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Abstract

This work demonstrates determination of lead (Pb) in surface water samples using a low-cost
copper (Cu)-based electrochemical sensor. Heavy metals require careful monitoring due to their
toxicity, yet current methods are too complex or bulky for point-of-care (POC) use.
Electrochemistry offers a convenient alternative for metal determination, but the traditional
electrodes, such as carbon or gold/platinum, are costly and difficult to microfabricate. Our Cu-
based sensor features a low-cost electrode material — copper — that offers simple fabrication and
competitive performance in electrochemical detection. For anodic stripping voltammetry (ASV) of
Pb, our sensor shows 21 nM (4.4 ppb) limit of detection, resistance to interfering metals such as
cadmium (Cd) and zinc (Zn), and stable response in natural water samples with minimum sample
pretreatment. These results suggest this electrochemical sensor is suitable for environmental and
potentially biological applications, where accurate and rapid, yet inexpensive on-site monitoring is
necessary.

Graphical Abstract

Address Correspondence to: Dr. lan Papautsky, Department of Bioengineering, 851 S Morgan St, SEO 218, University of lllinois at
Chicago, Chicago, IL 60607, Tel.: 312-413-3800, papauts@uic.edu.
Contributed equally



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kang et al.

Keywords

Page 2

+500ppb (2.4pM)

+25ppb (0.12uM)

Current (pA)
w

[=2]

sample

w

=]

-0.5 -0.4 -0.3 -0.2 -0.1
Potential (V)

S
(=2}

Copper-based sensor; electrochemical sensor; determination of lead; anodic stripping voltammetry

1. Introduction

The determination of trace heavy metals is important due to adverse impacts on the
environment and human health. Lead (Pb) is one of the highly poisonous metals that affects
human soft tissues and organs, causing cancer in kidneys, lung, or brain, and acts
synergistically with other carcinogens.! Blood lead levels of 10-15 pg/dL (483-724 nM) in
newborns and very young infants result in cognitive and behavioral deficits.2~* The sources
of Pb exposure include mining, smelting, Pb-containing gasoline and Pb paint.5 It can enter
the body through hand-to-mouth contact or through contaminated food or water. The World
Health Organization (WHO) guideline for the safe limit for Pb in drinking water is 10 ppb
(48 nM).® The high toxicity and common occurrence of Pb necessitates the need for careful
monitoring.

Conventional methods for Pb determination include atomic absorption spectroscopy (AAS)’
and inductively coupled plasma mass spectrometry (ICP-MS).8 While both of these methods
provide accurate measurements in any matrices even as complex as serum or blood, they
require expensive and bulky instrumentation and highly-trained operators. Furthermore,
significant time delays due to shipping of samples to centralized labs make these approaches
less desirable or even unsuitable for point-of-care use. Electrochemical techniques for
determination of heavy metals require relatively simple instruments and allow for
miniaturization. Although ion selective electrodes (ISEs) are useful for many ions, such as
sodium and calcium, and are available for Pb, the most common commercial ISEs for Pb are
not capable of determining samples in the single/low ppb range, with their working range in
the ~0.2 ppm to thousands of ppm Pb.%-11 Particularly, anodic stripping voltammetry (ASV)
is the most-commonly reported approach for the determination of heavy metals (Fig. 1a),
and offers limit of detection (LOD) as low as 10710 M, 12 which is sufficiently low for
monitoring most trace metals in a wide range of sample matrices.
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Different types of electrodes have been reported for Pb determination using ASV, including
mercury film,13 glassy carbon,13 screen printed carbon,4 graphite, 1> bismuth-coated
carbon,8 boron-doped diamond with or without antimony nanoparticle modification,” and
gold.18 Most of these electrodes can achieve ppb level of detection limit and the materials
can be used to fabricate disposable microscale sensors for clinical or environmental
applications. Several microscale sensors using different electrode materials such as carbonl®
on paper and silver2? have also been reported for Pb detection with LOD < 1 ppb and sample
volume of 100 pL or less. Our group?! has reported a microscale sensor with an
electrodeposited bismuth film working electrode for multi-metal detection including Pb. For
these disposable sensors, from the cost and fabrication perspectives, the gold or silver or
carbon electrodes are not ideal.

In this paper, we demonstrate the use of sensors with a Cu working electrode for
determination of Pb in environmental samples. Sensors with a Cu working electrode offer an
attractive alternative in disposable sensor applications, as we22 and Xiong et a/.23 discuss in
recent publications. Cu is a commonly used material in electronics, is significantly lower in
cost than gold or platinum, and is more compatible with microfabrication methods than
carbon. For these reasons, we introduced an electrochemical sensor that consists of a Cu
working electrode (WE), a Cu auxiliary electrode (AE), and a Cu/CuCl; reference electrode
(RE), fabricated in a single metal layer using a single photolithography step (Fig. 1b). The
stability of these electrodes was investigated in detail in our previous work?2: 24 and shows
ability to perform measurements for at least 10 min, which is sufficient for disposable POC
applications. Herein, by optimizing experimental parameters, our Cu-based sensor
demonstrated a stable response with good sensitivity, strong linearity, and detection limits as
low as 21 nM (4.4 ppb) for Pb without need for complex sample pretreatment.

2. Experimental Section

Reagents and microfabrication

Reagents used in this work and the fabrication procedures for the Cu-based sensor were the
same as in our previous work?2,

Electrochemical experiments

A miniature USB WaveNow Potentiostat/Galvanostat (AFTP1, Pine Instrument) with
AfterMath Data Organizer software was used in all electrochemical experiments. A sensor
was inserted into the interface and connected to the potentiostat using a mini USB cable
(Fig. 1c). For all the experiments we used 100 pL as the sample volume. Cyclic voltammetry
(CV) with scan rate of 100 mV/s was initially performed in acetate buffer (0.2 M, pH 4.65)
with 1 mM Pb to determine the potential window of the Cu-based sensor for Pb detection
and the position of the Pb stripping peak. ASV was performed in samples containing Pb of
different concentrations in acetate buffer (0.2 M, pH 4.65). After a series of optimizations of
preconcentration conditions and stripping waveform parameters, we selected 0.8 V as pre-
concentration potential with 300 s time, stripping ranging from —0.8 V to 0 V, and waveform
parameters of 50 mV, 50 ms, 8 mV for amplitude, period and increment, respectively.
Calibration curves were constructed with 25 nM t010 uM Pb standards. For the calculation
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of detection limit, we repeated our lowest measurable data point — 25 nM of Pb — for 7x and
obtained the standard deviation o. We used the slope of the correlation equation and
calculated the LOD as 3o/slope. We used the method of standard addition to determine Pb in
water samples with the same stripping parameters.

3. Results and Discussion

CV in acetate buffer

Performance of the Cu-based sensor for determination of Zn using ASV was discussed in
detail in our previous work?2, Thus we know that the Cu WE is capable of providing a
suitable potential window for anodic stripping of Pb since the reduction potential for Pb is
less negative than Zn. To confirm the position of the Pb stripping peak on a Cu WE, CV was
performed in 0.2 M acetate buffers ranging in pH from 4.65 to 6.5. The background
voltammograms for buffer at all pHs show a smooth background current from ca. 0 V to the
cathodic limit where water begins to electrolyze (Fig. 2a). Addition of Pb2* at two
concentrations (100 uM and 1 mM) in the pH 5.5 buffer gives two stripping peaks for Pb as
shown in the CV for pH 5.5 (Fig 2b). With the first Pb stripping peak appearing at —0.31 V
vs. Cu/CuCls, the Cu WE is able to provide a wide working window for Pb preconcentration
since the negative potential limit of the Cu WE is —1.1 V (at 10 pA threshold current). The
peak potential for this stripping peak is pH dependent as shown by the inset in Fig. 2a. This
peak with similar amplitude (4.5 pA) could also be observed clearly when the concentration
of Pb is as low as 100 uM. The second stripping peak at —0.42 V is a separate Pb peak due to
high concentration where Pb has been deposited on a thin layer of Pb instead of directly on
the Cu working electrode surface. The amplitudes of this peak correlate with the Pb
concentrations, which are 0.8 pA and 75 pA for 100 uM and 1 mM Pb, respectively. This
phenomenon is also observed in ASV analysis. After obtaining the potential window and
positions of the deposition and stripping Pb peaks, we optimized ASV parameter for
determination of Pb using the Cu-based sensors.

Optimization of ASV parameters

Before we constructed a calibration curve and determined the LOD of the Cu-based sensor
for Pb detection, experimental parameters (buffer pH, preconcentration potential,
preconcentration time and stripping waveform parameters) were optimized for good
repeatability, maximum stripping peak current and peak sharpness. For all experiments, 100
uL samples containing 10 uM of Pb in acetate buffer (0.1 M) were used. For each parameter,
experiments were performed in triplicate.

For pH optimization, ASV was performed in acetate buffers with pHs in the 4.65-6.5 range,
the same as when we investigated potential windows for the Cu WE by CV. As results in
Fig. 3a show, signal variability was significant for buffers with acidic pH, exhibiting
coefficients of variation of 22% and 34% for pH 5 and 4.65, respectively. Less acidic acetate
buffer provided more stable response, yet the peak currents were relatively small, exhibiting
peak currents of 7.5 A and 8.2 pA for pH 6 and 6.5, respectively. Voltammograms at pH 5.5
showed the second largest peak current of 8.9 pA with a coefficient of variation (C. V.) of
15%. Thus, pH 5.5 was selected for the following experiments.
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Preconcentration potential is a critical parameter for ASV, thus different potentials from —0.3
to —1.1 V were tested to select the most suitable value (Fig. 3b). With potentials more
positive than —0.8 V, peak currents decreased from approximately 90% (at —0.7 V) to 8% (at
-0.3 V) of the average peak current (10.4 pA) with potentials from -0.8 V to 1.1 V. With
potentials of —0.8 V and more negative, the peak current levelled off at 10.4 £ 0.7 pA. When
the potential was more negative than —0.8 V, the formation of hydrogen from H* reduction
reduced efficiency of deposition and affected repeatability of experiments, which brought a
large variation in peak currents with coefficients as large as 42% at —1.1 V; thus, a less
negative preconcentration potential is preferable for better precision. ASV with a
preconcentration potential of —0.8 V provided a peak current of 10.7 pA with variation of
5.8%; thus, —0.8 V was selected as the optimal deposition potential.

Preconcentration time is another critical parameter for ASV as it directly influences the limit
of detection of the sensors and the overall time of analysis. Preconcentration times in the 1—
15 min range were investigated (Fig. 3c). In this range, peak current increased
approximately linearly with deposition time with no evidence for saturation. However, the
Cu-based sensor was obviously degraded with 15 min preconcentration time that resulted in
a large variation of peak currents with a coefficient of 15%. We selected a preconcentration
time of 5 min. While 10 min deposition yielded a higher current signal (Fig. 3c), the
variability was still too high.

For real-world applications, there are trade-offs between shorter preconcentration time
(faster process) and lower LOD. The threshold preconcentration time for our Cu-based
sensor is ~10 min for most ASV (current below 10 pA) which is limited by deterioration of
the Cu AE. If more robust electrodes are needed for applications with longer
preconcentration time for lower LOD or in more acidic electrolyte, we can deposit a thicker
layer of Cu for the AE, design a larger AE or deposit another layer of noble metal on top of
the AE. Overall, we selected pH 5.5 acetate buffer of 100 pL, —0.8 V and 5 min for the
preconcentration step of Pb ASV.

The waveform parameters for the stripping step were also optimized as shown in Fig. 3d-f.
By decreasing the period and increasing amplitude and increment of the square wave, the
peak current kept increasing. However, the purpose of optimization was not only to increase
peak current which represents high sensitivity, but also to obtain sharp peaks for the accurate
measurement of different metals in mixtures, and to reduce the device-to-device variation to
obtain low LOD. Therefore, another characteristic - full width at half maximum (FWHM) -
was considered as a secondary factor to distinguish peak sharpness straightforwardly and
select the proper parameters. The larger FWHM indicates the peak begins to lose its
resolution even though its peak current is increasing, which makes it challenging to quantify
certain metals if their peaks overlap. Therefore, instead of using extreme parameters for the
square wave just to increase the peak amplitude, we carefully optimized the values to
achieve sharp peak for better resolution. We selected 50 ms, 50 mV and 8 mV for period,
amplitude and increment values, respectively. Overall, the resulting signal current was
amplified from 8 pA when using default parameters of 70 ms, 25 mV and 4 mV,
respectively, to 35 PA for the optimized values.
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Effect of deoxygenation

For Pb concentrations below 0.5 uM, we observed a constant 1.6-pA peak at —0.36 V (Fig.
4). Our immediate concern was a potential contamination of Pb from buffer solutions.
However, after testing the commercial buffer with ICP-MS, we found that it contained <0.2
ug/L (ppb) Pb which can be considered as Pb-free in our application. The peak was
unaffected by acid cleaning of the sensor using hydrochloric acid prior to the experiments,
ruling out contamination from the surface or in the bulk of the electrodes. We also examined
the experimental factors related to the sensor and stripping waveform (including AE and RE,
buffer ion strength, preconcentration parameters, square wave waveform parameters), and
were able to rule them all out as they showed little influence on the peak. Thus, we
concluded that the peak arises mainly from the WE or electrolyte composition.

During pH optimization we found that buffer pH affected the shape and size of the peak. We
observed a huge 25 pA peak at —0.2 V in borate buffer with basic pH, while in acetate buffer
with more acidic pH or nitric acid, the peak shrunk or disappeared. This observation led us
to suspect that the peak was related to oxygen since the solutions were not deoxygenated.
We found that deoxygenating buffer before experiments and sealing the PDMS well during
experiments, caused the peak to disappear. Based on these observations, the peak is most
likely a copper oxide stripping peak, which can be dissolved by acid or formed in basic
environment if sensors are exposed to oxygen. To eliminate the effect of this peak, but not
affect the sensor’s performance, we deoxygenated the sample by bubbling nitrogen for 5 min
to acquire a flat background voltammogram, and to make the Pb peak observable at lower
concentrations. Fig. 4 demonstrated the necessity and effect of this procedure. The peak for
the buffer (grey) is similar to that for 0.5 UM Pb, and disappears after deoxygenating, giving
a mostly flat background (black). Consequently, all of the following experiments were
conducted on deoxygenated samples.

Calibration in acetate buffer

A calibration curve was constructed by performing ASV in 25 nM-10 pM Pb in
deoxygenated acetate buffer (0.2 M, pH 5.5) using the optimal conditions described above.
For most concentrations, we repeated experiments three times (77 =3) using a new disposable
device each time to obtain standard deviation. It is possible to choose a smaller volume and
obtain the same signal (minimum 35 L with preconcentration time of 5 min), due to the
mass-transport limitation of our system,25 however, since it is not critical to use the
minimum sample volume in water analysis where sample is plentiful, we chose 100 pL for
convenience.

As our results in Fig. 5 show, when the Pb concentration is below 10 uM, ASV yields a
single stripping peak. When the Pb concentration is as high as 10 uM, a small shoulder
appears at —0.5 V. The possible reason is that Pb starts to be deposited on top of Pb instead
of Cu, which requires a lower potential to strip off. With Pb concentrations below 0.5 pM,
the Pb stripping peak shifts from —0.31 V to —0.34 V. The 30 mV shifting results from the
buffer de-oxygenation, as the voltammograms shift as a whole indicating the Cu/CuCl, RE
is affected by oxygen as well. This shift did not affect the measurements of peak amplitude
or the calibration curve.
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The calibration curve in Fig. 5¢ indicates the sensitivity of the Cu-based sensor for Pb in
acetate buffer is 3.43 pA/UM (normalized sensitivity 180.53 uA/uM/cm?), with good
linearity (R2=0.999), compared to the previously reported sensitivity22 of the Cu sensor for
Zn ASV measurements which is 57.95 uA/uM/cm?2. The correlation equation is A(uA)=3.43
x[Pb(iM)]-0.066 (R2=0.999 for 7 =9). The coefficient of variation is from 2% (at 0.1 uM)
to 20 % (at 0.05 uM) with an average of 10% (7= 9). Seven measurements of 25 nM Pb
were performed for calculating the LOD, which was 21 nM or 4.4 ppb (3o/slope method, n
= 7). For most carbon-based sensors, LOD for Pb is usually in the range of 0.03-2 ppb even
with shorter preconcentration time due to larger sample volume and better agitation. Several
microscale sensors using materials like carbonl® and bismuth20 have been reported for Pb
determination with LODs of ~1 ppb and 8 ppb, respectively; and when using a silver
electrode, the LOD can be as low as 0.5 ppb.26 The LOD of the Cu-based sensor for Pb is
comparable to these previously reported sensors and is sufficiently low to determine whether
the Pb in environmental samples exceeds the safe level in drinking water.

Interference study

We studied Cd and Zn as potential interferences for the ASV determination of Pb, due to the
close proximity of their stripping peaks to that of Pb, and also due to the common
coexistence in real-world samples such as surface waters. According to the toxicological
profiles from the US Agency for Toxic Substances and Disease Registry (ATSDR), the
common ranges for these metals in surface waters are: 5-30 pg/L (ppb) for Pb, <1 ug/L for
Cd, and <50 pg/L for Zn.27-29 Thus, we selected the concentration ranges of 0—1 pM (0-112
ppb) Cd and 0-10 puM (0-650 ppb) Zn in the presence of Pb in two fixed concentrations —
0.5 uM or 1 uM. Since Cd?* and Zn2* might interfere with Pb2* differently, we tested their
influences on Pb separately.

In the interference study of Cd, we examined the voltammograms of 0.5 uM and 1 uM Pb
with 0-1 uM (0-112 ppb) Cd. The preconcentration potential was chosen as -0.8 V to avoid
the Cd peak and only show the influenced Pb peak (Fig. 6a). In addition, only Pb peaks
appeared since the sensitivity of the Cu-based sensors is not low enough for Cd below 1 pM.
The stripping peak for 1 uM Pb with 1 pM Cd shrank by 40% compared to the amplitude of
the 1 pM Pb alone, while the peak only shrank by 25% when the concentration of Cd was
reduced to 0.1 uM (Fig. 6b). More importantly, at lower Pb concentrations such as 0.5 uM
(104 ppb), which is still a relatively high level for real world samples, the Pb peaks with or
without Cd addition overlap. This suggests that the Pb peaks are not affected by the presence
of Cd or the different levels of Cd. Regarding the coefficient of variation, the Pb peak
amplitude of 1 UM and 0.5 pM exhibited comparable C.V. values of 5-17% and 3-15% with
0.1-1 pM Cd, respectively. Therefore, we conclude that for real world samples with
concentrations of Cd <1 pM, the interference will not be an issue for Pb determination using
the Cu-based sensors.

In the interference study of Zn, we performed ASV of 0.5 uM and 1 pM Pb with 0-10 uM
Zn using parameters for Pb determination. Although the optimized preconcentration
potential for Zn is 0.2 VV more negative than Pb, a fraction of Zn would co-deposit with Pb at
-0.8 V due to underpotential deposition.3% We do not expect to see a Zn peak and only
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observed the Pb peak since the stripping step started at —0.8 V, which did not have enough
potential window for the stripping of Zn. For 1 uM Pb, the amplitude of the Pb stripping
peak with Zn concentrations of 0.5 and 1 UM (Fig. 6¢) decreased rapidly to the 57% of that
without Zn. Then the peak amplitude became more consistent at approximately 50% when
the concentration of Zn was higher than 3 uM. For 0.5 uM Pb, however, the peak amplitude
only decreased to 85% of the original value and stabilized. On the other hand, the coefficient
of variation of Pb peak amplitude was also affected by the additions of Zn. Comparing to the
measurements of Pb alone, the coefficients of variation of Pb peaks with Zn are similar for
most Zn concentrations: 2—-13% for 1 UM Pb, while being as large as 23% with a Zn
concentration of 3 UM; and 4-8% for 0.5 UM Pb. Thus, we conclude that at levels higher
than 1 uM Pb, the presence of Zn tends to affect Pb ASV in the form of broadening and
diminishing of Pb peaks, ultimately reducing sensitivity and LOD for Pb determination.
However, at lower concentrations such as the typical levels observed in surface water and in
our target samples, the influence of Zn could be neglected.

Analysis of water samples

To demonstrate the capability of the Cu-based sensors for Pb determination in environmental
matrices, we collected water from a local pond (Burnet Woods, Cincinnati, OH, August 9t
2013) and determined Pb using Cu-based sensors. The sample was diluted 2x with acetate
buffer (0.2 M, pH 5.5) and spiked with additional Pb to test the recovery using the method of
standard additions. ASV (Fig. 7a) was performed in the original sample and with additional
Pb from 10-50 ppb with the same parameters as in buffer. In this range of Pb concentration,
the small slope of the low background current may affect the determination of the baselines
and thus the quantification of the Pb peaks. Therefore, baseline subtraction was applied to all
voltammograms by mathematically subtracting the background waveform. The potential of
the Pb peak is —0.34 V, which is comparable to that in buffer. The calibration curve (Fig. 7b)
indicates the sensitivity (3.05 wA/uM) and linearity (R? = 0.949). The sensitivity is slightly
smaller than, but comparable to that in buffer which is 3.43 pA/uM. The concentration of Pb
in the pond water is determined to be 34.5 ppb, which is higher than 10 ppb, the safety level
of Pb in drinking water. Thus the local pond is polluted by Pb and needs water processing
before human use. Typically, the Pb level in unpolluted water samples is at3! or below32 the
single ppb level, or even undetectable when the LOD is as low as 0.01 ppb.33

To further validate reliability of this method, Pb standard was spiked into the original sample
making the concentrations an additional 50 ppb Pb and analyzed in order to evaluate
recovery efficiency. The stripping voltammograms are shown in Fig. 7c. The calibration
curve (Fig. 7d) indicates the sensitivity (2.05 pA/uM) and linearity (R? = 0.972). We
determined the concentration of Pb in the spiked sample to be 82.8 ppb, which is 48.3 ppb
higher than the calculated concentration in the original sample. The recovery, 96.6%,
demonstrates good reliability of Pb determination using Cu-based sensors, and also indicates
that the dissolved organic matter (DOM) in the pond water that we collected was not
interfering by complexing with the free Pb2* in the sample.

We also collected water from the Ohio River (Newport, KY shore, November 301", 2012)
and measured Pb using the Cu-based sensors as described above. Sample pH was adjusted to
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5.5 using acetic acid and diluted by acetate buffer (0.1 M, pH 5.5) by 2x. Fig. 8a shows
voltammograms of the original diluted river water and the water spiked with additional Pb.
The Pb stripping peaks appear at the same potential of approximately —0.3 V as in buffer.
The standard addition plot (Fig. 8b) shows a linear response for the 25-500 ppb additions of
Pb, with the correlation equation of AuA)=6.21x[Pb(uM)]-0.184 (R?=0.998 for 7 =5). The
sensitivity, 6.21 pA/UM, is two times that in acetate buffer. Since we do not observe a Pb
peak in the voltammogram of the original diluted sample, we conclude that the Pb level in
the diluted sample is below the LOD of our sensor. Considering the dilution factor, the Pb
concentration in the water from the Ohio River (Cincinnati, OH) should be less than 2x
LOD (8.8 ppb), which is below the safely limit recommended by the WHO.®

4. Conclusions

We successfully demonstrated the use of our Cu-based sensor for determination of Pb in
water samples. Although the LOD of the Cu-based sensor is not as good as that of the
conventional electrodes or microsensors, this sensor is better suited for applications where a
low cost, disposable sensor is advantageous such as measurements made in the field and
point-of-care. First, Cu greatly reduces the cost for mass production of the disposable sensor
compared to the noble metals in the lower material cost and simpler procedures. Second,
simple fabrication also helps to reduce the physical variations among individual sensors,
which improves the reproducibility of multiple measurements and thus the precision of final
results. Furthermore, the Cu-based sensors exhibited LOD of 21 nM (4.4 ppb) for Pb
without interference, which is low enough to determine whether the safety level of 10 ppb
for drinking water has been exceeded.

By adding low concentrations of Cd and Zn to the Pb solutions, we examined interferences
to Pb determination. Our findings suggest that Zn does impact the shape and amplitude of
the Pb peak at concentrations above 1 uM. However, at Pb levels below 1 uM (as is the case
for most surface water samples), the impact of Zn is negligible. Our results also show that
concentrations of Cd <1 uM do not interfere with Pb determination using the Cu-based
Sensors.

For potential POC applications, some practical factors apart from the lab-based, bench-top
experiments require consideration as well. We could simplify on-site sample preparation and
minimize the impact of adding multiple reagents to the sample by using one addition of all
required reagents either in aqueous form, or alternatively, dried and stored on a piece of filter
paper as the case with microfluidic Paper Analysis Devices (UPADs) we3* and others have
demonstrated in the past.3> On the other hand, the deoxygenation step applied in this work
might be challenging and complicated to integrate into a POC system. If the common
deoxygenation procedure of bubbling an inert gas such as nitrogen or argon from portable,
hand-held containers poses a problem, more POC-friendly means of deoxygenation would
need to be explored. One approach would be to remove oxygen by electrochemical reduction
to water at a negative potential, as is sometimes done in thin layer electrochemistry36: 37
which might require a change in procedure (such as a smaller sample size) or cell design that
would enable exhaustive electrolysis of the dissolved oxygen. Another approach would be to
prepare deoxygenated acetate buffer aliquots in vacuum-sealed containers for use in the
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field. While this would not yield the complete deoxygenation once mixed with the sample,
the resulting reduction in the dissolved oxygen level maybe sufficient to lower the LOD into
the target range. Ultimately, the simplicity and low-cost of this sensing method make it
possible to monitor Pb levels on-site and continuously.
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Fig. 1.
Schematics of the experiment theory and electrode configuration. (a) Ilustration of ASV of

Pb on Cu working electrode. (b) Close-up of the electrochemical cell, working electrode
(WE), auxiliary electrode (AE), and reference electrode (RE). (c) Photograph of the sensor
with an interface connecting to potentiostat.
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Characterization of the Cu electrode for Pb determination by CV. (a) Voltammograms in

acetate buffer (0.2 M) with different pHs to demonstr

ate potential windows; the inset

demonstrates the relationship between Pb stripping peak potential and variation in buffer pH.
(b) CV of 100 uM and 1 mM Pb in acetate buffer (0.2 M, pH 5.5). Scan rate = 100 mV/s.
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Optimization of experimental parameters. (a) pH of acetate buffer, preconcentration (b)
potential and (c) time, square wave (d) period, (e) amplitude and (f) increment. ASV
performed in 10 uM Pb acetate buffer (0.2 M). The optimal parameters we selected are as
follows: pH 5.5 acetate buffer, -0.8 V and 5 min for preconcentration, and 50 ms, 50 mV
and 8 mV for period, amplitude and increment, respectively.
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Fig. 4.
ASV of acetate buffer background (0.2 M, pH 5.5) before (grey) and after (black) de-

oxygenating. The peak amplitudes are compared with deoxygenated 0.5 and 1 uM Pb.
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Fig. 5.
Calibration of Pb using ASV in (a) 25 nM - 10 uM range and (b) 25 nM - 1 uM range.

Analyses performed in acetate buffer (0.2 M, pH 5.5). Preconcentration potential —0.8 V and
time 300 s, amplitude 50 mV, period 50 ms, increment 8 mV. (c) Calibration curve for Pb in
buffer.
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ASV of fixed concentrations of Pb (0.5 uM and 1 uM) with increasing concentrations of Cd
and Zn in acetate buffer (0.1 M, pH 5.5), 100 pL sample. (a) Voltammograms of 1 uM Pb
with increasing Cd. (b) Pb peak currents of 0.5 pM and 1 uM Pb in the presence of different
concentrations of Cd. (c) Pb peak currents of 0.5 uM and 1 uM Pb in the presence of
different concentrations of Zn. (Preconcentration potential —0.8 V and time 300 s, amplitude
50 mV, period 50 ms, increment 8 mV.)
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Fig. 7.
Dgtermination of Pb in pond water. (a) ASV of pond water directly diluted 1x by acetate
buffer (0.2 M, pH 5.5), with additional 0-50 ppb Pb. (b) Standard addition curve for Pb in
pond water. (c) ASV of pond water spiked with 50 ppb Pb and diluted 1x by acetate buffer
(0.2 M, pH 5.5). (d) Standard addition curve for pond water spiked with 50 ppb Pb.
Preconcentration potential —0.8 V, time 300 s, amplitude 50 mV, period 50 ms, increment 8

mV.
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Fig. 8.

Determination of Pb in Ohio river water. (a) ASV of diluted river water sample in acetate
buffer (0.2 M, pH 5.5) and water samples with additional 25-500 ppb Pb. Preconcentration
potential —0.8 V, time 300 s, amplitude 50 mV, period 50 ms, increment 8 mV. (b) Standard
addition curve for the calculation of Pb in river water.
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