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A B S T R A C T

Herein, we report the electrodeposition of a quinone containing diazonium salt onto the surface of carbon paste
electrodes (CPE). An extensive characterisation revealed the optimum deposition characteristics to be obtained
using Linear Sweep Voltammetry (LSV) over the potential range +400 mV to −800 mV vs. SCE at 100 mV/s, for
five sweeps in 0.1 M H2SO4. The corresponding FBRR-modified CPE was cycled in phosphate buffered saline over
the potential range +800 mV to −700 mV vs. SCE at 100 mV/s. The anodic peak potential demonstrated ex-
cellent stability over 400 cycles and a Nernstian response was recorded (−59 ± 3 mV/pH, n = 39, r2 = 0.99).
The continuous monitoring of pH changes within the same solution exhibited Nernstian behaviour also, con-
firming the efficacy of the FBRR-modified CPEs for in situ pH monitoring. An extensive shelf-life investigation
identified retention of FBRR-modified CPEs sensitivity over 28 days when stored under air conditions at 4 °C. The
work described within confirms the effectiveness of FBRR-modified CPEs to perform continuous pH monitoring
over a small pH range of physiological relevance.

1. Introduction

pH is a measurable parameter that is familiar to all in the scientific,
industrial and medical fields [1]. The most commonly used pH sensor is
the potentiometric glass electrode. The principal limitations associated
with these electrodes are their large size and fragile nature, restricting
their applications to in vitro bench top testing. For this reason, attempts
to design robust, miniaturised, disposable and inexpensive pH elec-
trodes have received much attention over the years. Metal oxide sensors
utilise potentiometric measurements, are mechanically robust [2] and
can easily be miniaturised using modern technologies. A wide range of
metal oxide sensors have been reported including RuO2 [3], PbO2 [2,4]
and IrOx [2,5]. The latter has demonstrated most promise due to a
stable, quick response and broad pH recording range. Notwithstanding
this, they still suffer from substantial drift over time and are susceptible
to electrical noise interference [6]. Ion selective field effect transistors
were introduced in 1970 [7]. They can be miniaturised readily [8],
however, they suffer from a number of disadvantages including sub-
stantial drift [9], slow response [10,11], hysteresis effect, temperature
dependence [12], high expense [1] and difficulties with encapsulation
[13]. As an alternative to potentiometric pH electrodes, optical sensors
have received close attention over the years. They have several ad-
vantages over potentiometric glass electrodes, including the ability to

be miniaturised and lack of electrical interference [14]. However, they
require large sized analytical equipment restricting their use to static
investigations [15]. Other limitations include restricted long term sta-
bility, ionic strength affects [15], and a narrow working pH range,
usually ca. 2–3 pH units [16].

Voltammetric pH sensors, which measure the redox potential of a
pH dependent moiety, have demonstrated excellent performance in the
past [17–19], are cost effective and easily miniaturised. The respective
redox processes can be quantified using the Nernst equation, yielding
the following response at 25 °C:

= + +E E (RT/F) ln [a ]0
H (1)

= nE E (2.303RT/ F) pH0 (2)

where E is the measured potential, E0 is the standard electrode poten-
tial, R is the universal gas constant, T is the temperature in Kelvin, F is
the Faraday constant and n is the number of electrons transferred. Po-
tential is directly proportional to pH and reworking of the Nernst
equation demonstrates that the observed potential for a redox system
with m H+ ions and n electrons transferred, will change by −m/n
(59 mV) per pH unit.

Carbon based materials and sensors have been widely used in the
field of electrochemistry, because of their good electrical conductivity,
ease of modification, low expense [4] and relatively wide operating
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potential range [6]. Carbon materials can be functionalised by cova-
lently attaching pH sensitive moieties, either by chemical or electro-
chemical processes; chemical or physical adsorption onto the surface;
deposition of oxygen containing groups onto the electrode, or in-
corporation of the pH responsive substance into a composite electrode
[20]. Many different carbon surfaces have been electrochemically
modified with pH sensing elements, in particular, glassy carbon [21],
carbon fibres (CFE) [22,23] and to a lesser extent carbon paste elec-
trodes (CPE). The latter are inexpensive and easily modified, giving
them pre-determined properties that makes them useful as highly se-
lective sensors [24,25].

The first reported reduction of an aryl diazonium salt onto carbon
was by Saveant and colleagues in 1992 [26]. More recently, Makos
et al. described the electrodeposition of the quinone containing aryl
diazonium salt, 4‑Benzoylamino‑2, 5‑dimethoxybenzenediazonium
chloride-hemi zinc chloride (FBRR) in aprotic solvent on CFEs using
cyclic voltammetry [23]. However, the inherent fragility of the thin
fibre, typically < 10 μm, and short term stability under physiological
conditions [27], limits the adoption of CFEs into a broader range of
applications. For these reasons they are most commonly utilised in
acute monitoring of neurotransmitters in the brain extracellular fluid of
rodents. CPEs are considerably larger, ca. 250 μm, more mechanically
robust and demonstrate excellent long-term stability in vivo [28,29].
Therefore, the work described within details the electrodeposition of
FBRR on CPEs. We postulated that impaired deposition of the diazo-
nium salt will occur in an organic solvent since it is miscible with the
hydrophobic layer on the surface of CPEs. This may result in the
composite becoming dissolved, altering the surface morphology and
impeding the electrochemical process [30]. Therefore, we proposed a
more efficient deposition will proceed in aqueous media. Furthermore,
we investigated the ability of linear sweep voltammetry (LSV) to de-
posit a more stable and uniform layer of the diazonium salt through
application of the reduction sweep in isolation. Subsequently, the pH
dependence of the deposited quinone was determined over a physio-
logically relevant pH range and shelf-life characteristics were eluci-
dated.

2. Experimental

2.1. Chemicals and reagents

All reagents used i.e., sodium chloride (NaCl), sodium hydroxide
(NaOH), sodium hydrogen phosphate (NaH2PO4), 4‑Benzoylamino‑2,
5‑dimethoxybenzenediazonium chloride - hemi zinc chloride (FBRR),
Acetonitrile (ACN), Tetraethyl Ammonium Tetrafluoroborate (TEAFB4),
Graphite Powder (< 20 μm, 1.9 g/cm3) and Silicon Oil (0.96 g/mL)
were purchased from Sigma Aldrich Chemical Co. (Dublin, Ireland).
Sulfuric Acid was purchased from VWR International Ltd. (Dublin,
Ireland). All calibrations were performed in phosphate buffered saline
(PBS); NaCl (0.15 M), NaOH (0.04 M) and NaH2PO4 (0.04 M) made up
in doubly distilled deionised water. The pH was adjusted to 7.2, 7.4 and
7.6 using a laboratory pH meter (Eutech Instruments, Ayer Rajah,
Singapore).

2.2. Electrode manufacture and deposition process

CPEs were manufactured from Teflon®-insulated silver (Ag) wire
(200 μm bare diameter 8T, Advent Research Materials; Oxford, UK)
using protocols previously described by others [31]. Briefly, a 5 cm
length of Teflon insulated Ag wire was cut. Approximately 1 mm of the
Teflon® insulation was removed from one end, exposing the bare Ag
wire. Using a tweezers, the Teflon® was gently moved along the length
of the wire, exposing a 1 mm cavity at the opposite end of the electrode.
The exposed Ag wire was then soldered into a gold clip (Fine Science
Tools GmbH, Heidelberg, Germany). The cavity was packed with
carbon paste (0.71 g graphite powder and 250 μL silicon oil). A bare Ag

wire with the same diameter, was used as a plunger, to ensure that the
paste was compactly packed. The surface was levelled by gently rub-
bing it on a clean, flat surface. CPEs were modified with 2 mM FBRR in
0.1 M H2SO4 using LSV.

2.3. Cycling of FBRR-modified CPE in PBS

All calibrations were performed in a standard three-electrode glass
electrochemical cell containing 20 mL PBS. The PBS was purged with
nitrogen (N2) gas (BOC Ireland) for 20 min to eliminate any inter-
ference from the reduction of oxygen that might be observed in the CV.
Once cycling at one pH was complete, the electrodes were removed
from one PBS solution, rinsed in deionised water and placed in another.
The cycling order in the respective pH solutions was randomised be-
tween electrodes. A saturated calomel electrode (SCE) was used as the
reference electrode and a large Pt wire served as the auxiliary electrode.
FBRR-modified CPEs were cycled over the potential ranges −700 mV to
+800 mV, −500 mV to +500 mV and −300 mV to +100 mV vs. SCE.
Scan rates were varied between 20 and 1000 mV/s. The different ex-
perimental paradigms designed to determine the ability of the FBRR-
modified CPEs to monitor pH changes continuously in solution are
discussed in the relevant sections.

2.4. Instrumentation, software and data analysis

Voltammetric experiments were performed using a low-noise po-
tentiostat (ACM Instruments, Cumbria, UK) and converted using an A/D
converter (PowerLab, ADInstruments, Oxford, UK). The CV signals were
recorded using eChem software (v2.1.16, eDAQ Ltd., Sydney, Australia)
running on a Dell computer or laptop. All pH experiments were ana-
lysed using linear regressions. Significant differences were calculated
using the Student's t-test for paired or unpaired observations, where
appropriate. The standard 95% confidence interval was used for these
tests, so a p-value < 0.05 indicated a significant difference between the
two data sets, whereas a p-value higher than 0.05 indicated no sig-
nificant difference. These analyses were performed using GraphPad
Prism® version 5.01 (GraphPad Software Inc., San Diego, CA, USA).
Scanning Electron Microscopy images (SEM) were carried out using a
Hitachi S-3200-N to investigate CPE surface characteristics. Energy
Dispersive X-Ray analysis (EDX) was performed using INCA x-act
(Oxford Instruments) in conjunction with SEM to perform elemental
analysis on the CPE.

3. Results and discussion

3.1. Optimisation of the electrodeposition of FBRR on CPEs

The electrochemical deposition of FBRR onto CPEs, in 0.1 M H2SO4,
was achieved by a one-step electrochemical reduction process using
LSV. The first step of the proposed mechanism involves the electro-
chemical reduction of the aryl diazonium cation (Ar-N2

+) to form the
corresponding aryl radical (Ar%), with the loss of N2, as described in Eq.
(3) [4,32]. This is a concerted reaction, therefore there are no inter-
mediates formed between the cation and the radical formation, so the
radical forms directly on the electrode surface [33]. The electro-
chemical reduction that leads to the formation of the radical is rela-
tively easy because of the electron withdrawing power of the diazonium
group [34]. The second step occurs when the radical reacts with the
CPE surface, and a strong covalent CeC bond is formed according to Eq.
(4).

+ ++ArN e Ar N12 2 (3)

+Surface Ar Surface Ar (4)

Fig. 1A illustrates the LSV profiles for the electroreduction of FBRR
onto CPEs. The anodic potential was varied from +200 mV to
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+800 mV and the cathodic potential restricted to −800 mV vs. SCE at
100 mV/s. The limit of the reduction potential was chosen as −800 mV
to avoid bringing the applied potential to too low a value resulting in
the possible reduction of the aryl radical to the undesired anion
[33,35], forming a multi-layered surface [36]. A reduction wave is
evident which causes the radical formation of the FBRR and subsequent
covalent bond formation with the CPE surface. It is apparent that the
foot of the reductive wave occurs at a potential between −550 mV and
−600 mV with maximum deposition occurring over the deposition
ranges +400 mV and +600 mV to −800 mV vs. SCE. The corre-
sponding CVs of the modified electrodes cycled in PBS (pH 7.4) are
presented in Fig. 1B and follow a similar pattern with obvious redox
peaks at −50 mV (anodic) and −150 mV (cathodic). The greater de-
finition and resolution of the oxidation peaks are indicative of a more
efficient electron transfer process. Conversely, the reduction peaks at
ca. −150 mV appear much less resolved and more broad in definition
suggesting slower electron transfer.

Subsequently, the effect of increasing deposition sweeps on the re-
solution of the FBRR redox peaks was investigated over the potential
range +400 mV to −800 mV vs. SCE at 100 mV/s. The formation of a
uniformly distributed monolayer of FBRR on the substrate is desirable
in order to minimise the diffusion layer thickness therefore increasing
the electron transfer kinetics. The electrochemical reduction of diazo-
nium salts generally results in a layered deposition of the product onto
the substrate, not monolayers [37]. These layers can vary in thickness
from a few nm to several μm. The layers are formed when the radical
attaches to the first layer of deposited FBRR. This happens when the
radical attacks the ortho-position of an already surface bound aryl
group, leading to the formation of multilayers. In principle, the appli-
cation of more reduction sweeps should intuitively produce thicker
layers [38]. Fig. 2A illustrates the average LSVs (n = 4) for 1–10 sweeps

of FBRR deposition in H2SO4. It is apparent that most of the FBRR was
deposited in the first sweep. The attachment of the aryl radical to the
electrode surface gives rise to the near disappearance of the reduction
curve. In the subsequent sweeps, the reduction peak is non-distinct
which suggests that the electrode is in a passive state and FBRR is no
longer depositing onto the CPE surface [33,35]. The corresponding CVs
of the modified electrodes in PBS (pH 7.4) illustrate excellent peak
definition (see Fig. 2B) with five sweeps producing maximum coverage.
Conversely, 10 sweeps appeared to deposit too much FBRR on the
surface, resulting in a multilayer deposition. This thick layer resulted in
reduced electron transfer and therefore reduced peak currents. In ad-
dition, the peaks are also broader due to the slow rate of electron
transfer. It is clearly evident from Fig. 2B that five sweeps of LSV de-
position gives rise to optimum electrode coverage and clearly resolved
oxidation peaks at ca. −20 mV and reduction peaks at ca. −150 mV
when cycled in PBS. This gives a ΔEp value of 130 mV vs. SCE. The
redox pairs of quinones are generally classed as a quasi-reversible
system, but this depends on the type of electrode used. At CPEs an ir-
reversible behaviour is generally observed [39]. Our principal hy-
pothesis, that optimum deposition would occur in aqueous solvent
using LSV, is clearly illustrated in Fig. SM1. Peak definition was greatly
compromised when deposition was performed in organic solvent and/
or using cyclic voltammetry, lending strong support to our choice of
analytical technique and solvent.

3.2. Optimisation of the FBRR-modified voltammogram

It was imperative to optimise the redox peak potentials of the FBRR-
modified CPE and investigate the pH dependency of the deposited
diazonium salt. In order to extrapolate these peak potentials, a sharp
well-defined peak that is stable over time and responds to pH is desir-
able. Initially, we investigated the possibility of altering the potential
window, to determine the effect on the respective peak resolution. Fig.
SM2 illustrates the effect of varying the electrode potential range

Fig. 1. (A) Average growth profiles of 4‑Benzoylamino‑2, 5‑dimethox-
ybenzenediazonium chloride hemi zinc chloride (FBRR) in 0.1 M H2SO4 (n = 4)
on carbon paste electrodes (CPEs) using Linear Sweep Voltammetry (LSV) (B)
corresponding CVs of modified electrodes cycled in phosphate buffered saline
(PBS, pH 7.4) over potential range – 700 mV to +800 mV vs. SCE at 100 mV/s
(n = 4). Cycle 50 included for each CV.

Fig. 2. (A) Average growth profiles of FBRR in 0.1 M H2SO4 onto CPEs using
LSV over varying deposition sweeps (n = 4). (B) Average corresponding CVs of
modified electrodes cycled in PBS (pH 7.4) over potential range – 700 mV to
+800 mV vs. SCE at 100 mV/s (n = 4). Cycle 50 included for each CV.
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(−700 mV to +800 mV, −500 mV to +500 mV and −300 to
+100 mV vs. SCE) on peak definition. It is apparent that the larger
window produced the most resolved peaks. The mechanism for the
oxidation/reduction reaction of quinones, in buffered solutions, in-
volves a 2e− oxidation that converts the methoxy to the equivalent
quinone, followed by a 2e−/2H+ exchange to form the hydroxy-qui-
none [17,18,40]. The potentials at which the redox reactions take place
are pH dependent, as the oxidation induces a loss of protons. The limit
of the anodic and cathodic potentials were restricted to +800 and
−700 mV respectively, to alleviate concerns about the possible inter-
ference of O2 and H2 evolution in the voltammogram. Furthermore, it is
apparent that a sharper peak is consistently obtained for the anodic
peak, lending support to its choice as the pH sensing site of the modified
electrode. Greater variability in the cathodic peak definition, due to
broader peaks, is indicative of a slower electron transfer process. This
finding reduces its reliability in determining accurate peak potential
shifts.

Next we investigated the effect of scan rate (ν) on the redox peaks by
cycling the FBRR-modified CPEs from 20 to 1000 mV/s. In order to
eliminate any hysteresis effects the electrodes were cycled from a slow
scan rate of 20 mV/s increasing up to 1000 mV/s, the order was then
reversed. By taking average peak currents of each scan rate, more ac-
curate estimates of the currents were obtained. Fig. 3A plots the peak
current (Ip) as a function of ν. R2 values of 0.99 for the oxidation and
reduction peak currents were achieved. Fig. 3B plots Ip as a function of
the square root of the scan rate (ν1/2). R2 values of 0.98 and 0.97 for the
oxidation and reduction peak currents were achieved, respectively. As
both these plots have straight line relationships a plot of the log of Ip vs.
the log of the scan rate was constructed (see Fig. 3C). This gave a linear
dependence with slopes of 0.82 and 0.92 for the oxidation and reduc-
tion peaks, respectively. These values, between 0.5 and 1.0, confirm
mixed mass transport, diffusion and adsorption [41], resulting from
thin layer diffusion [42,43]. This occurs when pockets of solution be-
come trapped in the porous modified layer. As the electron transfer
proceeds the currents decay over the potential cycle as there is a limited
amount of FBRR in the trapped solution. These results are indicative of

a quasi-reversible surface bound species that has been adsorbed onto
the substrate surface [41]. Despite all peak currents increasing with ν,
the oxidation peak at ca. +30 mV loses sharpness and definition at
higher ν. Fig. 4A highlights the effect of increasing scan rates from 20 to

Fig. 3. XY plots of (A) peak current (Ip) vs. scan rate (ν), (B) Ip vs. ν1/2 and (C) log Ip vs. log ν, for FBRR-modified CPEs in PBS pH 7.4.

Fig. 4. Average CVs of FBRR-modified CPEs in PBS (pH 7.4) over potential
range – 700 mV to +800 mV vs. SCE at 100 mV/s (n = 4). (A) Effect of scan rate
on redox peak definition and (B) stability of anodic peak definition over
400 cycles. Inset: close up of anodic peaks.
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100 mV/s with optimum peaks recorded for 50 and 100 mV/s. The
latter ν was chosen going forward to maximise sampling time.

A major limitation of existing pH sensors is their tendency to de-
monstrate drift over time, which results in them requiring frequent ca-
libration [44]. To determine the stability of the oxidation peaks over
time, the FBRR-modified CPEs were cycled in PBS for 400 cycles which
equated to 200 min, at 100 mV/s. Fig. 4B details excellent stability of the
oxidation peak potential over successive cycles (−28 ± 2 mV vs. SCE,
n = 32). It is apparent that the peaks become more stable from cycle 100
onwards with minimum drift encountered. Furthermore, a concomitant
increase in Ip is also recorded with continuous cycling. This gradual in-
crease in Ip observed may be attributed to the binding oil leeching from
the electrode [45] which culminates in increased conductivity [46] and
increased surface area. Nevertheless, there is minimal compromise in
peak resolution, lending support to the efficacy of the modified electrode
at performing continuous monitoring. The presence of a second oxidation
peak at ca. 350–400 mV is apparent in Figs. 2 and 3, which increases in
magnitude at a slower rate than the quinone oxidation peak with cycling.
It was postulated that this peak could be attributed to the ZnCl2 present
within the FBRR salt. To confirm its origin, a separate group of CPEs
were subjected to electrodeposition in 0.5 to 2 mM ZnCl2 over the same
deposition potential, i.e. +400 mV to −800 mV at 100 mV/s. The cor-
responding CVs in PBS identified an oxidation peak at ca. 350–400 mV
that increased in current with increasing ZnCl2 concentrations (data not
shown). Over the course of our investigations it became apparent that
this peak associated with ZnCl2 dissipated with subsequent depositions
from the same FBRR solution. During the initial depositions, we hy-
pothesised that the zinc was depositing onto the electrode surface more
readily than the FBRR, therefore blocking available sites on the electrode
surface. This produced concurrent oxidation peaks of similar magnitude
which are clearly evident in Fig. 4B. This was further supported by Fig.
SM3 which details SEM micrographs of a bare CPE and an FBRR mod-
ified CPE using LSV. The corresponding EDX image of the FBRR-modified
CPE has peaks attributed to zinc deposition. Subsequent depositions
produced voltammograms with reduced ZnCl2 contribution and in-
creasing FBRR anodic peak resolution. This was further confirmed by
corresponding EDX images where no zinc peak was evident (data not
shown). Therefore, all successive FBRR depositions incorporated an in-
itial set of CPEs that were pre-reduced in FBRR to mitigate against this
ZnCl2 contribution. These electrodes were not utilised for any pH mea-
surements and were disposed of. It is clearly obvious, from Fig. 5A, that
the ZnCl2 contribution has been negated using this step, lending strong
support to our hypothesis.

3.3. pH dependence of redox peaks

As alluded to previously, the oxidation/reduction reaction of elec-
trodeposited FBRR in buffered solutions, involves a 2e− oxidation that
converts the methoxy to the equivalent quinone, followed by a 2e−/
2H+ exchange to form the hydroxy-quinone. In accordance with the
Nernst equation, cycling FBRR-modified CPEs in solutions of varying
pH, should yield a slope value close to the ideal Nernstian response of
−59 mV/pH. Fig. 5A details anodic peak separation for LSV deposited
FBRR-modified CPEs, over three different pH ranges, for 100 cycles.
The order of pH exposure was randomised in all investigations to mi-
tigate against potential hysteresis effects. The vertical dashed line in-
dicates the peak potential recorded for pH 7.4 (red trace) and is to be
utilised as a point of reference for pH 7.2 (blue trace) and pH 7.6 (green
trace). Fig. 5B illustrates the corresponding potential-pH profile for the
oxidation peak. It is clearly evident that by varying pH, there is a re-
producible shift in the FBRR oxidation peak potential. The peak po-
tentials recorded in the respective pH solutions were as follows; pH 7.2:
−14 ± 1 mV (n = 39), pH 7.4: −25 ± 1 mV (n = 39) and pH 7.6:
−37 ± 1 mV (n = 39). The sensitivity value recorded for the process
demonstrates Nernstian behaviour and excellent linearity over the
chosen pH range (−59 ± 3 mV/pH, n = 39, r2 = 0.99). This is a

considerable improvement on a previously reported design, whereby
linear regression analysis yielded a slope of 38 mV/pH unit on FBRR-
modified CFEs, deposited in organic solvent [23]. A slight discrepancy
was observed for the pH responses when recorded at cycle 50 (see Fig.
SM4). The peak potentials recorded in the respective pH solutions were
as follows; pH 7.2: −11 ± 2 mV (n = 13), pH 7.4: −24 ± 2 mV
(n = 13) and pH 7.6: −40 ± 2 mV (n = 13). In this instance, the
sensitivity value recorded for the process demonstrates a super-Nerns-
tian response over the chosen pH range (−72 ± 5 mV/pH, n = 13,
r2 = 0.99). This finding supports our previous assumption that anodic
peak stability is achieved from cycle 100 onwards. Super-Nernstian
responses are not uncommon and the increased sensitivity may be a
result of enhanced proton-exchange processes at the CPE surface or the
number of H+ ions amplified by transferred electrons [47].

3.4. Continuous measurement of pH changes using FBRR-modified CPEs

The principal objective of these investigations was to determine the
ability of the FBRR-modified CPEs to monitor pH changes within the
same solution, mimicking more closely, eventual applications of the
modified sensor. In this instance, the pH of the PBS solution was con-
tinuously monitored using a glass pH electrode in parallel to the FBRR-
modified CPE being cycled between −700 mV to +800 mV vs. SCE.
The peak potential was recorded every 20th and 50th cycle and cor-
related with the glass electrode pH. Aliquots of NaH2PO4 and NaOH
were added to the PBS to shift the pH accordingly. The pH and anodic
peak potential were correlated over successive cycling. As previous, the
order of pH change was randomised in all investigations to mitigate
against potential hysteresis effects. Fig. 6A highlights the effect of re-
cording the pH and peak potential change every 20 and 50 cycles

Fig. 5. (A) Effect of varying pH (7.2, 7.4 and 7.6) on oxidation peak potentials
of FBRR-modified CPEs (n = 4) over −0.7 V to +0.8 V vs. SCE at 100 mV/s.
Cycle 100 included for each pH. (B) Corresponding potential-pH profile and
linear regression analysis (−59 ± 3 mV/pH) for oxidation peak potentials
(n = 39). (For interpretation of the references to color in this figure, the reader
is referred to the web version of this article.)
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respectively. The sensitivity values recorded demonstrate Nernstian
behaviour and good linearity over the chosen pH range (−57 ± 2 mV/
pH, n = 4, r2 = 0.92 and −61 ± 3 mV/pH, n = 4, r2 = 0.97).

One particular application for this FBRR-modified CPE could be to
perform continuous monitoring of tissue pH under physiological condi-
tions. In healthy individuals, tissue pH can vary between 7.35 and 7.45;
anything outside 6.8 and 7.8 may result in irreversible cell damage and
compromise in functionality. A sensor that can measure physiological
relevant pH changes, i.e. with precision greater than or equal to 0.02 pH
units, is therefore highly desirable. A similar experimental set-up to that
described in Fig. 6A was implemented, however, a microinfusion pump
was incorporated into the design to facilitate a more reproducible
method of shifting the pH by approximately 0.01 units. The FBRR-
modified CPEs were cycled for a minimum of 50 cycles prior to com-
mencement of peak potential recordings. NaH2PO4 and NaOH were in-
fused at a constant flow rate of 5 μL/min and the voltammogram was
continuously cycled between −700 mV to +800 mV vs. SCE and the pH
limits of 7.2 to 7.6. The PBS was constantly stirred at a rate of ca. 45 rev/
min. The cycle number and time were recorded for each 0.01 pH unit
shift and the peak potentials were extrapolated once the experiment was
completed. Fig. 6B highlights the effectiveness of the sensor at measuring
these minute pH changes and the sensitivity value recorded demon-
strated close to Nernstian behaviour and good linearity over the chosen
pH range (−56 ± 1 mV/pH, n = 4, r2 = 0.95). The small error bars are
equivalent to ca. 2 mV which corresponds to 0.03 pH units. These results
demonstrate the efficacy of the FBRR-modified CPEs at measuring con-
tinuous changes in solution pH over long periods.

3.5. Shelf-life characteristics of FBRR-modified CPEs

The effect of storage on the longevity of FBRR-modified CPEs was
investigated. Separate sets of electrodes (n = 4) were used in each

instance to mitigate against the effect of repeated calibrations on
electrode performance [48]. The longevity of a modified electrode is an
important characteristic to elucidate since it facilitates the bulk man-
ufacture of FBRR-modified CPEs prior to their application in specific
investigations. Table 1 details the effect of storing the modified elec-
trodes at 4 °C subsequent to calibration in the respective pH solutions. It
is apparent that the sensitivity i.e. pH response, shifted more towards
Nernstian behaviour following storage. This could be attributed to the
carbon paste becoming homogenised [49]. Notwithstanding this, there
was no significant difference observed between day 0 and day 1–28 of
storage. The slight discrepancy in day 0 sensitivities can be attributed to
the porous, surface irregularities associated with CPE. Conversely, the
longevity of FBRR-modified CPEs was compromised when stored under
N2 conditions at 4 °C. Table SM1 identifies significant differences in
sensitivities recorded between day 0 and day 1 and day 0 and day 7.
Furthermore, a decrease in sensitivity was recorded across most days of
storage. Collectively, these findings support the longevity of the FBRR-
modified CPEs for 28 days when stored under air conditions at 4 °C.

4. Conclusion

We have described within, the electrodeposition of the quinone
containing diazonium salt, FBBR, onto the surface of CPE. We in-
vestigated the effect of the deposition window and cycle number in
0.1 M H2SO4 using LSV. Optimum deposition occurred over the po-
tential range +400 mV to −800 mV vs. SCE at 100 mV/s, for five
sweeps. Excellent peak resolution was confirmed for the FBRR-modified
CPEs when cycled in PBS of varying pH over the potential range +800
to −700 mV vs. SCE. The anodic peak potential was confirmed to be
stable for up to 400 cycles and demonstrated Nernstian behaviour in
PBS of varying pH. A method of performing continuous pH measure-
ments from within the same solution confirmed the efficacy of the
FBRR-modified CPEs for in situ pH monitoring, with Nernstian beha-
viour demonstrated once more. Finally, an extensive shelf-life in-
vestigation identified retention of FBRR-modified CPEs sensitivity over
28 days when stored under air conditions at 4 °C. The work described
supports the feasibility of FBRR-modified CPEs to perform continuous
pH monitoring across a physiologically relevant range. Furthermore, it
strongly supports an extensive in vitro characterisation be undertaken to
confirm its ability at performing physiological monitoring.
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Fig. 6. (A) Continuous pH monitoring using FBRR-modified CPEs coupled with
glass pH electrode, peak potential recorded every 20 cycles (n = 4). Inset: peak
potential recorded every 50 cycles (n = 4). (B) Continuous pH monitoring using
FBRR-modified CPEs coupled with Univentor syringe pump (n = 4).

Table 1
Summary of shelf-life characteristics of FBRR-modified CPE stored at 4 °C.

Slope mV/pH SEM r2 n p-Value

Day 0 −63.8 2.2 0.99 4 0.64
+1 Day −62.1 2.6 0.99 4
Day 0 −61.7 4.4 0.99 4 0.60
+3 Days −58.8 2.2 0.99 4
Day 0 −62.0 3.5 0.99 4 0.76
+7 Days −60.8 1.9 0.99 4
Day 0 −61.3 2.2 0.99 4 0.65
+14 Days −60.0 1.4 0.99 4
Day 0 −56.3 0.7 0.99 4 0.79
+28 Days −57.5 4.3 0.99 4
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jelechem.2018.09.049.
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