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ABSTRACT: Wet chemical sensors autonomously sample and analyze water using
chemical assays. Their internal fluidics are not susceptible to biofouling (the undesirable
accumulation of microorganisms, algae, and animals in natural waters) due to the harsh
chemical environment and dark conditions; however, the sample intake and filter are
potentially susceptible. This paper describes the use of copper intake filters, incorporated
to prevent fouling, on two different wet chemical nitrate sensors that each use different
variants of the Griess assay (in particular, different nitrate reduction steps) to quantify
nitrate concentrations. When the copper filters were used, measurements were perturbed
in both sensors. Here we describe how the interference was first encountered in field
testing and how it was subsequently replicated in laboratory testing. We show how the
interference is due to the presence of copper ions from the filters and propose a
mechanism for how it interferes with the assay, accounting for differences between the
different versions of the Griess assay used in each sensor, and discuss strategies for its
management. The findings are not just limited to wet chemical sensors but also more broadly applicable to any laboratory nitrate or
nitrite analysis based on the Griess assay.
KEYWORDS: Griess, copper, thiol, interference, vanadium, cadmium column

■ INTRODUCTION
In situ sensors allow continuous monitoring of the aquatic
environment with much increased temporal and spatial
resolution compared to traditional spot-sampling and lab
analysis. Wet chemical sensors implement established labo-
ratory assays into integrated field-deployable systems that can
automatically sample and analyze the water. Biofouling�the
accumulation of microorganisms, algae, and animals on
submerged surfaces�is an inherent problem for all structures
submerged in natural waters, most notably in warm nutrient-
rich waters. Left unchecked, biofouling can perturb sensor data
and hence is an important consideration when planning sensor
deployments.1 Macrofoulers can obstruct water flow to
sensors, while biofilms can coat surfaces, such as conductivity
cells and optodes, reducing measurement quality.2−4 Many
antifouling approaches have been developed with no one
strategy providing a universal solution.4 Passive strategies such
as volumetric biocide, which release antifouling compounds
(e.g., organotin or copper) into the microlayer above the
coated surface to prevent or slow biofouling,5 are advantageous
as they do not require external energy. For example, several
Sea-Bird CAT instruments can be deployed with a plastic
antifouling device containing bis(tributyltin) oxide (AF24173
Anti-Foulant Device), while the SUNA UV nitrate sensor can
be equipped with a copper antifouling guard.6 Similarly, surface
biocide approaches involve constructing the sensing area from

materials with antifouling properties, for instance, coating
optodes with transparent polymers doped with surfactants.7,8

Active strategies offer more thorough cleaning but require
external energy. Examples include retracting sensitive elements
into an inert or biocide chamber, flow-through systems with
copper tubing, using copper shutters to cover sensing surfaces
between measurements, ultraviolet radiation, electrochemical
generation of toxic substances, and mechanical cleaning of
surfaces using wipers.9−12

Our two research teams have separately developed micro-
fluidic sensors to measure nitrate and nitrite concentrations in
situ using the colorimetric Griess assay.13−19 While they use
slightly different flow regimes (single-phase stop flow versus
continuous droplet flow) they both operate in a broadly similar
fashion (Figure 1)�drawing water from the external environ-
ment into the system through a filter and then flowing it
onward into micro milled channels or narrow bore tubing
where it mixes with reagents (different variations of the Griess
assay) to generate a quantifiable color. Biofouling of internal
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channels would increase fluidic resistance and alter the
composition of the sampled water; however, the darkness
combined with the harsh chemicals within the Griess assay
creates an inhospitable environment that prevents biofilm
formation.20 The sensors’ external surfaces, including the
sample intake and filter, are still potentially susceptible to
biofouling under suitable conditions however.
To prevent any potential fouling on the sensors’ intake filter,

groups at the University of Southampton (UoS) and the UK’s
National Oceanography Centre (NOC) separately developed
intake filters featuring antifouling copper (Cu) surfaces. These
were independently tested in field trials on different nitrate
sensors, but both trials delivered unexpectedly lower measure-
ments. Here we describe these trials and subsequent
collaborative work to determine the underlying mechanism
of the measurement perturbation. While the underlying
mechanism for each sensor is the same, there are some
differences, corresponding to the different reductants that are
featured in the colorimetric assay used in each sensor.

■ EXPERIMENTAL SECTION
Sensors. The two sensors used in this study have been

described in detail elsewhere.13−15,21 Both operate on the same
basic underlying principle, whereby water samples are brought
into the sensor and measured using two different variations of
the Griess colorimetric assay (Figure 1a) and are briefly
described below.
The NOC total nitrate microfluidic sensors are composed of

a three layer poly(methyl methacrylate) chip with precision
milled micro channels (150 μm wide, 300 μm deep), mixers,
and optical components consisting of light emitting diodes and
photodiodes. Electronics, valves, and syringe pumps are
mounted on the chip, which is encased in a dark watertight
PVC tube. The sensor has an off-chip copperized cadmium
column22 which reduces NO3

− to NO2
−. The nitrite

subsequently reacts with the reagent to generate a colored
product. The analytical procedure measures combined nitrite
and nitrate (which in oxygenated waters will be primarily
nitrate). The sensor procedure used here was as follows: 69 μL
of sample, blank, or standard solution was injected into the
chip along with 69 μL of imidazole buffer. The solutions mixed
in a serpentine mixing channel and then entered the off-chip

copperized cadmium column. This mixture was flushed
through the chip to a waste reservoir, and this procedure
was repeated four times to fully flush the chip and prevent
carryover from previous measurements. On the fifth flush,
69 μL of Griess reagent was added downstream of the copper
coated cadmium column and the resulting mixture left in
spectrophotometric measurement cells for 55 s to allow
mixing, reaction, and hence color development. Each sample
measurement was accompanied by measurement of a blank
solution and a standard solution to give a fully calibrated
measurement, which took a total of 19 min. The limit of
detection of the sensor, defined as three times the standard
deviation of a 0.05 μM nitrate standard, has been reported as
25 nM,13 several orders of magnitude below the concentration
of samples analyzed in this study.
The UoS nitrate and nitrite sensor operates under a droplet

flow regime whereby water samples are analyzed as discrete
droplets carried by a stream of immiscible oil (with the oil also
acting as a quasi-blank for the optical measurement). Water is
drawn into the sensor by a peristaltic pump, passing through
the pump and on to a T-junction where a reagent, composed
of a vanadium reducing agent (VCl3) and Griess reagent, is
introduced. The mixture is then broken into a stream of
droplets as it meets a flow of fluorinated oil (Fluorinert FC-
40). The droplet generation dynamics (frequency, droplet size)
are controlled via our previously reported peristaltic method
whereby a single droplet is robustly generated with each cycle
of the peristaltic pump.23 The droplet contents mix as they are
carried downstream and react to produce a colored product,
which is quantified by two absorption flow cells. The flow cells
are positioned before and after an internal heater, allowing the
sensor to quantify both nitrite (before the heater has driven the
nitrate reduction step) and combined nitrite and nitrate (after
the heater). The sensor used for this particular work was an
earlier prototype21 of the sensor we reported in 2019,15 with
the major difference being the use of onboard standard: The
prototype sensor here interspersed standard droplets within
the sample droplets,21,24 whereas in the mature sensor the
sample inflow was periodically swapped using a valve to the
standard. The prototype featured no major changes compared
to the mature sensor, which has a limit of detection of 1.7 μM
(2 orders of magnitude lower than the measurements in this

Figure 1. a) Cartoon illustrating the general mode of operation of wet chemical nitrate sensors, whereby a water sample is pulled into the sensor
through a filter and mixed with a colorimetric reagent, and the resulting color quantified via spectrophotometry. b) The filter trialled by the UoS
group, featuring Cu mesh sandwiching a filter membrane, shown in a photograph (i) and as a schematic cross section interfaced with polyethylene
(PE) tubing (ii). c) The filter trialled by NOC, shown in two projections.
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study), and consumes reagent at 2.8 mL/day when
continuously measuring at 0.1 Hz.15

Filter Description. The UoS’s custom-made filter (Figure
1b) was composed of a 3D printed body (“VeroClear”
material, Objet500 Connex3 polyjet printer) which held
together standard filter material sandwiched on either side by
copper mesh (size 50 mesh: wire diameter ∼135 μm, gap
∼295 μm). The copper mesh on the outer side was included to
prevent biological growth on the filter surface, while the mesh
on the inner side also ensured that the filter could not lie flat
against the filter body, so there would always be a clear fluidic
path through to tubing attached to the filter body.
The NOC’s custom-made filter (Figure 1c) was composed

of two parts, machined from solid copper, that sandwiched
standard filter material. For comparison, this was tested versus
a 0.45 μm poly(ether sulfone) syringe filter (Millex HP,
MERCK, Millipore, U.S.A.).

Sensor Deployments. NOC Field Deployment. Two
sensors were deployed for 5 days in January 2018 on the
same mooring in Southampton Water estuary (Empress
Docks) at approximately 0.5 m depth; one sensor was fitted
with a plastic Luer lock filter and one with a custom-made
copper filter. Measurement times for both sensors were
synchronized to ensure simultaneous hourly measurements.
UoS Field Deployment. The same UoS sensor was deployed

twice for 24 h in the summer of 2017. In each case, it was
suspended from a pontoon (∼30 cm depth) on the tidal River
Itchen, approximately 250 m downstream of the Woodmill
tidal barrier and approximately 7 km upstream from the NOC
deployment location. For the first deployment no filter was
used on the water inlet, and for the second the prototype
copper filter was used.

UoS Assay Testing of Nitrate Exposed to Copper
Mesh. Three mL of a 300 μM nitrate or nitrite standard was
added into each well of a 6-well plate. Five approximately 2 cm
× 2 cm squares of copper mesh (the same material used in the
UoS filter) were cut out and weighed to ensure they had the
same approximate mass (within 2% of the average). Each mesh
square was placed into a well with the sixth well left as a
control. Each mesh was removed at a prespecified time
between 30 s and 10 min.
Having been exposed to the copper mesh, the water samples

were analyzed by taking a 1 mL sample and adding in 1 mL of
the UoS Griess reagent (with or without VCl3) in a 24-well
plate. The well plate was placed in a 65 °C oven for 15 min and
then removed and left to cool for a further 15 min. The

resulting colorimetric response was analyzed using a plate
reader (BMG Labtech FLUOstar Omega).

UoS Assay Testing of Samples Exposed to in the Lab
with Cu(II) Spiking. In a 24-well plate, 0.45 mL of a 300 μM
nitrate or nitrite standard solution was added into six wells,
followed by 0.1 mL of a Cu(II) standard solution (each well
receiving a separate standard, from 0 to 10 mM). After leaving
for 5 min 0.42 mL of the Griess reagent with VCl3 was added.
The well plate was placed in a 65 °C oven for 15 min and then
left to cool for a further 15 min. Finally analysis was completed
using a plate reader (BMG Labtech FLUOstar Omega). All
measurements were repeated in triplicate, so that 18 of the 24
wells were used.

NOC Sensor Lab Testing with Cu(II) Spiking and
Artificial Estuarine Water. Testing with the NOC sensor
used 100 μM nitrate and nitrite solutions spiked with copper
concentrations identical to those used for the UoS assay
testing. The lab-on-chip sensor system was identical to that
recently described.25 The copper-spiked nitrate and nitrite
solutions were analyzed by the sensor with the cadmium
reduction tube fitted, and the nitrite solutions were also tested
in the absence of the cadmium reduction tube, where it was
replaced by a length of 0.5 mm internal diameter PTFE tubing.

Inductively Coupled Plasma-Optical Emission Spec-
trometer Analysis. Water and artificial seawater from the
filter time course experiments were acidified with trace metal
grade nitric acid (HNO3 Fisher Scientific, Primar Plus) to a
final concentration of 2%. The leachate was analyzed by
inductively coupled plasma-optical emission spectrometry
(ICP-OES; SPECTRO ARCOS). The instrument was
calibrated using a series of external standards made by serial
dilution of a copper containing multielement standard in 2%
nitric acid (HNO3).

■ RESULTS
The copper interference first became apparent during two
independent sensor deployments carried out by the NOC and
the University of Southampton during 2017 and 2018. In the
NOC’s test, two identical sensors were deployed side by side in
Empress docks, Southampton where the River Itchen meets
Southampton Water, a tidal estuary fed by the Rivers Itchen
and Test. They were left unattended sampling hourly for 5
days. One sensor featured a standard syringe filter, previously
used in multiple successful deployments,13,17−19 while the
other used the experimental copper filter. The standard filter
sensor gave nitrate results in keeping with previous measure-

Figure 2. Field data from sensors exhibiting interference from Cu filters. A) Data from two NOC sensors simultaneously deployed side-by-side in
the estuarine River Itchen, one with a Cu filter and one with a standard syringe filter. B) UoS data showing spot-samples compared with the
corresponding sensor data for a sensor deployed in the River Itchen without and with a copper filter (samples 1−3 vs 4−7, respectively).
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ments for this location13 (Figure 2a), with a characteristic
periodic variation consistent with the tidal shift between high
nutrient fresh water and low nutrient marine water. The
copper filter sensor showed similar overall trends but with
absolute values 20−90% lower than the sensor with the
standard filter. The relative undermeasurement of samples was
more pronounced when the nitrate concentrations were at the
troughs of the periodic variation when seawater would be
predominating.
In the UoS group’s test, a prototype sensor was deployed in

the tidal River Itchen for 24 h on two occasions, 2 weeks apart,
with spot samples taken for comparison. In the first
deployment, no filter was used, while the copper filter was
used in the second. As was the case for the NOC sensor a
characteristic tidal signal was seen in the nitrate measurements
(data not shown), but a discrepancy was seen when comparing
sensor data to manual spot samples taken at the same time
(Figure 2b). When no filter was used, the corresponding sensor
data (blue squares) matched the spot samples (black triangles)
well, but when the copper filter was used (red circles), there
was a negative bias of 20−40%. Later deployments at the same
location of a more mature prototype which utilized nylon mesh
filters, showed excellent agreement between the sensor and
spot samples.15

Both sets of field tests implied the copper filters suppressed
nitrate measurements�most likely due to interference with
the assay chemistry. All wet chemical nitrate sensors utilize the
same chemical assay in which nitrate (NO3

−) is first reduced to
nitrite (NO2

−), followed by the Griess assay, where the nitrite
reacts with sulfanilamide to generate a positively charged
diazonium intermediate which then couples with N-naphthyl-
ethylenediamine (NEDD) to form a purple-colored product
with absorbance maximum at 540 nm (Scheme 1).26−28 There

are several reports of interference for measurements of soil
extracts with high iron concentrations (10s to 100s of mg/L
).29−32 This has been attributed to the reduction of the
positively charged diazonium intermediate by Fe(II) ions.29

Given copper ions are of similar size and have similar divalent
redox chemistry, it is therefore reasonable to expect a similar
interference mechanism with copper cations.
To confirm this, we first looked to replicate the interference

in a laboratory setting using the assay in isolation from a
sensor. To do so we took samples of 300 μM NO3

− and placed
them in contact with copper mesh for varying times (the same
copper mesh used in the UoS filter) and subsequently analyzed
them using the UoS version of the assay (which uses VCl3 as

reductant) and a spectrophotometer (i.e., the same underlying
colorimetric analysis method used in the sensor). Figure 3a
shows the absorbance spectra obtained using nitrate solution
made up in ultrapure deionized water (DI) that had been
exposed to mesh for different times. Each sample exposed to
the copper mesh exhibited a decrease in the main assay
absorbance peak. With the exception of the 60 s measurement
(which was slightly higher than the preceding 30 s measure-
ment) longer exposure times generally led to a greater decrease
in absorbance. When the experiment was repeated with
artificial seawater (Figure 3b) the same trend was again
observed but with more pronounced interference. Control
experiments using other materials from the UoS filter displayed
no such reduction in the Griess absorbance peak (data not
shown), confirming the copper to be the source of the
interference. ICP-OES elemental analysis of water samples
exposed to the copper mesh confirmed the presence of copper
ions (Supplementary Figure S1). Higher concentrations were
found in artificial seawater compared to deionized water (11.4
μM vs 5.2 μM after 10 min exposure)�consistent with the
higher electrolytic capacity and associated corrosion, and the
increased interference in artificial seawater being due to
increased dissolved copper concentrations.
Interestingly, the decrease in the main Griess peak was

accompanied by the emergence of a peak centered at 760 nm
(Figure 3a and 3b). The growth of this peak was strongly
correlated with the reduction of the main absorbance at 540
nm, with a notably linear trend, as shown in Figure 3c. The
position of the 760 nm absorbance corresponds to the
absorbance peak for V(IV) aqua ions33−35 suggesting that
the interference mechanism is not simply restricted to the
diazonium intermediate but also impacts the initial nitrate to
the nitrite reduction step by oxidizing the V(III) reductant. To
further confirm this we repeated the test in DI water with two
variations: first substituting nitrite for nitrate�meaning the
VCl3 reductant is not part of the assay’s reaction pathway but is
still present in the reaction solution�and second using nitrite
instead of nitrate and removing the VCl3 from the reagent.
Figure 3d shows the magnitude of the main peak for each case,
normalized with respect to the absorbance obtained without
copper mesh. Swapping nitrate for nitrite gave a dramatic
reduction in interference, confirming that copper also
interferes in the reduction step. That the interference was
not removed completely, however, indicates that the copper
also interferes with the subsequent Griess reaction as
previously proposed. Removing the VCl3, however, completely
removed the interference, indicating that the reductant was
necessary for interference with the Griess reaction.
Literature reports of iron interference in soil nitrate analysis

state that it is reduced iron, Fe(II), that is responsible for the
interference.29 Given that the copper interference was
observed in both the reduction step and the subsequent
Griess reaction, these results imply that copper from the filters
was initially in solution in its oxidized Cu(II) form (the
predominant oxidation state of copper under aqueous
conditions36) and then reduced by the vanadium reductant
to yield Cu(I) which could subsequently interfere in the Griess
reaction. The reduction of Cu(II) to Cu(I) will oxidize V(III)
to V(IV), thus lowering the concentration of the reductant and
reducing the nitrate reduction efficiency. Reduction of the
copper by the vanadium is also consistent with the literature
half-cell potentials: The V(IV)/V(III) reduction potential
under acidic conditions, VO2+ + 2H+ + e− → V3+, is +0.34 V;33

Scheme 1. Standard Reaction Mechanism for the
Colorimetric Nitrate Assay
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the standard Cu(II)/Cu(I) potential is +0.16 V,37 but under
chloride rich conditions such as we have here (with both the
vanadium salt and hydrochloric acid in the reagent
contributing chloride), the Cu(II)/Cu(I) potential can be
between 0.3 and 0.5 V higher37,38 reflecting the stabilizing
effect of chloride on the Cu(I) ion;36 thus there is an overall
favorable reaction potential between +0.12 and +0.32 V.
The implication of Cu(I) interference in the Griess reaction

(after nitrate reduction) is also consistent with literature, with
many reports of synthetic organic chemists having exploited
the reaction of Cu(I) species with diazonium compounds as a
strategy for generating functionalized aryl compounds.
Referred to as the “Sandmeyer” reaction, the copper has
been described as a catalyst that enables the replacement of the
diazo group with a halide.39−42 As Cu(I) acts as a catalyst (and
hence is not consumed during the reaction), then here a small
amount of Cu(I) will have a disproportionate effect on the
amount of product removed and hence nitrate measured.
If the VCl3 reductant was generating Cu(I), then we would

expect similar results when the sample was spiked with a
Cu(II) solution. To confirm this, and to also investigate the
relation between interference and copper concentration, we
measured the absorbance generated by a 300 μM sample of
nitrite or nitrate spiked with different concentrations of
copper(II) chloride. As shown in Figure 4a, the Cu(II)
interfered in a similar way to the previous experiments using
copper mesh, with interference greater when analyzing nitrate
(yellow triangle markers) compared to nitrite (red circles).
Increasing copper concentration increased interference for
concentrations above a threshold of 2 μM, with the nitrate
absorbance completely removed above 200 μM. The
magnitude of the absorbance drop suggests that, in previous
lab testing and UoS sensor field testing, the copper mesh
generated Cu(II) concentrations in the order of 10 μM. It is
interesting to note that this concentration is approximately 3

orders of magnitude lower than the concentration of the VCl3
reductant in the reagent (32 mM), which would initially seem
to be inconsistent with the observed interference effect (how
does a relatively small amount of copper have a dispropor-
tionate effect on the nitrate reduction step?), but it is worth
noting that Cu(I) is typically unstable under aqueous
conditions and is easily oxidized back to the more stable

Figure 3. Replication of Cu interference under laboratory conditions. a) Absorbance spectra generated from water samples composed of nitrate in
deionized (DI) water which had been exposed to Cu mesh for up to 10 min. Longer exposure times reduced the color generated by the Griess assay
and gave slight increases at longer wavelengths. b) Absorbance spectra generated from water samples composed of nitrate in artificial seawater
(ASW) which had been exposed to Cu mesh for up to 10 min. More pronounced trends are seen compared to DI water (a). c) Plot showing the
negative correlation between absorbance at 540 nm (main Griess assay peak) and the absorbance at 760 nm in plots (a) and (b). d) Plot showing
how the decrease in peak absorbance with increasing Cu exposure times was different for three different reagent/sample combinations: Griess
without reductant and NO2

− (blue squares and dashed line), Griess with VCl3 reductant and NO3
− (orange circles and solid line), and Griess with

VCl3 reductant and NO3
− (yellow triangles with dotted line). Error bars correspond to standard deviations from triplicate measurements.

Figure 4. Effect of Cu(II) spiking. Normalized absorbance of the
Griess assay for different concentrations of Cu(II) in the sample. a)
Carried out using the UoS assay which uses VCl3 as reductant. b)
Carried out using the NOC sensor, which includes a copperized Cd
column as reductant. All absorbance values are normalized relative to
the absorbance obtained with no copper present. Data points are
mean values of triplicate measurements (standard deviation of
measurements <2% in all cases).
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Cu(II).36 As such, Cu(I) will be short-lived and will be
oxidized to Cu(II) where it can be reduced again.
At this point, lab testing had only used the homogeneous

vanadium-based reduction used by the UoS sensor. The NOC
sensor uses a very different reduction mechanism, however�
heterogeneous reduction using a solid copperized cadmium
catalyst. To ascertain whether the results from the vanadium
assay were applicable to the different reduction method, the
testing with samples spiked with Cu(II) (Figure 4a) was
repeated using a NOC nitrate sensor (Figure 4b). As was the
case for the vanadium-based assay, nitrate showed increased
interference compared to nitrite, and no interference was seen
in the absence of the reductant�confirming the same
underlying interference mechanism. However, the sensitivity
of the interference was notably different. Interference was only
observed at mM concentrations, 2−3 orders of magnitude
higher than the vanadium-based reduction method. The much
lower sensitivity of the NOC sensor to the Cu(II) contrasts to
the greater interference effect seen in the original field tests
(Figure 2) and implies that the interference mechanism is
different from the UoS�likely due to the different reductant
(copperized cadmium column vs VCl3). Indeed, the reduction
potential for copperized cadmium is +0.74 V,22 meaning we
would not expect Cu(II) to be reduced by the cadmium
column. Consequently if Cu(I) was not being generated in situ
by the reductant, it must have entered the sensor in a stable
form.
A key clue as to how stable Cu(I) might be entering the

sensor was found when trying to replicate the in situ copper
filter interference using the NOC sensor in the laboratory.
When measurements made using a copper filter were
compared with those made with a standard filter (Figure 5),

estuarine dock water taken from the same location as the initial
field test gave interference similar to that originally seen in situ.
Interference was not seen however when using river water
(taken approximately 9 km upstream in the nontidal River
Itchen), nor when it was mixed 50:50 with OSIL standard
seawater. Interference was also not seen when using the
standard seawater by itself (data not shown), or artificial
seawater. That the estuarine water was the only sample to

exhibit interference was initially surprising; however, this
relates well to previous reports which describe how estuaries
are notable environments for finding stabilized Cu(I)43,44 due
to high concentrations of copper-chelating ligands, such as
humic substances45 and thiols,44,46 combined with high salinity
which further stabilizes Cu(I)43 due to the stability of Cu(I)-
chloride complexes.36,43

To test whether ligands present in the estuarine water might
be stabilizing the copper ions coming from the filter as Cu(I)
we used a NOC sensor to measure an artificial seawater
standard spiked with humic acid or glutathione (selected as a
typical thiol found in estuarine water46). Humic acid can be
found in estuaries at mg/L concentrations or higher,47,48 so
humic acid was added at 8 mg/L and this concentration was
also used for the glutathione for direct comparison. While the
humic acid presented negligible interference, glutathione
showed strong interference comparable to that shown by the
estuarine water sample (Figure 5). Furthermore, when the
same glutathione concentration was added to the river water
sample, a notable interference was seen but at a reduced level,
consistent with our previous observations that higher salinity
increased interference (Figure 2) and previous observations
that salinity also plays a key role in Cu(I) stabilization in
estuarine environments.43

■ DISCUSSION
The various laboratory tests point toward the interference
mechanism proposed in Scheme 2. Copper, introduced into

the sample by the filter, is initially present both in its more
stable Cu(II) form and, depending on water composition, as
Cu(I) stabilized by organic ligands. In the UoS sensor, the
vanadium reductant can reduce Cu(II) to Cu(I). In doing so it
is itself oxidized, thus reducing the amount of reductant and
the reaction rate of the nitrate reduction. Examination of the
half-cell potentials suggests that reduction of Cu(II) by VCl3 is

Figure 5. Interference observed when using estuarine water, river
water, a 50:50 mix of river and seawater, artificial seawater (ASW),
ASW with added humic acid, ASW with added glutathione, and river
water with added glutathione.

Scheme 2. Standard Mechanism for the Nitrate Assay
(Green Box, Top) Shown beside the Proposed Interference
Mechanisma

aThe mechanism shown in the dashed box will only apply when using
a reductant that can reduce Cu(II) to Cu(I) (such as the VCl3 used in
the UoS sensor). Ligand-stabilized Cu(I) is shown as Cu+-Lx.
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only possible due to the chloride-rich reagent perturbing the
standard Cu(II)/Cu(I) potential37,38 (overall reaction poten-
tial being an unfavorable −0.18 V when calculated using the
standard potential but +0.12 V to +0.32 V allowing for chloride
perturbation). The high concentrations of chloride in the
reagent come from both hydrochloric acid (∼0.7 M) and
vanadium chloride (0.1 M Cl−); hence substitution of these
reagents for equivalents without halides (e.g., phosphoric
instead of hydrochloric acid49) could be a viable route to
reduce the interference. It should be noted that the droplet
flow regime used in the UoS sensor requires homogeneous
reagents; hence this would be a more feasible route compared
to using the cadmium- or zinc-based heterogeneous reductants
often used in the laboratory.22,50

As well as reduction from Cu(II), Cu(I) can also be
naturally present if the incoming water contains suitable
stabilizing ligands. We showed that the presence of glutathione
(a typical thiol found in estuarine waters46) reproduced the
interference experienced during in situ deployment; however, a
range of different thiols and chelating species could play a
similar role. Chemical additives that destabilize Cu(I)
complexes and favor Cu(II) complexation could be used in
the reagent as a potential strategy to tackle this interference
source.
During the Griess reaction, Cu(I) is free to react with the

diazonium intermediate in the Griess reaction to remove the
diazo group and replace it with a substituent. While our testing
does not tell us what that substituent is, as the reaction is
commonly used in synthetic organic chemistry for addition of
halides51 and as chloride ions are present in high concentration
in the acidified Griess reagent, it is likely that chloride will be
the substituent (see Scheme 2).
As already noted, the presence of chloride has an important

role in the interference mechanism, and it also increases the
amount of copper corroding off the solid copper filters (as
confirmed by ICP results) while also stabilizing copper ions in
the reduced Cu(I) form.36,43 These effects contribute to the
increased salinity exacerbating the interference effect (see
Figure 1a and Figure 2).
It is important to note that this copper interference results

from the high concentrations of copper coming specifically
from the filters. In the NOC sensor, it is unlikely to result from
the solid copper on the surface of the copperized cadmium
column. There the copper acts as a catalyst that accelerates
electron transfer between the solid cadmium and molecules in
solution.22 While the copper will accelerate a redox reaction
(such as reduction of nitrate), it will not experience a net
change in oxidation state; this instead happens to the cadmium
which has the stronger reduction potential. As such, we would
not expect redox reactions (e.g., corrosion) to perturb and
remove copper, as any oxidation will preferentially occur on
the cadmium, similar to the anticorrosion mechanism in
galvanized steel.
Also, the high copper concentrations are not likely to ever

result from ambient concentrations in natural waters. Testing
showed interference occurred at Cu concentrations >1 μM
(Figure 4)�much higher than reported natural concentrations
where, for example, total Cu concentrations in European rivers
are 15−140 nM52,53 and dissolved (<0.2 μm) Cu concen-
trations in north Pacific seawater have been reported at 1.0−
3.5 nM.54 While suggestions have been made as to how this
interference can be ameliorated, the most effective way to
remove it would be to use other antifouling strategies such as

regularly replacing filters, or using micropatterned surfaces.55,56

Nonetheless copper could still be a viable option for other wet
chemical sensors that employ chemical assays insensitive to
dissolved copper.

■ CONCLUSIONS
Overall this work emphasizes how chemical antifouling
strategies are part of the overall sensor measuring system,
and therefore it is necessary to think holistically and consider
how they will affect the overall operation of the sensor. More
generally, this holistic approach should be applied when
adapting any aspect of a sensor. Continuous data validation
and establishment of best practices must be at the core of
sensor use within the upcoming digital age of environmental
science.
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