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ABSTRACT: Gold nanorods (AuNRs) have emerged as a powerful element in the
development of nanomaterial-based sensors due to their localized surface plasmon resonance
extinction at visible and near-infrared wavelengths. In this study, we present a strategy for
plasmonic detection of mercury using PEG-thiol-coated AuNRs (PEG@AuNRs). The
PEG@AuNRs, prepared by a simple ligand exchange, demonstrate superior advantages
including sensitivity, stability, and specificity than the as-synthesized hexadecyltrimethy-
lammonium bromide-coated AuNRs. The plasmonic responses of PEG@AuNRs toward the
same amount of Hg in the system can be significantly manipulated by adjusting the AuNR
concentration in the system and the incubation time between AuNRs and Hg2+. Both Hg2+−S complexation and amalgam formation
contribute to the unique behavior of plasmonic response which enable the design of a smart Hg2+-sensing platform with an
adjustable peak plasmonic response region. This study not only demonstrates the advantages of mercury-sensing systems based on
PEG@AuNRs but also advances the fundamental understanding of ligand impacts on plasmonic properties for the plasmonic
detection of mercury.
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■ INTRODUCTION

Mercury, as one of the most toxic metals, is not biodegradable
and can accumulate in living organisms, where even trace
amounts can accrue to cause damage to the brain, kidneys,
lungs, and the nervous system.1−3 Mercury pollution, especially
from the water-soluble divalent mercury ion (Hg2+), which is
one of the most stable inorganic forms, continues to be a
serious issue of concern on the global scale.4 Great efforts have
been devoted to exploring various approaches for monitoring
Hg2+ in aqueous samples. Currently, various techniques,
including atomic fluorescence spectroscopy, gas chromatog-
raphy−inductively coupled plasma mass spectrometry, atomic
absorption spectrometry, and cold vapor mercury analysis, are
available for the determination of Hg2+.5,6 However, these
techniques are restricted by the cost of equipment, complexity
of sample pre-treatment, and the necessity of a laboratory
setting. Therefore, a highly sensitive and selective approach to
detecting Hg2+ that avoids the need for advanced instruments
is urgently needed.
Due to their sensitive optical response arising from localized

surface plasmon resonance, novel metal nanomaterials have
been frequently used to construct sensors for detecting
Hg2+.7−9 Among the potential sensing techniques, the
colorimetric method using metal nanomaterials for Hg2+

detection allows the analyte recognition event to be converted
to naked-eye-sensitive color change and is often favored due to
its simplicity, speed, and low cost.10−14 In order to make the
colorimetric detection of Hg2+ possible, many studies have
applied the aggregation-based method, which relies on Hg2+

directly or indirectly changing the distance between metal
nanoparticles resulting in a strong plasmon coupling of these
metal nanoparticles and a color change in the colloidal
solution. DNA, organic molecules, and peptides are functional
ligands often used to detect Hg2+ using the aggregation
method.15−18 For example, mercapto derivatives with
sulfhydryl group molecules often functionalize the surface of
metal nanoparticles due to the strong Au/Ag−S bond. The
introduction of Hg2+ will induce the aggregation of nano-
particles by forming interparticle complexes between Hg2+ and
labeling ligands, which then lead to the color change.19

However, there are intrinsic disadvantages in such methods,
including unpredictable auto-aggregation and the necessity for
labeling steps on the surface of nanoparticles.
To overcome these issues, the morphology transition-based

method has been developed, which recognizes the target Hg2+

by inducing the surface chemical reaction of a certain analyte.
Chen and co-workers demonstrated a novel sensor for Hg2+

detection based on the morphology transition of silver
nanoprisms modified with thiol-ended ligands. In their system,
the presence of thiol ligands can protect the stability of silver
nanoprisms without Hg2+. When Hg2+ is added, the thiol group
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detaches from the surface of silver nanoprisms forms
complexes with Hg2+, leading to the consumption of silver
atoms on the surface by iodine. Eventually, the morphology of
the particle is changed, which can be monitored by the color
and UV−vis absorption spectra of the colloidal solution.20 Xu
and co-worker synthesized gold nanostars and used them as a
probe for detecting Hg2+. In this work, the morphology of gold
nanostars was deformed due to the formation of Au−Hg
amalgamate which changed the localized surface plasmonic
resonance of gold nanostars.21

For high-sensitivity optical response based on morphology
transition, gold nanorods (AuNRs) have shown their superior
advantage over others due to their large spectral shift for a
given change in their size, aspect ratio (AR), and refractive
index of the surrounding media.22−24 An early example using
AuNRs for Hg2+ detection is from Rex et al. The detection was
based on the amalgamation process between mercury and gold.
The as-synthesized AuNRs were coated with hexadecyltrime-
thylammonium bromide (CTAB) ligands. The mercury
formed by the reduction of Hg2+ initially deposited on the
tips of AuNRs due to the low-density CTAB packing on the
surface of AuNRs resulted in the decrease of the effective AR
of the nanorods. The longitudinal band was highly sensitive to
the AR change, which can be observed as a blue shift.25

However, due to the nature of CTAB packing on AuNRs, it is
known that the stability of CTAB-coated AuNRs (CTAB@
AuNRs) is low, which is not ideal for a practical sensor.22,26 A
productive AuNR sensing system would ideally have stable
NRs in a complex solution as well as have a preferred reaction
location on the area of the NR surface that gives the most
sensitive plasmonic response. Furthermore, it is advantageous
for the region of maximum plasmonic response to be
adjustable to the unknown Hg2+ concentration.
Herein, the PEG-thiol-coated AuNRs (PEG@AuNRs) were

fabricated by a simple ligand-exchange approach and were used
as plasmonic nanotransducers to monitor the amalgamation of
Hg with the AuNRs. Due to the local curvature on the AuNR,
the amalgamation occurred preferentially and actively at the
rod tips of the PEG@AuNRs, which give the most sensitive
plasmonic response. The PEG@AuNRs show superior
performances, including sensitivity, stability and specificity,
over the CTAB@AuNRs. Furthermore, by varying both the
concentration of overall PEG@AuNRs and the incubation time
(tincubation) between PEG@AuNRs and Hg2+, the amount of
attached PEG-thiol ligands in the system was controlled, which
in turn had an impact on the plasmonic responses of PEG@
AuNRs to the same amount of Hg. The mechanism for the
strategy based on PEG@AuNRs was proposed and established
by the evidence provided via various techniques. We believe
that the reported new strategy for the detection of Hg2+ is
promising for constructing a smart Hg2+-sensing platform with
adjustable peak sensitivity and selectivity.

■ MATERIALS AND METHODS
Materials. CTAB, gold(III) chloride trihydrate (HAuCl4·3H2O),

L-ascorbic acid (L-AA), hydrochloric acid, thiolate polyethylene glycol
(PEG-SH) (Mn 5000), and ethanol (EtOH) were purchased from
Sigma-Aldrich (USA). Sodium borohydride (NaBH4) was purchased
from Merck, and silver nitrate (AgNO3) was purchased from Fisher
Scientific (USA). Mercury chloride was purchased from Sigma-
Aldrich (USA). All chemicals were used as received without further
purification.
Synthesis of CTAB@AuNRs. The CTAB@AuNRs were synthe-

sized in a large batch via a seed-mediated growth method.27 To

prepare the seeds, 0.250 mL of 0.01 M HAuCl4 was added to 10.0 mL
of 0.1 M CTAB. 0.600 mL of 0.01 M NaBH4 was then added. The
solution color changed from orange to light brown, indicating the
formation of gold seeds. The solution was stirred for 2 min and left to
stand for 2 h. For the growth solution, 450 mL of 0.094 M CTAB
aqueous solution was prepared and fully dissolved by putting it in a 45
°C water bath. The solution was cooled to room temperature (RT)
before further use. 18 mL of 0.01 M HAuCl4 was then added to the
surfactant solution and fully mixed by inversion. This was followed by
the addition of 2.7 mL of 0.01 M AgNO3 and 2.9 mL of 0.1 M L-AA,
and the solution was fully mixed by inversion. Finally, 1.8 mL of Au
seed solution was added to the mixture and the solution was inverted
for 30 s and then left in a dark cabinet at RT for approximately 12 h.
Note that the as-synthesized CTAB@AuNRs were first purified by
centrifugation twice at 18,000 rpm for 20 min in order to remove the
redundant CTAB in solution and can then be used for detecting Hg2+.

Ligand Exchange with PEG-Thiol. The as-synthesized 40 mL
CTAB@AuNR solution was first purified by centrifugation twice at
18,000 rpm for 20 min and then re-dispersed in 40 mL nanopure
water with 33 mg PEG-thiol, which was used to replace the CTAB
layers on AuNRs. The solution was stirred at RT for 14 h before it
was centrifuged four more times before use. It is important to note
that during the first two times, the particles were redispersed in
ethanol solvent and nanopure water was used as a solvent for the last
two times. The final solution volume was 20 mL. The prepared
solution was then stored under refrigeration until needed.

Detection Method. As a general procedure for detecting Hg2+,
300 μL of PEG@AuNRs with a specific concentration was first mixed
with different concentrations of 10 μL HgCl2 solution. Depending on
the tincubation, 300 μL of fresh ice-cold NaBH4 solution was
subsequently added to the mixture. The ice-cold NaBH4 solution
was prepared by diluting 1 mL of 16.5 mM NaBH4 solution with 9
mL of chilled water. The final solution was mixed vigorously and left
for about 10−15 min at RT until the color of the solution changed
completely. To ensure the completion of amalgamation, the solutions
were kept at RT for 20 min before the measurement of the absorption
spectrum. Experiments on detecting other metal ions were performed
similarly. The concentration of AuNRs was determined by the
absorption intensity of the longitudinal peak for the solution. The
default absorption intensity of AuNR solution for sensing was about
0.6 abs. (with 1 cm path length).

Characterization. All UV−vis−NIR spectra for sensitivity and
selectivity were recorded with a JASCO UV−Vis−NIR spectrometer.
Scanning transmission electron microscopy (STEM) images of
AuNRs were obtained using a JEOL 7200 scanning electron
microscope in STEM mode. High-resolution transmission electron
microscopy (HRTEM) images were acquired on a FEI Tecnai Spirit
equipped with a Gatan Ultrascan 4000 4k × 4k CCD camera. Nuclear
magnetic resonance (NMR) spectra were acquired on a FT-NMR
Bruker AVANCE III 500 MHz in 1H NMR mode.

■ RESULTS AND DISCUSSION
Synthesis, PEG Ligand Modification, and Character-

ization. The PEG@AuNRs were prepared by mixing PEG-SH
with CTAB@AuNRs. After the reaction of the thiol group of
PEG with the surface of AuNRs for 14 h at RT, CTAB was
removed by repeated washing and centrifugation with ethanol
and water, as depicted in Figure 1a. The absorption spectra of
AuNR solution before and after ligand exchange were
measured (Figure 1b). The as-prepared CTAB@AuNR
solution (blue line) has two absorption peaks at 510 and
770 nm that are assigned to the transverse localized surface
plasmonic resonance (TSPR) and longitudinal localized
surface plasmonic resonance (LSPR) bands of AuNRs,
respectively. When functionalized with the PEG thiol ligand
(red line), the SPR bands of PEG@AuNRs do not show
obvious shifts (<5 nm), indicating that PEG@AuNRs were
prepared without the formation of aggregates, and similar
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observations have been reported by others as well.28 The as-
synthesized CTAB@AuNRs and the ligand-exchanged PEG@
AuNRs were characterized via NMR spectroscopy. Figure S1
and Table S1 show the 1H NMR spectra of CTAB@AuNRs
(a) and PEG@AuNRs (b) and the summary of 1H chemical
shift assignment for CTAB which have been reported
previously.29,30 Comparing the 1H NMR spectrum of
CTAB@AuNRs, it is clear that the 1H NMR spectrum of
PEG@AuNRs (after the ligand-exchange process) shows
significant disappearance of the CTAB methyl resonance at
0.85 ppm (red dashed circle), and the presence of PEG long
chain resonance at 3.5 ppm is clearly distinguishable. These
NMR results demonstrate that the ligand-exchange process can
significantly replace CTAB with PEG. STEM analysis
confirmed that the PEG@AuNRs remained well-dispersed
after the ligand exchange. The STEM images of CTAB@
AuNRs and PEG@AuNRs in Figures S2 and 1c show that the
morphology of AuNRs is not impacted during the ligand
exchange and the majority of nanomaterials have a rod shape,
with a small number of cubes produced as well. In addition,
from the STEM image, the length and the width of the
synthesized AuNRs were around 48 ± 5 and 14 ± 2 nm,
respectively, with an AR of 3.6 ± 0.8. It is noticed that the
process of ligand exchange decreases the AuNR concentration
to some extent. Thus, in this study, the LSPR absorption
intensity of AuNR solution will be used to represent the
concentration of AuNRs in the sensing system.
Comparison of Sensitivity, Selectivity, and Stability

of PEG@AuNRs and CTAB@AuNRs in Mercury Sensing.
The performances of CTAB@AuNRs and PEG@AuNRs in
detecting mercury were compared. The mercury-sensing
mechanism for both cases is based on the amalgamation
process. To trigger this amalgamation process, fresh, ice-cold
NaBH4 was employed to reduce Hg2+ to Hg0. Then, the Hg0

diffused on the surface of AuNRs, where it subsequently
underwent amalgamation with the AuNRs. It is important to
know that most of the active sites of the AuNRs were located
at their tips,25,31 where the amalgams formed more efficiently,

since the ligands in the tips are relatively loose due to their
positive curvature. Therefore, the long axis of the AuNR
decreases more drastically due to amalgamation than the short
axis, resulting in a reduced AR. On the absorption spectra, this
will cause the LSPR to have a blue shift due to the two
concomitant effects resulting from the deposition of mercury:
alteration of the nanorod surface composition and shape
transition. Based on the relationship between LSPR shifts and
the concentration of Hg2+ ([Hg2+]), a detection system for
Hg2+ can be built.
The initial absorption intensities of both CTAB@AuNR and

PEG@AuNR systems are very similar, at about 0.62 abs.,
indicating the very similar concentration of AuNRs in the
solutions. As shown in Figures 2a and S3, for both CTAB@

AuNRs and PEG@AuNRs, with the increase of [Hg2+] ranging
from 0 up to 3690 nM, the LSPR peak shows a continuous
blue shift (shorter wavelengths), while the TSPR peak is
almost fixed at ∼510 nm. Thus, the degree of LSPR shift was
used as the response to detect [Hg2+]. It is worth mentioning
that in these experiments, AuNR samples were all immersed in
Hg2+ for less than 1 min before fresh ice-cold NaBH4 solution
was added, and all results were recorded after 10−15 min when
the optical responses of the resulting AuNR solution were
stable. The spectra at 0 nM Hg2+ for both CTAB@AuNRs and
PEG@AuNRs were measured from the AuNRs mixed with
NaBH4, which result in a blue-shifted LSPR. From the
collected spectra over the range of [Hg2+], the LSPR peak of
CTAB@AuNRs started at 750 nm with 0 nM Hg2+ and shifted
to 695 nm at 3690 nM Hg2+. In contrast, the PEG@AuNR
solution shows a larger shift range, from 780 nm with 0 nM
Hg2+ to 600 nm at 3960 nM Hg2+.
Figure 2b summarizes the mean of the LSPR shift of the

CTAB@AuNR solution (blue line) and the PEG@AuNR
solution (red line) based on three trials as a function of [Hg2+]
for each system. Δλ is defined as the LSPR wavelength change
relative to its corresponding initial reference value (at 0 mM
Hg2+). At lower concentrations ranging from 0 to 1640 nM,
the optical responses for both CTAB@AuNRs and PEG@
AuNRs are linear. However, as [Hg2+] increases, the optical
responses of the CTAB@AuNR and PEG@AuNR systems
show an interesting deviation. For the CTAB@AuNR system,
a linear response with R2 = 0.987 was obtained for
measurements performed in the 1640−3690 nM Hg2+ range.
In comparison, the PEG@AuNR system shows an exponential
change (R2 = 0.993) as a function of [Hg2+], demonstrating a
much higher sensitivity to changes in this [Hg2+] range. Note

Figure 1. (a) Schematic illustration of the ligand-exchange process
between PEG-thiol ligands and CTAB ligands on the surface of
AuNRs. (b) UV−vis absorption spectra of CTAB@AuNRs and
PEG@AuNRs. (c) STEM image of PEG@AuNRs after ligand
exchange.

Figure 2. (a) Spectra of PEG@AuNRs amalgamated at various
concentrations of Hg2+: 0 nM (black), 820 nM (red), 1640 nM
(blue), 1900 nM (green), 2460 nM (purple), 2720 nM (orange),
3000 nM (aquamarine), 3280 nM (brown) and 3690 nM (gold). (b)
Plots of the mean of LSPR shifts for PEG@AuNR and CTAB@AuNR
as a function of concentration of Hg2+.
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that at higher concentrations (>3690 nM), the Δλ reaches a
plateau and barely changes, which will be discussed further
later. Thus, the AuNRs exhibit a disparate performance with
different ligands, suggesting the vital role of these ligands in
sensing systems.
One distinct difference between CTAB@AuNRs and PEG@

AuNRs is that the surface of AuNRs has a double layer of
CTAB or a single layer of PEG, respectively, as shown in
Figure 1a. It is possible that this difference in the density of
ligands around the AuNRs has an impact on their relative
detecting performance due to unequal accessibility. The
ligands around the surface of AuNRs impede Hg0 from
accessing the surface, and the ligand density is higher for
CTAB@AuNRs. Additionally, there must be a certain number
of free CTAB molecules in the CTAB@AuNR colloidal
solution as the outer layer of the CTAB bilayer must
continuously exchange dynamically in order to stabilize the
AuNRs.22 It is possible that the surface of AuNRs is covered by
ligands even as the amalgamation process disrupts the initial
packed ligands on the AuNR surface. Thus, the optical
response of CTAB@AuNRs is linear to additional [Hg2+].
However, in the case of PEG@AuNR solution, the density of
PEG around the AuNR surface is lower than that with CTAB
due to the single layer. Thus, the contact area between mercury
and the gold surface is larger, resulting in significantly higher
amalgamation rates as reported elsewhere.32 With higher
concentrations of additional Hg2+, there is a larger extent of
amalgamation reactions resulting in a larger optical response of
AuNRs.
Figure 3a shows the images of PEG@AuNR (top) and

CTAB@AuNR (bottom) solutions after reacting with the same

range of [Hg2+], showing the transition of the solutions’ color
from red (right, low [Hg2+]) toward green (left, high [Hg2+]),
which well-correlated with the observed spectral change seen
in Figure 2a. These photos were taken one day after the
reaction was complete. The PEG@AuNR system solutions
have clear differences in color, are still very well dispersed, and
have no aggregation formed, while the CTAB@AuNR system
solutions formed aggregates which precipitated out of the
solution leaving the solution colors very pale. These results are
not surprising since it is well known that PEG-modified AuNRs
are more stable under various conditions than CTAB-modified
AuNRs, as claimed in other studies.28,33

To further study the specificity performance of CTAB@
AuNRs and PEG@AuNRs for the determination of Hg2+,

some inorganic metal ions were tested under the same
experimental conditions, including Ag+, Ba2+, Cr3+, Fe2+, and
Na+. The inorganic metal ions selected for use in this paper are
commonly used in the literature as interference ions and were
chosen to be consistent with related works.21,34 The same
amount of CTAB@AuNRs and PEG@AuNRs was exposed to
3280 nM solutions of each of those metal ions as well as to
Hg2+ and 0.8 mM NaBH4 solution was then added. The results
are shown in Figure 3b. Each column represents the Δλ
averaged over three trials. Note that the added ions were mixed
with AuNRs for less than 1 min before adding NaBH4. In the
sensing system of PEG@AuNRs (red bar), the addition of
Hg2+ causes a large shift of 71 nm, while there are no obvious
shifts in the presence of other metal ions. This indicates the
high selectivity against Hg2+ making PEG@AuNRs reliable for
the determination of Hg2+ in complex samples.
We observed that the CTAB@AuNR system exhibits a

dramatic shift to several metal ions. It is not surprising that the
system has the largest blue shift, of about 57 nm, for Hg2+ due
to the amalgamation-caused morphology change of AuNRs.
Additionally, the LSPR of CTAB@AuNRs has a similar-sized
red shift, about −64 nm, for Cr3+. This is possible because Cr3+

can coordinate with nitrogen in the CTAB-capping ligand on
AuNRs, inducing the aggregation of AuNRs, resulting in a
significant red shift. Further evidence of this is that the
corresponding solution of CTAB@AuNRs turns purple after
mixing with Cr3+, indicating the aggregation of AuNRs.
Furthermore, it is noteworthy that the standard deviations of
Δλ shifts in the CTAB@AuNR system are much larger than
those in the PEG@AuNR system, particularly for Hg2+, Na+,
and Fe2+. We believe that the amount of free CTAB in the
CTAB@AuNR solution will have an impact on the
reproducibility of each trial, and it is challenging to obtain
accurate concentrations of CTAB based on standard
procedures. The standard procedure of washing the synthe-
sized CTAB@AuNRs two times maintains the CTAB
concentration under 0.01 mM but does not allow for more
precise control.22,35

Manipulating the Mercury-Sensing Performance of
PEG@GNRs. Dilution Impact. Various concentrations of
PEG@AuNRs, determined by the LSPR absorption intensity
of the solution, were prepared via dilution or concentration
processes to study the rates of LSPR shift in a range of [Hg2+]
and the results are shown in Figure 4a. The maximum Δλ for

Figure 3. (a) Images of AuNR solutions after reduction with mercury,
PEG@AuNRs (top) and CTAB@AuNRs (bottom). Concentration of
Hg2+ from right to left in each tubes are as follows: 0, 820, 1640, 1900,
2460, 2720, and 3280 nM. (b) Selectivity of CTAB@AuNRs and
PEG@AuNRs against indicated ions (whose concentration is 3280
nM).

Figure 4. (a) Plots of mean LSPR shifts of PEG@AuNRs with various
concentrations of solutions as the function of [Hg2+]. Curves in (a)
fitted to data before plateau (green shaded area) are reached. (b)
Plots of the mean of relative absorbance of PEG@AuNR solutions
against various [Hg2+]. The value of relative absorbance is obtained by
subtracting the TSPR absorption intensity from the LSPR absorption
intensity of the spectrum. The red curve is the linear fitting of the
lowest point on each absorption solution.
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all systems were similar, which we call the plateau. The
approximate plateau is shown in green shading in Figure 4a.
The result for the PEG@AuNRs with 0.99 abs., plotted in
yellow in Figure 4a, shows that the mean of Δλ follows an
exponential increase (R2 = 0.99) as the function of [Hg2+]
grows from 0 to 5747 nM. When the concentration of AuNRs
decreases to an absorption of 0.75 abs., the mean of Δλ
similarly follows an exponential increase as a function of
[Hg2+], though this increase is faster than before and the
plateau is reached around 4100 nM, as is shown in purple in
Figure 4a. With further dilution of AuNR concentration, the
rate of change continues to have an exponential relationship
with [Hg2+], though the growth rate is faster, and the plateau is
reached at increasingly low levels of [Hg2+]. Note that the
curves in Figure 4a were only fitted to data before the plateau
was reached for each system in order to clearly illustrate the
relationships between [Hg2+] and Δλ in the regions where Δλ
is changing. Figure 4 indicates that a region of high sensitivity
to changes in [Hg2+] can be selected by adjusting the
concentration of AuNRs appropriately. The reason for Δλ
reaching its “plateau” quicker when the AuNR concentration is
lower was mentioned above. With lower concentrations of
AuNRs but the same amount of Hg2+, there will be more
amalgamation of each individual nanorod. The consistent
maximum Δλ (“plateau”) indicates that the final shape of
individual AuNRs due to the impact of amalgamation is the
same regardless of the concentration of AuNRs in solution if
[Hg2+] is sufficiently high. In addition, the detection limit of
each concentration of PEG@AuNRs was calculated based on
the equation LOD = 3S_blank/slope. The results are
summarized in Table S2. It is worth mentioning that the
blank solutions were obtained by mixing the PEG@AuNR
solutions with certain concentrations and the sodium
borohydride solution. Overall, the LOD is not much different
when changing the NR concentration and there is no trend in
LOD changes when increasing the PEG@AuNR concen-
tration.
Figure 4b shows the mean difference in relative absorption

intensity of amalgamated PEG@AuNR solutions at various
[Hg2+], obtained by subtracting the TSPR absorption intensity
from the LSPR absorption intensity of the spectra. This
relationship is obtained for systems with differing concen-
trations of AuNR solution. Each system’s results are
individually plotted in Figure S4. In general, the trend for
each system is similar. When [Hg2+] is increased, the difference
in TSPR/LSPR absorption intensity initially decreases and
then reaches a turning point, which again begins to increase as
[Hg2+] is increased further. The turning point for each system
can be more clearly observed in the individual plots in Figure
S4. We believe that during amalgamation, which is the process
of Hg0 diffusing into the AuNRs and forming Au@Hg
nanoalloys, there are two key stages impacting the absorption
intensity change. In the early stage, the amalgamation takes
place more effectively and preferentially on the tips of the
AuNRs, decreasing the AR of the AuNRs and causing the
reduced difference in absorption intensity. This is likely due to
the smaller scattering cross section of Au@Hg nanoalloys. In
the later stage, the Hg0 atoms continuously diffuse into the
AuNRs, referred to as the “swelling effect”,36 driven by the
difference in the cohesive energy between Hg (0.67 eV/atom)
and Au (3.81 eV/atom). Thus, the size of Au@Hg nanoalloys
gradually increases, leading to increased absorption intensity.
Interestingly, the turning point for each case, when combined

in one plot has a linear relationship (R2 = 0.99), as shown in
Figure 4b (red line). This linear fitting is useful in terms of
predicting the turning point in any system with different AuNR
concentrations.

Incubation Impact: Sensitivity and Specificity. The
mercury-sensing performance was further manipulated by
incubating the PEG@AuNRs with [Hg2+] for different
durations of time before adding NaBH4. The hypothesis here
was that the incubation process changes the density of PEG on
the surface of AuNRs due to the complexation of thiol group
and Hg2+ which impacts the amount of surface of AuNRs
exposed to the external environment and eventually impacts
the efficiency of amalgamation.
Figure 5a plots the results of the mean of Δλ for PEG@

AuNRs with different tincubation as the function of concentration

of Hg2+. It clearly reveals that for the same concentration of
PEG@AuNRs, with a longer tincubation, Δλ is higher for the
same level of [Hg2+] and the plateau is reached more quickly.
Specifically, the PEG@AuNRs with 0 min of tincubation show an
exponential growth (R2 = 0.99) and do not show a Δλ plateau
in the [Hg2+] range of 0−3690 nM. The PEG@AuNRs with 20
min of tincubation show an exponential increase of Δλ (R2 = 0.99)
in the [Hg2+] range of 0−3000 nM, reaching the plateau and
not changing as [Hg2+] is increased further from 3000 to 3690
nM. For 40 min of tincubation, the [Hg2+] range where Δλ
increases to the Δλ plateau is even narrower (0−2720 nM).
This result reveals that tincubation can improve the PEG@AuNR
system’s sensitivity performance.
The impact of incubation on the specificity of the PEG@

AuNR system toward Hg2+ was also examined. We performed
experiments to test the influence of the LSPR in the presence
of other inorganic ions that were used in Figure 5b, including
Ag+, Ba2+, Cr3+, Fe2+, and Na+. Each column, as shown in
Figure 5b, represents the Δλ averaged over three trials, and
from the results, only Hg2+ caused a significant Δλ, with the
other metal ions showing small changes in three cases with
various tincubation. Among the three cases, the case with 40 min
of tincubation shows the highest value of Δλ, about 120 nm,
demonstrating the best specificity to Hg2+, while there was a 40
nm change for the case with 0 min of tincubation and an 80 nm
change for the case with 20 min of tincubation. This implies that
the tincubation can increase the specificity to Hg2+ while retaining
low or no impact from other metal ions.
To understand the impact of incubation on the degree of

deformation for AuNR morphology at various [Hg2+], STEM

Figure 5. (a) Plots of Δλ of PEG@AuNRs against the [Hg2+]
concentration with 0, 20, and 40 min of incubation times based on
three trials. Curves in (a) fitted to data before plateau (green shaded
area) is reached. (b) A comparison of the selectivity of PEG@AuNRs
incubated with Hg2+, Na+, Fe2+, Cr3+, Ba2+, and Ag+ for 0, 20, and 4
min. (All at concentrations of 2720 nM.)
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was used to characterize the morphologies of PEG@AuNRs
after reaction for systems with 0 and 40 min of tincubation. The
representative STEM images (Figure S5) show the rod shape
for both systems with various [Hg2+]. The changes in AR
values from increasing the [Hg2+] for two systems are
summarized in Figure 6a. The data in black represent the

AR of the amalgamated PEG@AuNRs from the system where
PEG@AuNRs were incubated with Hg2+ for 0 min before
reduction and subsequent amalgamation, while the data in blue
represent the AR of AuNRs from the system where PEG@
AuNRs were incubated with Hg2+ for 40 min before reduction
and subsequent amalgamation.
When the system has 0 nM Hg2+, tincubation does not impact

AR. However, when introducing various amounts of Hg2+,
reduced to Hg for amalgamation, the AR values for each
system are significantly different. For the system with 0 min of
tincubation, the AR continuously decreases from 3.47 ± 0.05 to
2.6 ± 0.1, as [Hg2+] is increased from 0 to 3000 nM, while for
the system with 40 min of tincubation, the AR value decreases
from 3.47 ± 0.05 to 2.33 ± 0.02 when increasing [Hg2+] from
0 to 2720 nM but then increases to 2.71 ± 0.04 as [Hg2+] is
increased to 3000 nM.
The process of morphology change was discussed earlier in

the context of absorption intensity change at different [Hg2+],
including the initial stage of reducing the AR of AuNRs and
the later stage of gradual size increase due to the diffusion of
Hg atoms to the AuNR, referred to as the “swelling effect”. We
believe that using the system with 0 min incubation, the range
of [Hg2+] used was not large enough to reach the later stage
where the AR increases with increasing [Hg2+]. For the system
with 40 min incubation, increasing [Hg2+] from 0 to 2720 nM
results in a much larger AR decrease than the system with 0
min incubation and then reached the “swelling effect” stage at
3000 nM [Hg2+], where the AR begins increasing as [Hg2+]
increases.
To provide additional evidence for the presence of “swelling

effect”, the mean difference in absorption intensity (obtained
by taking the difference of the spectrum’s LSPR and TSPR) for
amalgamated PEG@AuNRs solutions against various [Hg2+] is
plotted in Figure 6b. For the system with 0 min incubation
(black color), the absorption intensity decreases over the range
of Hg2+ which is consistent with the decrease of AR. For the
system with 40 min incubation (blue color), the absorption
intensity decreased initially and then increased starting from
[Hg2+] at 2760 nM. At 3000 nM [Hg2+], the absorption

intensity increases which matches the change of AR in Figure
4. The green shadow highlights the results obtained for both
systems at 2760 nM [Hg2+] condition.
There are reported works using the AuNR solution-based

localized surface plasmon resonance for mercury detection.
The detection methods include amalgamation,25,37,38 aggrega-
tion,39,40 and surface-enhanced Raman scattering (SERS).41,42

Those reported methods have various advantages such as high
selectivity and sensitivity. However, there are intrinsic
disadvantages to these approaches as well. The reported
methods based on amalgamation often use CTAB@AuNRs
which have a poor stability.25,37,38 Aggregation-based methods
are sensitive to ionic interference, and the sensing method is
highly complex.39,40 The SERS-based detection requires
expensive and delicate equipment.41,42 Our method does not
have those drawbacks and is highly stable with straightforward
preparation and detection. In addition, our method provides a
broad linear range by changing the concentration of AuNRs or
incubation time. See Table S3 for a more specific list of
advantages and disadvantages of different types of detection
methods.

Mechanism. Proposed Model. Figure 7 shows models of
the final morphology of PEG@AuNRs after amalgamation at

various values of tincubation and [Hg2+]. As depicted in the
bottom row of the figure, in the case of low tincubation (such as 0
min), as the [Hg2+] increases, the morphology of the AuNRs
moves from the first stage where the AR of the AuNRs is
reduced because of amalgamation on the tips of the rods to a
second stage of gradual size increases due to the continuous
diffusion of Hg atoms into the AuNRs, leading to increasing
number of atoms per cluster.32,43 With additional incubation
time, the ligand density on the AuNRs will be decreased due to
detachment of the thiol group by Hg2+. It is well known that an
exceptionally strong complex can be formed between Hg2+ and
sulfur (−S) or thiol (−SH) functional groups.44−46 The
stability constants (log Kf), an equilibrium constant for the
formation of a complex in solution, are often used to measure
the strength of the interaction between a metal ion and a

Figure 6. (a) The mean of AR value of amalgamated PEG@AuNRs
against various [Hg2+]. (b) The mean of relative absorption intensity
of PEG@AuNR solution at various [Hg2+]. The value of relative
absorbance is obtained by subtracting the TSPR absorption intensity
from the LSPR absorption intensity of the spectrum. Green shadow
highlights the results for (a,b) at 3000 nM [Hg2+] condition.

Figure 7. Illustration of the final morphology of PEG@AuNRs after
amalgamation at various values of tincubation and [Hg2+] (not to scale).
The following two stages will appear as Hg2+ concentration increases.
Stage I: diffusion of Hg atoms into AuNRs, shortening or rounding
the particle; stage II: diffusion of Hg atoms into AuNRs, gradually
increasing the size due to an increase in the number of atoms per
cluster. With more ligands on the surface of AuNRs, the amalgamated
PEG@AuNRs will stay in stage I through higher [Hg2+].
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ligand. It is reported that the log Kf of Hg(SCN)N is about 22,
which is larger than that of Au(SCN)N.47 −SCN is similar to
−SH in that it can bind strongly onto the surface of the Au
nanomaterial.48,49 Thus, it is reasonable to propose that PEG-
thiol, which was initially chemisorbed on the surface of
AuNRs, will be partially removed and complexed with Hg2+.
Due to the high-energy surfaces on the tip (curved part) of the
AuNRs, PEG-thiol on those locations will be removed first.
The first model in both rows in Figure 7 indicates the PEG@
AuNRs after incubation for a certain amount of time. The
model in the top row has less PEG-thiol on the tip compared
to the model in the bottom row due to the longer incubation
time. With less PEG-thiol on the tip, this increases the
accessibility of free Hg2+ (not complexed with the thiol group)
to the surface of AuNRs and results in a significantly higher
amalgamation rate. As shown in Figure 7, the more the PEG-
thiol ligands are removed from AuNRs through increased
tincubation, the higher the degree of amalgamation process will
happen at any given [Hg2+], causing additional reduction of
the AuNR AR, which is then reflected in a higher sensitivity of
AuNR. It also results in a faster transition from stage one to
stage two for the same range of [Hg2+], as indicated by
comparing the top and bottom rows of Figure 7 for any
amount of [Hg2+].
Electron Microscopy. To investigate the interactions of

Hg2+ and PEG@AuNRs, especially to understand the impact
of the removal of PEG-thiol on the crystalline structure of
AuNRs, PEG@AuNRs with and without Hg2+ incubation were
characterized by HRTEM. As shown in Figure 8a, the PEG@

AuNRs without Hg2+ incubation exhibit a highly consistent
lattice fringe, indicating their monocrystalline structure. The
lattice spacing distance of ∼0.205/0.204 nm throughout the
AuNRs corresponds to the (200) facet of gold materials,
consistent with other reports.50 With Hg2+ incubation for 40
min, the lattice spacings for (200) planes at the tip and near
the curved edge were slightly increased to 0.212 nm, as
indicated in Figure 8b, which should be attributed to the Au−
SH bond being broken by the Hg2+. Such lattice distortion is
likely attributable to the fluctuation of surface ligands, and
similar observations have been reported elsewhere.51−53 In
addition, due to the higher activity levels, such interactions
selectively occur at the edge and tips of the AuNRs, facilitating
higher sensitivity for Hg2+ detection.
Nuclear Magnetic Resonance. NMR spectroscopy is

widely used to study the surface chemistry of gold nano-
particles.54,55 In this work, we used NMR techniques to
characterize the complexation between Hg2+ and PEG-SH

removed from the surface of PEG@AuNRs. The NMR sample
of PEG@AuNRs was washed with water and titrated with
HgCl2 to determine the ability of PEG to adsorb onto HgCl2.
Figure 9 shows the 1H NMR spectra of free PEG-thiol ligands
(20.2 mg), PEG@AuNRs, HgCl2−PEG* solution, and
HgCl2−PEG# solution in DMSO-d6. Table S3 contains the
summary of 1H NMR spectral assignments. It is worth
mentioning that prior to the NMR spectral acquisitions, all
PEG@AuNR samples were washed twice with ethanol, twice
with water, and once with DMSO-d6, and then redispersed into
DMSO-d6 in order to remove excess or nonbonded ligands in
the solution. The HgCl2−PEG* solution was the supernatant
of a mixture of 1.1 mg of HgCl2 and PEG@AuNR (with 5
times higher concentration than in the synthesized solution)
which was mixed overnight. As shown in Figure S6, after
incubating HgCl2 and PEG@AuNR overnight, the mixture
solution changes from a well-dispersed brownish red color
(Figure S6a) to transparent with precipitates formed at the
bottom (Figure S6b), indicating the detachment of PEG-thiol
ligands from the AuNRs causing the precipitation of AuNRs.
The mixture solution was then centrifuged and the supernatant
HgCl2−PEG* was used for 1H NMR analysis. HgCl2−PEG#
solution was made from mixing 2.0 mg of HgCl2 and free PEG
(43.15 mg).
The 1H NMR spectrum and chemical-shift assignments of

free PEG-thiol ligands are shown in Figure 9a and the first
column of Table S4. The 1H NMR spectrum of PEG@AuNRs
in Figure 9b and that expanded in Figure S7a,b, show the
disappearance of methylene proton at 3.58 ppm and a slight
line-broadening of the α-CH2 proton adjacent to thiol (Table
S4). This result indicates that PEG-thiol chains are stabilized
on the surface of the AuNRs.56−58

To understand the interaction of PEG@AuNRs with HgCl2,
the supernatant of HgCl2−PEG*was analyzed with 1H NMR.
Figure 9c shows the disappearance of proton resonance at 2.38,
2.64, 3.42, and 3.58 ppm. In the expanded Figure S7, the −SH
proton shifted slightly downfield with a doublet (Figure S7C)
instead of a triplet (as seen in Figure 9a,b at 2.26 ppm), and
the methyl proton at 3.24 ppm showed reduced intensities,
while the CH2 quartet at 3.21 ppm collapsed to a singlet at
3.17 ppm [Figure S7B(c)]. Note that signals at 3.37 and 3.43
ppm are buried under residual HDO. These results indicate
that there are no free PEG-thiol ligands in the HgCl2−PEG*
solution, and the changes in proton resonances are character-
istics of ligands bound to metals or nanoparticles.55 It is
noteworthy that the CH2 proton at position “e” of the PEG-
thiol long chain shifted downfield, 4.04 ppm, with the ABq spin
system. It is possible that the metal core, Hg2+, can induce
diastereotopicity in the methylene proton. This phenomenon
has been reported in several articles.59−61

To further demonstrate the complexation of PEG thiol and
Hg2+, we explored the interaction between free PEG thiols and
native HgCl2 (shown in Figure 9d). The NMR sample
(HgCl2−PEG#) is prepared by mixing free PEG thiols with
native HgCl2 in DMSO-d6 solvent for 6 h at RT. Compared to
the 1H NMR spectra of free PEG and PEG@AuNRs in Figure
9 and Table S3, the spectrum of HgCl2−PEG# showed a
chemical shift variation with significant line broadening
attributed to the complexation of PEG-thiol and Hg2+. These
results further demonstrate the formation of Hg2+ and PEG-
thiol ligands. The difference between the proton spectra of
HgCl2−PEG* and HgCl2−PEG# could be due to the low
concentration of HgCl2−PEG* or a different binding mode of

Figure 8. HRTEM images of (a) PEG@AuNRs without incubation
and (b) PEG@AuNRs incubated with 1640 nM Hg2+ for 40 min.
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the PEG-thiol ligand to the metal core. The results from the
1H NMR and the evidence of precipitation (Figure S6) after
[Hg2+] incubation overnight give a strong indication that Hg2+

induced PEG-thiol ligands on the surface of AuNRs.

■ CONCLUSIONS
Preparation of PEG@AuNRs from CTAB@AuNRs was
performed through the well-known thiol−gold chemistry
approach. Due to the coating of PEG-thiol ligands, the
PEG@AuNRs show superior performance compared to that of
CTAB@AuNRs in a number of ways, including the sensitivity,
stability, and specificity. In addition, the total number of PEG-
thiol ligands on the surface of AuNRs in the sensing system can
be controlled by adjusting either the concentration of AuNRs
or the incubation time of PEG@AuNRs with Hg2+, which
detaches certain amounts of PEG-thiol from the AuNRs via
Hg2+−S complexation. Adjusting these inputs impacts the
plasmonic responses of the system to the same concentration
of mercury. The characterization of AuNR morphologies
shows the differences in each sensing system. According to
spectral data and AuNR shape changes obtained for various
incubation times, the proposed mechanism for the adjustable
sensing system includes two processes: Hg2+−S complexation
and amalgam formation. Evidence for this mechanism obtained
from HRTEM, 1H NMR, and other observations were

provided. This present work enables the development of a
miniature mercury plasmonic-based sensing system with an
adjustable peak plasmonic response.
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