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Abstract: The detection of Cu?* on surface modified nanoporous
gold in aqueous solution is reported. Nanoporous gold electrodes
were prepared with a wide range of pore sizes by dealloying of
sputtered gold-silver alloys in concentrated nitric acid. Varying the
pore sizes can significantly improve the electroactive surface area of
the electrodes as well as protect the surface from biofouling
materials, both necessary for the direct detection of trace metals in
untreated samples. Two surface modifications i.e. a self-assembled
monolayer of 3-mercapto-1-propanesulfonate and electro-grafted
benzene diazonium sulfonate were evaluated. Underpotential
deposition of Cu?* and subsequent stripping of the deposited copper
was achieved utilizing square wave voltammetry. The sensor was
capable of accurately measuring Cu?* concentrations in a range of
water sample (tap, rain and river water) without the necessity of prior
pre-treatment of the samples. The sensor had a linear range of 0.2
to 25 UM, which encompasses the accepted maximum limit for the
concentration of copper in drinking water (20.5 pM). The sensitivity

was 8.18 pA cm2 pM* with a limit of detection of 18.9 nM (~1.2 ppb).

The response of the sensor in artificial human serum was unaffected
by the sample matrix, demonstrating the ability of the system to
resist fouling by serum

Introduction

The detection of heavy metals in environmental matrices and
biological materials is of significant interest [1]. Metals such [2],
copper [3], zinc [4] , cadmium [5], mercury [6] and arsenic [7]
can have toxic effects when present in drinking water, food and
soil samples [8]. Copper is an essential trace element that is
required in the human body for a number of functions,
predominantly as a cofactor for a number of enzymes. However
variations in the concentration of copper can indicate health
issues such as Menkes” syndrome, an extreme form of copper
deficiency that can cause seizures and intellectual disability, and
Wilson’'s disease, a genetic disorder that causes the
accumulation of copper, which can cause liver diseases and
neuropsychiatric symptoms [9]. A range of techniques for the
detection of trace metals in biological samples have been
developed. The most widely used techniques are atomic
adsorption spectroscopy (AAS) [10] and inductively coupled
plasma-mass spectroscopy (ICP-MS) [11]. However these
techniques require expensive instrumentation and highly trained
technicians. The development of simpler, inexpensive and
disposable methods such as colloidal gold based methods of

detection of Pb in blood is of interest [12]. A promising approach
is the electrochemical determination of underpotential deposited
(UPD) trace metals in solution through stripping voltammetry
[13].

Gold has been widely used as an electrode material for the
detection of heavy metals in solution utilizing the UPD process.
Nanoporous gold (NPG) exhibits a three-dimensional network of
gold ligaments which are formed by the selective removal of a
less noble metal (such as Sn or Ag) from a gold alloy, either by
chemical or electrochemical etching [14]. Depending on the
dealloying technique and conditions, the porous structure may
possess heterogeneous or bicontinuous structures [15]. NPG
has been found to exhibit favorable characteristics such as large
surface area [16], tunability of the surface morphology [17] and
the capability to protect from biofouling materials [18]. UPD
deposition at thiol terminated self-assembled monolayers
(SAMs) has frequently been used for the detection of trace
metals in solution [19]. The chain length [20] and the nature of
the functional groups [21] of these SAMs can have significant
influence on the detection of trace metals. The bond strength of
the sulphur-gold bond is weaker than that of carbon gold bonds
[22]. As stripping of trace metals from the electrode surface can
result in partial removal of thiol monolayers, carbon based
modifiers are preferred The electrochemical attachment of aryl
diazonium salts on conductive electrodes was first demonstrated
by Pinson and co-workers [23]. A mono- or multilayer of the
respective compound is electrochemically reduced to the
electroactive surface by applying low reductive potentials to
trigger the one electron reductive adsorption process [24].
Oligopeptide modified diazonium films on gold electrodes have
previously been used for the detection of trace metals (Cu?*,
Cd?* and Pb?") in solution [25]. Although these systems are very
sensitive to the detection of low concentrations of free metal ions,
the relatively complex systems utilize expensive oligopeptides
and are limited by the amount of complexation sites available to
bind the metal ions [25b]. The determination of Cu?* through
complexation of Cu?* at methoxy modified layers has been
described with a LOD of 5 nM and a linear range of 0.01 — 0.1
UM [26]. Direct detection without complexation on the electrode
surface is of interest, as the sensor response is limited by the
accessible surface area of the electrode rather than the number
of complexation sites.

Here we demonstrate an alternative surface modification
technique utilizing benzene diazonium sulfonate, an
intermediate product in the synthesis of methyl orange [27].
Using this approach, effective blocking of fouling enables the



direct measurement of the concentration of free copper in
untreated water (river, rain and tab water samples) and artificial
human serum samples.

Results and Discussion

MPS modified planar Au electrodes. After extensive
polishing and cleaning, planar gold electrodes were modified
with MPS, a short chain thiol with a sulfonate functional group.
MPS has frequently been reported to improve the sensing
capabilities of trace metal sensors as the bulky negative charged
sulfonate group is capable of attracting positively charged ions
[21, 28]. Surface modification with MPS leads to a disorganized
monolayer of the thiol film on the electrode surface, which can
arise from the bulky sulfonate group as well as the short spacer
group (i.e. 3 carbon atoms) that restricts the degree of flexibility
during the formation of the monolayer and of the flexibility of the
resulting monolayer [21]. This disorganized monolayer is
preferred as it allows for void spaces in the monolayer for the
deposition of the trace metal on the surface of the electrode.
Cyclic voltammograms of unmodified and MPS modified planar
Au electrodes are shown in Figure S1. At high concentrations of
Cu?* (1 mM), the voltammograms of unmodified planar Au
electrodes show characteristic redox peaks (Figure S1 A), which
are associated with the underpotential deposition and stripping
(al,c1) as well as bulk deposition and stripping of Cu (a2,c2).
When compared with MPS modified planar electrodes, the
peaks are larger for unmodified electrodes, which likely arise
from the reduced accessible electrode area of the surface
modified electrodes. When the concentration of Cu?* is reduced
to 1 uM the unmodified planar electrode displays no apparent
redox process, while the MPS modified planar electrodes display
well defined underpotential deposition and stripping (al, cl)
peaks (Figure S1 B). Interestingly no bulk deposition and
stripping peaks were observed which might be due to depletion
of Cu?* in the UPD process. From the MPS modified electrodes
a deposition potential of 0.15 V (vs Ag/AgCl in 3 M KCI) was
used for all subsequent experiments.

Table 1. Dealloying conditions used with the resulting average pore size of the
NPG electrodes

Dealloying temp. Dealloying time Average pore size

[°C] [min] [nm]

20.8 5 15+2
40.2 5 42+ 3
59.9 5 62+4

Dependence of electrochemical response on pore size.
The pore sizes of the NPG can be finely tuned'’2. NPG with
average pore sizes of 15 + 2, 42 £+ 3 and 62 + 4 nm were
prepared (Table 1). Electrodes that possess smaller pores may
be inaccessible to the bulk solution. Surfaces with large pores
possess smaller surface areas, limiting the sensitivity of the
response. Stripping voltammograms of MPS modified NPG with
different pore sizes show significant differences (Figure 1). The
highest current densities (calculated using the electrochemical
addressable surface area) were obtained with NPG with an
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average pore size of 42 nm (NPG 42). Even though the
responses obtained with NPG 15 are lower than that of NPG 62)
NPG electrodes, NPG 15 electrodes displayed high sensitivity.
Detection with NPG 62 was difficult as the stripping peak was
overlayed by the relatively large capacitance signal of the NPG
electrodes. The signal to noise levels observed at NPG 62 were
also higher than at the other electrodes. NPG 15 and NPG 42
electrodes were used for all subsequent experiments. When
compared with planar Au electrodes, the response of all NPG
electrodes was higher, arising from the increased surface area
of NPG electrodes. Broader peaks with shoulder peaks at
potentials between 0.2 and 0.3 V were observed with NPG 15
and NPG 62. These broader peaks may arise from was not
investigated further.

4 T T T T
i = NPG 15 nm
S = = = NPG42nm
3l b "= — =NPG 62 nm |
L W sesssens p|anarAu

Current density,  [1A cm?]
N
L

-
!

st .
0.0 0.1 0.2 0.3 0.4
E vs Ag/AgCl in 3 M KCI [V]

Figure 1. Square wave voltammograms of MPS modified NPG electrodes with
average pore diameters ranging from ~15 to ~62 nm and planar Au electrode
after deposition of Cu at a potential of 0.15 V (vs Ag/AgCl in 3 M KCI) for 10
minutes in a solution of 5 pM Cu?* in 0.1 M H2SOa..

Detection of Cu at MPS and BDS modified electrodes.
Similar to MPS modified NPG electrodes, BDS modified
electrodes possess negatively charged sulfonate groups, that
attract positively charged species. Aryl diazonium salts can be
electrochemically reduced at electroactive surfaces [24]. A
sample cyclic voltammogram for the electrochemical reduction
of BDS on the surface of a NPG electrode is displayed in Figure
S2. A reduction peak was observed at around -0.1 V (vs
Ag/AgCl). Similar responses have been reported for a variety of
diazonium salts [29]. Electrochemical reduction was limited to
one full potential cycle as the formation of diazonium salt
radicals may induce multilayer formation upon continuous
potential cycling [29(c)]. If potential cycling was continued, the
capacitive current gradually decreased, indicating electroactive
surface was becoming blocked (Figure S2). As previously
demonstrated, the full surface of the nanoporous structure (NPG
with 100 nm film thickness) was fully addressable [17(a)]. The
surface coverages were calculated from the CV data using
equation 1, where I is the surface coverage, Q the charge of the
reductive peak, n the number of electrons involved in the
reduction process, F as the Faraday constant, A the geometric
surface area and g the roughness factor.
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Scheme 1. (A) Schematic representation of BDS electrochemically reduced onto a NPG surface and (B) proposed mechanism of operation of the Cu?* sensor
(not to scale).
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Figure 2. Baseline corrected square wave voltammograms of (A) MPS modified NPG (NPG 15) and (C) BDS modified NPG (NPG 42). (B) and (D) display the
peak current densities of MPS and BDS maodified NPG electrodes of the added Cu2* concentrations, respectively. Signals were recorded in (A)/(B) in 0.1 M
H2S04 and (C)/(D) in 0.1 M Na2SOa supporting electrolyte versus Ag/AgCl in 3 M KCI.



Table 2. Surface coverages of electrochemically reduced BDS on planar
and NPG electrodes of differing pore sizes.

Dealloying temp. Dealloying time Average pore size

[°Cl [min] [nm]
Planar - 36.4+0.7
NPG 10 8.7+12 94+19
NPG 15 152+2.2 243+1.9
NPG 42 41.7+3.4 31.0+0.6
NPG 62 61.8+3.4 31.8+0.6

The surface coverage of planar Au electrodes was the
highest, while electrodes with average pore sizes below 10 nm
displayed the lowest surface coverage (9.4 + 1.9 pmol cm3).
The differences in surface coverage can be attributed to the
reduced accessibility of the diazonium species to the gold
surface. This effect is likely exacerbated by the formation of the
BDS film that reduces the pore diameter. Upon increasing the
average pore size of the NPG electrodes the surface coverage
gradually increased from 24.3 + 1.9 to 31.8 * 0.6 pmol cm?
(Table 2) for NPG 15 and NPG 62, respectively. The results
suggest that the nanoporous gold surface becomes more
accessible with increasing pore size, which results in a more
dense coverage of the BDS film. A schematic representation of
the BDS film electrochemically reduced to a NPG surface is
displayed in Scheme 1 A (not to scale). The negatively charged
and bulky sulfonate group of the BDS molecule likely hinders the
formation of a dense film on the rough surfaces due to
electrostatic repulsion forces during electrochemical reduction.

The principle of the BDS modified NPG based Cu?* sensor
is shown in Scheme 1B. The negatively charged sulfonate
groups of the BDS film has two functions; to attract the positively
charged Cu?, therefore increasing the = amount  of
electrodeposited copper and, block the electrode surface,
therefore preventing biofouling of the electrode®’. The
nanoporous structure of the NPG could also hinder access of
large molecules to the pores, improving the biofouling properties
of the electrodes (Scheme 1 B) [18].

Sample stripping voltammograms obtained at MPS and
BDS modified NPG electrodes and the corresponding calibration
plots are shown in Figure 2. In the case of MPS modified NPG
electrodes (NPG 15) a linear range of response from 0.05 — 5
UM was obtained (Figure 2 B). The BDS modified NPG electrode
(NPG 42) displayed a linear range from 0.2 — 5 uM (Figure 2 D).
The higher limit of detection obtained at modified NPG may arise
from the longer chain length of BDS in agreement with previous
reports?l. In the case of BDS modified NPG, the supporting
electrolyte was changed from 0.1 M sulphuric acid to 0.1 M
Na,SO, as the sensors needs to operate at neutral pH (artificial
human serum pH 7.4) [34]. There was no obvious difference
between utilizing H,SO, and Na,SO, as supporting electrolyte,
given that the added Cu?* was fully dissolved in both solutions.
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Figure 3. Baseline corrected SWVs of (A) MPS modified NPG and (B) BDS
modified NPG after a serious of repeated depositioning and stripping cycles
in 0.1 M H2SO4 supporting electrolyte at a Cu?* concentration of 5 pM (vs
Ag/AgCl in 3 M KCI).

The main advantage of diazonium modified NPG surfaces
is the higher stability of the gold-carbon bond when compared to
the sulphur-gold bond of the thiol modified NPG [22]. Stripping of
electrodeposited Cu may also lead to stripping of the thiol from
the surface. This would have an impact on the available surface
area for Cu deposition, thereby changing the response. To verify
to what extent this may happen, NPG electrodes (NPG 42) were
modified with MPS and utilized for multiple deposition and
stripping cycles. An increase of ~6% between runs was
observed (Figure 3 A), demonstrating that MPS modified NPG
electrodes cannot be used for multiple testing. The sixth run
displayed in Figure 3 A was performed after leaving the
electrodes in the test solution for 24 hours, resulting in an
increase in signal, which likely arises from the detachment of the
thiol film from the electrode leading to an increase in the
electroactive surface area and consequently higher readings. In
comparison to MPS modified NPG, BDS modified NPG
electrodes did not show any changes in response after multiple
deposition and stripping cycles (Figure 3 B). Even after 24 hours
(5™ cycle) in the Cu?* solution, no changes were observed,
indicative of the stability of the modified electrode.
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Figure 4. Plot of peak current densities obtained at a BDS modified NPG
electrode (NPG 42) as a function of the concentration of Cu?* in 0.1 M
Na2SOa4 supporting electrolyte (vs Ag/AgCI in 3 M KClI).

BDS modified NPG sensor. The World Health
Organization (WHO) has reported that copper concentrations in
drinking water can vary between <0.005 to >30 ppm [35], while
the primary source most often being reported the corrosion of
copper plumbing. In contrast, levels of copper in running water
tend to be low. The Environmental Protection Agency (EPA) of
the United States has therefore set a limit of 1300 ppb (20.5 pM)
for safe copper concentrations in drinking water [28]. The linear
range (Figure 4) of the prepared sensor was between 0.2 to 25
UM of copper (in 0.1 M Na;SO,). The sensor therefore operates
in the range needed to determine copper contaminations in
drinking water. In comparison to previous reports, the BDS
modified NPG sensor performs favorably. Previously reported
systems have focused on achieving high sensitivity and low
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limits of detection (LOD). The linear range of most sensors
(based on anodic square wave (ASV) stripping techniques) are
not capable of operating in the required range (Table 3). Orozco
et al. achieved a linear range of 0 to 10 uM [8a], Huang et al.
achieved 0.002 to 0.08 pM [28], Beltagi et al. achieved 0.04 to
2.0 uM [29] and Ding et al. achieved 0.06 to 2.2 pM [30].

The sensitivity of BDS modified NPG was 8.18 pA cm™2 uM-
1 (calculated using the geometric surface area). The LOD was
18.9 nM (~1.2 ppb), higher than that obtained with MPS
modified NPG electrodes [28]. This is likely due to the difference
in NPG film thickness. Here NPG electrodes (NPG 42) with
roughness factors ranging from 6-8 were utilized, while Huang et
al. used electrodes with roughness factors >50 [28]. It is
therefore likely that the LOD could be decreased and the
sensitivity increased by increasing the NPG film thickness.

Multiple testing of this device showed the stability of the
system. In general, the long-term stability of Cu?* sensors has
not been reported. For the development of practical devices, it is
important that the sensor exhibits the same properties when
utilized by the end-user as well as just after preparation. It is
anticipated that diazonium modified NPG displays a more stable
system than thiol modified NPG. The response of the sensor
was examined in water samples (tap, rain and river water) and in
artificial human serum spiked with varying concentrations of
Cu?*,

Test in water samples. The copper concentration of water
samples which flow through interior copper plumbing are
significantly higher than those that can be found in the
environment such as in rivers or lakes. Therefore a variety of
water samples: tap water, rain water and river water samples,
were selected. Due to the protective layer of the sulfonate
groups on the sensor, samples could be measured without any

Table 3. Comparison of response of Cu?* sensors utilizing the square wave stripping technigue in a range of media.

Electrode/ Modification Test Media Linear range Sensitivity LOD Reference
[uM] (nM]

Polycrystalline gold [21]
modified with short chained 10 mM H2SO4 1-80 0.071 pA pM1 1000
thiols MESIE
Gold nanoparticle-modified ) 1 1 56,/HNO3 & soil samples 0-10 25.9 nC-pM- 120 [8(=2)
ultramicroelectrode arrays
MPSPI modified NPG 0.1 M NaNOs 0.002 - 0.08 58.76 pA pM1 0.031 [28]
Montmorillonite-calcium 0.1 M HCL & pre-treated water _ " [33]
modified carbon paste samples 0.04-2.0 013 HA UM 11

i +
Redu_ced graphene ox.|de Acetate buffer pH 4.4 0.06-2.2 103.5 pA pMicm2  4.10 301
polyvinyl butyral nanofibers

» 100 mM H2SOs, 100 mM NazSOq, )

BDS modified NPG untreated water samples, artificial 0.2 - 25 8.18 yAuMicm2 189 This work

serum

[a] MES: Mercaptoethanesulfonate
[b] MPS: (3-mercaptopropyl)sulfonate

prior pre-treatment. The results were compared with AAS (Table
were selected. Due to the protective layer of the sulfonate
groups on the sensor, samples could be measured without any
prior pre-treatment. The results were compared with AAS (Table
4). As expected the concentration of the copper in tap water was
significantly higher than that in the environmental samples. The

results obtained by the BDS-NPG sensor (561 = 4 ppb)
compared well to those of the AAS (599 + 3 ppb). The AAS
results obtained from the environmental samples (i.e. rain and
river water) were found to be below the detection limit of the
AAS and could therefore not be used for quantification. The
response of the BDS-NPG sensor correlated well with that of
AAS. The slight decrease in concentration in all cases might be
due to the fact that the BDS-NPG sensor cannot detect



complexed copper present in the samples, while AAS detects
the total concentration of copper.
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Figure 5. Baseline corrected SWVs of artificial human serum samples
containing differing concentrations of Cu?*. Inset: peak current densities
plotted against Cu?* concentrations (vs Ag/AgCl in 3 M KClI).

Test in artificial human serum. To examine the
capabilities of the BDS-NPG sensor to block biofouling reagents
the sensor was tested in artificial serum [9]. A key component of
artificial human serum is the protein albumin, which keeps fluid
from leaking out of blood vessels, nourishes tissues and is
responsible for the transport of vitamins, hormones,  etc.
throughout the body. Therefore 7% (w/v) bovine serum albumin
(BSA) was added. It is important to note that copper was added
prior to the addition of BSA, as the resulting increase in viscosity
lead to problems with homogenous dissolution if the analyte was
added after BSA. A characteristic calibration plot of the sensor is
shown in Figure 5. The low detection limit of the sensor
operating in 0.1 M Na;SO; solution (0.2 uM) was not achieved in
human artificial serum, where a higher LOD of 0.8 uM was
obtained. This increase may arise from the partial complexation
of Cu?* in the artificial human serum solution, which cannot be
detected by the sensor. The linear range was found to be 0.8 —
4.0 uM. Note that in blood samples, copper is bound to the
protein ceruloplasmin [9] and is not available as free Cu?*. BDS
modified NPG can successfully detect Cu?* in a complex sample
such as artificial serum, that possesses high biofouling and
electrode surface poisoning capabilities.

Table 4. Comparison of results from Cu2* sensor and AAS.

BDS-NPG sensor [Cu2*]

Sampletal AAS [Cu?*] [ppb]

Tap water 599 + 3 3561 +4
Rain water 1+ 06 11+2
River water 3+ 3@ 1+ Qb

[a] Concentration too low to be measured by AAS

[b] Concentrations lower than LOD and are not reliable.
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Conclusion

We have demonstrated that NPG, which exhibits a natural
biofouling resistance, is a suitable material for the detection of
trace concentrations of copper. The average pore size of NPG
affects the sensitivity of the sensor. The linear response range of
the electrode could be changed by altering the available surface
area. Surface modification of NPG with sulfonate functional
groups was performed with- SAM formation and by electro-
grafting of BDS. MPS modified NPG electrodes displayed high
sensitivity and low limits of detection for Cu?*. However the gold-
thiol bond is less stable than the carbon-gold bond. With the
former, changes in the response were obtained with multiple
uses. In contrast, BDS modified NPG showed no change after
multiple cycles. The linear response (0.2 — 25 uM) encompassed
the legal concentrations (United States, EPA) of Cu in drinking
water (20.5 uM, 1300 ppb). The sensor was tested in a range of
water samples (tap, rain and river water). The results obtained
compared well with results obtained from AAS experiments,
while the copper concentrations in rain and river water were too
low to be determined by AAS. The test of the combined
biofouling protection of the BDS surface modification and the
nanoporous structure enabled the accurate determination of
Cu?* in artificial serum. The copper sensor described here
compares very favorably and could be used in place of AAS.

Experimental Section

Reagents and Materials. Nitric acid (70%), sulfuric acid (95-98%),
hydrochloric acid (37%), potassium chloride, sodium nitrite, sodium 3-
mercapto-1-propanesulfonate (90%) (MPS), sulfanilic acid (99%),
tetrabutylammonium  tetrafluoroborate  (99%), copper(ll) sulfate
pentahydrate (298%), sodium sulfate (299.0%), uric acid, L-ascorbic acid,
D-(-)-fructose, D-(+)-glucose, D-lactose, urea, L-cystine, calcium sulphate
dehydrate, magnesium sulphate, ethanol (98%) and albumin from bovine
serum were obtained from Sigma-Aldrich Ireland, Ltd.. Acetonitrile
anhydrous >99.8%, sodium chloride and sodium bicarbonat were
purchased from Fischer Scientific. A 1000 ppm (ug/mL) standard solution
of Cu?* was purchased from Inorganic Ventures. All chemicals were used
as received unless stated otherwise. An Elgastat PureLab Pulse system
(Elga, UK) was used to obtain deionized water with a resistivity of 18.2
MQ cm.

Preparation and characterization of planar and NPG electrodes.
NPG electrodes were prepared following a published procedure [16, 17].
Commercially available microscope glass slides (J. Melvin Freed Brand,
USA) were utilized as the substrate for NPG preparation. Magnetron
sputtering was performed at room temperature in an ultra-high vacuum
chamber (ORION-5-UHV). The 3 metal targets used for deposition (Au,
AJA International Inc., USA), Ag and Ti (Kurt J. Lesker Company Ltd.,
UK) with 99.99% purity were fixed in the sputtering chamber. Glass
sheets were cleaned by exposure to Ar plasma prior to deposition. In
addition to cleaning this procedure ensured improved adhesion and
therefore was necessary for homogenous metal deposition. To ensure
the adhesion of gold to the glass support a 10 nm Ti layer was sputtered.
Subsequently a pure Au layer was sputtered (~35 nm) to suppress any
electrochemical response from the Ti layer and to improve adhesion of
the following alloy layer. The alloy layer was composed of 70% Ag and
30% Au which were simultaneously sputtered to a thickness of 100 nm.
The sputtered sheets were cut into uniform pieces of ca. 0.5 - 0.7 cm2
Subsequent dealloying was achieved by immersing the cut sheets in
70% nitric acid. Varying of the pore sizes of the resulting NPG was
achieved by altering dealloying temperatures and dealloying times as
reported previously [17(a)]. After dealloying a silver wire (Farnell



Components Ltd. Ireland) was soldered to the surface using a 99.99%
pure indium wire (Sigma-Aldrich Ltd.). A two component epoxy glue
(EVO-STIK, Bostik Industries Ltd) was used to support the soldering
point. An electroactive surface area was defined by applying a dielectric
paste (Gwent Group, UK). After drying in a vacuum chamber, the
electrodes were ready for use. The geometric surface areas (Ageo) Of the
NPG electrodes were determined by taking high resolution photographs
of each electrode on a millimeter grid and measuring the area using
ImageJ software [36]. The electroactive surface areas (Area)) were
determined by electrochemically stripping of gold oxide by cyclic
voltammetry. Herein the potential was scanned from -0.2 to 1.65 V (vs
Ag/AgCl in 3 M KCI) at 100 mV s? in 0.5 M H2SOa. After applying a
conversion factor of 390 uC cm2 the electroactive surface area could be
calculated [37]. As reported previously the average pore sizes of the
NPG electrodes were determined manually utilizing scanning electron
microscope images (SEM, Hitachi SU-70) in Imagel [17(a)].
Polycrystalline planar Au-disk electrodes (CHI) (2 mm diameter) were
thoroughly polished utilizing 0.05 pm alumina powder dispersed in
deionized water on a polishing pad. After rinsing they were placed in a
solution of 0.5 M H2SOs and the potential of the electrode cycled
between -0.2 and 1.65 V for 10 cycles at 100 mV s. After extensive
rinsing with H20 the electrodes were cleaned in an ultrasonic bath.

Synthesis of benzene diazonium sulfonate. Benzene diazonium
sulfonate (BDS) was freshly synthesized by dispersing 0.03 mol sulfanilic
acid in 150 mL 1 M HCI. After cooling of the dispersion to ca. 4 °C, 16.5
mL 1 M NaNO: was added dropwise to the reaction solution. After
addition the white solid dissolved completely and the ice bath was
removed. The reaction was allowed to continue for another hour. A
spongy white precipitate was formed after approximately 25 minutes. The
reaction mechanism is displayed in Scheme S1. The addition of NaNO2
to HCI leads to the formation of nitrosonium ions (NO*) (Scheme S1 A).
Sulfanilic acid in solution exhibits an internal proton transfer when in
solution (Scheme S1 B). The previously formed nitrosonium ion then
reacts with the amine group of the sulfanilic acid, leading to the
diazonium compound [27]. The synthesized BDS was dried and washed
with deionized water and stored in a dark container at -18 °C. Due to the
reactive nature of the diazo group, BDS was used within 7 days of
preparation.

Surface modification of NPG with MPS and BDS. NPG electrodes
were cleaned by cycling the potential between -0.2 and 1.65V at 0.1 V s
1 vs Ag/AgCl in 3 M KCI. To avoid the continuous etching of the Ag/Au
alloy this step was limited to 2 full cycles. After rinsing in deionized water
and subsequent drying in a vacuum chamber the electrodes were ready
for surface modification. For MPS modified NPG (MPS-NPG) a solution
of 5 mM in deionized water was prepared and the electrodes immersed
over night. The MPS forms a dispersed monolayer on the surface of the
NPG due to the bulky negative charge of the sulfonate group [38]. BDS
modified electrodes were prepared by electrochemically reducing BDS to
the gold surface (BDS-NPG). CV was performed from 0.3 to -0.5 V vs
Ag/AgCI (3 M KCI) at 200 mV s in a solution of 5 mM BDS and 0.1 M
tetrabutylammonium  tetrafluoroborate  (TBATFB) as  supporting
electrolyte in acetonitrile (Scheme S1 C). To avoid excessive multilayer
formation of the BDS film this step was limited to one scan [24].

Preparation and measurements of water samples and artificial
serum. H2SO4 and Na2SO4 were used as supporting electrolytes for the
detection of Cu?*. As Cu?* can precipitate from solutions containing
Na2SO4 test solutions were extensively sonicated before testing (ca. 5
min). Tap water samples were taken from a mains water tap after
allowing water to run for about 1 minute. Rain water samples were
collected close to the roof drainage of a building with partial copper roof
paneling. River water samples were taken from the river Shannon,
Limerick, Ireland. The water samples were stored at 4 °C when not being
tested. Atomic adsorption experiments were performed with a Varian
SpectrAA 220 AAS. Artificial serum samples were prepared by mixing the
following reagents, to represent average concentrations in a healthy
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human body [9]: uric acid (0.36 mM), L-ascorbic acid (0.054 mM), D-(+)-
glucose (5 mM), D-(-)-fructose (0.2 mM), D-lactose (15 pM), urea (4.45
mM), L-cystine (0.075 mM), calcium sulphate dehydrate (2.38 mM),
magnesium sulphate (0.87 mM), sodium chloride (103 mM), sodium
bicarbonate (25.5 mM) and 7% of bovine serum albumin (BSA). BSA was
added to the solution after addition of the appropriate amount of Cu?* to
ensure proper dissolution in the serum. The LOD was calculated by
dividing the standard deviation of the background signal by the sensitivity
and multiplying with a signal to noise (S/N) ratio of 3 [31].
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A diazonium modified nanoporous gold electrode was prepared with a linear range of 0.2-25 uM and used for the accurate detection

of Cu?* in water (tap, rain and river water) samples without the necessity of prior pre-treatment. The response of the sensor in
artificial human serum was unaffected by the sample matrix, demonstrating the ability of the system to resist fouling by serum.



