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Environmental significance

Catalytic gold nanostars for SERS-based detection
of mercury ions (Hg?*) with inverse sensitivity+

Natasha Logan, @ 12 Javier Lou-Franco,}? Christopher Elliott® and Cuong Cao @ *3

Gold nanostars (AuNSt) exhibit outstanding catalytic and plasmonic properties derived from their nano-size
and shape. Their ability to mimic natural enzymes is exploited herein to oxidise 3,355~
tetramethybenzidine (TMB) into an oxidised product (oxTMB), a highly Raman-active compound. AuNSt
with different surface coatings including sodium citrate (NaCit), polyethylene glycol (PEG), oligoethylene
glycol (OEG) and 11-mercaptoundecanoic acid (11-MUA) were prepared and characterised both as catalysts
and Raman enhancers. AuNSt-PEG showed the best results as SERS substrates for oxTMB, therefore being
chosen for the detection of mercury ions (Hg?"). Hg is one of the most toxic elements known, and is a
major environmental concern due to its adverse health effects. Hg is also known for forming amalgams
with most metals, a property that is used in this study to alter the shape and size of AuNSt, thus limiting
their Raman enhancement nature by amalgamating their sharp tips which are responsible for most SERS
‘hot spots’. As a result, the Raman peak of oxXTMB at 1190 cm™ shows an inverse linear dependence with
increasing Hg?" ion concentration. This approach achieved a limit of detection of 0.2 ppb in seawater
(certified reference materials, CRM), and a linear response between 0.1 and 1000 ppb. Thus, this ground-
breaking technique could contribute to the protection of water systems, aquaculture and human health,
whilst providing a biosensing platform for numerous applications in the future.

Mercury (Hg>") pollution of seawater has been identified as a major and global environmental concern due its high toxicity. It can bioaccumulate in marine

life, and eventually pose a threat to human health through seafood consumption. The enzyme-mimicking and Raman enhancement properties of gold
nanostars (AuNSt) are exploited to detect trace levels of Hg>" ions in certified seawater samples, with a detection limit of 0.2 ppb. It is demonstrated that in
the presence of Hg”" ions, amalgamation with the AuNSt negatively affects their potential as Raman enhancers, by altering their unique morphology. Thus,

providing a sensitive and highly specific mechanism for Hg>* ion detection, which could protect environmental samples (e.g., food, water, soil) in the

future.

1. Introduction

production of industrial chemicals such as hydrogen

peroxide (H,0,) and chlorine® and the “silver (Ag)-amalgam”

Since around 5000 BC, the naturally occurring ore of mercury
(Hg) (cinnabar or vermilion) has been wused in the
manufacturing of red ink and paint for artwork, decoration
and tattoo dyes."” Due to its low melting point, Hg is the
only liquid metal at room temperature.® This unique property
allows Hg to form amalgams with almost all metals, except
iron (Fe) and platinum (Pt).? Hg-amalgams have had
numerous uses in society, e.g gold (Au) extraction,’
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tooth filling in dentistry.!

While Hg has been shown to be very useful in the
intended applications, contamination of Hg in the
environment and in foods poses substantial environmental
and health risks. Therefore, sensitive detection of Hg is of
crucial importance for food and environmental monitoring
and protection. Hg can be detected by conventional methods
such as cold-vapor atomic fluorescence spectrometry (CV-
AFS), inductively coupled plasma-mass spectrometry (ICP-
MS), and X-ray absorption spectroscopy (XAS). Today within
nanoscience research, Hg amalgamation with noble metal
nanomaterials (ie., Ag, Au, or Pt) has encouraged the
development of plasmonic and catalytic approaches to
improve Hg detection with regards to sensitivity, ease of use,
and cost-effectiveness. Advantages of the enhanced catalytic
activity observed with Au-Hg,® Ag-Hg,” and Pt-Au-Hg (ref. 8)

This journal is © The Royal Society of Chemistry 2021
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alloys have been exploited for the development of
colorimetric,” fluorescent,’® and SERS-based detection of
Hg”" (ref. 11) even in harsh matrices, e.g. seawater.’> Several
studies have also revealed that the amalgamation with Hg”*
could transform the morphology of anisotropic
nanomaterials and this phenomenon has been exploited for
Hg”" detection. Rex et al. presented the interactions between
Hg and Au which resulted in wavelength changes to the
absorption spectra of Au-nanorods.® Reduced aspect ratios
and subsequent surface plasmon resonance (SPR) blue-shifts
could therefore be exploited to determine subsequent Hg
concentrations. Additionally, Senapati et al. reported that Au-
popcorn shaped NPs protected with tryptophan,'* a Raman-
active tag suffered from reduced SERS as a result of
tryptophan release and changes to the morphology of the
popcorn-shaped AuNPs after Au-Hg amalgamation.

In this study, we report on a novel, label-free approach
that combines the excellent catalytic and SERS activities of
AuNSt for the detection of Hg>" ions in seawater. The unique
morphology of AuNSts, i.e. their sharp tips, could produce
phenomenal Raman enhancement,”>"” and therefore they
have also been exploited for the design of SERS-sensors for
Hg?" detection."®'® Unlike previously reported research, the
presented mechanism involves the catalytic activity of AuNSt
for the oxidation of 3,3',5,5-tetramethybenzidine (TMB) in
the presence of H,0, to produce oxidised TMB (oxTMB), a
highly Raman active product.”’*>*> We observed that in the
presence of Hg>" ions, the Au-Hg amalgamation could even
enhance the catalysed oxidation reaction as evident by the
strong blue coloured oxXTMB product. As stated, oXTMB is
also a Raman-active residue, therefore one would reasonably
expect a strong Raman signal owing to the SERS effect of
AuNSts. However, experimental analysis showed an opposed
reduction in Raman intensity from the reporter oxTMB in the
presence of AuNSt and Hg®" ions. Electron microscopy and
elemental analysis further revealed that the presence of Hg>"
destructively truncated the sharp tips of the AuNSt changing
their size, shape, and elemental composition. As a result, the
amalgamated Au-Hg nanostructures were not effective in the
SERS-sensing process under the experimental conditions.
Thus, the mechanism provides a platform with inverse
sensitivity for Hg>" detection, whereby the catalysed oXTMB
signal measured by SERS is inversely proportional to the
Hg”" ion concentration. Overall, the developed SERS-sensor
can allow the sensitive detection of Hg?" in seawater and has
the potential to be incorporated into different biosensing
applications, including medical diagnostics, food analysis
and environmental protection.

2. Materials and methods

2.1 Chemicals and reagents

Sodium citrate tribasic dehydrate (HOC(COONa)(CH,-
COONa),-aq), gold(m) chloride trihydrate (HAuCl,-3H,0,
99.9%), mercury(n) perchlorate hydrate (Hg(ClO,),xH,O,
99.998%), O-(3-carboxypropyl)-O'-[2-(3-
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mercaptopropionylamino)ethyl]-polyethylene glycol
(molecular weight = 5000, SHCH,CH,[OCH,CH,];,00OCH,CH,-
COOH), 11-mercaptoundecanoic acid, O-(2-carboxyethyl)-O'-
(2-mercaptoethyl)heptaethylene glycol (molecular weight =
458.56, SHCH,CH,[OCH,CH,],0CH,CH,COOH), sodium
chloride (NaCl), hydrochloric acid (HCI), sodium hydroxide
(NaOH), rhodamine 6G, 3,3',5,5-tetramethybenzidine (TMB),
hydrogen peroxide (H,0,), nitric acid (HNOj;), acetic acid
(CH3COOH), sodium acetate (CH3COONa), silver nitrate
(AgNO;), ascorbic acid (L-AA) and all metallic ions were
purchased from Sigma Aldrich (UK). Syringe filters (0.22 pm)
were purchased from Merck Millipore (Germany). A coastal
seawater Hg”>* certified reference material (CRM) was
purchased from LGC Standards (UK).

2.2 Analysis instrumentation

Ultravioletvisible ~spectroscopy (UV-vis) measurements were
performed wusing a Cary 60 spectrophotometer (Agilent
Technologies, USA). SERS measurements were carried out using a
DXR2 Raman microscope operated with an excitation laser light
at 785 nm (Thermo Fisher Scientific, UK). Fourier-transform
infrared (FTIR) spectroscopy measurements were conducted on a
Nicolet iS5 FTIR spectrometer (Thermo Fisher Scientific, UK).
Transmission electron microscopy (TEM) measurements were
performed using a Joel JEM 1400 Plus model, operated at 200 kV
(Thermo Fisher, Scientific, UK). High resolution TEM, scanning
transmission electron microscopy (STEM), and high angle annular
dark field (HAADF) analyses were conducted using a Talos F200
operated at 200 kV (Thermo Fisher Scientific, UK). Elemental
analysis was obtained by energy-dispersive X-ray spectroscopy
(EDS) equipped with the TEM system.

2.3 Synthesis of Au nanostar (AuNSt) and stabilisation with
different surface coatings

Gold nanoparticles (AuNP) were synthesised using the
sodium citrate reduction of HAuCl, as described previously,*
and used as Au seeds for the AuNSt synthesis. Briefly, 1 mM
of HAuCl, was dissolved in 100 mL of deionised water
(dH,0) and heated until rapidly boiling. Upon reflux, 10 mL
of 1% sodium citrate (NaCit) was quickly added under
vigorous stirring. The solution was removed from the heat
upon a colour change from yellow to wine-red. Subsequently,
AuNSt (98 + 19.18 nm) were synthesised following a previous
method with minor adjustments.>® Briefly, 25 uL of HAuCl,
(100 mM) and 5 pL of HCI (2 M) were added to 10 mL of
dH,0, under continuous stirring. Au seeds were subsequently
added (75 pL), followed by 100 uL of AgNO; (3 mM) and 50
uL of L-AA (100 mM). After a few seconds the AuNSt-mixture
changes colour from clear to blue-green (Fig. SL.11).
Stabilisation of the prepared AuNSt was achieved by
incubating overnight with a final concentration of 1 mM of
NacCit, under minor stirring conditions at room temperature.
Various functionalisation approaches were alternatively used,
leading to 11-mercaptoundecanoic acid (11-MUA)-coated,
polyethylene glycol (PEG)-coated or oligoethylene glycol
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(OEG)-coated AuNSt. The former was conducted by replacing
the citrate molecules with 11-MUA at a concentration of 100
uM in an ethanol:water 1:1 solution (v/v), under minor
stirring conditions overnight at room temperature.
Functionalisation of the AuNSt with PEG was conducted as
reported previously with minor adjustments.>® Immediately
after synthesis, 0.8 uM of PEG was added to the AuNSt
solution and stirred continuously for 15 min at room
temperature. OEG-capped AuNSt were obtained after adding
500 uM of OEG to the AuNSt solution and stirred overnight
at room temperature. Finally, the particles were centrifuged
at 10 °C, 1200 rcf for 25 min to remove unbound 11-MUA/
PEG/OEG and re-suspended in dH,O (stored at 4 °C).

2.4 SERS-based detection of Hg”* using AuNSt-PEG as
nanozymes for TMB oxidation

Prior to analysis, a stock solution of Hg** was prepared at
20000 ppm in 0.02 M HNO; (stored at 4 °C). In a typical
experiment, Hg”>" concentrations ranging from 0-100 ppm
were prepared in dH,O and transferred to a 96-well ELISA
plate (100 pL). The AuNSt-PEG conjugate was subsequently
added (50 pL, as-prepared), followed by 1.25 mM TMB and
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6% H,0, (150 pL), and incubated for 20 min at room
temperature. A coastal seawater certified reference material
(CRM) was spiked with Hg** concentrations ranging from 0-
100 ppm and the previous assay was repeated. Prior to
measurement, the Raman microscope was focused by
monitoring the catalytic activity of the blank/zero solution
(PEG-AuNSt and 1.25 mM TMB with 6% H,0, without Hg"")
and using the ‘Autofocus’ function available with OMNIC™
series software (Thermo Fisher Scientific, UK) to acquire
maximum Raman intensity. Once focused, the same
conditions were applied throughout and all samples were
measured in solution.

3. Results and discussion

3.1 Characterisation of AuNSt as catalysts and Raman
enhancers

Aggregation of colloidal gold nanoparticles is subjected to
short-range thermodynamic interactions that allow for
particle — particle attachment to occur, whereas Brownian
diffusion controls long-range forces, causing collisions
between nanoparticles (NPs).>® If NPs were not stabilised,
this would result in the formation of larger clusters no longer
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Fig. 1 Enzymatic and spectroscopic characterisation of AuNSt. (a) Absorption spectra of AuNSt functionalised with different coating molecules. (b)
UV-vis spectroscopy analysis of TMB oxidation. 200 pM AuNSt coated with different molecules were mixed with 0.1 mM TMB in an aqueous
solution containing 6% H,O,. The spectra were collected after 20 min of reaction. (c) oxTMB generated in (b) was measured by Raman
spectroscopy. Raman measurements were performed using a laser power of 10 mW, wavelength source 785 nm, 10 exposures with an integration
time of 5 s and a 10x objective lens. (d) AuNSt-NaCit with different plasmonic properties were analysed by Raman spectroscopy to detect the
presence of oxTMB. A laser power of 2 mW was used, keeping the rest of conditions unvaried.
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exhibiting the many properties derived from the nanoscale.
The most common approach to avoid this consists of
adsorbing polymers and polyelectrolytes to provide
electrostatic repulsions that prevent NP aggregation.
Therefore, AuNSt stabilised with different coating molecules
were produced to be used as nanozymes and Raman
enhancers for a Hg detection system. The synthesis and
functionalisation of AuNSt was characterised using UV-vis
spectroscopy (Fig. 1a). AuNSt stabilised with NaCit showed a
localized surface plasmon resonance (LSPR) at 670 nm,
whereas the resonance red-shifts if the stabilising agent is
changed, resulting in 712 nm, 717 nm and 723 nm for AuNSt
stabilised with PEG, 11-MUA and OEG, respectively.

It has been documented that coating layers and surface
chemistry can lead to unexpected positive or negative effects
on the catalytic activities of nanozymes.”” Therefore, the
capability of the synthesised AuNSt to act as nanozymes for
the oxidation of TMB was also analysed by UV-vis (Fig. 1b).
The emergence of two peaks enabled the monitoring of the
catalytic reaction. The peak at 370 nm was found to be
characteristic of the radical cation (TMB"), whereas the peak
at 650 nm represented a blue charge transfer complex (CTC),
both of which coexisted during the TMB oxidation process.*”
Overall, AuNSt have previously displayed decent catalytic
efficiency values for peroxidase-like activity when compared
with different shaped AuNPs or even biological enzymes,
being outperformed only by smaller Au nanospheres.*’ As for
their surface nature, as shown in Fig. 1b, AuNSt-OEG
exhibited the highest catalytic activity among the samples
analysed, followed by AuNSt-NaCit and AuNSt-PEG. On the
other hand, AuNSt-11-MUA did not show any sign of TMB
oxidation. This may be due to the three-dimensional
organisation of the polymeric chains used as stabilisers,
which in the case of 11-MUA (an aliphatic chain with a polar
head) would arrange densely packed onto the AuNSt surface
due to hydrophobic interactions. This would impede the
substrate to reach the catalytically active gold surface,
whereas this would not be observed when hydrophilic
polymers such as PEG/OEG are used as stabilisers.”®
However, this approach to detect the oxidation of TMB lacks
sensitivity, especially when applied for real diagnostic
applications where low levels of target analyte are to be
detected (Fig. SI.21). Thus, this explains why AuNSt were not
only used as nanozymes, but also as Raman enhancers in
this study. In addition, TMB is a substrate involved in
peroxidase-mediated reactions and its product (oxTMB) is
also highly Raman active. Therefore, by incorporating a
peroxidase substrate and a Raman active product into the
mechanism one can hypothesise that both the sensitivity and
specificity of the approach can be improved.

The samples containing oXTMB in the vicinity of the
AuNSt were analysed with the Raman microscope to develop
a SERS sensor, due to the Raman active nature of oxTMB and
the capability of anisotropic NPs to enhance Raman
signals."”** Three main Raman bands corresponding to
oxTMB could be observed at 1608 cm ', 1336 cm™* and 1190

This journal is © The Royal Society of Chemistry 2021
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em™ (Fig. 1c), which could be attributed to ring stretching
and C-H bending, inter-ring C-C stretching and CH;
bending, respectively.>”> These provided evidence that a blue
CTC had occurred, due to the oxidation of TMB.?° In
addition, another Raman band at 1401 cm™* was observed in
the fingerprint spectra of oxTMB from the stretching
vibration of N=N, as a result of azo compound or unoxidized
TMB, which was also enhanced by the presence of AuNSt.>!
However, it was interesting to note that only AuNSt-PEG and
AuNSt-NaCit could generate such Raman signals, whilst in
the case of AuNSt-11-MUA there was no TMB oxidation at all
(and therefore no Raman signal was generated). AuNSt-OEG
oxidised TMB but failed to act as good Raman enhancers
(peaks under 100 a.u.). We also observed a similar result
when rhodamine-6-G (a typical Raman reporter) was used
instead of the oxTMB product (Fig. SL37t). Therefore, we
speculated that the strong SERS signals were because of the
hydrophilicity and the molecular conformation of the coating
moieties that facilitate or prevent the analytes (i.e. oxXTMB,
rhodamine-6-G) from penetrating into the SERS hot spots. In
fact, in terms of water solubility, AuNSt-11-MUA is the most
hydrophobic SERS substrate due to the alkane backbone of
11-MUA, whilst AuNSt-NaCit is the most hydrophilic. Due to
increased ethylene glycol (-O-CH,-CH,-) units, the PEG
molecule in this study provides more O atoms which act as
template for water nucleation than that of the OEG molecule
(110 versus 7 ethylene glycol units, respectively). Therefore,
AuNSt-PEG is more hydrophilic than AuNSt-OEG albeit both
exhibiting amphiphilic behaviour. Based on this speculation,
oxTMB or rhodamine-6-G will have easier access to the
surface of the aqueous AuNSt-PEG, and therefore will result
in improved SERS signals than those obtained with the
AuNSt-OEG. Muehlethaler et al. also observed that it is very
challenging to obtain SERS signals if dyes or target molecules
do not provide the necessary adsorption or proximity to SERS
substrates.®® These interesting findings led to the selection of
AuNSt-PEG as the material of choice for further studies, as
they effectively oxidised TMB and provided essential Raman
enhancement. However, all nanomaterials mentioned in this
study also have the potential to be used for different
biosensing applications (e.g;, medical diagnostics, food
analysis, environmental protection) and within numerous
research fields. Moreover, characterisation to support proper
particle stabilisation was determined by analysing the UV-vis
spectrum of AuNSt-PEG in a high electrolyte matrix (3.5%
NaCl or seawater conditions) (Fig. SI.4f) and through the
identification of PEG molecules on the surface of the AuNSt
via FTIR spectroscopy (Fig. SL.57).

Following previous studies,®® the analytical enhancement
factor (AEF) observed for unmodified AuNSt (i.e. stabilised
with NaCit) was 2.1 x 10° (Fig. SI.6%). Therefore, in this study
SERS could be enhanced by 5 orders of magnitude in respect
to Raman scattering alone, enhancements similar to those
reported previously.'”** However, the capability of AuNSt to
enhance the Raman signal was not only dependant on the
nature of any surface modification, but also on its LSPR

Environ. Sci.: Nano, 2021, 8, 2718-2730 | 2721
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wavelength. By varying the amount of gold seeds used during
the synthesis (refer to section 2.3), the size of the resulting
AuNSt was tuned, leading to a range of LSPR values. AuNSt
stabilised by NaCit having various LSPR modes were tested as
Raman enhancers after generating similar concentrations of
oxXTMB (Fig. 1d). The results displayed that the AuNSt whose
LSPR wavelength was closer to the laser excitation wavelength
led to improved enhancement, whilst keeping identical
measurement conditions and parameters consistent for all
samples. The explanation for this observation lies in the
LSPR of the AuNSt being generated by the conduction
electrons oscillating at a certain frequency at the surface of
the NP. Thus, the amplitude of these oscillations was
increased when an external light source was applied to them
with the plasmonic frequency, resulting in increased
electromagnetic field enhancements in the vicinity of the
AuNSt. Moreover, previous studies on single AuNSt have
shown that these electromagnetic hot spots are mainly

View Article Online
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located at their tips,” whose length and sharpness are
correlated to their LSPR.>* Overall, this explains why the
higher Raman enhancement is observed for AuNSt when
their LSPR wavelength approaches 785 nm (Fig. SIL.7T).
Considering all the above, AuNSt-PEG with LSPR at 781 nm
were selected for developing the mercury ion (Hg?") sensor,
as they have demonstrated two fundamental qualities: good
catalytic properties for the oxidation of TMB and excellent
Raman enhancement properties. In addition to these
properties held by AuNSt-PEG, Hg** also has the unique
ability to amalgamate with Au thus, allowing for the design
of a sensitive Hg?" ion sensor with high specificity.

3.2 Characterisation of AuNSt-PEG in the absence and
presence of Hg”" ions

HRTEM was conducted to characterise the morphology of
AuNSt-PEG in the absence (Fig. 2a) and presence of 100 ppm
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Fig. 2 Characterisation of AuNSt-PEG in the presence of Hg?* (100 ppm). (a) High resolution transmission electron microscopy (HRTEM) in the
absence and (b) presence of 100 ppm Hg?*. (c) Scanning transmission electron microscopy (STEM) and elemental analysis. (1) High-angle annular
dark-field imaging (HAADF-STEM) of the sample presented in (b). Elemental analysis of (2) Au (3) Hg?* (4) Au and Hg?* (5) Au and Hg?* (post-
filtered image). (d) Energy-dispersive X-ray spectra (EDS) of the particle presented in (b). (e) Positional spectra from EDS of Au and Hg?* within one

particle illustrated in (b).
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Hg>* (Fig. 2b). The results confirmed the shape of the
particles after synthesis and demonstrated how the
morphology of the AuNSt-PEG changed in the presence of
Hg”* ions. HRTEM confirmed that the particles began as
star-shaped and eventually resulted in spherical-like, or ill-
defined shaped particles after Au-Hg amalgamation. To rule
out any changes to the AuNSt-PEG morphology caused by a
lack of particle stability or aggregation, HRTEM images of
AuUNSt-PEG in the absence and presence of 100 ppm Hg>"
ions (Fig. SI.8a and b,i respectively) and UV-vis spectroscopy
were exploited to confirm the stability of AuNSt-PEG in the
presence of different Hg** concentrations (1-10> ppm) (Fig.
SI.8ct). Additionally, kinetic analysis was utilised to monitor
the stability at the peak absorbance of 781 nm over a 30 min
incubation in the presence of 10 ppm Hg>" ions (Fig. SI.8d%).
From the results, we could confirm that changes to the shape
of the AuNSt-PEG were not due to particle aggregation, and
therefore we can hypothesise that Au-Hg amalgamation is
the cause of the morphology changes witnessed using
HRTEM. It was also important to note the timing difference
in sample preparation between UV-vis (Fig. SI.8c:f 10 min)
and HRTEM (Fig. 2b: 24-48 h). Thus, the morphology
transformation due to Au-Hg amalgamation could be fully
observed using HRTEM. From the HRTEM images, 50
particles were analysed using Image] software and the size of
the AuNSt-PEG in the absence and presence of Hg** was
estimated to be 116 nm + 18.6 nm (from tip-to-tip), and 65
nm + 17.5 nm (after truncation), respectively (Fig. SI.9f).
Thus, by HRTEM it could be confirmed that Hg** played a
significant role in destroying the branches of the AuNSt,
which resulted in a substantial decrease in particle size.

The DLS results for AuNSt-NaCit alone, AuNSt-PEG alone
and AuNSt-PEG with 10 ppm Hg>" were 98 nm, 119 nm and
102 nm, respectively (Fig. SI.10af). The increased size
between NaCit and PEG was solely due to the large PEG-thiol
molecule (MW = 5000), which was found to displace NaCit
and coil around the surface of the AuNSt forming a layer.**
As expected, the size of the AuNSt-PEG decreased in the
presence of Hg>" as the sharp tips of the AuNSt-PEG became
truncated after Au-Hg amalgamation. Zetasizer analysis
revealed the charge for the AuNSt-NaCit, AuNSt-PEG and
AuNSt-PEG in the presence of Hg>* as -47 mV, -20 mV and
-17 mV, respectively (Fig. SI.10bT). PEG-functionalisation and
the addition of Hg>" both resulted in the AuNSt becoming
more neutrally charged, which is attributed to the positive
charge held by the amino groups present in the chemical
structure of PEG and the two positive groups held by Hg>*
ions.""

STEM imaging (Fig. 2c), HAADF-STEM (Fig. 2c, inset: 1),
elemental mapping (Fig. 2c, inset: 2-5), EDS (Fig. 2d) and
positional analysis spectra (Fig. 2e) were conducted to
confirm the sensing mechanism was due to the
amalgamation of AuNSt with Hg?" ions. From the results, it
could be confirmed that Hg had amalgamated with the
AuNSt. The results from the elemental mapping performed
using HAADF-STEM imaging revealed the presence of a

This journal is © The Royal Society of Chemistry 2021
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uniform Hg coating around the AuNSt-PEG. The
displacement of PEG on the surface with Hg”" could be
attributed to the reduction of Hg>* to Hg®, which resulted in
Au-Hg amalgam. The elemental mapping clearly displayed
the distribution of Au (Fig. 2c: inset 2, red), Hg
(Fig. 2c: inset 3, green) and both elements together
(Fig. 2c: inset 4-5, yellow or red and green, respectively),
surrounding the AuNSt-PEG which confirmed successful Au-
Hg amalgamation. Additionally, the EDS (Fig. 2d) clearly
indicated the presence of both Au and Hg within the same
particle (presented in Fig. 2b). Furthermore, the positional
analysis spectra (Fig. 2e), confirmed that within one particle
(presented in Fig. 2b) the presence of Hg was much greater
than Au. This could be attributed to Hg displacing the Au
from the particle surface during amalgamation. Overall, these
results strongly support that the sensing mechanism was due
to the damaging effect that Hg>" had on the sharp tips of the
AuNSt, which was initiated by Au-Hg amalgamation.

3.3 Catalytic activity and Raman enhancement of AuNSt-PEG
in the presence of Hg”* ions

Whilst previous studies have reported that Au-Hg
amalgamation enhanced the catalytic performance of
spherical AuNPs,* the peroxidase-like activity and Raman
enhancement of the AuNSt in the presence of Hg>" ions was
yet to be explored. Kinetic analysis was conducted using
Raman spectroscopy to monitor the oxidation of 1.25 mM
TMB with 6% H,0, by AuNSt-PEG in the absence and
presence of Hg>* ions. The Raman signal which could be
observed in the absence of Hg”" ions was generated by the
formation of oxTMB by AuNSt-PEG in the presence of 1.25
mM TMB/6% H,O, (Fig. 3a, red line), as no signal was
generated by AuNSt-PEG alone (Fig. 3a, black line). However,
in the presence of 10 ppm or 100 ppm Hg>"
(Fig. 3a, blue and cyan line, respectively) the intensity of the
SERS spectra from oxTMB was significantly and
proportionally reduced with the addition of Hg>". To further
confirm this phenomenon, the catalytic reaction in the
absence and presence of 100 ppm Hg>" was analysed by
kinetic Raman spectroscopy over 30 min. The results clearly
indicate the production of oxTMB over time (Fig. 3b)
however, in the presence of Hg”" ions, the SERS signal of
oXTMB is gradually diminished (Fig. 3c). As mentioned
previously, the catalytic activity of spherical particles can be
negatively influenced by increasing particle size or particle
aggregation, due to a reduction in surface area-to-volume
ratio."> However, the results provided in Fig. SL61 can
confirm that the decline in catalytic activity is not caused by
aggregation. In fact, UV-vis spectroscopy and kinetic analysis
of the AuNSt-PEG with TMB/6% H,0, in the absence and
presence of Hg”>" ions, further confirmed that the catalysis
reaction of TMB substrate could be enhanced by Au-Hg
amalgamation and was not adversely affected by the presence
of Hg*" (Fig. SL.11}). Therefore, the decline in catalytic
activity witnessed by SERS is due to the disruption of the
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Fig. 3 Kinetic analysis for AuNSt-PEG in the absence and presence of
Hg?* ions confirming increased and decreased SERS intensity,
respectively. All measurements are in the presence of 1.25 mM TMB
and 6% H,O0,. (a) Full Raman spectrum of the oxTMB SERS signal
catalysed by AuNSt-PEG (red line) and the reduction in SERS intensity
with Hg?* at 10 ppm and 100 ppm (blue and cyan line, respectively).
Kinetic Raman spectroscopy analysis of the catalytic product (oxTMB)
produced over a 30 min incubation by AuNSt-PEG in the (b) absence
and (c) presence of 100 ppm Hg?*. Raman measurements were
performed using a laser power of 20 mW, wavelength source 785 nm,
10 exposures with an integration time of 5 s and a 10x objective lens.

sharp tips of the AuNSt after Au-Hg amalgamation, thus the
number of available ‘hot spots’ for SERS enhancement was
reduced. Overall, both UV-vis and SERS analysis can confirm
the catalysis reaction of chromogenic substrate (TMB) into a
blue coloured product (0XTMB) in the presence of AuNSt-PEG
and Hg**. However, the SERS signal from oXTMB could also
detect changes to the AuNSt-PEG morphology and as a result
the SERS intensity was reduced.
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3.4 SERS sensing principle for Hg>" detection

As illustrated in Scheme 1, the detection mechanism for Hg>"
is based on both the catalytic activity of AuNSt-PEG and their
role as Raman enhancers. It was evident that AuUNSt-PEG can
catalyse for the oxidisation of TMB substrate to generate a
highly Raman active product (0oxTMB) (Fig. SI.1}) that can be
measured by taking advantage of the AuNSt as a SERS
substrate (Scheme 1a). The morphology of the AuNSt results
in excellent enhancement of the electromagnetic field due to
the sharp tips of the particles. The addition of Hg>" ions does
not interfere with the catalytic activity of AuNSt for the
oxidation of TMB, however the tips of the AuNSt are
disrupted because of the formation of Au-Hg amalgam
(Scheme 1b). Without their sharp tips, the AuNSt-PEG was
found to no longer provide the ‘hot spots’ required for
Raman enhancement. Therefore, the Raman signal of oxTMB
will decrease with increasing concentrations of Hg>" ions,
thus providing a mechanism for the detection of Hg*" ions
with inverse sensitivity.

3.5 Sensitivity of the SERS-based detection of Hg>" ions using
the catalytic gold nanostars

Assay parameters, i.e. AUNSt-PEG concentration, oxTMB SERS
peak, and incubation time required further optimisation to
ensure that the optimum conditions were applied for Hg>"
detection. The kinetic analysis results over 30 min (Fig.
SI.12at) confirmed that the SERS band at 1190 cm™* gave a
linear response against Hg”" concentration after 20 min (Fig.
SI.12b¥). Therefore, for maximum SERS enhancement a
AuNSt-PEG concentration of ODsginm, = 3.0, oXTMB peak at
1190 cm™ and an incubation time of 20 min were chosen as
the optimum assay parameters. Analysis of the full SERS
spectra (Fig. 4a) and the oxTMB band at 1190 cm™ (Fig. 4b)
provides clear evidence that increasing the concentration of
Hg®" ions led to a decreased SERS signal coming from
oxTMB, therefore inverse sensitivity could be observed. These
results are attributed to Au-Hg amalgamation and the
truncation of the sharp branches of the AuNSt-PEG in the
presence of Hg?" ions, confirmed earlier by HRTEM.
Although the resulted amalgamated nanostructures retained
their peroxidase-like activity which effectively catalysed the
conversion of TMB to oXTMB, their Raman enhancement
property was significantly reduced. As the branches on the
AuNSt surface are crucial to provide SERS enhancement, the
reduction of ‘hot spot’ centers could be exploited for the
detection of Hg>". The calibration curve which demonstrates
the oXTMB peak at 1190 cm™ against Hg>* concentration
provided a working range from 0.1 ppb to 10°> ppb (Fig. 4c).
Additionally, the linear fitting was within the range of 0.1
ppb to 10° ppb Hg>" ions (R*> = 0.987) in a dH,O matrix,
under optimised conditions (Fig. 4d). The Limit of Detection
(LOD) was calculated based on a combination of the
International Union of Pure and Applied Chemistry (IUPAC)
definition (3S/M) and the calibration curve procedure as LOD
concentration (x) = y-c/m, whereby y is the standard deviation

This journal is © The Royal Society of Chemistry 2021
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when the morphology of the AuNSt-PEG is altered as a result of Au-Hg amalgamation.

of three measurements of the blank and ¢ and m are the
intercept and the gradient of the calibration curve,
respectively. Due to the linear range (0.1-10° ppb) falling
within the calibration range, the lowest concentration was
very close to the saturation point of the assay. Therefore, the
lowest detectable limit of the SERS-sensor which could be
accurately distinguished from the background signal was
calculated as 0.249 ppb Hg>" ions. Overall, these results
confirmed that the sensitivity of the developed approach was
found to detect beyond the maximum residue levels (MRLs)
for Hg** in drinking water (2 ppb), as set by the
Environmental Protection Agency®® and the World Health
Organization®” and also below the estimated levels of Hg”>*
found within shallow oceanic waters (~60-80 ppb).*®

3.6 Selectivity of the SERS-sensor for Hg”* detection

The selectivity of the AuUNSt-PEG SERS-sensor was determined
against thirteen additional metal ions (K', Zn**, Na*, Mn*",
Ag', AP*Y, Co*, Ca*', Fe?', Mg*", Bi*", Li*", sn*") and a blank
sample (AuNSt-PEG and dH,O) (Fig. 5). These metal ions
were introduced alone initially to ensure that the sensing
mechanism was specific to Hg?" detection. The results
highlighted that Ag®, Sn**, Co®>" and Fe** provided Raman
enhancement in the presence of AuNSt-PEG and 1.25 mM
TMB with 6% H,0, (in comparison to the blank sample). All
other metal ions alone remained similar to that of the blank.
However, the only metal ion which significantly reduced the
Raman enhancement (by ~80%) was Hg>" ions. In additon, a

This journal is © The Royal Society of Chemistry 2021

mixture of all 13 metal ions without Hg?" (Fig. 5, bar A) and
14 metal ions with Hg>" (Fig. 5, bar B) were analysed and the
results confirmed both an enhancment and reduction in
SERS intensity from oxTMB, respectively. Therefore, this
could confirm that the sensing mechanism was solely
attributed to the presence of Hg”" and the presence of other
metal ions in a contaminated real water matrix would not
have the same detrimental effect to the morphology of the
AUNSt-PEG, as has been observed for Hg>" ions.

3.7 Application and validation of the SERS-sensor in a
seawater matrix

The applicability of the AuNSt-PEG SERS-sensor was analysed
in two matrices: a certified coastal seawater Hg*" certified
reference material (CRM) and dH,O conditions (Table 1). The
results for AuNSt-PEG analysed in the CRM provided a
working range between 0.1 ppb to 10° ppb (Fig. SI.13af). A
linear response between decreasing SERS intensity and
increasing Hg>" concentration, at a fixed Raman band of
1190 cm™ was also observed (Fig. SI.13bf). Overall, the
results showed good linearity for the seawater CRM (R* =
0.979) (Fig. SI.14}) and the lowest detectable limit of spiked
Hg>" ions was identified as 0.290 ppb, similar to that of the
dH,O conditions (LOD = 0.249 ppb). Therefore, the results
suggest that the developed SERS-sensor could be applied to a
real water sample, without suffering detrimentally from
matrix effects. Finally, the assay CV (%) for all three water
matrices fell below 7.2%, which was much lower than the
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acceptable limit of 15%. The % recovery fell between the
range of 95.2% and 104.5%, which overall confirmed the
reliability and repeatability of the SERS-sensor. To provide a
clearer picture of where the proposed system lies amongst
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Fig. 5 Selectivity of the AuNSt-PEG Raman enhancement in the
presence of additional individual metal ions all at 10 ppm and in the
presence of a mix of 13 metal ions without Hg?* (bar A) and 14 metal
ions with ng+ (bar B), determined by analysing the oxTMB peak at
1190 cm™
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other recent approaches reported in the literature for Hg>"
detection, several analytical parameters have been compared
(Table 2). Although several rapid and sensitive detection
mechanisms have been recently reported in the
literature,*™*' merits of the sensing approach presented in
this study lie in its novel sensing mechanism, and that it was
carefully validated for a real seawater matrix, which is a
harsh environment for colloidal nanoparticles. Overall, it

Table 1 Raman enhancement of AuNSt-PEG as a function of Hg?* ion
concentration after 20 min incubation with 1.25 mM TMB and 6% H,O,.
The table compares the sensitivity and applicability of the assay in dH,O
conditions and a coastal Hg?* seawater certified reference material
(CRM). The table highlights the coefficient of variation (CV%) and %
recovery to confirm reliability and repeatability of the approach. All
validation was assessed in triplicate over three consecutive days (n = 27)

Spiked Hg?*
LOD concentration CV Recovery

Matrix (ppb) (ppm) (%) (%)
dH,0 0.249 0.001 3.4 993

0.1 4.2 102.6

10 2.7 98.4
Coastal Hg”" seawater certified 0.290 0.001 72 971
reference material (CRM) 0.1 2.5 104.5

10 6.6  95.2

This journal is © The Royal Society of Chemistry 2021
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detection
Method Matrix Selectivity Sensitivity Validation Recovery Ref.
AuNSt: colorimetric ~ Seawater CRM  Tested in presence of 13 other ions (K*, Zn**, 0.2 ppb (1 Yes (CRM) 95.2-104.5% This
(nanozyme) & SERS Nz;:, Mg“, A§:, AIP*, Co*, ca®!, Fe*t, Mg™, nM) work
Bi”", Li*", Sn™)
Bragg grating sensor Drinking water Tested in presence of 4 other ions (Pb*", Cu®, 100nM  NA 86-98% 39
Na', cd*") (20 ppb)
Conductometry Tap, well and  Tested in presence of 8 other ions (Na*, Mg®", 0.1 nM NA NA 40
lake water K', Ca*', Co’*, Ni*', Cu®', Pb*") (0.02 ppb)
AuNPs: SERS Drinking water Tested in presence of 8 (Na", K¥, Mg>", Zn*", 60 aM Hg”* concentrations ~ NA M
cd*, co™, Pb**, Cu*) (0.01 ppq) validated against
certified ICP-MS
standards
AuNPs: colorimetric  Deionised Tested in presence of 19 other ions (Li*, Na', 100/200  NA NA 42
(aggregation) water, drinking K, Mg**, Ca®", Sr**, Ba®", Cr’", Mn”", Fe’", nM
water and Fei*, Co**, Ni**, cu*', Zn**, cd**, AI**, Pb*, (20/40
seawater Ag") ppb)
Au-Cu nanobelt: Lake and tap ~ Tested in presence of 7 other ions (K, Cu*", 8ppt(5 NA NA 43
SERS water Fe**, Bi*, Na¥, Cd**, Zn®" and Cr*") pM)
AgNPs: colorimetric  Deionised Tested in presence of 11 other ions (Pb**, Cd**, 55 uM NA NA 44
& SPR water cu*, 092*, Cca**, Ni**, Zn*', Mn**, Fe**, Fe**
and Na")
AuNPs: colorimetric Lake water Tested in presence of 14 other ions (Pb**, Na*, 4 nM (0.8 Yes 95-110% 45
(nanozyme) K', Ca®", Mg**, Mn*", Fe**, Ni*", sr**, Cu®", ppb)
Zn**, Cd**, AI’*, and Cr™)
AuNPs: colorimetric  Deionised Tested in presence of 13 other ions (Ti*", Mg>*, 10 pM (2 NA NA 46
(aggregation) water V4+Z,+Mn§i, Nii*, cd*, Pb*, Cr**, Co*", Fe*", ppt)
Zn*", Pt*", Ag")
PtNPs: colorimetric ~ Grounds water Tested in presence of 11 other ions (Li", Ca®*, 47.3nM NA 91.6-97.6% 47
(nanozyme) AP, Cr;:, Mn*", Co*, Ni**, Cu*", Zn**, Sn** (9.5 ppb)
and Pb™")
AuNPs: colorimetric  Drinking water Tested in presence of 17 other ions (AI’", Ba®*, 30nM (6 NA NA 48
(aggregation) Ca®*, cd**, co*",cr*’, cu®’, Fe*’, Fe**, Hg*", K', ppb)

Mg>", Mn**, Na*, Ni**, Pb*" and Zn*")

MoS, nanosheets: Lake water Tested in presence of 8 other ions (Ca®>*, Cd**, 5nM (1  NA 93.9-98.9% 49
colorimetric Mg>", Mn*", Ba®*, Fe**, Cu®>" and Pb*") ppb)
(nanozyme)
AgNPs: colorimetric ~ Tap water Tested in presence of 9 other ions (Ca**, Ba*, 1 nM (0.2 NA 90-95% 11
(nanozyme) & SERS Pb**, Ni**, sn**, Co**, Zn**, Mn*" and Cd*"). ppb)
Two ions show some interference (Ag" and
Cu2+)
Graphene Wastewater Tested in presence of 18 other ions (Na', K', 1nM (0.2 NA NA 50
oxide-PEI-Pd NH,", Ag', Ca**, Ba*", Cu*", Ni*", Zn”", Fe*", ppb)
nanohybrids: Mg>*, Co**, Mn*", Cd*", Pb**, A", Fe’" and
colorimetric cr'h)
(nanozyme)

could be determined that in terms of sensitivity, selectivity
and applicability our SERS approach provided an
ultrasensitive sensing mechanism, with great potential for
water and food safety applications.

4. Conclusion

In this study, we have successfully evaluated the catalytic
performance and Raman scattering properties of the AuNSt
coated with four different surface moieties (-NaCit/-PEG/-
OEG/-11-MUA) based on their ability to produce oxTMB.
AuNSt-PEG showed the best results as SERS substrates for
oxTMB, therefore it was chosen for the detection of mercury
ions in seawater. In the presence of Hg>" ions, the catalytic
activity of the AuNSt could be enhanced after Au-Hg
amalgamation, evident by the production of a strong blue

This journal is © The Royal Society of Chemistry 2021

colour and absorption peaks at 370 nm and 650 nm, typical
of oXTMB. As oXTMB is also highly Raman active, it would be
reasonable to hypothesise that the Au-Hg amalgam would
present a stronger Raman signal for oxTMB owing to the
SERS effect of the AuNSt. However, experimental analysis
interestingly showed a reduction in Raman intensity from the
oXTMB reporter, in the presence of the AuNSt and Hg*" ions,
leading to a SERS signal which was inversely proportional to
the Hg>" concentration. Electron microscopy and elemental
analysis further revealed that the presence of Hg>"
destructively truncated the sharp tips of the AuNSt changing
their size, shape, and elemental composition. These findings
provide important information about the peroxidase-
mimicking and SERS properties of the AuNSt and the
detrimental effect Au-Hg amalgam has on the morphology of
AuNSt. Based on this mechanism, Hg?" ion concentrations as
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low as 0.2 ppb were successfully detected in both water and
coastal CRM samples. The approach also
demonstrated high selectivity when tested against thirteen
additional metal ions. Overall, the AuNSt-PEG provided an
ultrasensitive and specific SERS-sensor for the detection of
Hg”" ions in high electrolyte environments. This research can
contribute to the protection of water systems, aquatic life and
human health from toxic Hg?' contamination, with the
potential for further developments to food matrices (e.g.,
seafood) or on-site analysis in the future.

seawater
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