were
used without pH adjustment throughout.

Fig. 3 Signals of 30 ppb Pb measured at DMSA–Fe3O4-magnetic
sensors in pH-adjusted samples containing 25 vol.% of rat urine;
other operating conditions as in Table 1. Right-hand Y -axis shows the
distribution coefficient (Kd) of Pb, measured in pH-adjusted seawater.
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Effect of S/L

Fig. 4 shows the effect of the nanoparticle content (S/L in g
DMSA-Fe3O4 L−1 of solution) on the signals of 10 ppb Pb,
measured in solutions containing 25 vol.% of rat urine. Without
the nanoparticles, no Pb peak was observed even when the
samples contained 250 ppb Pb and 25% urine (or 1000 ppb in
whole urine). This is because the carbon paste alone could not
precontrate Pb (e.g., not able to compete with urine constituents
for binding with Pb). The peak current of Pb increased linearly
as the content of DMSA–Fe3O4 increased from 0.001 g L−1

to 0.33 g L−1. More nanoparticles offer more binding sites to
immobilize Pb on the sensor surface resulting in higher Pb
signals. For economical use of the nanoparticles, an S/L of
0.1 g L−1 was sufficient for detecting Pb in this concentration
range (10 ppb). Even at high S/L of 0.33 g L−1, the surface was
not saturated by the nanoparticles, suggesting that a very low
detection limit can be obtained with increasing the amount of
the nanoparticles in the solutions.

Fig. 4 Signals of 10 ppb Pb measured at DMSA–Fe3O4-magnetic
sensors in samples containing 25 vol.% of rat urine with varied
concentrations of DMSA-Fe3O4; other operating conditions as in
Table 1.

Effect of preconcentration time

Fig. 5 shows the effect of preconcentration time on the peak
signals of 10 ppb Pb in solution containing 25 vol.% of rat urine
and 0.1 g L−1 of DMSA–Fe3O4. The nanoparticles were added to
the solution immediately prior to immersing the electrode into
the solution, thus the time that the nanoparticles were allowed
to capture Pb coincides with the magnetic collection time of the
nanoparticles on the electrode surface, which is defined as
the preconcentration time. In Fig. 5, the Pb signals increased
as the preconcentration time increased from 0 to 150 s and
leveled off at above 150 s. Since the data in Fig. 4 suggests that
the electrode surface is not easily saturated by the nanoparticles,
the leveling of peak current is evidence of complete collection
of the nanoparticles from the solutions onto the electrode sur-
face. The ability to collect nanoparticles of this small size (6 nm)
from solutions with a relatively low magnetic field gradient
suggests that the nanoparticles formed aggregates under the
applied field gradient, which is believed to be reversible once the

Fig. 5 Signals of 10 ppb Pb measured at DMSA–Fe3O4-magnetic
sensors in samples containing 25 vol.% of rat urine with varied
preconcentration time; other operating conditions as in Table 1.

field is removed as demonstrated in a recent work.30 For rapid
analysis, 90 s was found sufficient to detect Pb in the low ppb
range (e.g. 10 ppb). In addition to fast magnetic collection, the
short preconcentration time is also due to the easy accessibility
of Pb ions to the binding sites (DMSA) which are coated on the
exterior surface of the nanoparticles, unlike porous materials
having the binding sites attached to the pore walls.27 The lack
of internal diffusion resistance of the nanoparticles is very
beneficial especially when the metal ions are bound to large
molecules like many urine constituents.

Effect of Pb concentration

Fig. 6 shows the Pb signals as a function of concentrations
of Pb in the solutions containing 25 vol.% of rat urine and
0.1 g L−1 of DMSA–Fe3O4. The linear response was obtained
from 0 to 50 ppb of Pb in a sample containing 25 vol.% urine,
which is equivalent to 0 to 200 ppb of Pb in whole urine. This
concentration range is relevant to urinary biomonitoring of Pb
for both normal and exposure levels. For example, Biological
Exposure Index (BEI), based on 1994–1995 Recommenda-
tions of the American Conference of Governmental Industrial

Fig. 6 Linear Pb calibration curve measured at DMSA–Fe3O4-
magnetic sensors in Pb-spiked samples containing 25 vol.% of rat urine;
other operating conditions as in Table 1.
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Hygienists (ACGIH) of Pb in spot urine is 150 lg g−1 of crea-
tinine, which is equivalent to 200 ppb of Pb (assuming normal
values of 2 g of creatinine32 and 1.5 L of urine excreted per day).33

After EDTA infusion, a Pb excretion rate over 50 lg in 24 h urine
suggests an increased body burden as a result of past exposure
to Pb.34

Validation

Fig. 7 shows the signals of Pb from three urine specimens that
were collected from 3 individual rats and spiked with Pb. It
shows a clear evidence of the matrix effect on the Pb signals
which may be due to the varied degree of diluteness of the
as-received specimens. Therefore, the metal content in urine
is generally reported with creatinine normalization. However,
creatinine measurement is beyond the scope of this manuscript.
Thus a standard addition method was used to obtain the
concentration of Pb in the three urine specimens as shown in
Table 2. The Pb concentration in whole urine was the absolute
value of X-intercept (derived from Y -intercept divided by the
slope) that was corrected for the dilution factors (by 4 to 5 fold).
The Pb concentrations obtained with the DMSA–Fe3O4 based
sensors compare very well with those measured by ICP-MS as
summarized in Table 2.

Fig. 7 Pb signals by standard addition method measured at DMSA–
Fe3O4-magnetic sensors in Pb-spiked samples contained 25 vol.% of
urine from three individual rats; other operating conditions as in Table 1.

Table 2 Pb concentrations in three rat urine specimens measured with
DMSA–Fe3O4 sensors by a standard addition method and ICP-MS

Parameters Rat 1 Rat 2 Rat 3

Slope/lA ppb−1 Pb 0.17 0.05 0.03
Y -intercept/lA 1.08 0.23 0.20
X-intercept (ppb of Pb in diluted urine

sample)a
6.3 4.9 7.7

Pb in whole urineb (ppb) 25.1 19.7 38.5
Pb by ICP-MS analysis (ppb) 25.0 20.1 41.4
Deviation from ICP-MS values (%) 0.2 1.8 7.0

a Absolute of X-intercept = Y -intercept/slope. b Absolute of X-
intercept × dilution factor (4× for specimens from Rat 1 and 2, and
5× from Rat 3).

Reproducibility and detection limits

The DMSA–Fe3O4 based sensors could detect Pb in samples
containing rat urine with excellent reproducibility; seven mea-
surements of 30 ppb Pb in samples containing 25 vol.% rat urine
yielded a relative standard deviation of 5.3% (RSD, data not
shown). The sensors have excellent detection limits; they could
detect background Pb in rat urine (∼0.5 ± 0.2 ppb by ICP-MS,
4 samples) even after 4-fold dilution and 2.5 ppb Pb spiked urine
samples (Fig. 6) after 90 s of preconcentration.

Multiple metal detection in natural waters

The DMSA–Fe3O4 nanoparticle is a versatile sorbent that
has high affinity not only for Pb, but also for other soft
metals. Fig. 8(a) shows that, when used in as-received Columbia
River water and Sequim Bay seawater, the DMSA–Fe3O4 based
sensors could detect background Cd, Pb, Cu, and Ag which
in some case (e.g., the case of Pb in river water) was lower
than the detected limits (∼0.008 ppb Pb) of the state of the
art ICP-MS (see inset of Fig. 8(a)). The inset also shows the
binding affinity (Kd) of DMSA–Fe3O4 to various metal ions in

Fig. 8 Sensor measurements of (a) background metal ions in seawater
(dashed line) and river water (solid line) and (b) background metal
ions (thin line) and metals spiked (thick line) in seawater, after 150 s
of preconcentration time; other operating conditions as in Table 1.
Inset shows the metal concentrations, measured with ICP-MS, and the
distribution coefficients of multiple metal ions (S/L of 0.01 g L−1 of
DMSA–Fe3O4, initial metal conc. of 500 ppb each, pH of 7.20 for river
water and 7.64 for seawater).
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the river water and seawater. From the Kd values, the DMSA–
Fe3O4 nanoparticles are an outstanding sorbent for Hg, Ag, Pb,
and Cu (Kd > 50 000 mL g−1)35 in river waters, and for Cu and
Pb in seawater. Although DMSA–Fe3O4 has a high Kd for Hg,
Hg could not be detected due to its strong binding between Hg
and DMSA in the acidic stripping solution,27 thus Hg could
not be released from the nanoparticles and reduced onto the
electrode surface. For a specific metal, its signal strength not
only depends on the concentration of the metal present in the
waters, but also on the affinity (Kd) of the DMSA–Fe3O4 for
that metal. For example, although Ag concentration in seawater
was higher than that in river water, the lower Kd value of Ag
in seawater (due to the formation of negatively charged Ag–Cl
complexes)36 resulted in a Ag peak that was not larger than that
in river water. Fig. 8(b) shows the responsiveness of the sensors
when metals were spiked into seawater in comparison to the as-
received seawater; the responsiveness is in the decreasing order
of Ag > Pb > Cu > Cd > Hg.

Automation

Due to the strong magnetic field, the permanent magnet sensor
did not allow the release of DMSA–Fe3O4 from the electrode
surface once a measurement was done, thus the surface must
be manually renewed by replacing a thin layer of the carbon
paste. Toward automation of the detection, we have developed
an electromagnetic electrode (Fig. 1(b)). By turning the current
to the copper coils on and off, capturing of the nanoparticles at
the electrode surface and releasing them could be accomplished
without manual surface renewal. Fig. 9 shows the signals for
10 ppb Pb measured in seawater with S/L of 0.1 g L−1 of
DMSA–Fe3O4. The odd number runs were measured after
the current to the copper coils was on for 90 s during the
preconcentration of Pb (e.g., the electrode was immersed in
stirred Pb solutions containing DMSA–Fe3O4), while the even
number runs were measured after the current was off during the
90 s of preconcentration. After the preconcentration, electrolysis
and detection were performed while the current was on and with
the conditions in Table 1. Regeneration of the electrode was
performed while the current to the copper coils was off and the
potential of 0.6V was applied to the working electrode for 60 s in
the stirred acid solution. Fig. 9 suggests that there is no memory
effect of the electromagnetic electrode from one measurement
to the next and that it can be fully regenerated. The electrode
has good sensitivity; after only 90 s of preconcentration, it could
detect 10 ppb of Pb in seawater, the concentration that is lower
than the EPA’s action level of Pb (15 ppb) in public drinking
water supplies.37 It has excellent reproducibility; the %RSD
of 8 consecutive measurements of 10 ppb Pb in seawater was
4.1%. More results on automated electromagnetic sensors will
be reported in due course.

Conclusions

Electrochemical sensors based on DMSA functionalized mag-
netic nanoparticles can overcome the fouling and competition
for Pb by urinary constituents, both of which are major obstacles
preventing successful electrochemical detection of metal ions in
biological matrices. The nanoparticles enabled direct detection

Fig. 9 Measurements of 10 ppb Pb in seawater at a DMSA–Fe3O4-
electromagnetic sensor, with 1.3 A current on (odd-number runs) and
off (even-number runs) during 90 s preconcentration; other operating
conditions as in Table 1.

of Pb in urine in the relevant range (0 to 200 ppb) of Pb
biomonitoring. The optimal operating conditions involved a
90 s preconcentration with 0.1 g L−1 of DMSA–Fe3O4 in samples
containing 25 vol.% of urine, electrolysis at −0.85 V for 60 s in a
0.5 M acid solution, and SWV detection of the metal in the same
acid solution. The sensors were very sensitive and could detect
background Pb (0.5 ppb Pb) in samples containing 25 vol.%
of rat urine. They yielded urinary Pb concentrations that were
comparable to those measured by the ICP-MS. They could also
simultaneously detect background levels (<1 ppb) of Cd, Pb,
Cu, and Ag in natural waters. In addition to excellent detection
sensitivity, accuracy, and reproducibility, the sensors have great
potential to be portable and field-deployable monitoring tools
for toxic metals because (1) they require no toxic mercury for
metal preconcentration, (2) they require no pH adjustment
and no sample pretreatment except small-factor dilution, (3)
they can be automated by exploiting electromagnetic field in
collecting and no field in releasing the magnetic nanoparticles
from the electrode surface, (4) the magnetic nanoparticles are
highly dispersible and become homogeneous with samples, thus
the sensing process can be easily automated, (5) they have high
throughput (∼3 min per sample), and (6) they have economic
uses of samples (0.5 mL) and nanoparticles (0.05 mg) per
measurement, thereby generating less waste.
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