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ABSTRACT: We have developed a simple paper-based colorimetric
membrane for sensing lead ions (Pb>*) in aqueous solutions. The
nitrocellulose membrane (NCM) was used to trap bovine serum albumin

Blood samples
[Pb2*] = 1.01 pM

[Pb?*] = 0.22 uM [Pb2*] = 2.51 uM

(BSA) modified 13.3-nm Au nanoparticles (BSA-Au NPs), leading to the
preparation of a nanocomposite film of a BSA-Au NP-decorated mem-

brane (BSA-Au NPs/NCM). The BSA-Au NPs/NCM operates on the
principle that Pb>* ions accelerate the rate of leaching of Au NPs induced

BCR 634 BCR 635 BCR 636

by thiosulfate (S,05>~) and 2-mercaptoethanol (2-ME). The BSA-Au NPs/NCM allowed for the detection of Pb>" by the naked
eye in nanomolar aqueous solutions in the presence of leaching agents such as $,05>~ and 2-ME. We employed the assistance of
microwave irradiation to shorten the reaction time (<10 min) for leaching the Au NPs. Under optimal solution conditions (S mM
glycine—NaOH (pH 10), $,05> (100 mM), and 2-ME (250 mM), microwaves (450 W)), the BSA-Au NPs/NCM allowed the
detection of Pb*" at concentrations as low as 50 pM with high selectivity (at least 100-fold over other metal ions ). This cost-effective
sensing system allowed for the rapid and simple determination of the concentrations of Pb>* ions in real samples (in this case, sea

water, urine, and blood samples).
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1. INTRODUCTION

Lead (Pb) is well-known for its toxicity and wide distribution
in the global environment.' * Currently, the largest industrial
use of lead is in the production of lead batteries, which are
extensively used in the automobile industry.>® All forms of Pb are
toxic and adversely affect reproductive, nervous, immune, and
cardiovascular systems as well as developmental processes in
children.”'® Once Pb is introduced into the body, it becomes a
potent neurotoxin that can interfere with brain development, slow
nerve conduction velocity, and trigger behavioral problems."'~*
The action level for lead in drinking water is defined by the U.S.
Environmental Protection Agency (EPA) as 15 ppb.'* The
World Health Organization (WHO) has defined the whole
blood lead concentrations >300 ppb in adults as indicative of
significant exposure and recommends chelation thera%)gf when
the whole blood lead concentration exceeds 600 ppb.'®'” The
Agency for Toxic Substances and Disease Registry of the United
States has defined the action level for lead in urine as 23 ppb.'®
The biomonitoring of Pb in urine and blood enables the
quantitative evaluation of human exposure to both occupational
and environmental Pb hazards. Concentrations of Pb in urine
and blood have been used as indicators of exposure to lead.'”*°

Concerns over toxic exposure to Pb have motivated the
exploration of new methods for monitoring the concentrations
of aqueous Pb** ions in environmental and biological samples.
Several traditional quantitative methods for Pb>* detection have
been developed in the past decade, using such techniques as
flame atomic absorption spectrometry, graphite furnace atomic
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absorption spectrometry, anode stripping voltammetry, induc-
tively coupled plasma-atomic emission spectroscopy, inductively
coupled plasma mass spectrometry (ICP-MS), X-ray fluores-
cence spectroscopy, neutron activation analysis, differential
pulse anode stripping voltammetry, and isotope dilution mass
spectrometry.”' ¢ Although these methods can be used to
detect Pb on the parts per billion scale, the instruments required
are expensive and cumbersome to operate.

The past few years have witnessed great progress in the
development of optical techniques for the detection of Pb*" ions
using small molecules,” DNAzymes,z’A'_42 oligonucleotides,‘B’44
polymers,**~*” proteins,***’ and nanomaterials®®~* which have
been demonstrated to be useful for the selective detection of Pb>"
ions in aqueous solutions. Nevertheless, many of these systems
have limiting conditions such as poor aqueous solubility, cross-
sensitivity toward other metal ions, matrix interference, high cost,
complicated processing, the use of unstable molecules, or poor
sensitivity. In addition these techniques are few applied to
determination of Pb*" in real biological samples. Previously, we
developed a colorimetric, nonaggregation-based gold nanoparti-
cle (Au NP) probe for the detection of Pb>" ions in aqueous
solutions, based on the fact that Pb** ions accelerate the rate
of leaching of Au NPs induced by thiosulfate (S,05>) and
2-mercaptoethanol (2-ME).®® Monitoring the surface plasmon
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resonance (SPR) of the Au NPs allowed us to quantify the level
of Pb>* ions in the solution. Although this nanosensor allowed
for highly selective sensing of Pb** ions in the nanomolar range, it
did not function in high-salinity solutions, exhibiting the same
limitation observed for other Au-NP-based label-free assays.*®~"*
Moreover, its analysis time was greater than 2 h. Therefore,
we developed a simple paper-based colorimetric sensor for
rapidly detecting Pb>" ions with a Au NP modified nitrocellulose
membrane (NCM) in this study. The NCM (0.5 cm x 0.5 cm)
was used to trap bovine serum albumin (BSA) modified 13.3-nm
Au NPs (BSA-Au NPs) through superior hydrophobic interac-
tions between the NCM and BSA,” " leading to a nanocompo-
site film of BSA-Au NPs on the membrane (BSA-Au NPs/NCM).
The BSA-Au NPs/NCM allowed for the detection of Pb>* in the
nanomolar range in aqueous solutions in the presence of Na,S,0;
and 2-ME by the naked eye. We carefully evaluated the roles played
by the concentrations of $,05>~ and 2-ME in determining the
sensitivity and selectivity of this probe for Pb>*. Furthermore, to
speed up the analysis time and improve the sensitivity, we used a
BSA-Au NPs/NCM under microwave irradiation to sense Pb>*
ions. We also demonstrated the practicality of using this approach
for the determination of Pb*" ions in highly concentrated saline
seawater and as well as complicated biological urine and blood
samples.

2. EXPERIMENTAL DETAILS

2.1. Chemicals. 2-Mercaptoethanol (2-ME), sodium thiosul-
fate (Na,S,053), trisodium citrate, bovine serum albumin (BSA),
glycine, and all the metal salts used in this study were purchased
from Sigma-Aldrich (Milwaukee, WI). Tetrachloroauric(IIl) acid
(HAuCl,) was purchased from Acros (Geel, Belgium). The water
used in all experiments was ultrapure water from a Milli-Q system.
The buffer (glycine-NaOH) comprised of 50 mM glycine (pH
10) adjusted with 1.0 N NaOH. The purities of all chemicals were
greater than 95% and were used without further purification.
Urine samples (SRM 2672a) were obtained from the National
Institute of Standards and Technology (NIST; Gaithersburg,
MD). The NCM was purchased from GE Healthcare Bioscience,
New Jersey. BCR 636, 635, and 634 human blood samples was
purchased from IRMM (Institute for Reference Materials and
Measurement; Geel, Belgium).

2.2. 13.3-nm Spherical Au NPs. The 13.3-nm-diameter sphe-
rical Au NPs were prepared through citrate-mediated reduction of
HAuCL,.”* ™% Aqueous 1 mM HAuCl, (250 mL) was brought to a
vigorous boil by stirring in a round-bottom flask fitted with a reflux
condenser; 38.8 mM trisodium citrate (25 mL) was added rapidly to
the solution, and the solution was heated for another 15 min, turning
from pale yellow to deep red. The solution was cooled to room
temperature by stirring continuously. The sizes of the Au NPs were
verified using transmission electron microscopy (TEM, H7100,
Hitachi High-Technologies Corporation; Tokyo, Japan). They
appeared to be nearly monodisperse with an average size of 13.3
0.6 nm. A u-Quant microplate reader (Biotek Instruments,
Winooski, VT) was used to measure the absorbance of the Au NP
solution. The particle concentration of the Au NPs (15 nM) was
determined according to Beer’s law using an extinction coefficient of
2.08 x 10° M ' em ' at 520 nm for the 13.3-nm Au NPs.

2.3. Fabrication of the BSA-Au NPs/NCM. To prepare the
BSA-modified Au NPs (BSA-Au NPs), an aliquot of the BSA
solution (3 #M, 20 mL) was added to the 13-nm Au NP solution
(15 nM, 20 mL) and equilibrated for 30 min at 25 °C. From

flocculation assays, we estimated the average number of BSA
molecules on a Au NP to be ~20. A piece of NCM was cut to a
size 0.5 cm (length) x 0.5 cm (width) and dipped with the BSA-
AuNPs solution (15 nM, 1 4L). After drying in air for 15 min, the
BSA-Au NP-modified NCM (BSA-Au NPs/NCM) was gently
washed with DI water (~20 mL) for 30 s to remove any weakly
bonded BSA-Au NPs or impurities and then dried in air at room
temperature for 1 h prior to use. The BSA-Au NPs/NCM probes
were stable for at least 6 months when stored at 4 °C in the dark.
The image of the BSA-Au NPs/NCM for color analysis was
obtained using an Epson desktop scanner (Epson Perfection
1660 Photo Scanner). Color analysis was performed using an
Image ] computer program that measured the red, green, and
blue (RGB) color intensities (each 8-bit channel with brightness
values from 0 to 255) for pixels within the scanner image. The
green component (intensity from 0 to 255) of the image of the
BSA-Au NP/NCM was used to quantify the Au NPs.

2.4. Detecting Pb?* lons with the BSA-Au NPs/NCM. To sense
Pb>" ions, the as-prepared BSA-Au NPs/NCM was immersed in an
aliquot (1 mL) of S mM glycine—NaOH (pH 10) solution,
containing Na,S,05 (100 mM), 2-ME (250 mM), and Pb*" ions
(0—10 uM) and, then, equilibrated at room temperature for 2 h.
Furthermore, the membrane was gently washed with DI water
(~5 mL) for 30 s and dried with an air blow gun (60 Ib/in®) for
1 min prior to analysis.

2.5. Surface-Assisted Laser Desorption/lonization Mass
Spectrometry of the BSA-Au NPs/NCM. The BSA-Au NPs/
NCM was attached to a matrix-assisted laser desorption/inoiza-
tion (MALDI) plate with adhesive polyimide film tape prior to
the surface-assisted laser desorption/ionization mass spectro-
metry (SALDI-MS) measurements. Mass spectrometry experi-
ments were performed in the reflectron positive-ion mode using
an AutoflexIII MALDI-TOF/TOF mass spectrometer (Bruker
Daltonics; Bremen, Germany). The samples were irradiated with
a nitrogen laser (output at 337 nm) at 10 Hz. lons produced by
laser desorption were stabilized energetically during a delayed
extraction period of 200 ns and then accelerated through the
time-of-flight (TOF) chamber in the reflection mode prior to
entering the mass analyzer. The available accelerating voltages
ranged from +20 to —20 kV. The instruments were calibrated
using Au clusters ([Au, ], x = 1—3). A total of 1000 pulsed laser
shots were applied, and we accumulated those signals from 10
MALDI target positions under a laser fluence of 75 uJ.

2.6. Analysis of Seawater, Urine, and Blood Samples. A
sample of seawater from the East China Sea was filtered through
a 0.2-um membrane and analyzed using an ICP-MS. Aliquots of
the seawater (0.5 mL) were spiked with standard Pb>* solutions
(100 uL) of final concentrations in the range 0—10 nM. The
mixtures were diluted to 1.0 mL with S mM glycine—NaOH (pH
10) containing Na,S$,03 (100 mM) and 2-ME (250 mM) and,
then, analyzed using the present approach with the BSA-Au NPs/
NCM probe under irradiation of microwave (450 W).

The preparation of the sample for the detection of Pb** ions in
urine (SRM 2672a) was performed according to the standard
method (1180B/05-OD) published by the National Center for
Environmental Health.*” The certified concentration of Pb>"
ions in this urine sample was 1.20 #M. Aliquots of the 200-fold-
diluted urine samples (250 uL) were spiked with standard Pb>*
solutions of final concentrations in the range 0—1.0 nM. The
spiked samples were then diluted to 500 uL with 5 mM
glycine—NaOH (pH 10), containing Na,S,03 (100 mM) and
2-ME (250 mM), and then analyzed using the present approach
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Scheme 1. Schematic Representation of the Preparation of BSA-Au NPs/NCM for Sensing Lead Ions (Pb>") Based on
Accelerated the Leaching Rate of BSA-Au NPs by Sodium Thiosulfate and 2-Mercaptiethanol
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with the BSA-Au NPs/NCM probe under irradiation of micro-
wave (450 W).

BCR 636, 635, and 634 human bloods was analyzed as a
lyophilized material (0.6 g) and was reconstituted with 3 mL of
DI water to obtaina2.51 4 0.24,1.01 + 0.12,and 0.22 4 0.02 uM
Pb blood reference sample, respectively.*> The blood sample
preparation generally followed the procedure reported earlier.**
Briefly, 1 mL of blood was diluted with 8 mL of DI water and then
treated with 1 mL of concentrated HNOj for 2 h. The sample was
briefly centrifuged at 4000 rpm for 2 min. The supernatant was
diluted with DI water and then analyzed using the present
approach with the BSA-Au NPs/NCM probe under irradiation
of microwave (450 W).

3. RESULTS AND DISCUSSION

3.1. Preparation of the BSA-Au NPs/NCM. Scheme 1 depicts
the preparation protocol for the fabrication of the BSA-Au NPs/
NCM substrate that was used for the detection of Pb>* ions.
Because the surfaces of the Au NPs were capped with citrate,
which contains anionic carboxylate groups at pH > 3.0, the NPs
attract the positively charged regions of the BSA surfaces through
electrostatic attraction to form BSA-modified Au NPs (BSA-Au
NPs).* From dynamic light scattering (DLS) measurements,
we estimated the hydrodynamic diameters of the unlabeled
Au NPs and BSA-Au NP assemblies to be 28.3 (£ 6.2) and
452 (£ 7.5) nm, respectively. The as-prepared BSA-Au NPs
retained their stability in solutions containing up to 500 mM
NaCl. In addition, the BSA-Au NPs could be stored in lyophilized
solid form. The steric repulsive force between the BSA-Au NPs
was the main contributor towards the dispersion of BSA-Au NPs
in the solution, a contribution from electrostatic repulsion was
also probably involved. The NCM has been vndely used as a
blotting matrix for protein immobilizations.*® In these cases,
hydrophobic interactions between proteins and nitrocellulose
are mainly responsible for the adsorption of proteins onto the
membrane, while impurities such as small molecules and ions
could be removed by washing. We characterized of the as-
prepared BSA-Au NPs/NCM by scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and reflection-
mode UV-vis absorbance spectrometry. The SEM and high
magnified SEM images of the BSA-Au NPs/NCM confirmed
that the Au NPs adsorbed on the NCM surfaces did not form
aggregates (Supporting Information Figure S1A and S1D). The
EDS measurements were conducted to confirm the presence of
the Au NPs at the surface of the BSA-Au NPs/NCM (Supporting
Information Figure S2). No obvious differences appeared in the

surface plasmon resonance (SPR) absorption bands at 520 nm of
the citrate-capped Au NPs solution, BSA-Au NPs solution, BSA-
Au NP/NCM, suggesting that most of the BSA-Au NPs were
dispersed without aggregation on the NCM (Supporting Infor-
mation Figure S3). This data was consistent with the photographic
images of the BSA-Au NPs/NCM (see the top photographic
images of Figure 1B) that clearly display the deposition of Au
NPs (rose red) on the NCM (white membrane) to form the
BSA-Au NPs/NCM (homogenous pink). Analysis of the color
and surface-assisted laser desorption/ionization mass spectro-
metry (SALDI-MS) images of the BSA-Au NPs/NCM shown in
Supporting Information Figure S4 further confirmed that the NC
fibers associated homogenously with the adsorbed BSA-Au NPs.
The RSDs of profile analyses in color and SALDI-MS image were
1.8% and 4.1%, respectively. From the ICP-MS data, we estimated
that there were 2.95 x 10~° mg Au NPs per NCM (0.5 cm x
0.5 cm).

3.2. Sensing of Pb?* lons. When the BSA-Au NPs (1.5 nM)
reacted with $,05>" ions (1.0 mM) in a 5 mM glycine—NaOH
(pH 10) solutlon, $,05>" penetrated into the BSA layer and
Au(S,05),>" complexes were formed immediately on the Au
NP surfaces. The addition of Pb>" ions (1.0 M) and 2-ME
(100 mM) induced the deposition of Pb on the surfaces of the Au
NPs. The depos1t10n of Pb accelerated the dlSSOluthﬂ of the Au
NPs, forming Au*-2-ME complexes in the solution.® ® As a result,
the SPR absorbance of the BSA-Au NPs at 520 nm decreased
dramatically (see Figure 1A).

Because of the observation that $,05*  and 2-ME could
accelerate the leaching of the BSA-Au NPs by the Pb>* ions,
we further tested the BSA-Au NPs/NCM composite for the sensing
of Pb>" ions. In a proof-of-concept experiment, we recorded the
green component absorbance (G,,) of the BSA-Au NPs/NCM
after it reacted with the leaching agents (100 mM Na,S$,03 and
250 mM 2-ME) in the absence and presence of Pb>* (1.0 uM).

G.ps (8-bit, with brightness values from 0 to 255) are related to
the quantitation of Au NPs. A high value of G,,; indicates a decrease
in the intensity of observed red color and thus high amount of
leaching of Au NPs. Data point a in Figure 1B indicates BSA-Au
NPs with intense and homogenous color. Data point ¢ reveals
that PbCl, (1.0 M) accelerated the dissolution of the Au NPs on
the NCM in the presence of 100 mM $,05% and 250 mM 2-ME,
resulting in a large increase in G, In addition, we took
advantage of the high reproducibility of SALDI-MS and its
simple sample preparation techniques to prove the formation
of Pb—Au alloy on the Au NP surfaces during the acceleration of
the leaching rate (see Supporting Information Figure SS). 068789
As indicated in Supporting Information Figure S6, which displays
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Figure 1. UV—vis absorption spectra of (A) the BSA-Au NP solutions
and (B) the BSA-Au NP/NCM probes, recorded in transmission and
reflection mode, respectively. (A, inset) Time-course measurements of
values of UV-vis absorbance at 520 nm (Abss,) of solutions containing
(a) BSA-Au NPs (1.5 nM); (b) BSA-Au NPs (1.5 nM), Na,$S,0;
(1.0 mM), and 2-ME (100 mM); (c) BSA-Au NPs (1.5 nM), Na,S,0;
(1.0 mM), 2-ME (100 mM), and PbCl, (1.0 uM); (d) BSA-Au NPs (1.5
nM) and PbCl, (1.0 uM). (B, inset) (top) Photographic images of the
colors and (bottom) G, values of the BSA-Au NPs/NCM alone (a)
and reacted with various mixtures (b) Na,S$,05 (100 mM) and 2-ME
(250 mM); (c) Na,S,05 (100 mM), 2-ME (250 mM), and PbCl, (1.0
uM); (d) PbCl, (1.0 uM). Buffer: S mM glycine—NaOH solution (pH
10). Mixtures were reacted for 2 h. Abssy, and G,y are plotted in
arbitrary units (a. u.). Error bars in part B are standard deviation values
across four repetitive experiments.

a plot of G,y of the BSA-Au NPs/NCM, Pb**-induced leaching
of the BSA-Au NPs on the NCM reached completion within 2 h.
In contrast, only a slight increase in the green component
absorbance of the BSA-Au NPs/NCM occurred in the presence
of $,05> and 2-ME (b in Figure 1B). Compared with our previous
Au NP probe using $,05>~ (1.0 mM) and 2-ME (1.0 mM), the
relatively high concentration of $,05>~ (100 mM) and 2-ME
(250 mM) used in this study resulted in acceleration of the
leaching of BSA-Au NPs/NCM. The SEM image of the BSA-Au
NPs/NCM in Supporting Information Figure S1 reveals that
the Pb>* induced almost complete leaching of Au NPs by the
leaching agents (100 mM $,05>" and 250 mM 2-ME) in the
presence of 1.0 uM PbCl,.

3.3. Effects of 2-ME. The effect of pH on the leaching of
2-ME/S,05> —Au NPs in the presence of Pb>* have been studied
in our previous report.° We found that Pb>* ions accelerated the
dissolution of the Au NPs, which reached a maximum value at pH
10. We further investigated the effects of 2-ME concentration
(0—2.5 M) on the leaching of Au NPs in S mM glycine-NaOH
(pH 10) in the absence and presence of Pb>* ions (0.1 nM—10

3004
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6@ e.25M .
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Figure 2. Effects of concentrations of 2-ME (0—2.5 M) on the values of
G,ps of BSA-Au NPs/NCM in the presence of PbCl, (0.1 nM—10 uM)
and leaching agents (100 mM $,05> and 0—2.5 M 2-ME). Other
conditions were the same as those described in Figure 1.

UM). The rate of dissolution of BSA-Au NPs on the NCM in the
2-ME/S,05>" solution increased on increasing the concentra-
tion of 2-ME in the absence of Pb>* ions (Figure 2). In addition,
the rate of leaching increased on increasing the concentration
of Pb>* ions (10 nM—1.0 M) in the presence of a constant
concentration of 2-ME (within the range 100 mM—2.5 M).
Retardation of gold dissolution at concentrations of Pb>* greater
than 1.0 #M might be possible because of the formation of passive
layers of PbS on the surface of Au NPs. Although the 2-ME
(2.5 M)/S$,05> (100 mM) solution provided the best sensitiv-
ity for the detection of Pb>" ions, the reproducibility was poor
(RSD = ~8.2%) and the linear range was narrow (10—100 nM).
When using solutions of 2-ME (250 mM)/$,05> (100 mM),
we obtained a linear relationship (R* = 0.98) between the values
of G,ps of the Au NPs and the logarithm of the concentration of
the Pb>" ions in the range from 10 nM to 1.0 «M (see Figure 2).
The limit of detection (LOD; signal/noise (S/N) ratio = 3) for
the Pb** ions was 5 nM.

3.4.Sensing Pb>* under Microwave Irradiation. To shorten
the analysis time (<10 min), we employed microwave irradiation
to aid in leaching the Au NPs. Microwave-assisted leaching has
been widely studied in an effort to improve the yields of extracted
metal and to reduce process time.” Microwave (frequencies
~300 MHz—300 GHz) heating is one type of electroheating
technique that utilizes specific wavelengths of electromagnetic
energy.”' When applying microwave irradiation to materials, the
electric and magnetic components change rapidly, and the molecules
cannot respond quickly to the change in direction, giving rise to
friction and therefore causing them to warm up. The acceleration
of the leaching rate of gold minerals under microwave irradiation
was due to the superheating effect produced in a microwave
field.”>~ In addition, the different dielectric properties of the
liquid and solid might result in localized temperature differences,
creating strong convection currents at the surface of the micro-
waved solid.”*”” Therefore, diffusions of the reaction products
were rapidly promoted away from the surface. Figure 3A depicts
the Pb™" dose-dependent leaching of the BSA-Au NPs/NCM
without and with microwave irradiation (400—500 W). The rate
of dissolution of BSA-Au NPs on the NCM in the 2-ME/S,0;>~
solution increased upon increasing the microwave power.
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Figure 3. (A) Values of G, of the BSA-Au NPs/NCM probe in the
presence of PbCl, (0—10 nM) and leaching agents (100 mM S,05>~
and 250 mM 2-ME) under microwave irradiation (0—500 W). (B)
[(Gas — G%s)/G2ps] values of BSA-Au NPs/NCM probe in the
presence of PbCl, (0—5 nM) and leaching agents (100 mM $,0;* and
250 mM 2-ME) under microwave irradiation (450 W). Other conditions
were the same as those described in Figure 1.

In addition, the rate of leaching of gold increased upon increasing
the concentration of Pb** ions (0—10 nM). We should note that
the reaction times were shorter (10 min vs 2 h) under microwave
irradiation (see Supporting Information Figure S7) than in the
absence of microwave irradiation. At a constant concentration of
2-ME (250 mM) and S,05>~ (100 mM), we found that the
optimal microwave power to sense Pb** was 450 W (see Figure 3B),
based on the relationship between the signal enhancement ratio
[(Gaps — G%s)/GS%s] and the Pb>* concentration. The descrip-
tors Ggps and G, represent the green component absorbance
(Gaps) of the BSA-Au NPs/NCM probe in the absence and
presence of Pb>", respectively. Under the optimal conditions
(2-ME (250 mM), $,05>~ (100 mM), microwave (450 W)), we
obtained a linear relationship (R> = 0.96) between the values of
[(Gaps — G%s)/G%s] of the BSA-Au NPs/NCM and the con-
centration of Pb>" ions in the range from 100 pM to 1.5 nM
(see Figure 3B). The LOD (S/N ratio = 3) for the Pb** ions
was ~50 pM. One of the possible factors for this ultrahigh
sensitivity for Pb>* ions maybe the microwave temperature:
under microwave irradiation of 400, 450, and 500 W, the reaction
temperature was raised to ~50, ~75, and ~90 °C, respectively
(see Supporting Information Figure S8). The formation of passive
layers of PbS on the surface of Au NPs was reduced under the
higher temperatures, and thus retardation of the gold dissolution
at concentrations of Pb** greater than 1.0 #M was not found. But
we noted the reaction time was need 2 h to reach completion
even at 90 °C condition (data not shown). This microwave-assisted
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Figure 4. Selectivity of the BSA-Au NPs/NCM probe for Pb>* ions.
Concentration of Pb** ions was 10 nM; concentration of each of the
other metal ions was 100 nM. Error bars represent standard deviations of
four repeated experiments. Other conditions were the same as those
described in Figure 3B.

leaching method not only shortened the analysis time to 10 min
but also provided near two order of magnitude greater sensitivity
than the above results.

3.5. Selectivity. Because our BSA-Au NPs/NCM allowed for
the detection of Pb>" at concentrations as low as 50 pM in the
presence of 2-ME/ $,05%7, we tested its selectivity by further
investigating the changes in the values of G, of the BSA-Au
NPs/NCM in the presence of 2-ME (250 mM)/S,05>
(100 mM), one metal ion (Na*, K*, Mg**, Ca®*, Sr’*, Ba*™*,
Mn2*, Fe?*, Fe*, Co?*, Ni?*, Zn2*, Au™, Cu?*, Cr**, PE*, Cd*,
Ag", or Hg”" (100 nM)), and Pb>* (10 nM) under microwave
irradiation (450 W). As indicated in Figure 4, our paper-based
probe responded selectively toward Pb>" ions by a factor of
100 or more relative to the other metal ions. The tolerance
concentrations of these metal ions for the sensing of Pb>*
using this approach were at least 10 times greater than the Pb>*
concentrations (data not shown). Because 2-ME and Hg**
formed stable complexes in the bulk solution, formation of the
Au—Hg amalgam did not occur.® The stronger affinities of
alkanethiols {log S[Hg(SR),] = ~4S, log f[Ag(SR),] = ~35}
and $,05°" {log B[Hg(S,05° )" ] = ~31; log BlAg-
(5,05°7),>7] = ~25} for Hg2+ and Ag" ions resulted in the
formation of stable complexes in the bulk solution,”®*® thereby
inhibiting the formation of a Au—Hg amalgam or Ag—Au alloys
on the surfaces of the S,03°” —Au NPs. Our reasoning was
supported by the SALDI-MS and ICP-MS data; no Hg or Ag
species were detected.

3.6. Detection of Lead lons in Real Samples. We further
tested the sensitivity of our BSA-Au NPs/NCM probe for Pb>*
ions in a solution containing salt that mimicked physiological
conditions (150 mM NaCl, 5 mM KCl, 1 mM MgCl,, 1 mM
CaCl,) (see Supporting Information Figure S9A), 250 uM
cysteine (see Figure S9B), or 25 uM BSA (see Figure S9C),
provided that the LOD values were approximately 100 pM. Our
BSA-Au NPs/NCM showed a high tolerance to high concentra-
tions of salts, aminothiols, proteins in real environmental or
biological samples that might have induced the aggregation of
particles, and the formation of complexes with the Pb>" ions that
interfere with the detection of the Pb>*. Our results revealed the
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Table 1. Determination of the Concentrations of Pb>" in Urine (SRM 2672a) and Blood (BCR 634, 635, and 636) Samples by
Microwave (450 W) Assisted $,05> /2-ME-BSA-Au NPs/NCM Probe

$,0;> /2-ME-BSA-Au NPs/NCM probe,

sample certified value (M) mean =+ SD (uM, n=5)
SRM 2672a 120+ 0.15 1.17 £0.071
BCR 634 0.22+0.02 0.24+ 0.013
BCR 635 1.01 £0.12 1.04 £0.150
BCR 636 2.51+£0.24 248+ 0212

“The t-test value is 2.77 at a 95% confidence level.

consensus value (4M),

spiked [Pb**] (nM) R 95% confidence interval®
0—1.00 0.97 1.08—1.26
0-0.75 0.94 0.22—0.26
0—0.50 0.98 0.85—1.23
0—0.50 0.98 2.22-2.74

potential of this probe for the determination of the concentra-
tions of Pb*>* ions in complicated, real samples.

To validate that our proposed sensing strategy could have
practical applications for Pb>* analysis in environmental samples,
we used the BSA-Au NPs/NCM sensor to determine the levels of
Pb** in a sea water sample. Here, we obtained linear correlations
(R* = 0.96) between the values of [ (Gyps — Gs)/GSs] and the
concentration of the Pb*" ions spiked in the two-fold diluted sea
water in the range 100 pM—10 nM (see Supporting Information
Figure S10) using the BSA-Au NPs/NCM probe in the presence
of 2-ME (250 mM)/S,0;>~ (100 mM). In these measurements,
the BSA-Au NPs/NCM probe provided recoveries of 96%—105%
of the Pb** ions. Neither our sensing approach nor the ICP-MS-
based system detected the presence of Pb>* ions in the original
sea water sample.

We also utilized our sensor system to determine the Pb**
concentrations in urine and blood samples because their levels
can be indicative of exposure to lead. By applying standard addition
methods to our new approach (see Supporting Information
Figure S11A), we determined that the concentration of Pb**
ions in the SRM 2672a urine sample (certified value: 1.20 uM)
was 1.17 (£ 0.071) uM (n = S). Table 1 shows the results. Using
a t-test (the t-test value was 2.776 with a 95% confidence level),
the 95% confidence intervals for the Pb>" ions were 1.08—1.26
UM, revealing that no significant differences existed between the
values measured using our new approach and the certified values.
Similarly, we determined that the concentration of Pb>* ions in
the BCR human blood samples by applying a standard addition
method (see Supporting Information Figure S11B). Using a
t-test, the 95% confidence intervals for the Pb>" ions were in good
agreement with the certified values (Table 1). In addition, the
BSA-Au NPs/NCM probe could easily screen the Pb level in blood
samples by naked eyes (Supporting Information Figure S12).

4. CONCLUSION

We have developed a simple, low-cost paper-based probe for
the sensitive and selective colorimetric detection of Pb>* ions
using a BSA-Au NPs/NCM. The BSA-Au NPs/NCM allowed
for the detection of Pb** in the subnanomolar range by the naked
eye. The sensing of Pb>*, assisted by microwave irradiation, shortened
the analysis time to 10 min. This approach also demonstrated the
high selectivity (by at least 100-fold over other metal ions) and
sensitivity (LOD ~ 50 pM) for Pb>" ions. The sensitivity of our
assay to detect lead level in water is over two orders of magnitude
higher than the EPA standard limit. In comparison with those
nanoparticles- and oligonucleotides-based optical methods, our
BSA-Au NPs/NCM probe for Pb>" is relatively simple, cost-
effective, selective, and sensitive.>**#°° 7% Note that most other
techniques require covalent conjugation of alkanethiol-ligands,

thiolated-oligonucleotides to NPs or dye molecules to oligonu-
cleotides. In addition, most of these probes tended to suffer from
matrix interference, such as high concentrations of salts, aminothiols,
and proteins, in real environmental or biological samples. This
method should abrogate the need for synthesis of complicated
chemosensors or the use of sophisticated equipment. Taking
advantage of their high stabilities, the practicality of this method
was validated with the analyses of seawater, urine, and blood
samples. This simple, rapid, and cost-effective sensing system
appears to hold great practical potential for the detection of
heavy metal ions in real samples.
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