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Highlights

e Graphene oxide modified screen-printed electrodes is tested for morphine determination
e Performance well superior to those reported in the literature for similar devices

e The device can be proposed for screening tests in urine samples

Abstract

Graphene oxide modified screen-printed electrodes have been tested as amperometric sensors for
morphine determination. The results demonstrate that the arising of electrocatalytic processes
ascribable to the graphene coating, combined with the use of a suitable cleaning procedure, allow
the sensor to achieve higher sensitivity (2.61 nA ppb™) and lower limit of detection (2.5 ppb) with
respect to those reported in the literature for similar devices.

Due to very low detection limit found, the device is suitable to detect the presence of morphine in
urine samples after a very simple and rapid pre-treatment of the matrix, allowing the removal of
interfering species affecting the voltammetric responses. Tests performed in synthetic urine samples
demonstrate that the presence of the electrocatalytic coating is mandatory in resolving the peak due
to morphine oxidation in respect to uric acid. The sensor proposed is, thus, suitable to detect this
drug even at concentration values below the cut-off levels defined by European and American
regulations. These results allow us to propose the sensor for screening tests in portable devices, to
be applied in systematic controls of drug abuses, e.g. in drivers and in men at work.
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1. Introduction

Morphine is a highly effective drug for the treatment of severe pains, because it acts directly on the

central nervous system, where it mimics the effects of the endorphins, i.e. endogenous

neuropeptides possessing powerful analgesic and exciting activity.

It is extracted for opium poppy straw. The yearly production worldwide is estimated to more than

five hundred tons [1]. Only ten percent of morphine produced is directly used in pain therapies, with

an increase of more than four times over the last twenty years. The most part of morphine, in fact, is

used as the starting compound for the synthesis of other opioids, such as hydromorphone,

oxymorphone and heroin, whose analgesic effect and addiction are so strong to be considered as
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drugs of abuse [1-3]. On the other hand, morphine itself is also considered an illicit drug, exhibiting
potentially serious side effects, such as slow respiratory rate and low blood pressure, and constitutes
an indicator of abuse of other opioids, being one of their metabolites [4].

Due to all these effects, this analyte requires to be strictly monitored in many environmental and
biological samples. Low detection and quantification limits are necessary to define the path
followed by morphine after assumption, to assess its presence in the environment, as well as to give
answer to problems arising in different frames of forensic sciences.

As a consequence of the importance of morphine detection for human health and for identification
of opiates abuse, many quantitative analytical methods have been developed. They mainly consist
of gas chromatography with mass spectrometric detection [5-7] or of liquid chromatographic
techniques [8,9]. These analyses not only require suitable laboratory equipment, sample pre-
treatments and qualified personnel, but are also time consuming. Although these techniques are
mandatory for the quantification of morphine in the case of legal controversies [10,11], they are not
practical for a first screening of the population in systematic controls. For instance, the check of the
possible occurrence of drug abuses, e.g. by drivers directly on the road or by workers at job, may
require fast routine controls. Such a control strategy can be only adopted by using portable sensing
systems equipped by disposable sensor probes. By following this approach, the sensor system may
not be required to actually quantify drugs, but, rather, to identify subjects under potential altered
state to select them for a further evaluation in a clinical laboratory. It should lead to an as low as
possible number of false negatives, i.e. of responses that are erroneously estimated to be within the
noise confidence interval, whereas a limited number of false positives does not constitute a serious
drawback.

Several progresses along this direction have been recently made by the development of
amperometric sensors, which base the detection on the occurrence of electrochemical oxidation of
morphine. Morphine oxidation occurs by one electron charge transfer to the phenoxide ion at the 3-
position, followed by dimerization of the free radical to pseudomorphine [4,12-14]. Two additional
anodic responses are observed at higher potentials, consisting in the further oxidation of
pseudomorphine and in the two-electron oxidation of the tertiary amine group. While morphine is
oxidised at relatively low potentials, most of the other opiates, not possessing phenol groups in the
molecule, are only oxidisable at higher potentials. This peculiarity has been exploited for the
selective determination of morphine in samples also containing different opiates, namely codeine,
heroine and noscapine [15-18].

Despite the number of amperometric sensors developed so far for the analysis of morphine (see

Table 1), none of them was tested for morphine detection in biological fluids at the cut-off limits. In
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any case, the presence of a suitable coating modifying the electrode surface may induce
electrocatalytic properties that on the one hand anticipates the signal of the analyte and, on the other
hand, increases the sensitivity of detection [19,20]. However, adsorption phenomena, generally
occurring as a consequence of the oxidation of a phenol [21,22], constitute eventual major obstacle
for the actual efficiency of amperometric sensors for morphine detection.

In this paper, screen-printed electrode (SPE) modified by a graphene oxide coating has been tested
as an amperometric sensor for morphine. Based on our previous studies concerning the performance
of this kind of nanosized material [23], electrochemically exfoliated graphene oxide (EGO) has
been used as the electrode coating. At variance with different graphene oxide materials, it possesses
appropriate density of oxidised functional groups on the surface to be conductive without the need
of any reduction pre-treatment. We could prove here that the EGO coating induces anticipation of
the electrochemical response due to morphine oxidation with respect to bare SPE, leading to higher
sensor sensitivity and lower detection limit. The analytical performance of this modified electrode
was defined by tests in standard solutions only containing this species in order to be compared with
that of different amperometric devices reported by the literature.

Due to particularly good results found, this sensor was tested for the possible detection of morphine
in urine samples at concentration values close to the cut-off limits defined for the screening tests in
urine samples, ranging from 300 ppb in several European countries [10] to 2000 ppb in USA [11].
Experiments performed in synthetic urine samples allowed us to put in light, once more, the
advantage in the use of EGO modified electrodes for the detection of morphine in the presence of
uric acid, constituting an electroactive component of this matrix. Finally, screening tests of
morphine in the real matrix were found possible after the development of a very rapid and
automatable sample pre-treatment.

2. Materials and methods

2.1 Instruments and electrodes

All electrochemical measurements were performed using a computerized Autolab PGSTAT 30
(Ecochemie, Utrecht, The Netherlands). SPEs were acquired from DropSens (Llanera, Asturias,
Spain) and consisted of a 4 mm diameter graphite working electrode, a graphite auxiliary electrode
and an Ag pseudo-reference electrode. The surface of the working electrode was prepared by
dropping 6 pL of 0.5 gLt EGO dispersion in isopropylic alcohol (IPA), obtained from graphite

according to the method previously reported [23,37]. The solvent was allowed to evaporate at room
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temperature. The amount of EGO finally present on each electrode was 0.020 mg-cm?2. As
previously defined [23], the amount of material deposited is enough to achieve complete coverage
of the electrode surface, but not to induce significant variation of the electroactive surface area.

After deposition, the working electrode was submitted to five subsequent cyclic voltammetric (CV)
sweeps between 0.00 and +0.60 V, at 0.05 Vs potential scan rate, in 0.1 M phosphate buffer

solution (PBS). The device is now considered ready for morphine detection.

2.2 Morphine detection in buffer solutions

All reagents, morphine included, were of analytical grade and supplied by Sigma-Aldrich.
Deionised water (18 MQ-cm) was always used. Standard solutions of morphine were prepared in
PBS, at pH 7.0. All solutions used for electrochemical tests with SPEs, even when not specified,
also contain 0.1 M KClI to fix the potential of the reference electrode.

Preliminary tests on morphine oxidation at bare and at modified electrode surfaces were carried out
by CV in a 0.16 mM morphine solution, performing five subsequent potential scans between 0.00
and +0.60 V, at 0.05 Vs scan rate.

The construction of calibration plots for morphine at low concentrations was performed both at bare
and at EGO modified SPEs, by differential pulse voltammetry (DPV) technique, by scanning the
electrode potential between +0.10 and +0.50 V, adopting the following waveform parameters: 50
mV pulse potential, 6 mV step potential, 0.1 modulation time and 0.4 s time elapsed between two
subsequent pulses.

Between two following tests in morphine solutions, the electrode was treated by five CV scans in
0.1 M KOH, in order to remove products of morphine oxidation strongly adsorbed on the surface.
Repeatability of the analytical response was tested by performing three following voltammetric tests
in 30, 60 and 220 ppb morphine solutions with the same EGO/SPE. The value of RSD% finally
reported is the mean of the RSD values calculated from voltammetric responses recorded in each of
these solutions.

As to reproducibility, it was defined by recording voltammetric traces in these same solutions with
three EGO/SPEs obtained in similar conditions. The value of RSD% finally reported is the mean of
the RSD values obtained. As further indicator of sensor reproducibility we also compared the slope
values calculated from calibration plots obtained with three similar EGO/SPEs.

2.3 Morphine detection in synthetic urine
Analyses of morphine in synthetic urine samples were performed in order to test the possible

presence of electroactive species interfering with morphine oxidation response. For this reason, a
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chemical composition as close as possible to the real matrix was prepared. In agreement with DIN
EN 1616:1999 standard procedure, synthetic urine samples where obtained with 25.0 gL urea, 9.0
gL KCI, 3.0 gLt NH4CI, 3.0 gL Na2SO4 +10 H20, 2.5 gLt KH2PO4, 2.5 gL KoHPO4, 2.0 gL
creatinine, and 0.35 gL uric acid. The final pH of this solution was 6.6 (+0.1).

Stock solutions of synthetic urine, either containing or not morphine, were diluted five times with
0.1 M PBS before DPV analyses. Electrochemical tests were performed with waveform parameters

equal to those previously reported.

2.4 Morphine detection in real samples

Real samples of urine have been obtained from healthy voluntaries. They were added with an
amount of morphine suitable to achieve a concentration even lower than the cut-off limit actually
defined, i.e. 200 ppb. In order to minimize interference effects of different species present in urine
(discussed in Results and Discussion section) on the electrochemical signal, 10 puL of 12 M HCI
were added to 400 pL of the sample. The suspension was then filtered through a 0.2 pum syringe
nylon filter (Whatman) and the filtered solution was diluted with 0.1 M PBS (pH=7.0) to a final
dilution factor of five, leading to a sample containing a 40 ppb final concentration of morphine.
Also in these cases the values of the parameters defining the DPV waveform were the same as those

for standard solutions in pure PBS.

3. Results and Discussion

3.1 Voltammetric detection of morphine in PBS

The electrochemical behaviour of EGO/SPE has been already tested in the presence of a reversible
redox species, namely [Fe(CN)s]> [23]. CV responses evidence that AE is similar to that measured
at bare SPE, indicating a lower resistance of the EGO film with respect to coatings obtained by
deposition of graphene oxide produced by Hummer method [38], constituting the synthetic
approach more frequently adopted. Furthermore, voltammetric responses indicate that the presence
of the nanostructured coating does not modify the total electroactive surface with respect to the
underlying electrode surface.

The evaluation of the electrocatalytic behaviour of EGO coatings with respect to morphine
oxidation was performed by comparing CV traces collected at bare and at modified SPEs, in PBS
only containing the analyte. As observed in Figure 1, the EGO coating induces a significant

anticipation of the oxidation peak potential of morphine, from +0.44 V to +0.35 V, with respect to
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the bare electrode. Concurrently, the value of the peak current increases. Both these factors indicate
the activation of an electrocatalytic process induced by the presence of EGO coating on the
electrode surface [20,39-41].

The advantages described for EGO coatings have been exploited in quantitative analyses performed
by more sensitive DPV technique. DPV is acknowledged to enhance the signal-to-noise ratio and,
consequently, to reduce the limit of detection (LOD) with respect to CV; on its turn, it also lowers
the concentration limit for false negatives [42,43], improving the effectiveness of detection with
respect to this important issue.

Aiming at comparing the performance of EGO/SPE with that of similar electrode systems reported
in the literature (see Table 1), calibration with a single electrode system has been performed,
calculated on the basis of voltammetric responses collected in solutions at very low concentration of
morphine (see Figure 2). In order to evidence the possible presence of memory effects, subsequent
measurements were performed by randomizing the order under which solutions at different analyte
concentration were analysed. We could observe that quite a good linear correlation between the
peak intensity and the concentration of morphine was achieved only after the development of a
cleaning procedure suitable to significantly reduce the effects of surface fouling. As a matter of fact,
passivation of the electrode surface is not surprising at all, because it resembles what has been
already evidenced for electrochemical processes involving phenol derivatives [21,22]. Best results
in terms of repeatability (RSD = 7.2%) were obtained by performing five subsequent CV cycles in a
strong alkaline solution (0.1 M KOH) between two subsequent DPV analyses. This procedure
allows the use of the device for many electrochemical analyses, e.g., in this case, to perform all the
measurements required to calculate the calibration plot.

On the other hand, it should be recalled that SPEs are generally used as disposable sensor systems,
so that the introduction of a proper cleaning step is not required. Obviously, reproducibility is a key,
mandatory requirement when using similar devices in this frame, since effective comparison with
standards or between two or more samples is necessary. The reproducibility of the responses
obtained at EGO/SPEs requires reproducibility of the modification of the electrode surface, which
was achieved by a suitable stabilisation procedure of the EGO coating, to performed after
deposition of the electrode coating. We could observe that quite reproducible responses (RSD =
12%) can be obtained by conditioning a newly realised EGO/SPE with five CV cycles and three
DPV cycles in 0.1 M PBS.

The calibration plot finally obtained by combining the results from three EGO/SPEs is reported in
the inset of Figure 2. The calculated sensor sensitivity, i.e. the slope of the calibration plot, resulted

2.61(0.09) nA/ppb, that is a value higher with respect to that found for different amperometric
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sensors reported so far by the literature (see Table 1). In this respect, it has to be underlined that
higher sensitivity values were only found for modified electrodes exploiting adsorptive stripping as
the detection technique [29,33]. However, this technique requires quite a long pre-concentration
step under well-controlled stirring of the solution, which constitutes a condition that is not easy to
adopt in portable and rapid sensor systems.

The good reproducibility degree of the responses obtained by following the procedure previously
described was also confirmed by comparison of the calibration plots computed by three different
EGO modified electrodes (RSD = 5.0%). t-Student test applied to the slope of the three calibration
plots, considering two of them at a time, demonstrates that the sensitivity of the three similar
EGO/SPEs is not significantly different, at a confidence level of 95%.

Measurements at different morphine concentration have been repeated at bare SPEs. In this case,
the very much lower intensity of the currents forces to only analyse solutions at significantly higher
concentrations, actually preventing the use of such an electrode for reliable morphine quantification.
The sensitivity of bare SPEs for morphine detection finally results equal to 0.031(+0.001) nA/ppb,
that is a value significantly lower with respect to that defined for EGO modified SPEs. Since
measurements previously reported [23] allow us to discard the hypothesis of meaningful differences
in the electroactive area of the two devices, this result can be only ascribed to the activation of
electrocatalytic processes and to the arising of peculiar diffusion processes at the EGO
nanostructured surface [44]. On the other hand, different chemical interactions arising between the
analyte and either graphite or graphene surfaces can be also invoked in order to explain the better
performance of EGO with respect to bare surface.

The performance of EGO/SPEs for morphine detection was also investigated in order to
determinate the Limit of Detection (LOD). As suggested by IUPAC [45] and according to a
criterion adopted in many papers, the lowest signal value detectable is equal to three times the
standard deviation of the background signal. This value, converted to the relevant concentration by
exploiting the calibration plot, leads us to calculate a value of 2.5 ppb. This value once more
demonstrates the good performance of EGO/SPE with respect to similar devices reported in the
literature (see Table 1).

On the other hand, a more reliable definition of LOD requires the use of the intercept value of the
calibration plot and of the relevant standard deviation [43], allowing not to force the noise affecting
the actual signal to coincide with that in the absence of signal. A LOD of 12.7 ppb was computed
by following this approach, as the mean value calculated from the three calibration plots obtained at
different EGO/SPEs.



As a conclusion of tests in standard water solutions, we can observe that the performance of
EGO/SPE is significantly better than many similar sensor systems reported in the literature (Table
1). This result let us envision the possible use of such a sensor in a number of applications. In
particular, the very low LOD found, well below that of the cut-off limit adopted for screening tests
of morphine in urine samples [10,11], supports the idea of a possible application of the sensor in

fast screening tests for the detection of drug abuse.

3.2 Morphine detection in urine samples

In order to evaluate the possible application of the sensor for morphine detection in urine samples at
concentration levels as low as the cut-off limits, i.e. 300 ppb, first tests have been carried out in a
well defined and controlled analytical matrix, namely in a synthetic solution mimicking urine.
Although literature works generally employ inorganic, electrochemically inert salts to fit the ionic
strength of urine samples, we choose a more complex composition, also containing organic species
that are actually present in urine, namely urea, creatinine and uric acid. The final pH of this solution
is 6.6 (+0.1), which is quite close to the value of the physiological matrix.

NaCl, NazHPO4, KH2PO4, NH4Cl and Na»SO4 electrochemically inert salts have been used to
obtain a basic composition for synthetic urine, to which subsequently add the different organic
species. In this way, we could observe that both creatinine and urea are not electroactive in the
potential window of interest for morphine oxidation, whereas uric acid leads to an evident peak at
ca. + 0.25V, at EGO/SPE. Although uric acid is present in urine at a relatively high concentration
with respect to morphine, as in the case reported in Figure 3, the oxidation of these two species
occurs in correspondence to two well separated peaks. In this frame, it should be noticed that the
five to one dilution factor has been chosen as a compromise between the possibility to retain quite a
good precision in detecting low morphine concentrations and the minimisation of interference
effects due to different species present in urine, and particularly of uric acid.

Based on the curves recorded in the same solutions at a bare electrode, it can be inferred that the
detection of morphine in this medium is only possible thanks to the activation of electrocatalytic
processes by EGO films.

Although a proper definition of a calibration plot in urine samples is not the goal of the use of this
sensor system, essentially devoted to the development of a “first alarm” sensor system for drug
abuse, voltammetric traces recorded with the same EGO/SPE at different concentrations of
morphine (300, 600 and 900 ppb) show a linear dependence of the oxidation peak current of

morphine, indicating the reliability of this sensor response.



Furthermore, the possible occurrence of false positive responses was also tested by considering the
most common pharmaceutical compounds possessing anti-inflammatory and analgesic action
(paracetamol, acetylsalicylic acid, ibuprofene, ketoprofene, nimesulide), inhibiting stomach acid
(lansoprazole) and a common benzodiazepine derivative used for treating many disorders, namely
lorazepam. As also suggested by the literature [46-52], only paracetamol resulted electroactive in
the potential window used for morphine determination, but gives rise to an oxidation peak at
different potential, suggesting that false positive results are not obtained from subjects under
paracetamol administration.

Thanks to the quite promising results obtained from EGO/SPE in synthetic urine samples, further
tests have been carried out in real samples. Urine has quite a complex chemical composition so that,
as expected, by passing from synthetic to real samples the electrochemical signal is affected by
further interfering species. They constitute minor components of the matrix, but assume importance
when the signal due to the analyte is extremely low. Particular attention should be directed to
proteins, to hormones, and to a wide number of metabolites, urobilin included. Due to the presence
of these components, several sample treatments are proposed by the literature [29,33,35,53], mainly
based on centrifugation steps. However, this approach requires that the analysis is performed in a
chemical laboratory. In outlining the procedure to adopt we kept in mind that facile pre-treatment of
the sample should be adopted in portable detection systems. As already pointed out, at variance
with reported procedures [29,34], a low dilution factor is required in order to satisfy the goal of the
paper, i.e. the detection of morphine in urine sample at very low concentration level, namely those
defined by cut-off limits in European Countries.

Best results have been obtained by adding, at first, a suitable amount of concentrated HCI solution,
to induce protein precipitation and protonation of other organic species containing carboxylic
moieties. The sample was then filtered in a 0.2 um syringe filter and diluted with 0.1 M PBS, to a
final dilution factor of five. The final pH of the solution depends on pH of the original sample.
Figure 4 accounts for different DPV curves recorded on urine samples. A first curve reports a DPV
response of urine that was simply diluted with PBS solution: the response of uric acid is detectable
(peak at ca. +0.25V), together with a potentially interfering, low signal at more positive potentials.
The described pre-treatment of the sample allows the elimination of the species responsible for this
last signal, so that uric acid is the only electroactive molecule present in the sample at a significative
concentration. Quite interestingly, analyses of urine samples containing 200 ppb morphine, when
submitted to the pre-treatment described, let us to record well evident voltammetric signals due to
morphine oxidation, clearly distinguishable from that of uric acid and from the background (Figure
4, dotted line).
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4. Conclusions

We demonstrate here that EGO-modified SPE constitutes a high performance amperometric sensor
for morphine quantification, characterised by very higher sensitivity (2.61 nA ppb™) and lower
detection limit (2.5 ppb) with respect to similar devices proposed so far by the literature. The high
performance is due to the arising of effective electrocatalytic processes in charge of morphine
oxidation induced by the presence of a well conductive graphene oxide coating. Furthermore the
high reproducibility observed allows the possible use of the sensor system as a disposable device,
even though the good repeatability found in standard solutions induces not to discard the possible
application of the electrode system in subsequent voltammetric tests after performing the cleaning
procedure developed.

Thanks to the performance observed, the device is suitable to be used for morphine screening tests
in urine samples even when considering concentration values even lower than the cut-off values
defined by American and European regulations. The development of such a portable and disposable
sensor system allows us to propose the device for systematic controls of drug abuses, for instance

by drivers on the streets or by men at work.
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Captions to Figures

Figure 1. Representative CV curves recorded at bare (blue lines) and EGO modified (black lines)
SPEs in 0.1 M PBS (pH = 7.0) in absence (dotted lines) and in presence (solid lines) of 46 ppm
(0.16 mM) morphine; 0.05 Vs potential scan rate.

Figure 2. DPV responses of EGO/SPE registered in 0.1 M PBS, in presence of morphine,
subtracted by the background. Inset reports the relevant calibration plot obtained by randomizing
the concentration of the morphine solutions under analysis and considering responses deriving from

three different devices.

Figure 3. DPV responses on synthetic urine containing 300 ppb morphine at unmodified (red line)
and EGO modified (blue solid line) SPEs. As a comparison, the analysis of 300 ppb morphine in
absence of uric acid is also reported in the case of EGO/SPE (blue dashed line). In all cases, the
original samples were diluted five times with PBS, so that the signal finally recorded is referred to a

solution containing 60 ppb morphine and 0.70 gL* uric acid.

Figure 4. DPV analyses performed with EGO/SPE in urine sample diluted five times with PBS
before (blue line) and after (black solid line) additional pre-treatment. Black dashed line reports the
signal recorded for an urine sample containing 200 ppb morphine, after acid pre-treatment and

dilution as described in the experimental.

18



Caption to Tables

Table 1 - Analytical performance of electrochemical sensors for morphine detection reported by the

literature (different sensors are listed from the oldest to that reported in this paper).

solvent electrochemical s LoD
electrode surface - . sensitivity ref
media technique
nA ppb? nA ppbtmm? ppb
Prussian Blue film KCI amperometry 0.0589 5.89 x 10* 2.85 x 10* 24
PEDOT based MIP KCI amperometry 0.322 3.22x10°% 5.71 x 10* 25
MIP fixed in a 3 "
PEDOT film KCI amperometry 0.0730 1.46 x 10 8.53 x 10 26
multiwalled carbon |~ ppg 44 7 amperometry 0.035 0.011 57 18
nanotubes
Britton- adsorptive striping
. Robinson voltammetry with
hanging Hg drop buffer (pH differential pulse 0.372 3.0 16
10) detection
KNOs +
Prussian Blue film acetate ions amperometry 0.273 0.0385 228 17
(pH 6)
gold nanoparticles PBSpH 7.0 | cyclic voltammetry 119 0.033 60 27
adsorptive striping
activated GC PBS pH 7.4 "O'It.amme”y with 0.251 0.0355 57 28
inear sweep
detection
adsorptive striping
ordered mesoporous | poo oH 7.0 voIt.ammetry with 6.10 143 29
carbon film linear sweep
detection
Chemically reduced differential pulse 128
GO PBSpH 8.0 voltammetry 0.077 0.025 15
ZnO- carbon
nanotubes PBS pH 8.0 square wave 0.0529 17.1 30
composite in carbon voltammetry
paste
hydrophilic
ionic liquid — NiO — square wave
carbon nanotube PO 7.0 voltammetry 0.176 2.9 31
composite
electrochemically . .
reduced multiwalled ?/dc;?;ﬁ:x:titrm?ﬁ
carbon nanotube PBS pH 4.5 I y 36.2 5.12 14 32
g inear sweep
and graphene oxide d .
; etection
composite
Pt nanoparticles Britton- a(\jii(:rrnpctjli\;feefgr:{)ig:g
supported on porous Robinson 0.701 0.223 8.6 33
o . pulse voltammetry
silicon coating buffer pH 6.0 f -
etection
Au nanoparticles .
Britton- . .
X ff I pul
phtha?ggygr?ine in Robinson dlvglrti\r;;lr?\egfyse 0.057 16 34
bufferpH 7.4
carbon paste
SnO?—ansnO4 into PBS pH 6.0 differential pulse 0.610 26 35
multi-walled carbon voltammetry
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nanotube paste

MgFe204/graphite
paste electrode

differential pulse

m_odlfled with PBSpH 7.0 voltammetry 0.322 2.9 36
multi-walled carbon
nanotubes
EGO coating pBSatpH7 | differential pulse 261 0.21 25 this paper

voltammetry

* calculated as three times the standard deviation of the blank signal

12.0

10.0

8.0

Table 1

0.00

0.10 0.20

0.40

Figure 1

20




ACCEPTED MANUSCRIPT

10 - 100 9
09 -
08 -
0.7 -

06 -

05 -

i (nA)

04 -

03 -

0.2 -

0.1 -

5 T, S
020 025 030 035 040 045

E(V)

0.0

Figure 2

21



ACCEPTED MANUSCRIPT

i(uA)

Figure 3

22



ACCEPTED MANUSCRIPT

010 020 030 040 050
E(V)

Figure 4

23



