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ARTICLE INFO ABSTRACT

Keywords: The high prescription and consumption rate of antiretroviral drugs (ARV) such as Efavirenz (EFV) in South Africa
Antiretroviral drugs for the treatment of the human immunodeficiency virus (HIV) has resulted in its presence in wastewater and
Efavirenz

surface water. Herein we report the electroanalysis of EFV at oxidised boron-nitrogen doped carbon nano-onions
(oxi-BNCNO) and microscale branched copper cluster (CuC) modified glassy carbon electrodes. Potentiostatic
electrodeposition of CuC on the oxi-BNCNO/GCE platform resulted in a stable and electrocatalytic surface that
accelerated electron transfer between the analyte and the CuC/oxi-BNCNO/GCE surface, making quantification
efficient. The electroactive surface area of CuC/oxi-BNCNO/GCE was estimated as being 3 times higher than bare
GCE and twice that of oxi-BNCNO/GCE. The electrooxidation of EFV on a CuC/oxi-BNCNO/GCE sensor resulted
in a pH-dependant anodic peak in the potential range of 0.8 to 1.2 V vs Ag/AgCl (3M KCl). The EFV voltammetric
signal increased linearly with increasing concentration of EFV in the linear dynamic range (LDR) of 0.01 — 1.0 uM
and 0.5 - 20 pM with a limit of detection (LOD) and quantification (LOQ) of 1.2 and 3.97 nM, respectively.
Moreover, the sensor had a sensitivity of 23 pA e cm™2 ¢ uM ™' and was selective to 100-fold of interferents
including heavy metal ions and other ARVs with the exception of high concentrations of nevirapine. The
developed electroanalytical method was successfully applied for the determination of EFV in real samples such as
wastewater influent and effluent, drinking/tap water, and a pharmaceutical formulation with recovery ranging
from 97.8% to 109.5%.

Carbon nano-onions

Copper nanoparticles
Triple-pulse electrosynthesis
Voltammetric sensors
Wastewater influent and effluent

1. Introduction with S-8-hydroxyefavirenz being the primary metabolite excreted [6].
Due to its widespread use in the treatment of HIV, high dosage (600 mg),
low water solubility, extensive metabolism, and excretion (16-61%),

and its refractory nature during wastewater treatment, it is crucial to

The prevalence of human immunodeficiency virus and acquired
immunodeficiency syndrome (HIV/AIDS) in the African continent has

led to an unprecedented awareness of the disease. This has resulted in
approximately 38.4 million people testing positive for HIV/AIDS glob-
ally [1], which has subsequently led to an increase in demand and
production of antiretroviral drugs (ARV), having high potency for HIV
treatment and management. By the end of 2021, more than 28.7 million
(75%) of those living with HIV had access to the drugs [2]. One of the
ARV that is extensively prescribed is efavirenz (EFV). Once consumed,
this benzoxazine compound is poorly absorbed by the body (bioavail-
ability of 45-50%) and takes 5 hr to reach its peak plasma concentration
(Cmax) of 13 pmol L~ [3-5]. The drug is further metabolised by cyto-
chrome P450 2B6 (CYP2B6) enzymes into several hydroxy-efavirenz,
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monitor the concentration of EFV in plasma/serum, pharmaceutical
formulation, and wastewater. Therapeutic monitoring of plasma levels
may also assist in understanding the virologic response and in achieving
optimal concentrations, thereby preventing EFV resistance and side ef-
fects [7-10], while pharmaceutical formulation monitoring can assist in
quality assurance as ARV are not spared from counterfeiting, especially
given their high unit costs and increasing demand for long-term treat-
ment [11]. Moreover, EFV has been identified as an emerging environ-
mental micropollutant due to its refractory nature against conventional
wastewater treatment processes such as activated sludge and chlorina-
tion [12]. Consequently, it has been detected in wastewater [12-17],
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surface water [14,18-20] and drinking water [18,21].

Currently, studies reported on the analysis of EFV are based on
chromatographic methods [12-17,22]. As an alternative, electroana-
lytical methods may provide the required sensitivity and selectivity for
the determination of EFV in complex sample matrices while reducing
costs and analysis time. The electrochemical determination of EFV has
been rarely reported, and analysis was performed only in pharmaceu-
tical formulations and biological samples using voltammetric methods
[23-28]. Initial studies on EFV electroanalysis were reported on a pencil
graphite electrode (PGE) modified with DNA with adsorptive stripping
differential pulse voltammetry (AdsDPV). The method produced a LOD
of 1.9 uM [24] but required the use of costly biological reagents. The
second study was performed by Castro et al. [23] using a thin mercury
film electrode together with AdsDPV. Although the LOD was 3 nM, the
toxicity of mercury limited the applicability of this approach. Therefore,
the detection of EFV wusing electrode modifiers with high
surface-to-volume, catalytic effects, excellent stability, and low toxicity
to the environment are much needed. Consequently, nanomaterials such
as titanium nanoparticles (TiO3) [27], nickel oxide-zirconium oxide
nanocomposite (NiO-ZrOy) [26], and electrochemically reduced gra-
phene oxide grafted platinum nanoparticles (ErGO-Pt NPs) [25] have
been used as electrode modifiers to increase the sensitivity and stability
of EFV sensors. Using NiO-ZrO, nanocomposite, Thapliyal et al[26]
obtained a LOD of 1.4 nM with a linear range of 0.01-10 uM. The
nanocomposite was prepared by chemically milling NiO and ZrO,,
resulting in an agglomerated nanocomposite which might affect the
electrocatalytic activity of the nanoparticles. In this regard, a surfactant
was required to decrease agglomeration. Moreover, the non-chemically
bonded nanoparticles may desorb and leach during analysis. In addition,
the linear range (0.01 — 10 uM) was below the reported concentration of
EFV in both plasma (Cpax = 13 uM) [3,4] and pharmaceutical tablets.
Another voltammetric sensor for EFV was developed by Raj et al. [25]
using an edge plane pyrolytic graphite electrode (EPGE) modified with
ErGO-Pt NPs and Nafion®. The ErGO-Pt NPs improved the electro-
catalytic performance of the sensor, while Nafion® improved its sta-
bility > 5 days. Nafion® was also employed in another study as a TiOy
nanoparticle stabiliser for the voltammetric determination of EFV at the
lowest concentration of 10nM [27].

Herein, oxidised boron-nitrogen codoped carbon nano-onions (oxi-
BNCNO) and electrochemically synthesised microscale branched copper
clusters (CuC/oxi-BNCNO) were explored as electrocatalysts in the
preparation of an electrochemical sensor for the determination of EFV in
wastewater and pharmaceutical formulations. The interest in the zero-
dimensional, quasi-spherical and polyhedral fullerene-like carbon
nano-onions arises due to their high electrical conductivity (=~ 71.8 pS),
catalytic activity, large surface area, resistance to corrosion, low cyto-
toxicity, and their ability to form composites with other materials
[29-38]. In addition, copper and its oxides have gained prominence as
electrocatalysts in sensor fabrication due to their natural abundance,
ease of preparation, relatively low cost, excellent electrical conductivity
and electrocatalytic activity, large surface area and good reproducibility
[39-42]. Mostly, copper nanoparticles used in sensor fabrication are
chemically prepared (bottom-up) and then immobilised on the electrode
surface by directly drop-coating the material on its surface. This may
result in a weakly adsorbed catalyst that is susceptible to leaching. In
order to prevent its desorption, non-conductive polymers such as
Nafion® are used, resulting in a decreased electrical conductivity and
electrocatalytic effect of the sensing substrate. Therefore, a one-pot
metal nanoparticle electrosynthesis method for the fabrication of
controllable and stable surfaces for applications in sensors and other
catalytic applications are of interest. To the best of our knowledge, this
study is the first of its kind, advancing the electroanalysis of this
important drug molecule at novel surface architectures.
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2. Experimental
2.1. Chemicals and reagents

The reference standard of efavirenz (EFV, > 98%, M; = 315.675g
mol’l, CAS no: 154,598-52-4), copper (II) acetate monohydrate Cu
(CH3C00),.H50, sodium acetate (NaCH3COO), potassium phosphate
monobasic (KH2POy4), potassium phosphate dibasic (KoHPO4), sodium
hydroxide (NaOH), hydrochloric acid (HCI), potassium chloride (KCI)
potassium hexacyanoferrate (III) (K3Fe(CN)g), potassium hex-
acyanoferrate (II) trihydrate ((K4Fe(CN)e).3H20) and potential inter-
ferents such as cadmium(D) (Cd*"), chromium(VI) (Cr6+), lead(II)
(Pb2+), copper(II) (Cu2+), urea, uric acid, nevirapine (NVP), tenofovir
(TNF), emtricitabine (FTC), ascorbic acid (AA), urea were purchased
from Sigma Aldrich. All the chemicals employed were of analytical
grade and used as received. All working solutions were prepared using
double distilled water (R > 18 MQcm) from the Milli-Q unit, Millipore.
The oxi-BNCNO were synthesised based on the methods reported by
Camisasca et al. [30] and provided by Prof. S. Giordani for the purposes
of this work.

2.2. Real sample preparation

To evaluate the applicability of the proposed electroanalytical
method for the detection of EFV in real samples, wastewater, drinking
(tap) water, and Atripla tablet (an ARV tablet containing 600 mg EFV,
245 mg TNF, and 200 mg FTC) were used. Wastewater influent and
effluent samples were collected from the Zandvliet wastewater treat-
ment works (WWTW), Cape Town, South Africa, while drinking/tap
water samples were collected from SensorLab polymer laboratory,
University of the Western Cape, South Africa. The samples were
collected in amber glass bottles and stored in the refrigerator when not
in use. For wastewater analysis, the samples were spiked with known
concentrations of EFV reference standard, and the pH was adjusted to 8.
Thereafter, each sample was individually injected into an electro-
chemical cell and analysed. Due to the low conductivity of drinking
water, the sample was first mixed with phosphate buffer (PB, pH 8)
before analysis. For EFV analysis in the pharmaceutical tablet, one
Atripla tablet (M171) weighing 1.6528 g was crushed in a mortar into
finely homogenised powder. The powder was weighed (1.6133 g) and
dissolved in a mixture of methanol and double distilled water by soni-
cation and then filtered. The resultant supernatant was then diluted with
0.1 M PB (pH 8) to make 80.67 mg Lt Atripla stock solution. During
analysis, 0.1 pL of the stock solution was injected into an electro-
chemical cell containing 4 mL of PB (pH 8) and analysed before being
spiked with known concentrations of the reference standard. The con-
centration or amount of EFV in the real samples was determined via
standard addition using the differential pulse voltammetry (DPV)
method.

2.3. Instrumentation

All voltammetric studies were carried out using PalmSens potentio-
stat (Palmsens BV, Netherlands) with PStrace software. Electrochemical
impedance spectroscopy (EIS) analysis was performed on a CHI instru-
ment (CHI 770E) electrochemical workstation. All measurements were
carried out in triplicate (n = 3) and their relative standard deviations
(RSD) were reported. A conventional three-electrode system having a
working glassy carbon electrode (GCE, BASi MF-2012 diameter 3.0
mm), Pt wire counter electrode and Ag/AgCl (3M KCl) reference elec-
trode (BASi) was employed for electrochemical experiments. Prior to
each electrochemical experiment, the electrolyte was purged with pure
nitrogen gas (N3) to remove dissolved oxygen from the solutions. The pH
of all the solutions employed was measured using a pH metre HI2211
pH/ORP metre (Hanna instruments). The morphology of the copper-
carbon nanoonion nanocomposite was obtained using FEI Helio G4 CX
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Dual Beam focused ion beam scanning electron microscopy (FIB-SEM)
equipped with Energy dispersive X-ray (EDX) (Thermo Fisher Scientific)
performed at the Bernal Institute, University of Limerick, Ireland.

2.4. Electrochemical sensor fabrication and copper nanoparticle
electrodeposition

Prior to sensor fabrication and electrochemical experiments, the GCE
was initially cleaned by polishing with alumina slurry to obtain a clean
mirror-like surface, followed by sonication in a mixture of ethanol and
deionised water (1:1) for 5 min, and dried under an infrared (IR) lamp.
For sensor construction, as depicted in Scheme 1, 2 uL of oxi-BNCNO in
ethanol (50 pg .mL~Y) was drop-coated on the GCE and then dried under
an IR lamp to construct the oxi-BNCNO/GCE modified substrate. Elec-
trosynthesis of copper particles involved a template-free triple-pulse
potentiostatic approach [43]. Briefly, the oxi-BNCNO/GCE was
immersed in a 10 mM copper acetate solution prepared in sodium ace-
tate (pH 4.5) and a potential of 0.700V was applied for 5 s to remove any
pre-adsorbed Cu®* (aq) ions. Thereafter, a potential of —0.470 V was
applied for a very short period of 0.005 s to allow copper nanoparticle
seeding on the GCE surface and finally, a potential of —0.265 V was
applied for 50 s to allow controlled growth of seeded particles to a
branch morphology driven by the diffusion of the Cu®* (ag) ions from
the bulk of moderately concentrated solution (Ccyqry = 10 mM). Control
of size and shape can be made possible by judicious selection of nucle-
ation and growth pulse parameters (i.e.; potential and duration) as the
method builds upon prior work by Guin et al. [43,44].

3. Results and discussion

3.1. Triple-pulse potentiostatic strategy for electrosynthesis of copper
clusters (CuC)

A cyclic voltammogram (CV) of 10 mM Cu(CH3COO), was carried
out in 0.1 M NaCH3COO buffer (pH 4.5) at a bare GCE in the potential
window between —1.000 and 1.000V at a scan rate of 20mV e s~ L. As
depicted in Fig. 1A, the CV of Cu(CH3COO), exhibits a cathodic (Ef,) and
an anodic (Ej) peak at —0.194 V and 0.281 V, respectively which are due
to the reduction (reaction 1) and oxidation (reaction 2) of the Cu®** on

the GCE surface.
Cu®*" + 2¢” — Cu—[ES= —0.269V] (Reaction 1)

Cu = Cu*" 4 2¢ = [Ef= 0.179V] (Reaction 2)

Drop-coating 2 pL oxi-
GCE BNCNO (50 pg.mL")

Electrooxidation of EFV
on CuC/Oxi-BNCNO/GCE

Oxi-BNCNO/GCE

+H,0,+OH-
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The electrochemical synthesis of controlled micro-/nano-metal
clusters of controlled size and morphology on an electrode surface in the
absence of any structure directing chemical additives or physical tem-
plates involves critical control over the heterogeneous nucleation and
growth processes. A potentiostatic triple-pulse approach towards the
template-free electrosynthesis of metal nanoparticles showed an ability
to deconvolute and control the above-mentioned heterogeneous nucle-
ation and growth processes [45-47]. Hence, from past experience, three
potential pulses were selected for this experiment (Fig. 1B) in such a way
that the first pulse (P1) of potential (E;) 0.700 V was applied for 5 s (t;)
immediately after the quiet time of 10 s to ensure a copper-free GCE
surface. Thereafter, a short pulse (P2) of high overpotential (E; at
—0.470V) was applied for a duration of 0.005 s (t3) to seed sufficient
copper nuclei at the active centres of the fresh GCE surface. The final
pulse (P3) was responsible to control the size, shape, and morphology of
the metal clusters by controlling the growth of the metal nuclei seeded
during P2. In order to achieve highly branched CuC structures on the
GCE, a lower overpotential (E3 at —0.265V) of higher duration (t3 = 50
s) was selected for a moderately concentrated Cu®* solution (Ccuany =10
mM). During this process, branched nanostructures emerge from the
copper seeds forming discrete flower-like microstructures which are
well dispersed on the electrode (see surface analysis below).

Fig. 1C shows the current transients of the applied triple potentio-
static pulses (Fig. 1B) on GCE and oxi-BNCNO in an aqueous solution of
10 mM Cu(CH3COO); in 0.1 M NaCH3COO buffer (pH 4.5). Integrating
the nucleation currents transients corresponding to P2 (inset of Fig. 1C),
the amount of copper seeds formed on oxi-BNCNO and GCE was
calculated as 22.3 and 111.4 pmol, respectively. This indicates that the
nucleation process on oxi-BNCNO is more controlled compared to that
on GCE, due to limited availability of active sites and higher over-
potential of nucleation of copper seeds. Interestingly, the growth current
transient of copper on oxi-BNCNO corresponding to P3 showed a small
current peak (i) of —0.165 mA at a very short time scale (t, = 0.4 s
from the application of E3) representing a very fast overlap of diffusion
zones of Cu®" ions around copper seeds (Fig. 1D). However, the same
process became much more intense (i, = —0.423 mA), but at a longer
time scale (t, = 1.3 s from the application of Eg) on GCE. Therefore, a
different growth mechanism of CuC on oxi-BNCNO and GCE was
anticipated. Comparing the corresponding plots of (i/ip)?vs. t/ty, with
the Scharifker and Hills model for instantaneous (Eq. (1)) and progres-
sive (Eq. (2)) 3D growth [48], two different types of three-dimensional
diffusion-controlled growth processes of the copper seeds on GCE and
oxi-BNCNO surfaces were evident; where CuC grew on oxi-BNCNO more

Triple-pulse potentiostatic
synthesis and deposition
of CuC on oxi-BNCNO/GCE
————

CuC/0Oxi-BNCNO/GCE

DPYV signals of EFV

0.01 uM

T T T
0.6 08 1.0 12 14

Scheme 1. Schematic representation for the fabrication of CuC/Oxi-BNCNO/GCE sensing platform for voltammetric determination of EFV.
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Fig. 1. CV of 10 mM Cu(CH5COO); in deaerated 0.1 M NaCH3COO buffer (pH 4.5) at a bare GCE at a scan rate of 20 mVes ' (A). Triple potentiostatic pulse approach
(B). Current transients recorded during the application of B on oxi-BNCNO/GCE and GCE; Inset: Magnified portion of P2 (C). Current transients recorded (circles) and
fitted (line) during the application of P3 on oxi-BNCNO/GCE and GCE; Inset: Corresponding (i/ix)>vs. t/ty, plots overlapped on the theoretically calculated currents
following 3D instantaneous and progressive growth model of Scharifker and Hills.

instantaneously, but grew progressively on GCE (inset of Fig. 1D).

2 2 -1
(i) =1 .9542{ 1—exp { —1.2564 (i> } } (i)
I’" Instantaneous Im tm
2
1\? £\2 A\
(—) =1.2254< 1 —exp| —2.3367 <—) (—>
I’" Progressive T b

The mechanism of instantaneous growth of CuC on Cu-seeds devel-
oped on oxi-BNCNO and GCE was studied in more detail by fitting the
corresponding experimental growth current transients (as shown in
Fig. 1[D]) to the theoretical current (s, ) calculated by using three-
dimensional (3D) hemi-spherical growth model developed indepen-
dently by Mirkin and Nilov[49] as well as Heerman and Tarallo[50] as
expressed in Eq. (3)[45].

(€Y

(2)

3)

ITheo = IpL + I + I3p

where, ip;, (Eq. (4)) and iry (Eq. (5)) represent the current components of
double-layer rearrangement and ion-transfer, respectively.

t
ipL = Kl*exp<—K—>
2

iir = Ks*exp <7é>

Where, K;, K3 are pre-exponential factors and Ky and K4 are the
corresponding time constants. The 3D growth current is expressed by

C)

)

Eq. (6).
s = NFAC, * \/ﬁt * [g] # [1 - exp( — 7ODNK 1) ©)
VA
Where,
o [1.185724(at)2 — 1.206814(at)'® + 0.520893(at) — 0.051314(at)0'5]
e [{at —1+exp(— at)}{l +1.185724(at) — 1.206814(at)0'5H
7
O—1_ (M) ®
at
K= [3FCM ©
P

where, z, F, A, Cy, D, M and p are number of electrons per ion involved in
the reduction process (here z = 2), Faraday constant (96,485 C mol’l),
electrode area (0.07 cmz), concentration of Cu(CH3COO), (1x
10‘5rnol-cm_3), diffusion coefficient (D) of Cu(ll) (cm2~s‘1), atomic
weight of Cu (63.5 g -mol~?!) and density of Cu (9 g-cm™3), respectively.
No (em®anda(s™h) represent the density of new growth site formation
and the rate of growth, respectively. The best fitted theoretical current
transients were overlaid on the experimental current transients in Fig. 1
[D] and the fitted parameters are shown in Table 1. It can be seen that
the growth rate (a) of CuC on oxi-BNCNO (5.5 s’l) was very high
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Table 1
3D growth parameters of CuC on Cu-seeds nucleated on oxi-BNCNO and GCE.

Parameters During growth on oxi-BNCNO During growth on GCE
K; (A) 6.6x 107° 1.1x 1073

Ko (s) 0.06 0.03

K3 (A) 1.3x 1074 7.5% 107*

K4 (s) 0.5 0.5

No (cm™2) 5.7x 10° 1.0x 10°

aGs™h 5.5 0.8

D (ecm?s 1) 3.0x 10°° 2.7x 107°

12 47x 10713 3.9x 10710

Adj. R? 0.9994 0.9824

compared to that on GCE (0.8 s’l) for growing almost same number of
growth centres (~10° em™3). Thus, the distinct microstructure of CuC
was developed on oxi-BNCNO due to instantaneous growth of copper
(during growth pulse) on a highly limited number of seeds produced
during the nucleation pulse.

10.00kV 21pA SE  ICE 10000x 20.7 pym 0.0° Field-Free

1000V 21pA SE_ TLD 50000x 4.14um 0.0

bovoatvnnalonnntonnnlonn

Electrochimica Acta 461 (2023) 142639
3.2. Physicochemical characterisation of CuC/oxi-BNCNO/GCE

The morphological characterisation of the prepared sensing sub-
strate was investigated using focused ion beam scanning electron mi-
croscopy (FIB-SEM) coupled with energy diffraction X-ray (EDX) with a
specially fabricated electrode holding stage. The FIB-SEM image in
Fig. 2B-C depicts the dense flower-like morphology of the metal nano/
microstructures on the oxi-BNCNO modified GCE with the majority
being <1 pm with nanoscale projections and some clustering evident in
regions [30,51,52]. EDX mapping and elemental analysis were also
performed (Fig. 2p-E), where copper in addition to oxygen was evident
due to possible surface oxidation (CuO/Cu30) of highly reactive copper
nano/microstructures and the contribution from the oxygenated groups
of the BN doped CNO materials. The high percentage of carbon in EDX is
due to the GCE substrate and the oxi-BNCNO. The CuC/0xiBNCNO/GCE
was prepared on a commercial BASi MF-2012 glassy carbon column
electrode under optimised drop-casting and electrodeposition condi-
tions. Any post-treatment (such as sonication to cast on a grid) or change
of electrode type to carbon tape/paper (having different overpotentials)

SEM Mode
Immersion

Cu Lal,2

. Map Sum Spectrum

C I
cw 1N

ol |

)

Weight %

Fig. 2. FIB-SEM images of (A), CuC/0xiBNCNO/GCE at 5 pm (B) 2 um (C) 1 mm magnification scales with EDS mapping (Cu) and elemental analysis (D, E) of CuC/

BNCNO/GCE.
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would risk results different to those prepared here. Hence, no further
characterisation of the modified electrode was carried out through
transmission electron microscope or x-ray photoelectron spectroscopy.

3.3. Electrochemical characterisation of CuCs/oxi-BNCNO/GCE

To examine the electrochemical properties of each of the layers
immobilised on the GCE surface during sensor fabrication, CV and EIS
analysis were performed in 0.1 M KCl containing 5 mM [Fe(CN)(,]S'/ 4-
redox probe. As depicted in Fig. 3A, the CV of GCE exhibited two
reversible redox peaks at Ef = 0.473 V and E;, = —0.041 V with a peak-
to-peak separation (AEp) of 0.514 V. Compared to GCE, the redox probe
in oxi-BNCNO/GCE exhibited well-defined redox peaks with higher
peak currents and a lower AE, of 0.151 V. The high electrocatalytic
activity demonstrated by the oxi-BNCNO may be attributed to the
increased porosity and surface area of the modified electrode. The high
porosity facilitated faster diffusion and electron transfer of the redox
probe to the surface [53]. Furthermore, the highly conductive multishell
fullerene may create a bridge to accelerate electron transfer between [Fe
(CN)gl 3/4= and o0xi-BNCNO/GCE [54,55]. The modification of
oxi-BNCNO/GCE with copper further increased the peak intensity of the

Electrochimica Acta 461 (2023) 142639

electrodes, Nyquist plot parameters were obtained by fitting the EIS
analysis data with an equivalent Randles circuit. Fig. 3B displays the
obtained and fitted Nyquist plots of oxi-BNCNO/GCE, and CuC/oxi-
BNCNO/GCE when characterised in 5 mM [Fe(CN)¢]*>“*~ in 0.1 M
KCl, while Fig. 3B insert depicts the fitted Nyquist plot of GCE. The
charge transfer resistance (Rcr) of any material is influenced by the
dielectric and insulating properties of the electrode and electrolyte so-
lution. As depicted in Fig. 3B and Table 2, the Rcr of GCE was 13 times
and 124 times larger than that of oxi-BNCNO/GCE and CuC/oxi-
BNCNO/GCE, respectively. The low R¢r in the presence of oxi-BNCNO
indicates that the modified electrode had an excellent electron
conductance pathway for electron exchange between the redox probe
and the transducing element. The absence of Warburg diffusion in the
GCE Nyquist plot indicated that the diffusion of the redox probe was
restricted. This may be due to limited active surface area and also the
repulsive force between the negatively charged GCE surface and the

Table 2
EIS parameters for GCE, Oxi-BNCNO/GCE, CuC/oxi-BNCNO/GCE after fitting
the Nyquist plots with equivalent circuits.

redox probe and slightly reduced AE, to 0.097 V. The electroactive Electrode E1/2 R, Ret CPE1I-T  CPEI-P  Kyplem 0
surface area (Aeff) of GCE, 0xi-BNCNO/GCE, and CuC/oxi-BNCNO/GCE V) @ @ (HF) (HF) s (%)
were estimated as 0.0619, 0.1135 and 0.205 cm?, respectively, using the GCE 0.186 82 7528  8.86x 0.74 1.14x n/a
Randles-Sevcik (Eq S.1) and the slope of Fig. S. 1. Furthermore, the 10°° 1074
surface coverages (I[10] of oxiBNCNO/GCE and CuC/oxiBNCNO/GCE BNCNO/ 0191 91 560 176x  0.67  837x 926
lculated as 9.96 and 17.14 nmol '-cm ™2, respectively, using E GCE 10 10
were calcuia : : TP ¥, using £q. CuC/oxi- 0123 102 61 3.4x 0.98 4.29% 99.2
S.2 and the slope of 0.664 and 1.143 pA-mV ™" of the I, vs. v plots in BNCNO/ 10-6 10-3
Fig. S. 1. GCE
To further examine the impedance characteristics of the modified
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Fig. 3. CV (A) and Nyquist (B) plots of GCE, oxi-BNCNO/GCE, CuC/0xi-BNCNO/GCE in 5 mM [Fe(CN)s] 374~ /0.1 M KCl redox probe at a scan rate of 50 mV s 'and
frequency of 10 kHz to 1.0 Hz. CV of GCE, oxi-BNCNO/GCE, and CuC/0xi-BNCNO/GCE in 0.1 M PB (pH 8) in the absence (C) and presence (D) of 10 uM EFV in the

potential range of 0 to 1.4 V at 50 mV s~ .
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negatively charge redox probe. The apparent charge transfer rate con-
stant (kapp) [56] of GCE, oxi-BNCNO/GCE, and CuC/oxi-BNCNO/GCE
was determined as 1.14x 1074, 8.37x 10™* and 4.29x 1072 cme s ~
L respectively using Eq. 10 [56].

RT

ko = 2 FA RerC, 10
where R is the gas constant (8.314 J K le mol’l), T is the temperature
(298 K), F is Faraday’s constant (96,485 Comol_l), n is the number of
electrons transferred, A is the effective surface area obtained using
Randles-Sevcik equation in (S1) and C, is the concentration of the bulk
redox probe (5 umole cm™3). At low Rer values, kapp was higher, indi-
cating that the modification of the electrodes with the nanomaterials
resulted in an accelerated electron transfer rate between the electro-
active species and the electrode surface. Moreover, the partial surface
coverage (0) [56] of the GCE by the electrode modifiers was determined
using equation (Eq. (11)) [56].

(1)
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where R27 and Rcr are the charge transfer resistance of the bare GCE and
the modified GCE, respectively. The redox probe covered 92.6% and
99.2% of the oxi-BNCNO/GCE and CuC/oxi-BNCNO/GCE platforms,
respectively.

In phosphate buffer (PB, pH 8) with potential range of 0 to 1.4 V, the
GCE, oxi-BNCNO/GCE and CuC/oxi-BNCNO/GCE do not show any
redox activity. However, the capacitive current increased in the pres-
ence of the oxi-BNCNO and CuC (Fig. 3C), due to the high electrical
conductivity of the nanocomposites. To investigate the sensing ability of
the developed CuC/oxi-BNCNO/GCE substrate towards EFV, the elec-
trochemical behaviour of the various modified electrodes in the absence
and presence of 10 uM EFV in 0.1 M PB (pH 8) was investigated. As
depicted in Fig. 3D, on a bare GCE, EFV exhibited an irreversible
oxidation peak at Ej = 1.120 V vs Ag/AgCl with a current of 2.17 pA.
Upon modification with oxi-BNCNO, the EFV signal increased to 7.89 pA
with a negative shift in potential (Ej = 1.012 V). The increase in current
and decrease in potential energy in oxi-BNCNO/GCE indicated that the
porous and highly conductive oxi-BNCNO was electrocatalytic towards
EFV. Under the conditions examined (pH 8), the EFV species (pK, 10.2)
may interact with the anionic oxi-BNCNO surface, leading to potential
adsorption and accelerated electron transfer rate. Although the
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capacitive current of oxi-BNCNO/GCE was slightly higher, it did not
affect the sensitivity of the sensing substrate. To further amplify the EFV
signal, the CuC/oxi-BNCNO/GCE surface was examined in relation to
the EFV response. The electrosynthesis of copper particles onto the
carbon nano-onion surface enhanced the anodic peak current of EFV
further to 11.45 pA, while the peak potential did not change. The lack of
electrocatalytic effect may be due to the repulsive force between the
positively charged Cu and the positively charged benzoxazine ring of
EFV at pH 8. Moreover, the formation of the insoluble Cu(OH)5 and CuO
layers on the electrode surface may play a role. However, due to the high
conductivity and large surface area of the branched Cu deposits, the
current signal of EFV was distinctive and enhanced, encouraging further
studies.

3.6. Effect of scan rate on EFV signal on a CuC/oxi-BNCNO/GCE

To further study the electrochemical dynamics of EFV on the CuC/
oxi-BNCNO/GCE sensor, scan rate (v) studies from 10 to 100 mV- st
were performed. Fig. 4A depicts the CV of CuC/0xi-BNCNO/GCE in PB
(pH 8) containing 10 uM EFV. The IJ of EFV increased with v, while the
E] shifted positively with increasing v. The absence of a reduction peak
and the positive shift in E] with increasing v indicates that the electro-
oxidation of EFV at CuC/oxi-BNCNO/GCE was irreversible. As shown in
Fig. 4B, the plot of I} vs 0’2 resulted in a linear plot with R? = 0.997,
suggesting that the electron transfer process at the CuC/oxi-BNCNO/
GCE was diffusion-controlled. The plot of log (I;) vs. log (v) in Fig. 4C
was also linear (R2 = 0.998) with a slope of 0.51, being close to the
theoretical value (0.5) for diffusion-controlled reactions. The diffusion
coefficient (D) of EFV on CuC/oxi-BNCNO/GCE was calculated as
5.296x 1073 cm? o 57! using the Nicholas-Shain equation (modified
Randle-Sevcik equation) [57] in Eq. (12) for irreversible processes.

IA(uA) = 2.99 x 105n(an,,)‘”Aeﬂ-Dl/zcou‘/z((mstl)"/z) (12)

where a is the charge transfer coefficient, which is assumed to be 0.5 for
a diffusion-controlled reaction, C, is the concentration of the analyte (10
uM), n is the number of electrons involved in the irreversible reaction
(~2 using Eq. (13)), Aefris the effective surface area of CuC/oxi-BNCNO/
GCE (0.205 cm?).

The dependency of E;, on v was investigated and according to Lav-
iron’s equation for irreversible reactions [58], the slope of the regression
curve of E}, vs. log 0 can be used to determine the number of electrons (1)
transferred during the electro-oxidation process. Moreover, the inter-
cept of that plot results in the reduction formal potential (E%) of the
electroactive compound - Fig. 4E with the regression equation (Eq. (13))
[58-60] below for 10 uM EFV.

E, = E° + 2.3RT/ (1 — a)n,Fllogv (13)

where E° is the formal potential (EO = 1.010V), R is the gas constant
(8.314JK ! mol’l), T is the temperature (298K), F is Faraday’s constant
(96,485 C mol’l), ng is the number of electrons transferred and « is the
electron-transfer coefficient. Having a slope of 0.06 and assuming o to be
0.5 for a diffusion-controlled reaction, the number of electrons involved
at pH 8 was calculated as 1.96 (n ~ 2). Although o was initially assumed,
it can be estimated using the Laviron equation [58,60,61] Eq. (14) and
the slope (0.0603) of the plot in Fig. 4F. The value of a was calculated as
0.5099 (=~ 0.51), which is in agreement with the theoretical value of «
for diffusion-controlled reactions. The charge transfer rate constant (k)
was also calculated using the intercept of Eq. (14) and was determined
as 37.082s ~ L.

E, — E°(V) =RT/(1 — a)n,F.In((1 — a)n,F

/RTky) +RT/(1 —a)n.Fln(v / (mVs™)) a4+
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3.5. Effect of pH on the electrochemical behaviour of EFV at CuC/oxi-
BNCNO/GCE

The pH of the supporting electrolyte may affect the peak position and
signal strength of an electroactive compound when protons are involved
in the redox process and varying the pH of the supporting electrolyte
during the electro-oxidation of an electroactive species can provide
significant information about the electrochemical mechanisms involved.
Therefore, the pH dependency of 10 uM EFV at the CuC/oxi-BNCNO/
GCE sensor was investigated over the range 5 to 12 (0.1 M PB electro-
lyte) using differential pulse voltammetry (DPV). As displayed in
Fig. 5A, EFV exhibited only one irreversible oxidation peak from pH 5 to
12 in the potential window of 0.500 to 1.400 V. These well-defined
oxidation peaks shifted cathodically with increasing pH, and the peak
current increased from pH 5 to 8, and then decreased thereafter. Fig. 5B
shows line graphs of pH vs. I, and EJ. The highest I} of EFV was observed
at pH 8 with EJ of 1.010V and I} of 13.79 pA. The negative linear shift of
E{ from 1.200 to 0.850 V with increasing pH was also observed as shown

in Fig. 5B resulting in two Nernstian ranges [10,62,63] over pH 5-9 and
10-12 with slopes of 60.1 and 33.7 mV-decade ™!, respectively (Fig. 5C
and D). The regression curves of the two plots had the following
equations:

El (V) = —0.0601pH + 1.503(R* =0.9996); (pH5 — 9) (15)

E (V) = —0.0337pH + 1.260(R* =0.9940); (pH10 — 12) (16)

According to Nernst’s theory, a slope of —0.0601 Ve pH™! as shown
in Eq. (15), which is closer to the Nernstian value of —0.059 V-pH’1
suggests that an equal number of protons and electrons were partici-
pating in the electro-oxidation of EFV at the CuC/oxi-BNCNO/GCE
substrate. The slope of —0.0337 VopH_1 (Eq. (16)), which is closer to
—0.03 VepH ! indicates that an unequal number of electrons and pro-
tons were participating over this range (> pH 10). Although the litera-
ture reported a pK, of 10.2 for EFV [64], the intersection of E; vs pH for
the two regression curves was calculated as 9.2 on this modified elec-
trode, which may be due to drug-metal interactions which lower the
basicity of the EFV resulting in a decrease in the peak current of EFV at
this pH value as shown in Fig. 5A. Although the number of electrons and
protons involved were estimated as 2 using Eq. (13) and Eq. (15), this
work does not focus on direct clarification of the detailed mechanism of
the electrooxidation of EFV, which requires potentiostatic or galvano-
static coulometric analysis for total electrooxidation and conversion of
the analyte. Nevertheless, Thapliyal et al. [26] and Mthiyane et al. [27]
have proposed a one electron and one proton electrooxidation mecha-
nism involving the benzoxazine ring to produce a free nitrogen radical at
the benzoxazine ring, resulting in possible dimers. Since EFV was first
dissolved in methanol and added to an alkaline medium before elec-
trooxidation, the drug molecule may also undergo alkaline hydrolysis to
an amino alcohol product which may subsequently undergo electro-
oxidative dehydration and cyclisation on the CuC/oxi-BNCNO/GCE
surface to give a quinoline product [65-67]. Such impurities may ac-
count for altered pH dependence > pH 10 which appears to manifest in a
more facile electrooxidation with broadening of the wave (Fig. 5A).
Hence, it was understood that at pH 8, which was selected for the
following electroanalytical studies, the electrooxidation of EFV happens
through the nitrogen-centre of the benzoxazine ring producing a nitro-
gen radical for the following dimerisation reaction, being facilitated by
either Cu clusters or insoluble copper species i.e. CuO/Cuy0 due to a
local pH change at the interface during the oxidation cycle. Hence, a
detailed mechanistic study on electrooxidation of EFV on copper
involving e.g. x-ray photoelectron spectroscopy, rotating ring-disk
electrode, flow cell hyphenated with chromatography, etc. would be
required for further elucidation, being out of the scope of the present
study.
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3.7. Analytical applicability of CuC/oxi-BNCNO/GCE voltammetric
sensor

To evaluate the analytical performance of CuC/0xi-BNCNO/GCE to
quantitatively detect EFV in a neutral environment, DPV of 0.1 M PB (pH
8) containing EFV from 0.01 to 20 uM were recorded. Lower concen-
trations were chosen because EFV and other ARV exist at very low
concentrations in environmental samples (nge L™! to pge L71). As
depicted in Fig. 6A and B, the oxidation peak current of EFV gradually
increased with increasing concentration of EFV. At lower concentrations
(0.01 - 0.50 pM), the peak potential of EFV was approximately 1.080 V
with a slight cathodic shift at high concentrations. The shift in peak
potential may relate to Cu-EFV (benzoxazine ring) interactions, where at
lower concentrations a monolayer of EFV may be adsorbed onto the high
surface-to-volume ratio layer. Indeed, preliminary data has indicated a
sharp decrease in the peak intensity of the Cu?>*/!* reduction process at
—0.210 V (Fig. S.2A (v)) with increasing EFV (5-60 mM additions)
confirming that the metal particles play a role in the surface-drug
interactions.

The analytical response of the CuC/o0xi-BNCNO/GCE sensor towards
EFV generated two linear calibration curves at 0.01 — 1.0 uM Fig. 6C)
and 0.50 - 20 uM (Fig. 6D) with the following linear regression equations
Eq. (17) and ((18).

b (uA) = 4.714C(uM) + 1.167(R* = 0.985),0.01 — —1.0uM a7

b (uA) = 1.107C(uM) + 3.35(R* = 0.986),0.50 — 20uM (18)

The slope of Eq. (17) together with the standard deviation of the
blank (6 = 0.00187 pA) were used to calculate the limits of detection
(LOD = ((3 x o6)/slope) and quantification (LOQ = (10 x c)/slope) [68].
The LOD and LOQ of the CuC/0xi-BNCNO/GCE sensor were determined
as 1.2nM (0.379 ugeL ~ 1) and 3.97nM (1.25 pgeL ~ 1), respectively and

the sensitivity was calculated as 23 pAe cmZe pM’l.

The performance of the developed CuC/0xi-BNCNO/GCE sensor to-
wards the detection of EFV was compared to that of reported electro-
chemical sensors employed for analysing EFV in biological samples and
pharmaceutical formulations. As presented in Table 3, the CuC/oxi-
BNCNO/GCE sensor exhibited lower LOD compared to other reported
sensors with the exception of the GCE/GO/AgNPs/AmmDCA sensor.
Low LOD and linear dynamic ranges (LDR) are important in wastewater
analysis as micropollutants exist at trace levels in wastewater. The
excellent analytical validation parameters (LOD and LDR) observed
when using the developed sensor may be due to the utilisation of the
highly porous and nanometric oxi-BNCNO which created a large active
surface area on the GCE, thereby allowing the adsorption of the elec-
troactive EFV, bringing it closer to the electrode surface before elec-
trooxidation. Moreover, the oxi-BNCNO provides a large surface area for
the immobilisation of copper, thereby further increasing the active
surface area and the electrocatalysis of EFV due to their synergistic ef-
fect. Finally, the use of a facile electrodeposition approach for copper
particle formation and growth resulted in a stable, controllable surface
which facilitated EFV electroanalysis [54]. Because this sensor was
predominantly employed for the analysis of EFV in wastewater, the
performance of the sensor was also compared with the reported vali-
dation parameters of the liquid chromatography coupled with the mass
spectroscopy (LC-MS/MS) method that was employed for EFV analysis
in water samples. As depicted in Table 4, the validation parameters were
comparable to those reported using LC-MS/MS.

3.8. Effect on interferents

Prior to real sample analysis, the effect of potentially interfering
compounds that may coexist with EFV in wastewater and ARV tablet
were examined in the presence of 10 uM EFV (~ 3.157 pge mL’l) under
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Fig. 6. DPV of CuC/0xi-BNCNO/GCE in 0.1M PB (pH 8) containing 0.01-20uM EFV (A) and enlarged DPV at lower EFV concentration (0.01-0.1pM) (B). Corre-

sponding calibration curves for 0.01-1uM EFV (C) and 0.5-20uM EFV (D).

Table 3
A comparison of electrode material and electrochemical methods reported for the determination of EFV in different samples.
Electrode material Method E, (V) and Linear range LOD LOQ Sample matrix Ref.
pH
Thin Hg film AdSvV N/A 31.7 -792 3nM n/a N/A [23]
nM
dsDNA/PGE AdsDPV 1.25,pH7 6.33 - 76 pM 1.9 pM n/a Pharmaceutical formulation [24]
ErGO-Pt/Nafion/EPPG SWv 1.106, pH 7 0.05 —150 1.4 nM 6.0 nM Pharmaceutical, urine and plasma [25]
M
NiO-ZrO,/GCE (9% 1.20,pH 7 0.01 - 10 uM 1.8 nM n/a Pharmaceutical formulation and human urine [26]
Nafion-TiO,—NPs/GCE DPV 1.01, pH7 45-18.7uM  0.01 uM n/a Pharmaceutical formulation [27]
GCE/GO/AgNps/ DPV <0.375, pH 10 1.0to7.0uM  0.0474 0.158 Pharmaceutical formulation [28]
AmmDCA nM nM
CuC/0xi-BNCNO/GCE DPV 1.02, pH 8 0.01 to 20 1.2nM 3.97 nM Tap water, Wastewater influent and effluent, pharmaceutical This
uM formulation work

AmmDCA: 1-Allyl-3- methylimidazolium dicyanamide ionic liquid.

the same experimental conditions. Fig. 7A and B show the DPV and the
corresponding bar graph of 10 uM EFV in the presence of 500 uM of lead
(Pb?"), copper (Cu®"), chromium (Cr®") and cadmium (Cd?"), being
heavy metals that are commonly detected in wastewater. The bar graph
shows that the presence of 500 yM Cd?* and Pb?* decreased the EFV
signal by more than 50% and 20%, respectively. This may be due to the
formation of chelating complexes between the small divalent ions and
EFV molecule, possibly at the O, N sites. The effect of Cu?* was less than
+ 5%, therefore it was negligible. In the presence of Cr®*, the EFV signal
slightly increased by + 9%, as chromium (VI) is an excellent oxidising
agent, hence it oxidised EFV further, thereby increasing electron flow.

10

Although levels of 500 uM Cd*" and Pb?* had significant effects on the
voltammetric signal of EFV, metal ions do not exist at such a very high
concentration in wastewater. Therefore, studies on the effect of lower
concentration (50 uM) of the metal ions on the signal of 10 uM EFV were
also investigated. As depicted in Fig. S. 4, the effect of metal ions on the
EFV signal was negligible as the relative error for all the ions was less
than + 5%. In any case, the effect of these heavy metals can be mitigated
or eliminated by introducing ethylenediaminetetraacetic acid (EDTA) to
the sample before EFV analysis as a chelating agent [69].

In the pharmaceutical formulation of HAART, EFV is usually co-
formulated with tenofovir (TNF) and emtricitabine (FTC) and sold
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Table 4
A comparison of the study validation parameters to other analytical methods
reported for the determination of EFV in environmental samples.

Analytical Linear LOD LOQ Sample matrices ref
method dynamic
range
LC-MS/MS 20 - 7.8 ng 259 wastewater [12]
200ngL L' ng
-1 -t
LC/MS-MS 10 - 9ngL™! 31ng  wastewater [13]
5000ng L Lt
-1
LC-MS/MS 10 - 0.16 pg 0.53 wastewater [17]
700ug L L! pgL?
-1 0.113 pg 0.38 Surface water
-1 gL
LC-MS/MS n/a  0.09 pgL! 0.3pg  Surface and [19]
Lt groundwater
DPV with 3.16 -. 0.379ug 0.52 Wastewater This
CuC/oxi- 31.57pg L! pg L7t influent and work
BNCNO/ L1 effluent, and tap
GCE water

under the brand name Atripla. Moreover, EFV is used interchangeably
with NVP as both drugs have similar effects in suppressing the virus.
Therefore, the effect of 100 uM of these drugs on the EFV signal was also
investigated. In the chosen experimental conditions, TNF was oxidised
at a potential of 1.320 V with low current intensity. This potential was
higher than that of EFV (E; = 1.030 V), thus its effect was deemed
insignificant (relative error of 4.3%). FTC was also electrooxidised at a
very high potential (E; ~1.7V), and its effect on TNF was less than 2%.
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These data suggest that EFV, FTC and TNF can be simultaneously and
selectively detected in various samples without interfering with each
other using the prepared sensor. However, since NVP and EFV have
almost similar chemical properties, NVP was able to affect the EFV
signal as shown in Fig. 7C and D due to overlapping signals. NVP was
electrooxidised at 1.22 V while EFV was oxidised at 1.05 V, hence, after
baseline correction, the EFV signal was reduced by 44% in the presence
of NVP. Urea and uric acid (UA) are constituents of urine, hence they are
present in wastewater samples. Therefore, the effects of these endoge-
nous reducing compounds on the EFV signal were also tested. Urea was
not electroactive in the chosen experimental conditions; hence it did not
affect the EFV signal. Although UA was electroactive in the chosen po-
tential window (Eg = 0.500 V), it did not also affect the EFV signal.
Overall, the CuC/0xiBNCNO/GCE sensor exhibited excellent selectivity
for the detection of EFV in the presence of interfering species. Inserted
images in Fig. 7D are the chemical structures of the studied interferent
species.

3.9. Repeatability, stability, and reproducibility studies

The intra-repeatability study (same-day analysis) of CuC/oxi-
BNCNO/GCE towards the detection of 10 uM EFV was carried out by
running a DPV of the sensor every 10 min and the data was represented
in a form of a bar graph in Fig. 8A. The relative standard deviation (RSD)
of the five voltammograms obtained was 2.71%, indicating excellent
data precision and repeatability of the sensor. Therefore, CuC/oxi-
BNCNO/GCE can be used multiple times to detect EFV with good pre-
cision. The long-term stability of the sensor was tested by employing the
same electrode to detect EFV for a month (30 days). Between day 1 and
day 6, the EFV signal decreased by only 1.52%. On day 30, the sensor
was able to retain 95% of its original signal (Fig. 8B). To evaluate the
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Fig. 7. DPV (A) and the corresponding bar graph (B) of 10uM EFV in the presence of 500uM of Pb, Cu, Cr and Cd. DPV (C) and a corresponding bar graph (D) of 10uM

EFV in the presence of 100uM of UA, urea, FTC, TNF and NVP.
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Fig. 8. Repeatability, stability, and reproducibility of the CuC/oxi-BNCNO/GCE sensor towards the detection of 10 uM EFV.

reproducibility of the sensor, three electrodes prepared in the same
manner were employed, and their responses are presented in Fig. 8C.
The acceptable precision and reproducibility of the three electrodes
were demonstrated by an RSD of 0.82%.

3.10. Analytical applicability of CuC/oxi-BNCNO/GCE voltammetric
sensor in real wastewater samples

Since EFV and most ARV commonly occur in pg L1 concentrations in
wastewater and surface water samples [12-15,19]; well within the
detection capability of our methods, the developed method was
employed for the detection of EFV in drinking water (tap water) and
wastewater influent and effluent of the city of Cape Town, South Africa.
Additionally, the sensor was also tested for the detection of EFV in the
Atripla tablet, which is an ARV solid dose formulation containing EFV,
FTC and TNF. The details of how the real samples were prepared and
analysed are described in the experimental methods section. Due to the
matrix effect in wastewater samples and Atripla tablets, the standard
addition method was employed for the analysis and evaluation of the
accuracy of the method. The sensors response in real samples are sum-
marised in Tables 5 and 6. Extrapolating the linear graphs of the real
samples to y = 0, the concentration of EFV in drinking water, waste-
water influent and effluent and the Atripla tablet were found to be
0.00212, 0.151, 0.365, 1.91 pM, respectively. The percentage recoveries
(R%) were also determined using Eq. (19) to evaluate the accuracy of the
developed method.

Cspiked - Cunspiked

R% = x 100 (19

Cadded

where Cynspiked is the concentration of the unknown in the real sample,
Cadded is the added known concentration of the stock and Cspiked is the
Cunspiked + Cadded in the presence of the matrix. As summarised in

Table 5
Voltammetric determination of EFV in various samples and their recovery%
using the CuC/oxi-BNCNO/GCE sensor (n = 3).

Sample Concentration Concentration RSD Recovery
matrices added (uM) detected (uM) (%) (%)
Tap/drinking 0 0.00212 4.6 n/a
water 0.1 0.101 3.5 98.9
0.5 0.502 1.9 100.0
1.0 0.995 3.4 99.3
Atripla tablet 0 1.91 2.0 n/a
(600mg EFV 0.5 2.43 1.2 104.0
declared) 5.0 6.80 1.2 97.8
10.0 11.86 2.3 99.5
Table 6

Determination of EFV in wastewater influent and effluent using CuC/oxi-
BNCNO/GCE sensor.

Sample Concentration Concentration RSD Recovery

matrices added (uM) detected (uM) (%) (%)

Raw 0 0.151 4.8 n/a
wastewater 1 1.170 3.6 100.4
influent 5 5.630 1.5 109.6

10 10.680 2.4 105.3

Wastewater 0 0.365 21 n/a

effluent 1 1.355 4.3 99.0
5 5.300 6.4 98.7
10 10.380 1.1 100.2

Tables 5 and 6, the recovery percentages for different real samples
spiked with different concentrations of EFV were between 97.8 1.2%
and 109.6 1.5%. This demonstrates the excellent accuracy of the
developed method for the detection of EFV in various real samples. This
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implies that the developed electroanalytical strategy is promising to
distinguish EFV in the relevant matrices.

4. Conclusion

This study explored the fabrication and use of CuC/0xi-BNCNO/GCE
as an electrode material for the voltammetric determination of EFV in
wastewater and an ARV solid dose formulation. The CuC/0xi-BNCNO
nanocomposite increased the estimated electroactive surface area of
the GCE by a factor of three and the EFV electronic signal was enhanced
by a factor of approximately four compared to a GCE. Moreover, the
triple pulse electrosynthesis of copper flowers on the underlying nano-
structured carbon surface resulted in well-dispersed, tightly adhered
branched metal clusters on the CNO surface. On the developed sensing
platform, EFV underwent irreversible oxidation which was diffusion
controlled. During pH studies, the electronic signal of EFV shifted
cathodically and increased until pH 8, then further decreased up to pH
12. The pH of wastewater is between 6 and 8, hence this pH is suitable
for the intended study. Scan rate studies of EFV revealed important
parameters such as D, a, k, and E°. During the calibration study, the
oxidation signal of EFV increased linearly with increasing concentration
from 0.01 to 1 yM and 0.5 to 20 uM with LOD and LOQ of 1.2 nM and
3.97 nM, respectively. An interferent study showed that 50-fold of Pb?*
and Cd?* affect the EFV signal, however, metal ions are unlikely to exist
at such concentrations in water resources. The structurally similar NVP
molecule has similar electrochemistry to EFV, hence its presence at high
concentrations slightly affected the signal of EFV. Therefore, some
redesign of the surface to include possible bimetallic dual deposition
may be required to address this, being of interest in our group going
forward. Overall, the newly developed method shows excellent behav-
iour and proven applicability for the determination of this important
antiretroviral molecule in environmental and pharmaceutical samples.
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