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Mercury (Hg) is a potent neurotoxin in fish, wildlife, and humans. The detection of Hg(i) ions in water
therefore requires accurate, ultra-sensitive, rapid and cost effective analytical methods. We present
a novel nanosensor for the field detection of Hg(i) in water by surface enhanced Raman spectroscopy
(SERS). In the new SERS nanosensor, aminodibenzo-18-crown-6 (ADB18C6) was coupled with
mercaptopropionic acid and the resultant crown ether derivative (TCE) was self-assembled as
a recognition surface layer for Hg() onto the surface of a nanostructured gold substrate. The
coordination of Hg(i) to the oxygen atoms of TCE led to the spontaneous binding of the metal ion into
the cavity of the crown ether layer. This caused the intensity of the Raman band at 1501 cm™ for the
crown ether to increase with the concentration of Hg(i) in the range of 1 x 107 M to 1 x 107° M.
Complexation between TCE and Hg() was further confirmed by UV-visible spectrometry,
spectrofluorimetry and electrochemistry. The method was successfully applied to the determination of
Hg(n) in tap water using a handheld Raman spectrometer and it demonstrated high selectivity towards
Hg(n) in the presence of Pb(i) and Cd(i). This eliminated the need for extensive sample preparation and
extraction procedures prior to the analysis. The limit of Hg(i) quantification by the new SERS nanosensor
and the limit of detection were 1000 fold below the EPA and WHO defined levels for Hg(i) ions in water.

Introduction

Mercury is a heavy transition-metal that is widely released into
the environment from anthropogenic sources (e.g. mining, solid
waste incineration etc.) and natural activities (e.g. volcanic and
oceanic emissions). Even at very low concentrations, Hg(u) has
highly toxic and deleterious effects on both the environment
and humans." Exposure to Hg(u) can lead to brain damage,
heart failure, anaemia, kidney damage and nervous system
disorders. Because of its abundance, stability and good water
solubility, Hg(u) accumulates in water and, subsequently, in
humans as well as other living organisms through the intake of
Hg(u) contaminated water.>® The maximum allowable concen-
tration of Hg(u) in drinking water has been indicated by the U.S.
Environmental Protection Agency (USEPA) as 2 pg L™ (10 nM).
Therefore, the rapid detection and removal of Hg(u) are vital for
its monitoring, control and remediation.

Consequently, various analytical techniques have evolved
over the past decade for the detection and quantification of
Hg(u) in water. Among these are inductively coupled plasma
mass spectrometry (ICP-MS),* colorimetry and chem-
iluminescence,” atomic absorption spectroscopy and X-ray
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fluorescence spectrometry,® high performance liquid chroma-
tography,” neutron activation analysis (NAA)® and enzyme
linked immune sorbent assay (ELISA).® However, most of these
analytical methods require time-consuming sample prepara-
tion procedures, expensive instrumental infrastructure and, are
therefore, not suitable for remote or on-site applications.

SERS is an ultra-sensitive analytical method that can be
utilised for the rapid field detection of Hg(u) in environmental
matrices with minimum or no sample pre-treatment.'®"* Many
examples of SERS detection of Hg(u) in water were demon-
strated recently in literature."*™* In these examples various
approaches were adopted for the metal ion detection, such as
the use of Raman reporters or the utilisation of the thymidine-
Hg(u)-thymidine coordination chemistry.*

Generally, metal ions are known to have small Raman scat-
tering cross-section with no vibrational modes making their
direct detection by SERS difficult. Therefore, SERS detection of
Hg(u) usually adopts an indirect approach. In this approach,
a Raman reporter is used to detect the presence of Hg(u) in the
sample. The SERS signals of the Raman reporter is monitored
and changes in the SERS spectrum of the reporter are attributed
to its interaction with the mercuric ions.'* Among the Raman
active molecules that can be utilised for the SERS detection of
Hg(u) are crown ethers. In addition to their Raman activity,
crown ethers are excellent ligands that can form complexes with
metal ions. The ability of crown ethers to form coordination
complexes with different metal ions is highly influenced by the
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chelating ring size, macrocycle rigidity, and number and type of
donor atoms present.” In addition, the geometric shape, charge
density and ionic radius of the metal ions also affect its selective
reactivity towards specific crown ethers.’®"” Careful tuning of
these factors can lead to the formation of a highly selective
complex between a given crown ether and a specific metal ion.*®
Many researchers have utilised crown ether derivatives of
different crown sizes to host different guest metal ions.** The
selective complexation of Hg(n) over a wide range of environ-
mentally relevant metal ions by dibenzo 18-crown-6 azo dye
derivatives using UV-visible and fluorescence spectrometry has
been reported in the literature.”*>* In this work, a different
mode of detection (i.e. SERS) with high sensitivity and a new
aminodibenzo-18-crown-6 (ADB18C6) derivative was used.
ADB18C6 was coupled with mercaptopropionic acid (MPA) to
form a thiolated crown ether derivative (TCE) that was utilised
as a recognition molecule for the selective sensing of Hg(u) in
water by SERS. The advantage of TCE is its ability to form a self-
assembled monolayer by firmly attaching itself onto a SERS
substrate through the strong Au-S bond.

To improve the reproducibility of SERS measurements, the
firm attachment of the recognition molecule to the surface of
a SERS substrate is important. Several approaches have been
demonstrated for the attachment of recognition molecules onto
SERS substrates. For instance, alkane thiol compounds can be
used as a linker to attach recognition molecules to the nano-
structures of a gold SERS substrate.>**” In this scenario, the
thiol group of the linker molecule interacts with the gold
surface via stable Au-S bond and the other end of the linker
molecule may carry an amine group that forms an amide
linkage with an active carboxyl group on the recognition
molecule.>”?® In this work, MPA was utilised as a linker between
a nanostructured gold substrate and the ADB18C6 recognition
molecule. The carboxylic functional group of MPA was attached
to the primary amine end of ADB18C6 through EDC coupling
reaction.”® The gold nanostructures were electrochemically
prepared and deposited onto the surface of the solid gold
substrate. This approach for preparing the nanostructured gold
substrate is relatively fast, does not involve the use of capping
agents (which may cause spectral interferences) and eliminates
the problem of uncontrolled nanoparticle aggregation. To
demonstrate the potential of the new nanosensor for real time
analysis, a handheld Raman spectrometer was utilised for the
SERS detection of Hg(i1) contamination in water samples at the
ultra-trace level down to 0.51 pM.

Experimental
Chemicals and reagents

All reagents and solvents were of analytical grade and used
without further purification. Concentrated sulfuric acid (98%),
hydrogen peroxide solution (30%), mercaptopropionic acid (MPA),
4-amino-dibenzo-18-crown-6 ~ (ADB18C6), gold(m) chloride
(HAuCl,), phosphate buffered saline (PBS), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydro-
chloride (EDC), dimethyl sulphoxide (DMSO), Pb(NO3),, Cd(NO3)s,
and Hg(NOs), were all purchased from Sigma-Aldrich (USA). All

21568 | RSC Adv., 2017, 7, 21567-21575

View Article Online

Paper

solutions were prepared using ultra-pure water (18.2 MQ
cm@25 °C, Milli-Q).

UV-visible and fluorescence studies

To investigate the complex formation between ADB18C6 and
Hg(u), 1 mL of 1 mM ADB18C6 (in DMSO : H,O, 1:1 v/v)
solution was mixed with 150 uL of 10 uM HCI. This was fol-
lowed by the addition of 1 mL of the Hg(u) aqueous solutions in
the concentration range of 20 mM, 40 mM, 60 mM and 80 mM.
The mixtures were transferred into cuvettes and their UV
absorptions were measured in the wavelength range 250 nm to
500 nm. For the same mixtures, fluorescence emissions
between 280 nm and 800 nm were measured at an excitation
wavelength of 281 nm. To investigate the effect of interfering
ions on the UV and fluorescence measurements of Hg(u), the
above procedures were repeated after the addition of 1 mL of
80 mM Cd(u) and 80 mM Pb(u) to the ADB18C6/HCI/Hg()
mixtures.

ADB18C6 coupling to MPA

EDC (0.2 M) and NHS (0.1 M) were prepared in PBS (10 mM, pH
7.0) and mixed together (50 : 50, v/v). One mL of MPA (0.4 mM
in PBS, pH 7) was then added to 1 mL of EDC/NHS mixture.
The reaction mixture was allowed to stand for 15 minutes to
ensure the complete activation of the COOH terminal group of
MPA. To the MPA/EDC/NHS mixture, 1 mL of ADB18C6 (1 mM
in DMSO) was added to form an amide bond between the
amine group of the crown ether and the activated COOH group
of the MPA. The MPA-coupled ADB18C6 was labelled “TCE”
and used directly as a recognition molecule for the detection of
Hg(u). The scheme for the TCE ligand formation is shown in
ESI material 1 (ESI 17).

Electrochemical deposition of gold nanostructures on a gold
substrate

The surface of the gold substrates were polished with 0.5, 0.3
and 0.05 um grain sized alumina slurry respectively. The
substrates were then rinsed with water and sonicated in Milli-
pore water for about 15 minutes to remove all the physically
adsorbed alumina slurry. The polished substrates were then
soaked in piranha solution (3 parts of 98% sulfuric acid and 1
part of 30% hydrogen peroxide solution) for 10 minutes and
then rinsed with Millipore water. HAuCl, solution (4 mM in
0.1 M HCIO,) was used for the electrochemical deposition of
gold nanostructures onto the surface of the gold substrate using
the method described by Sivanesan et al*® after a minor
modification where the deposition time was increased from
400 s to 900 s. This was done to increase the number of gold
nanostructures and hence the number of hotspots available for
SERS enhancement. Finally, the substrates were treated with
oxygen plasma for 15 minutes to remove any organic molecule
that may become adsorbed to the nanostructured gold surfaces
(ESI 2t). The prepared substrates were characterized and used
as a SERS active substrate for Raman measurement of Hg ().

This journal is © The Royal Society of Chemistry 2017
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Surface functionalisation of the nanostructured gold
substrate with crown ethers

The nanostructured gold substrates were functionalised with
crown ethers by their incubation in 500 uL of ADB18C6 and TCE
solutions overnight. The substrates were then removed from
solution and washed with PBS. It was again washed with ultra-
pure water to remove all unbounded crown ether and other
unreactive molecules from the surface. To prevent the non-
specific binding of foreign molecules to the bare area of the
nanostructured gold surface, the functionalised substrates were
dipped into butanethiol (10~7 M aqueous solution). This proce-
dure was carried out for 2 hours in order to allow the butanethiol
molecules to backfill the bare gold sites on the substrate surface
via stable Au-S bonds. The functionalised and backfilled nano-
structured gold substrates were then washed several times to
remove the excess butanethiol from their surfaces.

Cyclic voltammetry measurements of the complex formation
between Hg(u) and tADB18C6

To confirm the complex formation between the TCE surface
layer of the functionalised nanostructured substrates and Hg(ir)
ions by electrochemistry, the bare nanostructured gold
substrate and the TCE-functionalised substrate were first
screened by cyclic voltammetry (CV). The voltammograms were
acquired in 100 mM PBS solution as an electrolyte. The CV
scans (6 cycles) were carried out between —0.5 to 0.6 V at a scan
rate of 0.1 V s~'. Ag/AgCl was used as the reference electrode
and a platinum wire as an auxiliary electrode. After the first set
of CV measurements, Hg(u) standard solutions at 1 pM
concentration were loaded onto TCE-functionalized substrates
and allowed to stand for 15 min. The CV measurements were
then repeated and the oxidation and reduction peaks at 0.40 V
and 0.35 V, respectively, of the Hg(n) ion bound substrate were
monitored after washing severally with Milli-Q water.

SERS detection of Hg(u) by the functionalised nanostructured
gold substrates

The TCE-functionalised and ADB18Cé6-functionalized gold
substrates were used for the detection of Hg(u) (ESI 3t). Prior to
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this, the background spectra of the bare AuNS coated gold
substrate was acquired (ESI 41). These substrates were screened
by Raman spectroscopy to acquire their native SERS spectra.
The spectrum for MPA was also recorded (ESI 5%). It is note-
worthy that these SERS spectra were acquired using a handheld
Raman spectrometer with the “reference spectrum” and “clean
peaks” modes enabled. With the “reference spectrum” enabled,
ambient light and other environmental background as well as
any fixed pattern noise is excluded. The “clean peaks” mode is
an in built beta correction algorithm that does background
correction and removes the effect of fluorescence (ESI 41). These
spectra were also collected in the raster orbital scanning mode
(over a wavelength range of 400 cm ' to 2000 cm™ '), which
rapidly scans a tightly focused beam in an orbital pattern,
allowing lower average power to produce high-integrity data
from a larger area of the sample without sample damage. An
excitation wavelength of 785 nm laser line was used for the SERS
measurements. The laser power at the sample was 10 mW while
the scan time was set at 2 accumulations and 3 seconds inte-
gration time. After these sets of SERS measurements, 1 mL
aliquots of Hg(u) standard solutions, in the concentration range
1 uM to 0.1 pM, were loaded onto the functionalised gold
substrates for 5 min to allow for the complex formation between
the crown ether surface layer of the substrate and Hg(u) ions.
The SERS spectra of the ADB18Cé6-functionalised and the
TCE-functionalized substrates were then repeated after the
complex formation (Scheme 1). A calibration curve was plotted
between the SERS signal intensity at 1501 cm™ ' and the
concentrations of the Hg(u) standard solutions.

Determination of detection limit and lower limit of
quantification

In order to determine the detection and quantification limits of
Hg(u) ions by SERS measurement, seven 0.1 pM Hg(u) bound
TCE nanosensors were screened with the handheld Raman
spectrometer and the concentration was determined (ESI 67).
The LOD and LOQ were calculated as the standard deviation (o)
X tos9 and o x 10 respectively (where ¢ is the threshold value of
student t-distribution with a degree of freedom (n — 1) at 95%
confidence interval).**

L I

Scheme 1 A schematic representation for the modification of nanostructured gold substrate by TCE and subsequent binding of Hg(n).

This journal is © The Royal Society of Chemistry 2017
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Selectivity of TCE towards Hg(u)

The selectivity of TCE towards Hg(u) was tested using 1 mL
aliquots of 1 pM Pb(u), Cd(u) and their mixed ion (Pb(u) and
Cd(u)) standard solutions. These solutions were loaded onto
individual TCE-functionalised substrates and allowed to stand
for 5 min and the SERS spectra were acquired with the handheld
Raman spectrometer as previously described. The spectra of the
functionalised substrates before and after interaction with the
metal ions were compared (ESI 77).

Determination of Hg(n) in tap water by TCE-functionalised
gold substrate and handheld Raman spectrometer

To utilise the TCE-functionalised gold substrate as a new
nanosensor for Hg(n) contamination studies in the environ-
ment, 1 mL of tap water was collected and spiked with 25 pL of 1
uM Hg(u). The spiked water sample was then loaded onto the
TCE-functionalised gold substrate and allowed to stand for
15 min. SERS measurements were carried out using the hand-
held Raman device (n = 3). The concentrations were calculated
from the calibration curve and the percentage recovery deter-
mined from the relation:

Chigrx) — Chigtv)

% recovery = 100

Crges)
where Cig(x), Crgp) and Cpg(s) Tepresent the concentration of:
Hg(u) as calculated from the SERS calibration curve, blank
sample and the spiked Hg(u) standard respectively.

Instrumentation and characterization

The nanostructured gold substrate was characterised by Scan-
ning Electron Microscopy (SEM) to determine the geometry, size
and distribution of the developed gold nanostructures. The UV
absorption spectra were recorded by Cary 60 UV-visible spec-
trophotometer (Agilent Technologies, USA). Fluorescence Cary
eclipse spectrophotometer was used for fluorescence measure-
ments. SERS measurements were carried out using the hand-
held ID Raman Mini2 (ocean optics, USA). A pAutolab
potentiostat (Metrohm Autolab) with a custom made three-
electrode cell setup was also used for all electrochemical
measurements.
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Results and discussion
UV-visible and fluorescence studies on Hg(u)

The absorption spectra of ADB18C6 in the absence and pres-
ence of Hg(u) are shown in Fig. 1. ADB18C6 showed a shoulder
band at 275 nm and absorption bands at 280 nm and 295 nm
respectively (Fig. 1A). The absorption band at 295 nm can be
attributed to the n — 7* transitions between the oxygen atoms
electron lone pairs and the crown ether ring of ADB18C6. The
band at 280 nm can be attributed to w — 7* transitions within
the unsaturated aromatic benzene rings on the crown ether
molecule. The shoulder at 275 nm may also be due ton — =
transitions between the amino group and the benzene ring of
the aniline moiety of the crown ether system.**** Upon the
addition of different concentrations of Hg(u) ions, the absorp-
tion band at 295 nm decreased and was completely quenched at
80 uM of Hg(u) concentration (Fig. 1B spectra a-d). The decrease
in the 295 nm band intensity indicated a host-guest interaction
between Hg(u) and 18-crown-6 where the Hg(u) metal ions are
chelated by the oxygen atoms of the crown ether.>** This leads
to the formation of a stable complex between ADB18C6 and
Hg(u). A closer look at the spectra (a-d in Fig. 1B) reveals an
isosbestic point at 287 nm, which is attributed to the presence
of both the Hg(u)-ADB18C6 complex and the free ADB18C6 in
solution.*

The fluorescence spectra of ADB18C6 in the absence and
presence of Hg(u) are likewise shown in Fig. 2. As indicated by the
figure, emission bands at 311 nm, 360 nm, 563 and 612 nm were
observed in the native spectra of ADB18C6. After the addition of
different concentrations of Hg(u), the band at 311 nm increased
while the intensity of the band at 360 nm quenched gradually
(spectra a-e). Moreover, the addition Hg(u) led to an increase in
the intensity of the emission bands at 563 nm and 612 nm
(Fig. 2). The quenching of the band at 360 nm and the increased
intensity of the 311 nm, 563 nm and 612 nm bands can be
attributed to the formation of the Hg(u)-ADB18C6 complex.

Selectivity of ADB18C6 crown ether towards Hg(u)

The selectivity of ADB18C6 towards Hg(ir) over 19 other metal
ions (i.e. K*, Li", Na", Ag", Ca**, Mg”", Ba**, sr**, Ni*", Co**, Cd*",

o~}
N
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[
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300
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350

Fig. 1 UV-visible spectra of (A) ADB18C6 and (B) ADB18CE6 in different concentrations of Hg(i): (a) 20 (b) 40, (c) 60 and (d) 80 uM.
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Fig. 2 Fluorescence spectra of ADB18C6 in different concentrations
of Hg(): (a) 0, (b) 20, (c) 40, (d) 60 and (e) 80 uM.

Pb>*, Cu®, Fe**, A", La**, Eu*" and Dy’*) has been reported in
literature.”** In this work, cadmium(u) and Pb(u) ions were
chosen for the selectivity studies using UV visible and fluores-
cence spectroscopy because of the similar chemical properties
between Cd(u), Pb(u) and Hg(u) and the fact that these toxic
heavy metals are among the commonly known environmental
pollutants. The UV absorption (Fig. 3A) and fluorescence
emission spectroscopy (Fig. 3B) showed no observable changes
in the absorption and fluorescence spectra of ADB18C6 after the
addition of Cd(u) and Pb(u). These results confirmed the selec-
tive complex formation between ADB18C6 and Hg(u).

Thiolation of ADB18C6 with MPA

To utilise ADB18C6 for the nanosensing of Hg(u) by SERS, it is
necessary to immobilise the crown ether onto the surface of
a SERS substrate where it acts as a recognition layer for the
mercuric ions. For this purpose, the carboxylic acid group of the
alkane thiol (i.e. MPA) was coupled to the crown ether using the
EDC/NHS coupling reaction to produce the thiolated crown
ether “TCE”. Upon interaction with gold surface, the free thiol
(SH) terminal group of TCE forms a stable Au-S bond with the
gold nanostructures to assemble the crown ether molecules in
a highly ordered monolayer with a common orientation. The
assembled crown ether was subsequently used to bind Hg(u)
ions.

Study of complex formation between Hg(u) and TCE by
electrochemistry

To confirm the complex formation between the crown ether and
Hg(u) ions on the functionalized nanostructured surface, the
TCE-functionalized gold substrate was screened by cyclic vol-
tammetry (CV). The cyclic voltammogram of the bare nano-
structured gold substrate (bare Au), the TCE-functionalized gold
substrate (Au/TCE) and the TCE-functionalised gold substrate
after binding with Hg(u) are shown in Fig. 4. As indicated by the
figure, there was no observable redox peak(s) in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (A) UV absorption spectra and (B) fluorescence emission
spectra of ADB18C6 crown ether after reaction with Hg(i), Cd(i) and
Pb(i) ions respectively.

voltammogram of the bare nanostructured gold substrate.
However, two well-defined redox peaks appeared in the vol-
tammogram of TCE-functionalised gold substrate at 0.20 V
(oxidation peak) and 0.14 V (reduction peak) respectively. New
oxidation and reduction peaks at 0.40 V and 0.35 V, respectively,
appeared in the voltammogram of TCE-functionalised gold
substrate after its interaction with Hg(u) ions (Au/TCE/Hg). The
emergence of these two peaks indicated the binding of Hg(u) to
the host crown ether*** and they may be attributed to the
inclusion of Hg(u) in the cavity of 18-crown-6 moiety of TCE and
the accompanied corresponding changes to the redox potential
of the substrate.****

SERS detection of Hg(u) by the TCE-functionalized gold
substrate

Some research groups'*** have reported SERS studies that
utilise colloidal nanoparticles for the detection of mercury
contamination in various environmental matrices. While some

RSC Adv., 2017, 7, 21567-21575 | 21571
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Fig. 4 Cyclic voltammogram of bare nanostructured gold substrate
(bare Au), TCE-functionalized gold substrate (Au/TCE) and TCE-
functionalised gold substrate after complex formation with Hg(n) [(Au/
TCE/Hg)l.

of these SERS sensors feature high selectivity, the colloidal
nanoparticles are quiet unstable since they are prone to
uncontrolled aggregation and, in effect, create
reproducibility challenges in their SERS measurements.
Unlike colloidal substrates, solid SERS-active substrates offer
the advantages of easy handling, long term stability and
adaptability to in-field screening.***® We recently developed
a solid nanostructured gold substrate for highly reproducible
SERS measurements. The substrate was manufactured by elec-
trochemical deposition of gold nanostructures onto a gold
surface to deliver high density of hot spots and high SERS
enhancement factor.*>* In the present work, we functionalised
this substrate with ADB18C6 and TCE and used it as a nano-
sensor for the detection of Hg(u). The SERS spectra for both
ADB18C6 and TCE after their immobilisation onto the nano-
structured gold substrate (Fig. 5) were recorded with the
handheld ID Raman mini 2 and the corresponding band

non-
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9000 | —ADBISC6
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Z

S 6000

E
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« o

5 3000 - K
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400 600 800 1000 1200 1400 1600 1800

Raman shift (cm™)

Fig. 5 SERS spectra of ADB18C6 and TCE on nanostructured gold
substrate.
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assignments given in Table 1. Since the handheld device has the
ability to perform fluorescence and background interference
corrections, the spectra is reported as raw data. This saves time,
giving it advantage over a bench top spectrometer.

When ADB18C6 is adsorbed onto the substrate, Au-N and
Au-O bonds are formed between the substrate’'s gold nano-
structures and the amine and oxygen groups of ADB18C6
respectively. As a result, we propose that the crown ether moiety
assumed a horizontal position on the gold surface. The
appearance of the out-of-plane vibrational modes at 734 and
938 cm ! indicated that, these modes of vibration adopted
a perpendicular orientation on the gold surface while the crown
ether moiety lies horizontal to this nanostructured gold
surface.”™** In this orientation, since the ADB18C6 molecule lies
close to the nanostructured gold substrate's surface, it experi-
ences a strong localised surface plasmon resonance effect
(LSPR). The close proximity of the ADB18C6 molecule to the
LSPR and the fact that its scattering tensor components for the
out-of-plane vibration modes lie perpendicularly to the gold
surface, led to a strong Raman intensity enhancement observed
in the spectra of ADB18C6."*

The Raman spectra of TCE has relatively low intensities
compared to the spectra of ADB18C6 (Fig. 5). These changes
may be attributed to a non-horizontal orientation of TCE onto
the substrate's surface. Thiolated ADB18C6 forms a strong Au-S
bond between its MPA moiety and the nanostructures of the
gold substrate. Therefore, TCE may assume a more vertical
position on the substrate's surface when compared to that of
ADB18C6.7%°*%* The vertical orientation of TCE causes the crown
ether structure to lie further away from the effective range of the
LSPR. Since the LPSR effect decays exponentially with the
distance from the gold surface,* a significant reduction in the
Raman signal intensity was observed for TCE. The Raman
bands at 1501 cm ™' experienced a strong reduction in its
intensity as well as a bathochromic shift to 1492 cm™".5%% In
addition, the low intensities of the bands at 1492 cm ™' and 1599
cm ' suggested that the phenyl rings of the crown ether
structure are not directly adsorbed onto the substrate surface
and, therefore, their interaction with the LSPR is weak.?” The
vertical orientation of TCE also causes the out-of-plane vibra-
tional modes at 734 cm™ " and 938 cm ™! to lie parallel to the

Table 1 SERS wavenumbers/cm of ADB18C6 and TCE and their band
assignments

Raman shift/cm  Band assignment

ADB18C6 TCE ADB18C6 TCE  References

496 596 & (C-O-C), sym Au-S 47

734 Cph-H, out of plane bending 48

813 v (C-O-C), sym 47

938 Cph-H, out of plane bending 48

1137 v (C-O-C), asym 47 and 48

1327 CH,-wag, C-C-H 47-49
deformation

1440 1437 H-C-H deformation v 47

1501 1492  Cph-O str., Cph-H v 48

1599 1602 C=C str. (aromatic) v 50

This journal is © The Royal Society of Chemistry 2017
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surface of the substrate.’>** Hence, these vibrational modes
become Raman inactive leading to a quenching of the 734 cm ™"
and 938 cm™ ' bands in the Raman spectrum of TCE.

The TCE-functionalisation gold substrate was utilised for the
SERS detection of Hg(u) ions. Upon complexation of Hg(u) ions
with the TCE surface layer of the functionalised substrate, the
Raman spectrum of TCE experienced significant changes
(Fig. 6). As illustrated by Fig. 6, the bands at 1327 cm ™" and 1501
em ™' and the H-C-H deformation band at 1454 cm ™' reap-
peared. These changes may be attributed to the structural
deformation of TCE upon its complexation with Hg(u).**** In
addition, the affinity of Hg(u) to gold may cause the mercuric
ions to move close to the substrates surface. This will force the
TCE to move to the proximity of the substrates surface in order
to chelate the mercuric ions that lie at the gold interface. These
combined effects cause the crown ether structure to align itself
within the LSPR of the SERS substrate.* This in turn, led to the
strong enhancement of the Raman spectrum of TCE-Hg(u)
complex compared to that of TCE alone.

SERS quantification of Hg(u) in the environment by TCE-
functionalised gold nanosensor

The TCE-functionalised gold nanosensor was utilized for SERS
quantification of Hg(n) in aqueous solutions. For the quantifi-
cation of Hg(u) by SERS, the intensity of the Raman band at 1501
em~ ' was recorded at different concentrations of Hg(u). The
Raman signal intensity at 1501 cm ™" was found to increase with
the concentration of Hg(u) (Fig. 7 inset). A linear relationship
was obtained between the SERS signal intensity and the corre-
sponding log concentration of Hg(u) (Fig. 7). Close correlation
(R?* = 0.9909) was found over the Hg(n) concentration range of 1
uM to 0.1 pM. The LOD and LOQ of the new nanosensing
method were obtained at a standard deviation (o) of 0.21 pM
from seven measurements and estimated to be 5.1 x 107 M
(0.51 pM) and 2.07 x 10> M (2.07 pM) respectively. The LOD
and LOQ values of the SERS nanosensor are 1000 fold lower
than the recommended EPA and WHO limits of Hg(u) in water
(i.e. 10 nM and 30 nM respectively).'>” Other SERS sensors for
Hg(1) have been demonstrated in the literature. For example,

6000 -
—TCE

> —1uM Hgin TCE 1327
% 4000 -
E
[
g
3 2000 - X &

800 1000 1200 1400 1600 1800
Raman shift (cm™)

Fig. 6 SERS spectra of TCE and TCE—-Hg(i) complex.
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Fig. 7 Alinear correlation plot of the Raman intensity (at 1501) versus
the logarithm of Hg(i) concentration and corresponding SERS spectra
(inset) from (a) 1 x 107" M to (f) 1 x 107° M.

Shaban et al.*® developed a SERS sensor for Hg(u) by function-
alising porous anodic alumina membrane with CoFe,O, nano-
particles and growing carbon nanofibers on the inner walls of
the functionalised membrane to capture the target analyte. The
method development of the sensor was complex and the
detection limit for Hg(u) was only 1 pg per L (1 PPb). Ren et al.*®
synthesised and functionalised Ag nanoparticles with crystal
violet, as a Raman reporter, and utilised them to determine
Hg(u) down to 90 pM. The disadvantage of this method is that,
the Raman detection of Hg(u) was carried out directly within the
Ag colloids. This mode of detection is well known to suffer from
non-reproducible SERS measurements due to the inability to
control the formation of hot spots.®®®* Wang et al.®* used gold
nanoparticles that were functionalised with anti Hg antibody
and a Raman reporter to detect Hg(u) by SERS based competitive
immunoassay. The method was selective and sensitive down to
0.4 pM. However, this method is disadvantaged by the use of
expensive antibody and Raman reporter as well as the limited
shelf life of the functionalised nanoparticles due to the poten-
tial loss of the antibody activity. By contrast, the developed
sensor in this work addresses these challenges. Besides the ease
of using this sensor in the field, its LOD is relatively lower
making it more sensitive than those for some other methods
reported previously (Table 2). In addition, due to the chemical
nature of the used crown ether and its immobilisation on the
nanostructured substrate via stable Au-S bonds it is more stable
than the sensor functionalised by an antibody.

The TCE-functionalised gold nanosensor was utilised for the
detection of Hg(u) in tap water. The TAP water was contami-
nated with Hg(u) (2.5 x 10~® M), loaded onto the TCE-
functionalised gold nanosensor and screened by a handheld
Raman spectrometer. This concentration was chosen because it
represents a case of Hg(u) contamination in water that can
cause toxicity (since it is above the EPA and WHO defined levels
for Hg(u) ions in water). The mean prediction concentration of
Hg(n) was 1.67 x 10" ®* M (n = 3) with a % recovery of 93.33 +

RSC Adv., 2017, 7, 21567-21575 | 21573
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Table 2 Comparison of proposed Hg(i) sensing method with some reported methods

Sensing material Analytical technique Medium LOD Reference
Dibenzo-18-crown-6 azo dye derivative Spectrofluorometry Water 1.25 x 10 ° M 22
Dibenzo-18-crown-6 azo dye derivative UV-visible spectroscopy Water 2.90 x 10°* M 23
Microporous poly(2-mercaptobenzothiazole) film Electrochemistry Water 1.0 x 107 M 58
Thiolated dibenzo-18-crown-6 derivative SERS Water 5.10 x 107 M This work

16.17. The results obtained for the spiked water sample indi-
cated the potential of this nanosensor for the fast, sensitive and
selective field analysis of mercury contamination in water.

Conclusion

In this work, a new field-deployable crown ether-based SERS
sensor for detecting Hg(u) ions in water has been demonstrated.
The new nanosensor showed high sensitivity and selectivity
towards Hg(u). The LOD (0.51 pM) and LOQ (2.07 pM) of this
new mercury nanosensor were 1000 fold below the EPA and
WHO defined levels for Hg(u) ions in water. The TCE-
functionalised nanostructured gold substrate provided
a convenient platform for the field detection of Hg(u) in water by
surface enhanced Raman spectroscopy. In view of these
advantages, this nanosensor provides a promising rapid and
easy assay that can be used for the field detection of Hg(u) in
water. Investigations on the fabrication of more sensitive, rapid,
easy-to-use, selective and field deployable nanosensors for other
environmental toxicants are in progress in our laboratory.
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