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Abstract: A sensitive colourimetric method for lead (Pb") detection is reported in this
paper using a common tripeptide, glutathione (GSH), and label-free gold nanoparticles
(AuNPs). A limit of detection of 6.0 ppb in water was achieved and the dynamic linear
range was up to 500 ppb. Selectivity over fourteen potential interfering metal ions was
tested and most of these metal ions do not interfere with the method.
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1. Introduction

Lead is known for being highly toxic, carcinogenic and bioaccumulative [1]. One of the well-recognized
major exposure routes to human is through the drinking water provided by municipal water treatment
plants [2]. The World Health Organization (WHO), the Health Canada and the United States
Environmental Protection Agency (U.S. EPA) have issued guidelines or standards on lead in drinking
water, setting the upper permissible limit at 10 ppb, 10 ppb and 15 ppb, respectively [3—5]. These
limits demand high performance on analytical methods for lead detection, such that only those which
have sufficient sensitivity can be applied. Analytical techniques such as atomic absorption
spectrometry and inductively-coupled plasma atomic emission spectrometry are frequently used since
they provide limits of detection (LOD) as low as 1 ppb for lead. However, these techniques require
highly sophisticated equipment and costly consumables [6]. As they are limited by the bulky
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equipment and the need for highly skilled analysts, these analytical techniques are not suitable for
on-site applications [7]. Therefore, there is a great demand for developing low-cost, simple and
sufficiently sensitive detection methods, which can supplement or even replace the conventional
methods. A recent event that highlights the need for rapid and low-cost lead detection method is the
incidence of elevated lead levels in the drinking water system of Washington, D.C. area in the USA,
where about a million population had been exposed to lead levels higher than the US drinking water
standards for almost 4 years [8,9]. Not only in developed countries, but also in developing ones,
a broader application of such sensitive and cost-efficient sensor is highly desirable.

Gold nanoparticles (AuNPs), among the crucial and versatile materials in nanotechnology [10],
have been widely applied in many applications, such as cancer diagnosis [11], drug delivery [12],
bio-sensing [13], and environmental monitoring [14—17]. The wide use of AuNPs is mainly attributed
to their unique surface chemistry and optical properties. Several researchers have developed assays to
utilize functionalized or modified AuNPs as sensors for environmental monitoring of heavy metal ions
in water, and LODs as low as 10 ppb have been reported. For instance, nucleotide-based sensors coupled
with AuNPs have been shown to be highly sensitive and selective [18-21]; however, stringent preservation
conditions (such as very low temperature), complex procedures, and the need for high-sensitivity
fluorescence measurement for these sensors greatly limited the integration of the assays onto lab-on-a-chip
systems and the use for on-site applications. Others have developed protein-based AuNP sensor, which
required less pretreatment of AuNPs. However, finalizing the functional AuNPs still required at least
24 h before use [22,23]. Huang et al. [24] and D’ Agostino et al. [21] have respectively used gallic acid
and glutathione (GSH) as surface modifiers for detection of lead, yet the equilibration time (20—-60 min)
was still a limit for fast screening. Chai et al. [25], Mao et al. [26] and Chu et al. [27] have used
GSH-modified AuNPs as sensors for heavy metal detection, but the shelf-life of such sensors was short
and intended functions could be rapidly lost.

In the present study, we developed a rapid and sensitive Pb' assay that used label-free AuNPs,
hence avoiding the modification process and greatly simplifying reagent storage as well as operations.
Unlike other approaches that required prior synthesis of specific peptides [6,28], our method directly
utilized a common peptide, GSH, which can bind to AuNPs and coordinate with Pb'" at the same time
(Figure 1). AuNPs were used as a label-free colourimetric reporter and glutathione (GSH) as a linker
that selectively binds to Pb! ions and thus recognizes the metal ion. The working principle, detection
limit, dynamic range, and selectivity of the method are discussed herein.

2. Materials and Methods
2.1. Materials and Gold Nanoparticle Preparation

Gold (IIT) chloride trihydrate (HAuCls, 99.9%), ethylenediamine tetraacetic acid disodium salt
(EDTA, >99.0%) and GSH (L-Glutathione reduced, >98.0%) were obtained from Sigma-Aldrich
(Ontario, Canada). Potassium phosphate monobasic (ACS), dibasic anhydrous (ACS), sodium citrate
dihydrate (>99%) and sodium chloride (NaCl, ACS) were obtained from Fisher Scientific (Ontario,
Canada). All certified metal ion solutions (Ca', As'!, Mg, Hg", Cu", Ni",, Fe'!!, Ba", Co", Ag!, Mn",
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Cd", zn", Cr'™ AI'™) were obtained either from Sigma-Aldrich or Fisher Scientific. Deionized water
was also purchased from Fisher Scientific.

The AuNPs were synthesized using the classic Turkevich—Frens method [29,30] and the protocol
developed by Liu and Lu [31]. AuNPs were imaged via transmission electron microscopy (TEM) using
a Tecnai GF20 system (FEI, Hillsboro, OR, USA) operated at 200 keV.

v
)

& 9
) o9 S

-9

o0

"
Yo ¥
oo Qw a9

GS 3
u AuNP 0

Figure 1. Schematic principle of the time-dependent determination of Pb' concentrations
in water. The aggregation rate of AuNPs varies according to concentrations of Pb'’,

2.2. Assay

The assay for detection of Pb!" in water was conducted by monitoring the aggregation behavior of the
AuNPs in the presence of GSH, and corresponding changes in absorbance of the assay solutions were
measured using a spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA). The
assay was performed in clear-bottom 96-well plates (Costar®). The GSH solution was freshly prepared
in the presence of a background electrolyte (NaCl) and a potassium phosphate buffer. The assay was
initiated by mixing 150 pL of a water sample with 50 pL of the GSH solution, followed by addition of
100 pL of the AuNP aqueous solution (~13 nM) [31]. The final concentrations of NaCl, GSH and the
phosphate buffer (pH = 8) in the 300 pL assay solution were 10, 4.1, and 2.6 mM, respectively.

The concentrations of NaCl, GSH and phosphate buffer were tested prior to optimizing the assay.
After sufficient mixing via pipetting was performed, the assay solution was maintained at room
temperature for 2 min. The absorbance of the assay solution was then recorded at wavelengths of 520 nm
and 610 nm every minute, for a total of 15 min. A spectrum scan ranging from 480 to 680 nm was also
recorded. The time profile of the absorbance ratio at two wavelengths (A4e¢10/A4520) was reconstructed
using Microsoft Excel 2013.
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3. Results and Discussion
3.1. Gold Nanoparticles

The average size of AuNPs used in the assay was measured to be 15.2 nm =+ 3.6 nm (Figure Sla in
supplementary materials). The AuNP solution had a characteristic surface plasma resonance peak at
520 nm and bright ruby-red colour (Figure S1b in supplementary materials). The uniformity of AuNP
sizes is essential for achieving high quality of optical performance, thus high selectivity and sensitivity
of the detection method. The AuNP solution can be stored at 4 °C for an extended period time
(>3 months) without losing their properties and be readily used for Pb" assay.

3.2. Mechanism, Assay Optimization and Performance

GSH is a non-protein tri-peptide with a gamma peptide linkage between the amine group of cysteine
and the carboxyl group of the glutamate side-chain, and it can cause aggregation of AuNPs. The thiol
group (—SH) of the cysteinyl residue has a high affinity towards gold and Au-S covalent bond
formation is expected when GSH is present in AuNPs suspension [32]. Simultaneously, GSH
molecules form intermolecular hydrogen bonding among themselves, even when the GSH molecules
are adsorbed to the surfaces of AuNPs. Therefore, the combination of such molecular interactions
enables GSH to aggregate AuNPs under certain conditions [33]. GSH-mediated aggregation of AuNPs
progresses very slowly, probably because of the weak hydrogen bonding [33]. Lead (Pb") can strongly
induce aggregation of GSH-modified AuNPs at certain pH levels through formation of coordination
complexes between Pb!! and the carboxyl group (—COO-), two of which are present in each GSH
molecule [26,34]. The thiol group is also believed to be involved in metal-GSH complex formation.
Therefore, the addition of Pb! to an aqueous solution can greatly enhance the rate of AuNP
aggregation in the presence of GSH, and much faster colour changes can be observed accordingly.
Therefore, by precisely monitoring the progression of aggregation of AuNPs through corresponding
colour change, this assay can be used to detect Pb", with high selectivity and sensitivity, as demonstrated
below. As shown in Figure 2, in the presence of sufficient levels of Pb', there were substantial changes
in the absorbance profile (Figure 2a) and colours (Figure 2b) of the AuNP solution in the visible
spectrum as a result of AuNP aggregating, when compared to the control. For example, 1 ppm Pb'" led
to a complete colour change of the AuNP solution from ruby red to blue within 10 min, while the
colour change in the control (without the addition of Pb') progressed much slower (Figure 2b). The
colour changes at other Pb" concentrations are demonstrated in Figure S2 in supplementary materials.

When the absorbance ratio recorded at 10 min was plotted again Pb" concentration (Figure 3),
there was a linear relationship within a range of concentrations (Figure 3b). Such relationship was used
as the basis for Pb!' quantitation in aqueous solutions. For test conditions used in the study, a linear
calibration curve (R? = 0.9929) up to 500 ppb was achieved (Figure 3b insert). The limit of detection
(LOD), which corresponds to the average signal of multiple blanks plus 3 times of their standard
deviation, was determined to be 6.0 ppb using an EPA method [35]. The LOD was lower than the upper
permissible limit of Pb" in drinking water from WHO, indicating the high sensitivity of the assay.
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Figure 2. (a) Evolution of the absorbance of the control solution (dotted lines) and the

solution with 1 ppm lead (solid lines) in the visible spectrum range; and (b) the solution

colour changes corresponding to different incubation times.

14
. ® : : g0 0 0 00 : : : ]
12 o’
L] ® ¢
.
°
[ L] [ ]
1t . ° o ° : ¢ ®
° ° o [ a % ¥
] ° :
g ° o o ° 3 ¥
= 08 ° o ¥ E + control
< L ° o 3 *5 ppb
° o ¥ 3 10 ppb
06 [ ® ° $ x 50 ppb
o & ¥ ©100 ppb
e ¥ ©200 ppb
04 | 3 = © 505 ppb
L © 1,000 ppb
02 . ) © 2,000 ppb
0 5 10 15
Time (min)
(a)

1.4
1.3 & A
A
1.2 i3
S1.1 12
ii <11
<10 A S
-
0.9 A 0.9
A 0.8
0.8 2 0.7
0 200 400 600
0.7 ) Pb" Goncentration (ppb)
0 500 1,000 1,500 2,000
Pb! Concentration (ppb)
(b)

Figure 3. (a) Evolution of the absorbance ratio (4es10/4520) at 5, 10, 50, 100, 200, 505,
1000, and 2000 ppb of Pb" over time; and (b) responses of different concentrations of lead

standard solutions. The inserted chart demonstrates the calibration curve for the linear

range of 6-500 ppb. All data were collected at 10 min and based on 4 independent

measurements. The orange dot in the inserted chart represents the control without the

addition of lead.

Ionic strength [6,36], GSH concentration [37], and pH are critical in controlling assay performance,

colour transition of AuNP solution, and ligand-lead interaction. The influence of GSH concentration

and ionic strength was investigated at a solution pH 8 and Pb" concentration of 10 ppb. As shown in

Figure 4, higher GSH concentrations or ionic strength in terms of NaCl concentration increased the
sensitivity, expressed as Adesi0/As20 between control and 10 ppb Pb'. At higher NaCl/GSH
concentrations, aggregation of AuNP developed faster and therefore a better resolution between the
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control and 10 ppb Pb! could be achieved. However, NaCl/GSH concentrations must be tuned within
certain limits. When AuNP aggregation occurred too rapid to allow timely measurement of colour
change, sensitivity of the assay would be lost. In addition, attenuation of the plasmon resonance peak
and peak flattening [36] were also observed with very high NaCl concentration (Figure S3 in
supplementary materials), which showed distinct spectrum from that of GSH-induced AuNP
aggregation. Characteristic colour change of the AuNP solution disappeared accordingly. Effect of pH
was also investigated because pH affects not only the stability of AuNPs but also binding of Pb" to
GSH and AuNPs (Table S1 in supplementary materials). Higher pH has been found to suppress the
undesirable interactions between GSH and AuNP through —COOH and a-amines [37], allowing
gradual aggregation of AuNPs to achieve the best resolution. The best resolution between the control
and 10 ppb Pb" was achieved by adjusting the NaCI/GSH concentration to 10 mM/4.1 mM, and using a
pH 8 phosphate buffer (Figure 4).
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Figure 4. The effect of NaCl and GSH concentration on assay sensitivity (AA4e10/4520)
(buffered by a pH 8 phosphate buffer solution).

3.3. Selectivity Evaluation

To evaluate the selectivity of the assay for metal ion Pb using label-free AuNPs, 14 metal ions
(Ca'l, As™, Mg!, Hg!!, Cull, Ni', Fe'l, Ba",, Co", Ag!, Mn!,, Cd", Zn", Cr'", AI'") were selected and
tested against Pb!!. The same assay procedures were performed, where each metal ion was added to
AuNP solutions instead of Pb" to reach 1 uM, and the absorbance ratio of As10/4520 was recorded at the
detection time of 10 min. The relative signal intensity of a particular metal ion to that of Pb' at 1 pM
was calculated. As shown in Figure 5, most of those metal ions had negligible impact (no more than
9.2%) on the assay at 1 uM, suggesting the assay is highly selective for Pb" over other metal ions. The
most significant interference, or the highest signal generated by other metal ions was from Cr'! which
generated a signal about 25% of Pb' (Figure 5). It was likely due to the high affinity of Cr' for
GSH [38]. Thus, method to minimize the impact of those interfering ions was further explored by using
a masking agent—EDTA.

EDTA was chosen based on its higher formation constant with potential interfering ions than with
Pb! [39-41]. The formation constant of EDTA-Cr'! and EDTA-Pb" were reported to be —23.4 and
—18, respectively [42]. The test was conducted by examining the impact of EDTA on Pb" (1 pM) or
Cr'"! (4 uM), as well as on a mixed solution containing both ions. As shown in Figure 6, | uM EDTA
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could effectively and specifically masked Cr'' while having little influence on Pb'. The signal
response in the presence of all three species (Pb", Cr'! and EDTA) was only slightly higher (~10%)
than the response from 1 uM Pb'" alone. It was noted that the increase in signal response was not

proportional to the increase in concentration of Cr'™ il

. The presence of 4 uM Cr in a solution with
1 uM Pb! caused a signal response that was about three times of the response from 1 pM Pb' alone.
It might be due to accelerated AuNP aggregation at higher ion concentrations. The presence of Pb" and
Cr'! in real samples at such concentrations, especially in drinking water, is probably very rare.

Therefore, this method has the potential for the analysis of real water samples.
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Figure 5. Selectivity test of the Pb! detection method showing the relative response of
each metal ion with respect to Pb" (set as 100%). Fourteen interfering ions were tested
in the presence of 1.0 uM each and the error bars represent the standard deviation of
four replicates.
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Figure 6. Improvement of the selectivity in by the addition of EDTA as a masking agent
(Pb" was at 1 uM, Cr'" 4 uM and EDTA 1 uM).

Further use of the assay for Pb! detection in drinking water with high hardness is currently being
tested. We are investigating chemical routes to minimize the effect of other potential interfering ions,
in particular Ca" and Mg"!, which could be present at much higher levels than what we have tested in
the present study. That requires fine tuning solution pH, ionic strength, and likely masking agents to
find conditions that favor high Pb! selectivity and rapid AuNP aggregation. Although both Pb" and
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Ca'' ions are classified as “hard” metal and binds to GSH via similar oxygen donors, they form
different types of complexes with GSH, which has eight possible coordination sites [43]. In addition,
a better understanding of the coordination chemistry of AuNPs with GSH or other ligands merits
further investigation for improving AuNP-based sensors for heavy metal detection.

4. Conclusions

In conclusion, a rapid label-free assay using AuNPs for sensitive Pb!! detection in water has been
demonstrated without the use of corrosive or hazardous agents. The LOD of this assay conducted using
deionized water spiked with Pb' was 6.0 ppb, lower than the WHO limit for drinking water of 10 ppb.
The current assay provided a short detection time of 10 min and a linear dynamic range of 6-500 ppb,
and can be easily implemented using a spectrophotometer. Without the need for prior modification of
AuNPs, the assay has a great potential for field applications. In fact, the assay has been recently
realized in a portable lab-on-a-chip system, which includes a custom-made colourimetric reader for
signal readout [44]. Such system intended for field applications can greatly benefit from such assay
that is not limited by stringent preservation requirements.
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