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Research Highlights:

Disposable carbon electrodes coated with gold nanostars were employed for the electrochemical
detection of arsenic, mercury, and lead.

Limits of detection for arsenic, mercury, and lead were found to be 0.8, 0.5, and 4.3 ppb,
respectively, well under the drinking water action limits.

The gold nanostar shape improved electrode response for arsenic over spherical gold
nanoparticles.

Electrode response associated with mercury decreased dramatically for spherical nanoparticles
and decreased minimally for gold nanostars at higher loadings.

The gold nanostar electrode successfully detected arsenic and mercury in contaminated ground
water samples.

ABSTRACT

This paper presents a novel application of gold nanostars (AuNSs) for the electrochemical detection of arsenic (As(lll)), mercury
(Hg(ll)), and lead (Pb(ll)) in water. The AuNSs were synthesized using the Good’s buffer method, a simple, environmentally friendly
procedure. Boiling the AuUNS suspension enabled the formation of spherical gold nanoparticles (AuNPs), which were compared to



the AuNSs to determine if the shape of the nanoparticle contributed to the functionality of the sensor. When compared to AuNSs,
AuNPs exhibited a fourfold increase in specific geometric surface area (per liter) and a threefold increase in electroactive surface
area (EASA). The effect of particle loading on charge transfer resistance, Rcr, and double layer capacitance, CoL was assessed:
as particle loading increased, Rct decreased and Co. increased for both AuNS- and AuNP-modified electrodes; however, Rct was
lower for the AuNPs. For the detection of As(lll), Hg(ll), and Pb(ll), square wave stripping voltammetry (SWSV) parameters were
individually optimized and peak heights, Ip, were obtained for a range of NP loadings. The Ip values varied with respect to NP
loading and displayed a unique trend for each analyte and particle shape. For As(lll), the AuNSs produced higher peak heights
than AuNPs of the same loading. I, values for Hg(ll) decreased dramatically at high AuNP loadings and decreased minimally at
high AuNS loadings. NP loadings did not have a significant influence on Ip values associated with Pb(ll). These findings suggest
that gold nanostructure shape and loading can influence the efficacy of electrochemical heavy metal detection and should be
taken into consideration.

Keywords: gold nanostars; electrochemical sensor; heavy metals; disposable electrode; square wave stripping voltammetry;
heavy metal sensor; arsenic; mercury; lead; gold nanoparticles; screen-printed electrode

INTRODUCTION

The presence of heavy metals in water adversely affects human health and the environment across the globe [1-10].
These metals largely originate from human activities, such as mining and smelting of metal ores, which release a
wide range of waste products into the environment [10]. Of particular concern—arsenic (As(lIl)), mercury (Hg(ll)) and
lead (Pb(ll)),—have been associated with health problems such as cancer, skin lesions, cardiovascular diseases,
and neurological disorders [10-12]. Due to the high toxicity of these metal ions in drinking water, the EPA set
maximum contamination levels at 10, 2 and 15 pg-L* for As(lll), Hg(ll) and Pb(ll) respectively [13]. Since the quality
of our limited water supply is increasingly under threat by these metals, it is extremely important to find a cost-
effective, robust, sensitive method that identifies and quantifies these ions in water.

Several methods are used to detect heavy metals, including, inductively-coupled plasma—mass spectrometry (ICP—
MS) [14], inductively-coupled plasma atomic—emission spectrometry (ICP—-AES) [15], and atomic absorption
spectrometry (AAS) [16], and electrochemical methods [17-22]. Among all the commonly used techniques for heavy
metal detection, electrochemical methods have advantages over the spectrometric techniques. Electrochemical
methods are inexpensive, highly sensitive, easy to use, rapid, portable, and applicable for field monitoring of
environmental samples. In particular, square wave stripping voltammetry (SWSV) has been demonstrated to be a
powerful and sensitive technique for the detection of heavy metals in water. Sensors using this technique typically
target one or two metals, for example mercury and arsenic detection on nanoparticle-modified electrodes [18, 23] or
lead and cadmium detection using bismuth films or bismuth co-deposition [20, 21]. A small percentage of the
published literature covering electrochemical-based heavy metal detection focuses on the detection of multiple metals
(more than 2) using the same electrode. Examples of electrode materials engineered to detect multiple metals include
exfoliated graphite modified with electrochemically-deposited bismuth nanoparticles [20], hydroxyapatite supported
nanocrystalline zeolite [24], and carbon paste modified with ionic liquid-functionalized ordered mesoporous silica [22].

The application of gold, both nanostructured and in the bulk form, for the electrochemical detection of heavy metals,
especially As(lll) and Hg(ll), has been demonstrated [17-19, 23]. However, work that explores the relationship
between structure and function is typically not a focus during electrode development, with sensor characterization
being the top priority. Anisotropic gold nanoparticles with a wide range of shapes, including non-spherical, hollow,
and nanoshell have a range of applications, such as catalysis, sensors, biosensors, biomedical diagnostics and
therapies, and drug delivery [25]. To the best of our knowledge, the gold nanostar (AuUNS) shape has not been
explored as a potential candidate for the electrochemical detection for heavy metals. A large portion of the published
work using AuNSs involves surface enhanced Raman scattering (SERS), given the high enhancement of the local
EM field caused by multiple “hot spots” on each particle [26, 27]. AUNSs have also been extensively explored for
biomedical applications, for example, tumor imaging and chemotherapy [28]. Finally, there is a dearth of literature
describing the electrochemical characterization of AuNS [29]. Herein, we present carbon paste screen-printed
electrodes (CPSPEs) modified with AuNSs that are synthesized using a simple, aqueous-based Good’s buffer
method. The presented electrode is disposable and capable of simultaneously detecting multiple metals. In addition,
we compare the performance of the AuNSs with spherical AUNPs and examine the influence of particle shape on
As(IIl), Hg(l), and Pb(Il) detection.



MATERIALS AND METHODS

Instrumentation. SWSV was performed using the Wavenano potentiostat and the associated software (Pine
Research). Electrochemical impedance spectroscopy (EIS) measurements were performed using the CHI760E
bipotentiostat and associated software (CH Instruments). All measurements were performed at room temperature on
disposable CPSPEs (Pine Research, 5x4 mm?2). pH measurements were carried out using AR15 pH meter (Accumet
Research) from Fisher Scientific. UV-vis measurements were performed using PerkinElmer LAMBDA 25 UV-Vis
spectrophotometer and the associated software. Transmission Electron Microscopy (TEM) images were obtained
using the Philips EM400T Microscope.

Chemicals. Arsenic(lll) (As20s in water and 0.1M sulfuric acid), mercury(ll) (HgClz in water) and lead(ll) (PbNOs in
water and 0.1M nitric acid), stock solutions were prepared. As203, HgCl> and PbNOs were obtained from Fisher
Scientific Company. Auric Chloride (HAuUCls; 30 wt%), HEPES (4-(2- hydroxyethyl)-I -piperazineethanesulfonic acid
= 99.5%), sodium hydroxide, hydrochloric acid (HCI = 37%), nitric acid (HNOs = 67%) and sulfuric acid (H2SO4 =
72%) were purchased from Sigma-Aldrich.

AuUNS and AuNP preparation. To synthesize the AuNS, a 0.1 M HEPES solution was prepared and the pH was
adjusted to 7.4 using sodium hydroxide. The auric chloride solution was prepared by adding 6 uL of 30% stock to 1
mL water. Next, 2 mL of HEPES was mixed with 3 mL of DI water, and then 50 pL of the freshly prepared auric
chloride solution was added to it without stirring or shaking. The solution turned blue after 5 minutes and then
darkened to a blue-green color in 15 minutes. AuNPs (spherical) were prepared by boiling 5-10 mL of AuNS
suspension for 5 minutes in an open vial on a hot plate. The suspension was allowed to cool to room temperature.
Both the AUNS and AuNP suspensions were stored in a dark location at 4°C.

AuNS and AuNP characterization. The average AuNP size and concentration was determined using UV-Vis
spectroscopy. In the case of plasmonic particles, the relation between absorbance and nanoparticle size or
concentration is nonlinear and several mathematical relationships have been developed. The average AuNP
diameter, d, can be determined using the following relationship:
1ASPR_BZ

d = e Asaso 1)
where Aspr is the peak absorbance of the plasmonic band, Asso is the absorbance at 450 nm, and Bi1 and B2 are
dimensionless parameters obtained from published experimental data, 3.0 and 2.2, respectively [30]. Using equation
1, the average particle diameter was determined to be 8.3 nm. The molar concentration, C, was determined using €
=3.1x 107 Mt cm, where C= A/e. The concentration of AuUNPs was found to be 30.7 nM. The absorbance spectrum
of the green AuNS suspension was used to determine the average particle diameter and concentration of the AUNS
suspension (¢ = 20.1 x 108 M-1 cm) [31].

Electrode preparation and characterization. CPSPEs were thoroughly rinsed with deionized water and allowed to
air-dry. Next, 22 pL of freshly prepared AuNS solution was applied to the CPSPE working electrode and allowed to
dry overnight. The electroactive surface area (EASA) for both the AuNSs and the AuNPs was determined by drop
casting 10 pL of the respective suspensions on a glassy carbon electrode and obtaining cyclic voltammograms (CVs)
in 0.5 M H2SO4. Cyclic voltammograms (CVs) were obtained in the presence of a redox mediator,
hexacyanoferrate(ll) / hexacyanoferrate(lll) ([Fe(CN)g]*~ / Fe(CN)s]*~; 10 mM) with 100 mM KClI, scan rate 0.02 V sec
1. CVs were obtained for each CPSPE to account for midpoint potential shifts attributed to the onboard reference
electrode. Nyquist plots were obtained by applying the midpoint potential (obtained via CV) with an amplitude of 0.01
V and a frequency range of 0.001 to 10 KHz with a total of 30 data points. The quasi-semicircle was extrapolated to
the Z’ axis to determine the charge transfer resistance, Rcr and double layer capacitance, Co. using Zview® software.

SWSV measurements. SWSV parameters for As(lIl), Hg(ll), and Pb(ll) are specified in the results section. Deposition
potentials ranged from -0.6 to —0.4 V and deposition times range from 30 to 300 s. All measurements were performed
in 0.1M HCl and are reported vs. a Ag/AgCI (3 M KCI) reference electrode or the onboard Ag/AgCl reference electrode
provided on the CPSPE. Peak height, Iy, for each concentration was obtained by measuring the Ip relative to the
background current to account for baseline variation. Background current was defined as a non-Faradaic region in
the voltammogram located in specified regions before and after the peak. Limit of detection (LOD) and limit of



guantification (LOQ) were defined as 3.30/m and 10o/m, respectively, where o is the standard deviation for 5 ug-L!
(As(lIn), Hg(ll), or Pbh(I)) and m is the slope of the calibration curve. The upper limit of linearity (LOL) was determined
by finding a 5% deviation from the linear regression line at high concentrations. The lower limit of linearity was taken
as the LOQ.

Contaminated ground water sampling and testing. Samples were collected from a site contaminated with mercury
bichloride situated in Lowell, MA. A groundwater sample was collected from a groundwater monitoring well using a
modified peristaltic pump at a flow rate of 400 mL-min-t. Sample was filtered with 0.45-micron filter at the site and
then acidified to a pH of 2 using HCI to prevent precipitation. A 10 mL aliquot of the sample was tested for Hg(ll)
using the AuNS sensor. A second aliquot was tested by Alpha Analytical using EPA method 7470A. Ground water
contaminated with As(lll) was collected from a landfill located in Billerica, MA. The water sample was collected and
preserved using the method described above. Testing was carried out using the AUNS sensor and inductively coupled
plasma—optical emission spectroscopy (ICP-OES) at the materials characterization laboratory in the UML Core
Research Facilities.

RESULTS AND DISCUSSION 1.4

Gold nanoparticle and nanostar characterization 124
AuNS were synthesized using the Good’s buffer method in
which the HEPES molecule serves as both a reducing agent 1.04
and as a growth director. Several synthesis methods for
colloidal gold can be found in the literature; however, finding a
method that is not only repeatable, but also preserves the
surface chemistry of the nanoparticle can be challenging [25,
32]. To control for particle shape and maintain surface
chemistry, the AuNS suspension was boiled for 5 min to
produce quasi-spherical nanoparticles (AuNPs). The round
AuUNPs were compared to the AUNSs to assess the efficacy of 00 I
the AuNS for the detection of As(lll), Hg(ll), and Pb(ll). Figure 400 500 600 700 800 900
1 depicts the UV-Vis spectra of AuNPs and AuNSs with % (nm)

differing plasmonic peaks. Using the absorbance spectrum, the Figure 1 UV-vis spectra of (1) AuNS and (2) AuUNP
average particle diameter of the AuNPs was found to be 8.3 + suspensions. The inset displays photographs of the
0.2 nm. The absorbance spectrum of the AUNS suspension AUNS and AuNP suspensions.

was used to estimate the average diameter of inner “sphere”,

16 £ 6 nm, and the end-to-end diameter, 41 + 11 nm [31]. For the AuNSs, the large absorbance band at 711 nm is
associated with the long “spikes”, while the small absorbance peak at 540 nm is associated with the inner sphere
(trace 1). The broad aspect of the absorbance bands at 540 and 711 nm results from particle sizes and shapes
ranging from irregularly shaped (non-spherical) particles to quasi-spherical particles. The relatively sharp peak (trace
2) that is shifted toward the ultraviolet range is associated with spherical AUNPs with a smaller size distribution.

Absorbance
o
(0)]

TEM images were obtained to characterize the morphology of the AuNSs and support the UV-Vis analysis. Figure 2
depicts representative TEM images of the AUNSs, which were used to obtain physical dimensions (along with other
images not shown). The average tip-to-tip diameter was determined to be 49 + 14 nm. The average spike length was
16 £ 1 nm, while the number of spikes per particle ranged from 4 to 10; however, several particles appeared to be



guasi-spherical, while others contained several small spikes (10 or greater). The particle dimensions obtained using
TEM images were in agreement with those obtained via optical analysis and previously published reports.[31]

The concentrations of AUNS and AuNP suspensions were determined using absorbance values and were found to
be 0.65 + 0.02 and 30.7 + 0.6 nM, respectively [30, 31]. This 47fold difference accounts for the decrease in particle
diameter after boiling and that the AuNS can be effectively considered as several particles fused together. The
geometric surface area of the AUNPs was estimated by treating each particle as a sphere with a diameter of 8.3 £
0.2 nm and was found to be 216 + 8.5 nm?. A previously published report by dePuig et al, in which the average AuNS
geometric surface area—that corresponded with a given absorbance band—was based on experimental data [31].
Using this report, we found that each nanostar had an estimated geometric surface area of 2400 + 26 nm?, a value
that is based on one projected nanostar shape and diameter. The higher concentration and smaller size of AUNPs
indicates that the geometric surface area available in the AUNP nanopatrticle suspension is ~4 times greater (per unit
volume) than that of the AUNS suspension, Table 1. .5
1A
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Figure 2 Representative TEM images of AUNSs (A-D) and AuNPs (E-F). é
Given that the geometric surface area is an estimated value that relies on one -3
assumed particle shape and does not reflect the percentage of
electrochemically active area, the EASA was determined to estimate the
relative difference in surface area between the two electrodes. Figure 3 EWV)

depicts the CVs corresponding to AUNSs and AuNPs, scan 2. The cathodic Figure 3 Cyclic voltammograms of 10
peaks at 0.940 V were integrated and converted to surface area using a ;| of AuNSs (A) and AuNPs (B)
widely used published conversion factor, 450 uC-cm= [33]. The EASAs for dropcasted on a GC electrode in 0.5M
AuNS and AuNP electrodes were found to be 0.19 + 0.07 and 0.58 + 0.03 H2SOq; scan rate 0.1 V-sec™; scan 2.
mm?2, respectively. This threefold difference parallels the calculated

difference in the geometric surface areas, Table 1. It should be noted that the cathodic peaks obtained after 20 scans
were also integrated (see Figure SD1); and although the magnitude of the peaks decreased with each successive
scan, the threefold ratio was conserved.

-6 JAUNP
v T M L} M L} M T v T M T v
00 03 06 09 12 15

Table 1 AuNS and AuNP particle characterization. "Obtained from UV-Vis spectra in Figure 1. tObtained from CVs
in Figure 3

*Particle *Concentration rGeometric rGeometric
Nanostructure diameter (nm)  (nM) Surface Areaper  Surface Areaper TEASA (mm?)
particle (nm?) Liter (nm?/L)
AuUNS 41+11.0 0.65 £ 0.02 2400 % 26.0 1.0x 10 0.19 + 0.07

AuNP 8.3+0.2 30.70 £ 0.60 216 +8.5 3.8x10%8 0.58 £ 0.03




Electrode Characterization

The behavior of the AuNS- and AuNP-modified electrodes in the
presence of a redox mediator was investigated via electrochemical
impedance spectroscopy. CPSPEs with a range of nanoparticle
loadings were prepared. The nanoparticle loading was defined as
relative mass; a relative mass equal to 1 was 22 uL of the neat
nanoparticle suspension without dilution or concentration. The AUNP
mass was considered unchanged after boiling. Figure SD2 depicts
CVs obtained on the CPSPE modified with AUNSs and AuNPs,
respectively. As the gold loading increased, the peak current
increased and peak-to-peak separation decreased, indicating
enhanced electron transfer processes. Peak-to-peak separation
decreased more dramatically for AUNP electrodes than for AUNS
electrodes. For example, peak-to-peak separation, at a relative NP
mass of 1, was 0.161 and 0.214 V for AuNP- and AuNS-modified
electrodes, respectively, which indicates that the electron transfer
process is more efficient on the AuNP electrodes. Nyquist plots were
obtained and used to determine Rcr, and Cp., Figure 4 A and B
[34]. The Randles circuit was used to interpret the impedance
spectra (Figure 4A inset). Resistance associated with the
electrolyte, Rs, remained unchanged for all particle loadings. As
expected, the modification of the CPSPE with AUNS and the AUNPs
decreased Rcrt. Figure SD3 depicts Rcr, 2.4 kQ, associated with the
unmodified CPSPE. The Rcr was higher for AuNSs at all loadings
(compared to AUNPs) and decreased for both AuUNPs and AuNSs at
higher loadings, Figure 5 A. Moreover, double-layer capacitance,
CoL, was found to be higher for AUNPs than for AuNSs, Figure 5B
[34]. AuNP-modified electrodes displayed a larger Warburg
impedance component, Zw (within the applied frequency range),
which is associated with processes limited by diffusion [35]. The
differences observed in Rct and CpL can be attributed to the higher
surface area associated with the smaller size of the AuNPs,

2" (kQ)

AuNS

-0.1 T T v T v T v v
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Z2' (k)
0.5 4 B

2" (kQ)

Z' k)

Figure 4 Representative Nyquist plots
obtained on AuNS- (A) and AuNP-modified
(B) CPSPE in the presence of ([Fe(CN)e]*"
/ Fe(CN)e]®~; 10 mM) with 100 mM KCI with
relative NP masses of 0.33-3.

indicative of higher numbers of particle—particle interfaces, which increases the probability of electron transfer events.

Optimization of SWSV Parameters

Once it was confirmed that the AuNS coating provided an improved response over the bare CPSPE, SWSV
parameters were optimized to maximize the sensor’s response, Ip, to each analyte (As (lll), Hg(ll), Pb(ll)). SWSV
consists of 2 major steps: first, a potential is applied that is sufficiently negative enough to reduce the solution phase
analyte molecule to a solid film on the surface of the electrode; next, a voltammetric sweep in the shape of a square
wave is applied to oxidize the film back to the solution phase. Amplitude, period, and step increment optimization was
performed for Hg(ll) (Figures SD4). Final SWSV parameters for Hg(ll) detection were a 300 s deposition time, an
amplitude of 75 mV, an increment of 20 mV, a deposition potential of -0.4V, and a period of 20 ms.



Deposition times were varied to maximize As(lll) detection at a low 129
concentration (10 ppb As(lll)). Deposition times ranged from 30 to 11 A

300 s and the remaining parameters were a sampling width of 5 ms, 1.04

a period of 20 ms, an amplitude of 75 mV, a deposition potential of - 0.9 L

0.4V. It was found that 300 s is not appropriate for arsenic detection & 0.8] $ x «I

as the longer deposition time produces nonlinear calibration plots £ 7] = 1 ‘If

and appears to contribute to background peaks and poor D:E 0.6 [] l 1

reproducibility, Figure SD5. Subsequent calibration plots for As(lll) 054 } E 1 o

using the 30 s deposition time produced a linear response with 0.4

respect to As(lll) concentration, therefore, a deposition time of 30 s 03] : i”mﬁ ¢ E

was chosen for As(lll) detection. 0.2] .U . ' . \ .
00 05 10 15 20 25 3.0

Tests were conducted to detect 10ppb Pb(ll) and 25ppb Pb(ll) using Relative NP mass (a.u.)

deposition time ranging from 120 to 300s. The remaining parameters { B

were a sampling width of 5 ms, a period of 11 ms, an amplitude of }

70 mV, a deposition potential of -0.6V. It was found that 120 s is not 6 $

appropriate to detect 10ppb Pb(ll) but a small peak can be seen for

25ppb Pb(l1). 300 s was found to be excessive as it saturates the I, 7 51

at higher concentrations (data not shown). From Figure SDB6, it can ‘EL E X

be inferred that deposition time of 180s is effective for detecting 41 * -

10ppb Pb(Il) and 25ppb Pb(Il) and the obtained voltammograms are [ *

quite consistent for other concentrations as well. Therefore, %] o X - % * AUNS

deposition time of 180s was chosen for Pb(ll) detection. 2. ° AENP

00 05 10 15 20 25 30
Optimization of AuNS loading on electrodes Relative NP mass (a.u.)

. . Figure 5 Charge transfer resistance vs.
The optimal AuNS and AuNP loading on the CPSPE for As(lll), relgative nanopar?icle mass (A) and double

Hg(ll), gnd Pb(Il) deteption was determi.ned,.as shown in Figure 6 layer capacitance (B) obtained from Nyquist
A-C. Figure 6 A-C displays the I, obtained in the presence of 100 pjots (shown in Figure 4) for AuNSs and
ppb As(lll), Hg(ll), and Pb(Il) on both AUNS and AuNP electrodes. AuNPs.

Each metal displayed a distinctive Ip vs. nanoparticle mass trend. For

As(lll), the AuNSs reached an optimal loading between 1 and 2.25 of the relative AuUNS mass, which produced
substantially higher peak heights than AuNPs of the same loading. This effect is tentatively attributed to the available
Au(111) on the AuNSs [19]. An excess of gold nanoparticles on the CPSPE decreases the sensor response and
increases background current. This is in agreement with the work of Khairy et al., in which the authors inferred that
high nanoparticle loading caused instability in the gold layer and decreased the I, associated with As(lIl) [23].
Voltammograms of peak heights associated with relative NP loadings of 0.33, 1.0, and 3.0 for As(lll), Hg(ll), and
Pb(ll) are displayed in Figure 6 D-F. For Hg(ll), the optimal AUNS and AuNP loading occurred at a relative mass of
0.66. At this concentration, the peak heights are roughly equivalent; however, the AuNPs produced a slightly narrower
peak and lower background current. Interestingly, the higher loadings resulted in a drastic decrease in I, for the AUNP
electrodes and a slight decrease for the AuNS electrodes, although a second peak at ~0.25 V appeared. High AuNP
loadings provide substantial coverage and quasi-bulk behavior. This is in good agreement with published reports in
which AuNP-decorated carbon electrodes exhibited lower detection limits and higher repeatability than solid gold
electrodes for mercury detection [36, 37]. Finally, background (non-Faradaic) current increased substantially for both
AuUNS and AuNP electrodes at a relative NP loading of 3.0. For Pb(ll), the Ip plateaued and remained unchanged with
higher loading for both the AuNSs and the AuNPs. Higher loadings of AuNSs resulted in increased background
current in the presence of Pb(ll). The voltammograms for AuNS electrodes exhibited a slightly narrower peak and
decreased background current compared to the AuNPs (at low loadings), i.e., once a sufficient gold loading was
achieved, the Ip was not significantly affected. Background current increased minimally with respect to NP loading for
AuNP electrodes; however, the background current increased substantially at high AuNS loading. The loadings were
tested against a lower concentration of As(lll), Hg(ll), or Pb(I)—50 ppb—similar trends with respect to I, were
obtained, Figure SD7.
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Figure 6 Peak heights for 100 ppb As(lll) (A), Hg(ll) (B), and Pb(ll) (C) with respect to AUNS and AuNP loading on
the CPSPE. Voltammograms for 100 ppb As(lll) (D), Hg(ll) (E), and Pb(ll) (F) with 0.333 (1), 1.0 (2) and 3.0 (3)
AuUNS loading and Voltammograms for 100 ppb As(lll) (G), Hg(ll) (H), and Pb(Il) (1) with 0.333 (1), 1.0 (2) and 3.0
(3) AuNP loading. SWSV measurements were performed in 0.1M HCI using optimized parameters. For As(lll), the
deposition time was 30 s at a potential of -0.4V; sampling width 5 ms; period 20 ms; and an amplitude of 75 mV.
For Hg(ll), deposition time was 300 s at a deposition potential of -0.4V with an amplitude of 75 mV; an increment
of 20 mV, and a period of 20 ms. For Pb(lIl) the deposition time was 180s at -0.6V; sampling width of 5 ms; a period
of 20 ms, and an amplitude of 70 mV.
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Figure 7 Calibration plots of As(lIl) (A), Hg(ll) (B), and
Pb(ll) (C) in 0.1M HCI on AuNS-modified SPCPEs and
a relative AuNS loading of 1. SWSV measurements

were performed

in 0.1M HCI.

parameters are listed in Figure 6.

The optimized

Effects of AUNS size/shape on sensor performance

Given that the AuNS electrodes exhibited a notable change
in sensor response compared to the AuNPs for As(lll) and
Hg(ll), a series of experiments that investigated sensor
response with respect to AuNS size were carried out. Five
different colors of AUNS suspensions—ranging from red to
dark green—were synthesized [31]. The average end-to-end
length of the AuNSs in each suspension was determined
using UV-Vis spectroscopy as previously described. As the
AuUNS size increased, the absorbance peak increased from
533 nm (red), to 567 nm (blue), to 583 nm (dark blue), 655
nm (greenish blue), and 711 nm (dark green). The particle
sizes were determined to be 8.3 +0.2,24 +5,26 £ 6,31 +
7, and 41 * 11 nm, respectively (see Figure SD8). The
synthesis of particles with average sizes larger than 41 nm
was not consistent enough for testing. After the sensors
were prepared, the previously optimized SWSV parameters
were used to detect As(lll) and Hg(ll) at a concentration of
100 ppb. Table SD1 depicts the I, associated with each
AUNS suspension color. I, for Hg(ll) did not exhibit a notable
increase with respect to AuNS size; however, |, associated
with As(lll) increased significantly as AUNS size increased.
Based on this preliminary investigation, we chose the dark
green AuNS suspension for all testing.

Detection of As(lll), Hg(ll), and Pb(ll) using optimized
AuNS-modified CPSPEs

The AuNS-modified CPSPE sensor was tested for
responses to As(lll), Hg(ll), and Pb(ll) using a range of
concentrations for each analyte, Figure 7. The previously
optimized SWSV parameters were applied along with the
optimal AuNS loading. Three measurements were taken for
each concentration and a linear regression model was
applied to the averages (Figure 7 insets). Regression
models for As(lll) and Hg(ll) exhibited good linearity with R2
values of 0.99 for both. The R2 value for the Pb(ll) calibration
plot was 0.98. The LODs for As(lll), Hg(ll), and Pb(ll) were
found to be 0.8, 0.5, and 4.3 ppb Pb(ll), respectively, well
under the drinking water action limits. LOQs for As(lll),
Hg(ll), and Pb(ll) were found to be 2.5, 1.5, and 13.0 ppb,
respectively. Linear ranges for As(l1l), Hg(ll), and Pb(ll) were
2.5-764.2, 1.5-538.9, and 13.0-323.6 ppb, respectively.
The reproducibility of the electrode in terms of relative
standard deviation (rds) at a concentration of 100 ppb As(ll1),
Hg(ll), and Pb(ll) was found to be 2.5%, 3.2%, and 4.6%
(n=3), respectively. We expect the rds to decrease with more
samples.



Simultaneous Detection of Lead, Arsenic and Mercury

After confirming the utility of the AuNS-modified CPSPE
for As(lll), Hg(ll), and Pb(ll) detection, the sensor was
tested with all three analytes in one solution. The optimal
AuUNS loading (relative mass) for the three analytes was
considered to be “1”. Figure 8 displays the
voltammograms obtained in the presence of Pb(ll), As(lIl),
and Hg(ll) in 0.1M HCI. The deposition voltage was applied
at -0.6V for 180 s. Other SWSV parameters used were an
amplitude of 70 mV, a period of 20 ms, a step increment
of 20 mV, and a sampling width of 5 ms. Three distinctive
peaks for the three analytes are observed at about -0.2V
(Pb(ll)), 0.05V (As(ll)) and 0.42V (Hg(ll)). The
voltammograms for these analytes were well separated
from one another with peak potential differences of 0.205V
(As(ll) — Pb(Il)) and 0.415V (As(lll)- Hg(ll)), which are
large enough to resolve individual peaks, Figure 8A.
Regression models for As(lll), Hg(ll) and Pb(ll) (Figure
8B) exhibited good linearity with R? values of 0.98, 0.97
and 0.98 respectively. The LOD for As(lll), Hg(ll), and
Pb(ll) were found to be 3.57, 11.08, and 20.55 ppb,
respectively. LOQ for As(lll), Hg(ll), and Pb(ll) were found
to be 10.83, 33.59, and 62.26 ppb, respectively. Linear
ranges for As(lll), Hg(ll), and Pb(ll) were 10.8-419.4,
33.6-361.5, and 62.3—-215.6 ppb, respectively. This result
indicates that the AuNS-modified CPSPE provides multi-
analyte detection.

Contaminated Ground Water Testing

The AuNS sensor was tested and validated using water
sample obtained from groundwater monitoring wells
located in two contaminated sites in Massachusetts. For
Hg(ll) testing, samples were collected from a well
contaminated with mercury bichloride situated in Lowell,
MA. SWSV protocol optimized for Hg(ll) detection was
performed and a peak close to the potential associated
with Hg(ll) was obtained. Ip was obtained and used to
determine Hg(ll) concentration by comparing it to the
calibration plot obtained in DI water. The Hg(ll)
concentration obtained using the AuNS sensor and the
external testing laboratory was 406 + 9 and 420 ppb,
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Figure 8 SWSV responses on AuNS-modified
CPSPEs for the co-detection of Pb(ll), As(lll), and

Hg(ll)
M HC

over a concentration range of 0—200 ppb in 0.1
| and the corresponding linear calibration plots

of peak heights vs concentrations of the three heavy

metal

ions. The optimized SWSV parameters were a

deposition time of 180 s at a potential of -0.6V, a
sampling width of 5 ms, a period 20 ms, and an
amplitude of 70 mV.

respectively. For As(lll) testing, ground water contaminated with As(lll) was collected from a landfill located in
Billerica, MA. The As(lll) concentration obtained using the AUNS sensor and ICP-OES was 505 + 8 and 515 + 3 ppb,
respectively. These results show that the AuUNS electrode is suitable for rapid onsite testing of environmental samples.



CONCLUSIONS

When comparing the AuNS and AuNP electrodes, various factors were taken into account, including the EASA, the
geometric surface area, charge-transfer resistance, and double layer capacitance. Our results indicate that the
aforementioned factors did not substantially influence I, for the three analytes (As, Hg, and Pb). The different
responses for As(lll) and Hg(ll) (at high loadings) indicate that nanoparticle shape can influence Ip. In the case of
As(lll), higher peak heights are thought to be attributed to an increased availability of Au(111) on the AuNS [19]. For
Hg(ll), Ip decreased at higher AuNP loadings, although a similar decrease was not observed for As(lll) and Pb(ll).
Given that I, did not decrease to the same degree for electrodes with high AuNS loading in the presence of Hg(ll),
we conclude that the nanoparticle packing dictates this behavior, i.e., AUNPs should exhibit tighter packing than
AuUNSs. We attribute this tighter packing to quasi-bulk behavior or complete coverage of the CPSPE with Au. Solid
Au electrodes have exhibited higher Hg(ll) detection limits and poor repeatability compared to carbon electrodes
coated with separated AuUNPs [36, 37]. Our results also show that all three analytes preferentially bind to Au over the
CPSPE surface; however, the mechanistic details for each binding and stripping process will influence the peak
height, and therefore, sensor performance. The similar response for As(lll), Hg(ll), and Pb(ll) at lower loadings
suggests that smaller amounts of gold improve the CPSPE function in general. Higher nanoparticle loadings are
comprised of several layers and exhibit changes in behavior associated with particle packing, which is dictated by
particle shape (star vs. sphere). Given that both nanoparticle shape and loading influence Ip, optimization is required
for each analyte. These results show that gold nanostructure shape and loading can influence the efficacy of
electrochemical heavy metal detection and should be taken into consideration when designing sensors for specific
applications.
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