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The surface plasmon resonance of surface immobilized gold nanorods (Au NRs) was used to quantify
mercury in tap water. Glass substrates were chemically functionalized with (3-mercaptopropyl)
trimethoxysilane, which chemically bound the nanorods to produce a portable and sensitive mercury
sensor. The analytical capabilities of the sensor were measured using micromolar mercury concentrations.
Since the analytical response was dependent upon number of nanorods present, the limit of detection was
2.28 x 10~ '® M mercury per nanorod. The possibility to using glass substrates with immobilized Au NRs is
a significant step towards the analysis of mercury in tap water flows at this low concentration level.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The utility of noble metal nanorods (NR) in sensing devices has
been demonstrated in a variety applications, including the monitoring
of biomolecular binding, [1,2] elucidation of molecular motion, [3,4]
and enhancement of fluorescence [5,6] and Raman scattering [7]. The
design of these nano-scale sensors frequently exploit the localized
surface plasmon resonance (LSPR) that arises from the resonant
oscillation of electrons, which is sensitive to the refractive index of
the surrounding medium, the composition of the NR, as well as their
dimensions (see Mayer et al. for a recent review) [8]. Recent work in
developing myriad facile NR immobilization strategies [9-12] and
characterizing [2,3,13] the resulting surfaces has advanced the
possibility of utilizing immobilized NR sensors in routine analysis.

Herein, we describe an application of a well-studied immobiliza-
tion strategy to create gold (Au) NR-based sensors that are sensitive
to quantity, and selective for the presence of mercury. A known
environmental pollutant, mercury can damage brain, heart, kidney
and lungs; portable and robust methods for detecting mercury may
have important utility. While several means for accurate and
sensitive quantification of mercury exist, including atomic absor-
bance [14] and fluorescence spectroscopy, [15] voltammetric elec-
trochemical methods, [16] and peizo-electric quartz crystals, [17] a
platform for practical, portable on-site analysis could prove useful.
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Previously, the sensitivity of Au NR to metallic mercury was
demonstrated by Rex et al. [18] wherein the dual SPR peaks,
related to the axial and longitudinal dimensions of the NR,
indicated the concentration of mercury due to the Au-mercury
interaction. In that case, the known affinity for Au and metallic
mercury causes in amalgam formation, resulting an alterations to
the structure of the NR that can be monitored by recording the
absorption spectra of colloidal NRs. That work is extended here
with the use of silica substrates that are chemically functionalized
with (3-mercaptopropyl)trimethoxysilane (MPTMS). The thiol
group on the MPTMS provides a capture surface for the Au NRs.
The shifting of the LSPR peak maximum in the absorption spectra
was observed when the longitudinal:axial aspect ratio changed
linearly with respect to the mercury concentration in the pre-
sence of the NRs. The analytical figures of merit (AFOM) for the
detection and quantification of mercury using the sensors are
described, including characterization of the sensing substrate.

2. Experimental
2.1. Chemicals and reagents

All experiments used analytical-reagent grade chemicals. Hydro-
gen peroxide (30%), hexadecyltrimethylammonium bromide (CTAB)
and (3-mercaptopropyl)trimethoxysilane (MPTMS) were purchased
at Sigma-Aldrich. Au NR with peak LSPR wavelengths 615 nm
(6.29 x 10" nanorods/mL), and 750 nm (5.77 x 10'° nanorods/mL)
were purchased from Nanopartz, Inc. (Loveland, CO). According to
the manufacturer, their average dimensions were 25 x 51 nm and
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25 x 71 nm. Ethanol, sodium borohydride, mercury (II) chloride,
sodium nitrate, lead (II) nitrate, copper sulfate, arsenic pentoxide,
and sodium chloride were purchased from Fisher Scientific. Water
(18 MQ cm) was purified using a Barnstead Infinity Filter.

2.2. Instrumentation

A Cary 50 (Varian) single beam spectrometer was used to
record absorbance measurements. The illumination source was a
75-Watt pulsed xenon lamp with 2-nm fixed band-pass. Instru-
mental performance was monitored with a commercial standard
(Photon Technology International) consisting of a single crystal of
dysprosium-activated yttrium aluminum garnet mounted in a
cuvette-sized holder with a well-characterized quasi-line absorp-
tion spectrum. Wavelength accuracy was evaluated periodically
by comparing the recorded position of several spectral lines to the
maximum wavelengths provided by the manufacturer. The stan-
dard deviations of the average maximum wavelengths obtained
from repetitive scans within 300-800 nm confirmed the perfor-
mance of the spectrometer according to specifications
(+0.02 nm). When testing solutions, a 600 pL quartz cuvette
was used with 1-cm path length. To examine the absorbance of
the Au NR-modified substrates, the substrates were placed
against the face of a 1 cm quartz cuvette in the optical path.

Bright field images were acquired using a Nikon TE-2000U
microscope equipped with a mercury lamp and 0.52 numerical
aperture (NA) condenser. A Plan-Fluor 60X air objective (0.70 NA)
collected the light that was imaged using a Rettiga 1300i Fast
1394 CCD detector and QImaging software.

A Zeiss-ULTRA-55 FEG SEM was used to acquire images with an
in-lens detector. An electron acceleration voltage of 2 kV was used
to minimize charging the sample surface. Prior to imaging, surfaces
were coated with a graphite layer using vacuum deposition.

2.3. Gold nanoparticle immobilization

Glass cover slides were functionalized using the procedure
detailed by Okamoto and Yamaguchi [10]. The cover slides were
first cleaned using piranha solution (30% H,0, mixed in a 1:4
ratio with concentrated H,SO,) for twenty minutes and rinsed

with copious amounts of water. The slides were dried and then
immersed in a solution containing 10% ethanol and 90% MPTMS
(volume percent) for 10 min. The slides were again rinsed with
copious quantities of methanol before being immersed in the
colloidal Au nanoparticle solutions for two hours. Prior to immo-
bilization, the Au NR solutions were chemically reduced using
0.100 M sodium borohydride as a reducing agent. The concentra-
tions of the nanoparticle solutions varied based on the solution
provided by the supplier, for the nanoparticles with 615 nm LSPR
maximum, the concentration was 2.2 x 10'! nanoparticles/mL.
The slides were left in solution for 2 h; longer times resulted in
aggregation of NRs on the surface of the substrate.

2.4. Mercury detection measurements

Chemically functionalized glass cover-slides with immobilized
Au NRs on the surface were immersed in water and placed in a
cuvette in the beam path of a UV-vis spectrophotometer. Since
the amalgam formation between mercury and Au forms only with
metallic Hg (0), 2.22 x 10”4 M HgCl, was chemically reduced
using 0.100 M sodium borohydride. The mercury was reduced
prior to addition to the cuvette containing the Au NR sensor.
Small volumes of mercury were added to the cuvette and allowed
to react (10 min for immobilized NRs and 4 min for NRs in
solution) and the absorbance spectra were measured after the
additions, yielding a range of Hg concentrations from 1.0-
50.0 M.

3. Results and discussion
3.1. Imaging immobilized NRs

Substrates with immobilized Au NRs were prepared according
to Okamoto and Yamaguchi [10]. Images of the surface were
acquired using scanning electron microscopy. Similar to the
example shown in Fig. 1, a low incidence of NRs aggregation
was observed on the surface of most solid substrates. The number
of nanoparticles on the cover-slide increased with immersion
time, but long periods of immersion ( > 2 h) resulted in particle
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Fig. 1. Scanning electron microscope images of nanorods on the glass coverslide with different magnifications.
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aggregation. A bright field illumination image of the resulting
surface after ~24 h of immersion is shown in Fig. 2. The
aggregation of NRs appears in the absorbance spectrum of the
substrate, which shows spectral features at higher wavelengths
than the spectrum of dispersed NRs.

The SPR spectra of Au NRs may be altered by two factors: the
aspect ratio of the longitudinal to transversal dimensions, and the
refractive index of the surrounding medium. The detection of
mercury with Au NRs suspended in CTAB aqueous solutions is
accomplished because the amalgam formation at the longitudinal
ends of the mercury changes the aspect ratio (the aspect ratio
approaches unity) as the concentration of mercury increases [18].
Assuming the same type of phenomenon with surface immobi-
lized NRs, the ultimate sensitivity for mercury sensing would
probably result from monitoring the SPR of single NRs on the
surface of the solid substrate.

3.2. Mercury detection

The NRs response to mercury must be measured in a way that
minimizes changes in refractive index while the mercury con-
centration is measured. To distinguish between changes in the
absorbance spectra that result from alterations in the refractive
index, and changes in spectra that arise from mercury-Au
amalgam formation, absorbance spectra of NRs suspended in
solution were recorded and compared to spectra of the NRs
chemically immobilized to a silica substrate. The resulting spectra
(normalized for ease of comparison) are shown in Fig. 3 for two
different samples of NRs with different aspect ratios. When
immobilized on the substrate, the absorbance maxima of the
LSPR mode exhibit a shift to longer wavelengths. The shift in the
spectra can be attributed to a change in the refractive index of the
medium surrounding the NRs in contact with the thiol surface.
It has been previously reported that increasing the refractive
index of the medium surrounding the nanoparticles results in a
Amax Shift (AA) to longer wavelengths; while decreasing the
refractive index results in a blue spectral shift [19].

In order to attribute the shifting wavelength response to the
presence of mercury rather than the refractive index change
resulting from NRs immobilization, the spectra of immobilized
gold NRs was recorded prior to mercury addition, and the change
in wavelength was monitored with respect to the Ag.x of the
immobilized NRs. Upon addition of the reduced mercury solution,
the spectra showed a decrease in the SPR wavelength (Fig. 4A).
The change in /nax Was plotted as a function of the ratio between
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the molar concentration of mercury ([Hg]) and the number of NR
in solution, yielding a linear calibration curve (Fig. 3B).

It is important to note that the extent to which the aspect ratio
of the NRs changes is dependent upon the number of nanoparti-
cles present for a given concentration of mercury. This is an
important parameter regardless of whether the mercury is
detected with a suspension of NRs or with immobilized NRs.
Hence, the calibration for the quantification of mercury depends
upon the change in wavelength per NR. The concentration of
NRS in solution is commonly determined by measuring the
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Fig. 3. (A) Absorbance spectra of gold nanorods with dimensions 25 x 51 nm, and
(B) nanorods with dimensions 25 x 71 nm. The solid black line represents
nanorods suspended in aqueous solution; the gray line is the response of nanorods
immobilized on the substrate in aqueous medium, dashed line shows immobilized
nanorods in air.
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Fig. 2. Images of gold nanorods with longitudinal SPR peak of 615 nm immobilized on glass substrates. (A) Bright field image of gold nanorods with nanorod aggregation.

(B) UV/Vis plot of gold nanorods with (a) and without (b) aggregation.
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absorbance, which was the technique employed here. The num-
ber of NRs immobilized on the substrate was determined by
measuring the absorbance spectrum and calculating the concen-
tration of nanoparticles in the solution while the solution con-
centration was depleted by immobilization onto the glass cover-
slide. The absorbance data were baseline corrected and the
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Fig. 4. (A) Absorbance spectra of immobilized gold nanorods in aqueous solution
with addition of reduced mercury. (B) Calibration curve showing the change in the

SPR response of the sensor in the presence of mercury as well as solution
nanoparticles.

Table 1

Analytical figures of merit for mercury detection using gold nanorods.

difference in absorbance used to calculate the number of nano-
particles per unit surface area of the cover-slide Fig. 4.

3.3. Analytical figures of merit

The AFOM were investigated for two types of sensors, i.e.
immobilized Au NRs on solid substrates and Au NRs suspended in
liquid solutions. 25 x 51 nm Au NRs were used in both types of
sensors. After estimating the number of particles present on the
surface of each sensing device, the SPR response (AZ) in the
presence of mercury was plotted as a function of the ratio
between [Hg] and the number of NR on the surface of the sensor.
Plotting A4 as a function of [Hg]/NR eliminates potential sensi-
tivity variations due to differences in nanoparticle density on the
surface of the substrate. The obtained results are summarized in
Table 1. Each calibration curve was built with a minimum of five
mercury concentrations. For each concentration plotted in the
calibration graph, AZ1 was the average of three determinations
taken from three spectral runs. No efforts were made to obtain
the upper limit of the linear concentration range. The linear
fittings (AA=b-[Hg]/NR+a) and the statistics of the fittings
(a+ s, and b + sp) were calculated with the least squares method
and are shown in Table 1 [20]. The correlation coefficients of the
calibration curves were close to unity; F-value of 5.1 was calcu-
lated for solution calibration (the critical F-value is 19.1) indicat-
ing that the calibration is linear with 95% confidence [20]. The
sensitivity (A4 - NR/ [Hg]; units of nm M~!) of the sensing devices
was calculated as the slope (b) of the calibration curve. The limits
of detection were calculated using the equations recommended
by the International Union of Pure and Applied Chemistry.[21]

Comparison of the 25x51nm NR in solution with the
25 x 51 nm NR immobilized on solid substrates shows sensitiv-
ities of the same order of magnitude. Apparently, the chemical
attachment of NR to the surface of the substrate does not affect
significantly the surface of Au available for mercury interaction at
the tips of the NRs. This is in good agreement with the SEM
images that show most Au NR flattened on the surface of the
substrate (see Fig. 1). The lower LOD with Au NR immobilized on
solid substrates result from their approximately two times (~ 2x)
better sensitivity and the ~3x smaller standard deviation of the
linear intercept. One possibility for the poorer reproducibility of
measurements in liquid solutions is the scatter resulting from the
longer optical path length and the random motions of Au NRs.

3.4. Interference studies with the solid substrate Au NR sensor

The utility of a mercury sensor relies upon its sensitivity for
mercury without interference by other species, in this case
inorganic ions that could be present, and reduced with the NaBH,
along with the mercury, in a sample matrix. Our selection of
potential interferences followed the Environmental Protection

Solution with 25 x 51 nm NR
A2=1.30 x 10'8. [Hg]/NR+0.2

Ai=b . [Hg]/NR+a!

Solid substrate with 25 x 51 nm NR
A2=2.99 x 10'8. [Hg]/NR—0.1

Correlation coefficient 0.9952
Sensitivity (AA-NR-[Hg])?

Standard deviation of the slope®
Standard deviation of the intercept®

LOD (M/NR)*

+ 0.6 nm
249 x 10718

1.30x 10"  nm NRM !
+0.06 x 10"  nm NRM "

0.9957

2.99x 10" nmNRM~!
+0.09x 10" nm NRM~!
+ 0.2 nm

3.24x10°1°

1 Equation for best linear fit; b=slope; a=intercept.

2 Sensitivity =slope of calibration curve.

3 Calculated according to Ref. 20.

4 LOD=Limit of detection. Calculated according to Ref. 21.
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Table 2

Shift in absorbance maximum wavelength for gold
nanorod sensor in the presence of 5uM of the
listed potentially interfering species.

Compound Almax (nm)
As,05 0.5+0.1
Ba(C,H30,), ~05+0.1
CuSO4 —0.5+0.1
NaCl 0.0+0.3
Pb(NO3); —0.7+0.1

Agency list of soluble inorganic ions (arsenic, barium, copper,
sodium and lead) and a variety of counterions (oxide, acetate,
sulfate, chloride and nitrate) commonly found in tap water
composition [22]. Each ion was individually tested at the 5.0 uM
concentration, i.e. a much higher concentration than the max-
imum ion concentration allowed by the EPA in tap water samples.
The reference signal (Amax Of the LSPR of immobilized Au NR) was
measured from a solid substrate immersed in Nanopure water
prior and after spiking the reference sample with a Nanopure
water solution of appropriate ion concentration. The obtained
results are summarized in Table 2. Because the standard devia-
tions of the average Anmax vValues are within the experimental error
of the reference signal (P=95%; N=3), it is safe to state that none
of the ions caused significant spectral shifts that could interfere
with the accuracy of mercury detection.

3.5. Quantification of mercury in tap water

The ability of Au NR substrate to detect mercury in tap water
was evaluated by standard addition of an unspiked tap water
sample. The Au NR substrate was immersed in a cuvette contain-
ing 2.0% (volume percent) tap water (reduced with 0.1 M NaBH,).
Aliquots (5 pL) of 200.0 uM HgCl, were added to the cuvette to
construct a standard addition curve. The concentration of mer-
cury in tap water would be calculated by extrapolating to the
x-intercept of the standard addition curve (Fig. 5A) yielding a
concentration of mercury 9.5 x 10~ 1% M, a value that is actually
below the limit of detection for the sensor.

The quantification capabilities for mercury in contaminated tap
water were also evaluated by creating a synthetic sample including
several of the EPA contaminants previously discussed (in that case,
no mercury was present). This test of a synthetic sample would
reveal whether the mercury interaction with the potentially inter-
fering species would result in erroneous quantification of the
analyte. The synthetic mixture contained all of the following species
at their EPA limits (included parenthesis): sodium chloride
(7.0x 1073 M), copper sulfate (2.1 x 10~>M), barium acetate
(1.5 x 1075 M), and arsenic (V) oxide (1.3 x 10~7 M), (lead nitrate
(7.2 x 10~8 M). The mixture also contained mercury, spiked to a
concentration of 2.5 x 10~7 M. The standard addition curve for the
analysis is shown in Fig. 5B. The concentration determined from the
standard addition plot was 5.0 ( + 1.6) x 10~7 M, which was t-tested
and found to be indistinguishable (95% confidence) from the spiked
concentration, since x( + ts,n~**) was 5.0( +4.3) x 10~".

4. Conclusion

This article details the analytical capabilities of Au NR immo-
bilized on a glass substrate for sensing mercury in water samples.
In comparison to solution measurements, the immobilization of
Au NR on a solid substrate improves both the sensitivity and the
LOD. No interference was observed from several inorganic ions
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Fig. 5. (A) Standard addition curve for the quantification of mercury in tap water.
(B) Standard addition curve for the quantification of a synthetic contaminated
water sample containing potentially interfering species.

commonly present in tap water samples. This selectivity results
from the amalgamation of mercury to Au. The possibility to using
glass substrates with immobilized Au NRs is a significant step
towards the analysis of mercury in water flows, an approach
under current investigation in our lab. By immobilizing Au NRs on
the surface of a glass surface it is also possible to examine single
NRs via dark field microscopy. Monitoring the spectral shift of the
LSPR from a single NR should provide the ultimate sensitivity
towards the analysis of mercury with Au NR.
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