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Abstract Nitrogen doped carbon nanodots (NDCNDs) and nanosized cobalt tetra aminophenoxy

phthalocyanines (CoTAPhPcNPs) modified glassy carbon electrodes have been successfully used in

the simultaneous detection of aspirin (ASA), ibuprofen (IBU) and indomethacin (INDO). Scanning

electron microscopy (SEM), transmission electron microscopy (TEM), UV–Vis spectroscopy, Four-

ier transform infrared spectroscopy (FTIR), cyclic voltammetry (CV) and electrochemical impe-

dance spectroscopy (EIS) were used to probe the nature of the synthesized nanomaterials.

Sequential deposition of the nanomaterials on the glassy carbon electrode yielded CoTAPhPcNP-

s-NDCNDs-GCE with remarkable electrocatalytic performance. Electro-oxidation of the drugs at

the electrode surface was first order. This work demonstrates the synergic effect of the two nano-

materials towards simultaneous electrocatalytic detection of the drugs. Superior detection limits

of ASA, IBU and INDO being 9.66 � 10�9 M, 4.19 � 10�9 M and 7.2 � 10�9 M, respectively, were

obtained using differential pulse voltammetry. The developed sensor could detect two of the three

(ibuprofen and indomethacin) simultaneously at significantly different potentials and exhibited

remarkable reproducibility after a regeneration step.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non steroidal anti-inflammatory drugs (NSAIDs) are a class

of drugs that have found vast applications as analgesic agents
to reduce inflammation in humans especially after cataract sur-
gery (Nigović et al., 2018) as well as in the veterinary field and

they may cause heart attack or even failure (Karimi-Maleh
et al., 2018) if excessively used. The wide spread demand for
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using these drugs has pushed for their voluminous production
resulting in pollution of aquatic environments (Liu et al., 2018;
Li et al., 2018). Recent studies have linked increased mortality

of gyps vultures to excessive levels of NSAIDs such as diclo-
phenic and ibuprofen emanating from their illegal use for vet-
erinary purposes (Naidoo et al., 2010). This calls for the need

to monitor environmental and in vivo levels of NSAIDs hence
development of a robust and sensitive sensing platform is of
great significance.

Carbon nanodots, a new zero dimension carbon based
nanomaterial has recently shown promising electrochemical
and photoluminescence (Strauss et al., 2014; Miao et al.,
2015; Li et al., 2012; Zhang et al., 2012; Wu et al., 2017) prop-

erties. Very little has been reported about the use of these
materials on electrocatalysis though a lot has been done with
other classes such as graphene nanosheets, multiwalled carbon

nanotubes (Arvand et al., 2012; Alizadeh et al., 2019) and sin-
gle walled carbon nanotubes. On the other hand, metalloph-
thalocyanines (MPcs) have been exploited for electrocatalytic

detection of analytes such as hydrogen peroxide (Hosu et al.,
2015; Shumba and Nyokong, 2016), nitrite (Lin et al., 2010;
Maringa et al., 2014), hydrazine (O’Donoghue et al., 2016)

and L-cysteine (Devasenathipathy et al., 2015; Gutierrez
et al., 2012) among other analytes. A number of carbon nano-
materials have been used in combination with MPcs with out-
standing catalytic properties examples of which are

multiwalled carbon nanotubes (Cagrı Ceylan, 2018). The com-
bination of these nanomaterials towards electrocatalysis in
general has not been reported before.

We therefore report for the first time, the effect of carbon
nanodots on the electrocatalytic behaviour of nanosized metal
phthalocyanines (MPcNPs). The effect of nitrogen doped car-

bon nanodots (NDCNDs) on the electrocatalytic behaviour of
the nanosized MPc will also be evaluated. Doped carbon based
nanomaterials have shown great potential in reducing detec-

tion overpotentials and increase detection currents due to the
creation of either an extra electron or hole triggering a driving
force to electrical conductivity (Martı́nez-Periñán et al., 2018).
The choice of this combination has been greatly influenced by

ubiquitous availability of carbon sources and the electrocat-
alytic performance of CND in particular (Martı́nez-Periñán
et al., 2018; Zhao et al., 2015) coupled with the excellent cat-

alytic performance of MPcs. We have earlier on demonstrated
that nanosizing phthalocyanines improve the electrocatalytic
behaviour of MPcs (Shumba and Nyokong, 2016; Shumba

and Nyokong, 2016), hence nanoparticles of cobalt tetra
aminophenoxy phthalocyanine (CoTAPhPcNPs) are
employed in this work. Cobalt (II) is employed as a central
metal ion due to the well-known electrocatalytic activity of

CoPc derivatives. The aminophenoxy substituents were
employed since their bulky nature discourages aggregation
which normally is a drawback in the use of MPcs for different

applications. To the best of our knowledge, we present for the
first time an attempt to develop a simultaneous sensing plat-
form for the three drugs. We have in the recent times concen-

trated our efforts in developing sensor platforms capable of
selectively detecting analytes likely to be found together simul-
taneously (Chihava et al., 2020; Apath et al., 2020). The beauty

of such sensor platforms is that analyte determination can be
done with minimum sample preparation and carbon based
nanomaterials have found vast applications in this area
(Koçak et al., 2018).

2. Experimental

2.1. Materials

All chemicals were used without further purification. The fol-
lowing chemicals were purchased from Associated Chemical

Enterprise; Potassium ferrocyanide (K4[Fe(CN)6]), sodium
hydroxide (NaOH), dimethyformamide (DMF), potassium
chloride (KCl), hydrochloric acid (HCl), microcrystalline

cellulose, ethylenediamine, potassium ferricyanide
(K3[Fe(CN)6]), di-sodium hydrogen orthophosphate
(Na2HPO4), sodium di-hydrogen orthophosphate (NaH2PO4),

diethyl ether, methanol, cobalt chloride and potassium bro-
mide. Ethanol (C2H5OH), dichloromethane and hexane were
supplied by Glassworld while ibuprofen, indomethacin and
aspirin were purchased from a local pharmacy. De-ionized

water was prepared at MSU Chemical Technology Labora-
tory. Cobalt tetra aminophenoxy phthalocyanine nanoparti-
cles (CoTAPhPcNPs) were obtained by dissolving

CoTAPhPc in concentrated sulphuric acid before capping it
with CTAB as described before (Shumba and Nyokong, 2016).

2.2. Equipment

All the electrochemical experimental procedures were carried
out using Autolab Potentiostat PGSTAT302F installed with

1.10 version NOVA software employing a conventional three
electrode system at 25 �C. The three electrode system consti-
tuted of a bare glassy carbon electrode as the working elec-
trode, a platinum wire as an auxiliary/counter electrode and

silver/silver chloride (Ag/AgCl in saturated KCl) as the refer-
ence electrode. FTIR spectra were obtained using Thermosci-
entific Model equipped with OMNIC software. Transmission

Electron Microscopy (TEM) images were obtained from a
Zeiss Libra TEM 120 model operated at 90 kV. Scanning elec-
tron microscopy (SEM) images of modified glassy carbon

plates (Goodfellow, UK) were obtained using a TESCAN
Vega TS 5136LM Electron microscope.

2.3. Synthesis

2.3.1. Pristine and nitrogen doped carbon nanodots (CNDs and

NDCNDs)

Nitrogen doped carbon nanodots were prepared as reported
elsewhere with minor alterations (Wu et al., 2017). Briefly,
2.0 g of microcrystalline cellulose was added to the ethylenedi-

amine solution (60 ml). Comparatively, 2.0 g of microcrys-
talline cellulose in 60 ml of water was also prepared as a
blank sample. The two obtained solutions were placed in p-

polyphenol-lined stainless steel autoclaves, respectively. The
autoclaves were sealed and heated in an oven for 12 h at 240
OC, and then allowed to cool to room temperature. The prod-
ucts were centrifuged at 10 000 rpm for 10 min. The resulting

suspensions containing NDCNDs and CNDs were filtered
through 0.22 mm filter membranes, and then subjected to dial-
ysis (1000 Da molecular weight cut off) for about 72 h.
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2.4. Electrode modifications

A three electrode system was used with glassy carbon electrode
(GCE) as the working electrode, the silver|silver chloride (sat-
urated potassium chloride) as the reference electrode and plat-

inum wire as the counter electrode. Buehler-felt pad and
alumina (0.05 mm) were used to polish the GCE. Deionised
water was used to remove any impurities by sonicating for
5 min after each polishing step before rinsing the electrode with

dionized water. The GCE was modified via the drop dry
method. An optimised aliquot of 0.5 mL of 1 mg/ml of each
of CNDs, NDCNDs and CoTAPhPcNPs were used as elec-

trode modifiers to give CNDs-GCE, NDCNDs-GCE and
CoTAPhPcNPs-GCE respectively. A subsequent equal
amount of CoTAPhPcNPs was then added to CNDs-GCE

and NDCNDs-GCE to give CoTAPhPcNPs-CNDs-GCE
and CoTAPhPcNPs-NDCNDs-GCE, respectively. The modi-
fied electrodes were dried in an oven at 70 �C before use.

CoTAPhPcNPs were placed on top of electrodes since we have
shown before that the electrocatalytic activity of the MPcs is
higher when placed on top of the nanomaterials (Maringa
and Nyokong, 2014). A complete list of the electrodes is shown

in Table S1.
3. Results and discussions

3.1. Characterization of carbon nanomaterials and their
conjugates with CoTAPhPcNPs.

3.1.1. Fourier transform infrared spectra

FTIR helps to confirm the functionalities on the different elec-
trode modifiers. The spectra of the different modifiers used in
this work are shown in Fig S1. The peak at 1672 cm�1for

CNDs can be attributed to C = O stretching vibration. CNDs
consist of various functional groups like COOH, OH and N-H.
The characteristic absorption band of N-H (3424 cm�1) and
the aromatic C-N heterocycles stretching vibrations at

1420 cm�1 can be observed for NDCNDs. Moreover, there
is a good signal of aromatic C = C stretching at 1624 cm�1

to 1685 cm�1which indicates the presence of an sp2 hybridized

honeycomb lattice (Usai et al., 2019). Therefore, the prepared
NDCNDs exhibit the distinctive sp2 graphitic structure. The
nitrogen doped carbon nanodots with various oxygen and

nitrogen related groups consist of carbonyl, carboxyl, amide,
ether and C-O groups. CoTAPhPc spectrum has been reported
before (Shumba and Nyokong, 2016). The spectrum for
CoTAPhPcNPs/CNDs shows N–H stretching of amino

groups. The peak at 1672 cm�1 can be attributed to C=O
stretching vibration. Functional groups like COOH, OH and
N-H for CoTAPhPcNPs/CNDs were present.

CoTAPhPcNPs/NDCNDs reveal the presence of various oxy-
gen and nitrogen related groups in carbonyl, carboxyl, amide
and C-O groups.

3.1.2. TEM images

Both Nanosized MPcs and the different forms of carbon nan-
odots showed monodispersed particles as seen under TEM

(Fig. 1). The bigger isolated black spots in the figure may be
due to minor flaws in the nanosizing step or aggregation of
the monodispersed nanoparticles (Fig. 1A). Nanosized MPc
appeared to be nonspherical unlike the carbon nanodots
(Fig. 1B).The average size of the MPc nanoparticles was
14 nm as reported before (Shumba and Nyokong, 2016) while

that of the nanodots was half the size (7 nm) as shown in the
corresponding histograms showing size distribution. Carbon
nanodots are zero dimension nanoparticles of size less than

10 nm (Li et al., 2012) and the TEM images confirm the same
size range.

3.1.3. UV–Vis spectra

Following the formation of nanoparticles for CoTAPhPcNPs,
there was no significant change in the Q band, except for the
narrowing of the peak (Figure not shown), showing stability

of the complex to the acid environment. The UV–Vis spectra
of NDCNDs show the characteristic absorption band below
300 nm as observed elsewhere (Lu et al., 2017).

3.2. Characterization of modified electrodes

3.2.1. SEM images

Glassy carbon plates were viewed under a scanning electron
microscope before modification (Fig. 2A) and after modifica-
tion (Fig. 2B and C). The scanning electron microscope images

revealed effective electrode modification characterised by dif-
ferent extents of surface roughness. CoTAPhPcNPs modified
GCP showed cylindrically shaped nanomaterials covering the

surface indicative of ‘J’ aggregation (Mallik and Karan,
2007) also confirming the nonspherical shape observed under
transmission electron microscopy (Fig. 2B). CNDs modified

carbon plate shows an array of spherical (bolus) nanomaterials
covering the surface (Fig. 2C) as observed elsewhere (Hu et al.,
2017).

3.2.2. Electrochemical characterisation

Fe2+/Fe3+ system is a very good redox media and hence
1 mM [Fe(CN)6]

3�/4� in 0.1 M KCl electrolyte was employed

to investigate electron transfer abilities at the surface of the
modified electrode. Cyclic voltammetry and electrochemical
impedance spectroscopy techniques were used for this purpose.
Assuming uniform ohmic drop for all voltammetric runs for

differently modified electrodes in this media, the anodic and
cathodic peak separation is a good indicator for electron trans-
ferability, hence catalytic performance of the sensing platform.

Such catalytic performance can be confirmed by lower charge
transfer resistance (RCT) during electrochemical impedance
spectroscopy studies. Different modifications resulted in vary-

ing peak potential separations indicative of different electron
transfer abilities. Lower peak potential separation (DE) and
RCT in cyclic voltammetry and electrochemical impedance
spectroscopy respectively, imply good electron transfer ability.

Similar trends were observed from both techniques showing
consistency in the performance of the fabricated probes. The
inclusion of carbon nanomaterials resulted in higher redox cur-

rents implying they promote the electron transfer and improve
the conductivity of the electrode (Wu et al., 2020). We there-
fore discuss the nature of the sensing platforms using the

EIS results (Table S1; Fig. S2). RCT values may range from
a few ohms for very fast reaction kinetics to greater than 10
GO for very slow reaction kinetics at the electrode surface

(Nyoni et al., 2014). The Randles equivalent circuit that fits
to the experimental data performs complex nonlinear
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Fig. 1 TEM images of NDCNDs (A) and CoTAPhPcNPs (B) with the corresponding size distributions (histograms) alongside.

Fig. 2 SEM images for Bare GCE (A) CoTAPhPcNP-GCE (B) NDCNDs-GCE (C).
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least-squares procedures available in EIS data fitting computer
programme and informs on that basis to the catalytic perfor-
mance of relative electrode surfaces. The corresponding Bode

plots show significant phase shifts for different modifications
which might imply different electrochemical behaviour in
agreement with the different apparent rate constants shown

in Table S1. Apparent electron transfer rate constants (kapp)
were determined as reported before (Nyoni et al., 2014), using
Eq. (1) , for the different electrode surfaces towards redox of

[Fe(CN)6]
3�/4� system to confirm CV data .

kapp ¼ RT

F2ARCTC
ð1Þ
where C = [Fe(CN)6]
3�/4� which is 1 mM [Fe(CN)6]

3�/4� and

A = surface area in cm2 obtained via the Randles Sevcic Eq.
(2), with R, T and F taking their normal scientific meaning.
The apparent rate constants increase in the order CNDs-
GCE (1.44 � 10�7) < NDCNDs-GCE (2.94 � 10�7)

< CoTAPhPcNP-GCE (3.63 � 10�7) < CoTAPhPcNP-CN
Ds-GCE (13.3 � 10�7) < CoTAPhPcNP-NDCNDs-GCE
(14.3 � 10�7). In general, the experimental observations show

the presence of MPc improves the electron transfer ability
hence lower RCT values and that the conjugates perform better
than the individual nanomaterials. Compare CNDs-GCE

(22.60 kO) and NDCNDs-GCE (9.14 kO) with
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CoTAPhPcNPs-GCE (5.61 kO). Also

compareCoTAPhPcNPs-GCE (5.61 kO), to CoTAPhPcNPs-
CNDs-GCE (1.15 kO) and CoTAPhPcNPs-NDCNDs-GCE
(1.36 kO). This further confirms our earlier reported observa-

tions that the central metal is responsible for significant contri-
bution towards electro catalytic redox reactions at the surface
of the working electrode (Shumba and Nyokong, 2016;
Shumba and Nyokong, 2016). Comparing CoTAPhPcNPs-

CNDs-GCE (1.15 kO) to CoTAPhPcNPs-NDCNDs-GCE
(1.36 kO) shows the advantage of introducing an impurity in
the sp2 carbon honeycomb which breaks the electro neutrality.

It is also noteworthy that modification of the bare resulted
in the shift of both oxidation and reduction potentials (Fig
S2A) manifesting lower activation energy involved in the pres-

ence of the catalysts. The Randles-Sevcik relation, (Eq. (2))
was applied on the cyclic voltammetric results to deduce the
effective electroactive electrode surface area (Bard and
Faulkner, 2001).

Ip ¼ 2:69� 105n3=2ACD1=2v1=2 ð2Þ

where Ip, n, A, C, D and v are the peak current, the number of

electrons involved, the surface area, the concentration of [Fe
(CN)6]

3�/4�, the diffusion coefficient of [Fe(CN)6]
3�/4� and

the scan rate, respectively. The diffusion coefficient for K3[Fe

(CN)6] (D = 7.6 � 10�6 cm2 s�1) (Gooding et al., 1998) and
n = 1 for Fe2+/3+ redox system, was used to determine the
surface roughness factors (ratio of Ipa experimental/Ipa theoretical)

of the modified electrodes. The geometrical surface area of
the bare GCE (0.071 cm2) and the roughness factor of the
modified glassy carbon electrode were then used to deduce the-
modified electrode effective surface area. These observations

point out to a significant increase in effective electrode area
upon modification by the different nanomaterials under study.

For nanosizedphthalocyanine based electrodes, cyclic

voltammetry was run in pH 6 buffer, TableS1, since they
had shown superior electron transfer capabilities. Ring based
redox couple was observed at high potentials around 0.8 V.

The effective electrode areas and the charge Q, obtained from
this couple were then used to determine the surface coverage
according to Eq. (3) (Bard and Faulkner, 2001).

C ¼ Q

nFA
ð3Þ

where U is the surface coverage, n is the number of transferred
electrons, F is the Faraday constant, and A is the effective area
of the electrode area. Very high surface coverages were
reported for the conjugates (4.27 � 10�8 mol.cm�2for

CoTAPhPcNP-CNDs-GCE and 3.8 � 10�8 mol.cm�2 for
CoTAPhPcNP-NDCNDs-GCE) while that for
CoTAPhPcNP-GCE (9.70 � 10�10 mol cm�2) was closer to

1 � 10�10 mol.cm�2 reported for phthalocyanine lying flat
on the surface of the electrode (Li et al., 2001) suggesting that
the underlying cabonanodots moieties disrupt the metalloph-

thalocyanines from lying parallel to the electrode surface. We
have reported similar results for covalently linked metalloph-
thalocyanines to cabon nanotubes (Shumba and Nyokong,

2017) and metallophthalocyanines doped graphene, gold
nanoparticles conjugates. The higher surface coverages indi-
cate increase in the electrode surface area which offers more
electrocatalytic surface.
3.3. NSAIDs detection

3.3.1. Detection of NSAIDs

We report a number of electrochemical techniques that have

been successfully explored in the detection of NSAIDs on
the surface of nanosized MPcs carbon nanodots conjugate
based electrodes. These include cyclic voltammetry, differential
pulse voltammetry, linear sweep voltammetry, chronoamper-

ometry and electrochemical impedance spectroscopy. Optimi-
sation of pH was done before successful detection Fig. S3.
The drugs were detected at different pHs, ASA (4), INDO

(6) and IBU (5) (Table S1). The nanoprobes developed in this
work are characterised by electrooxidation of ASA, IBU and
INDO at 0.815 V, 1.318 V and 1.003 V, respectively, with

respect to cyclic voltammetry using CoTAPhPcNP-
NDCNDs-GCE as an example as it gave the best response
(Fig. 3; Table S1). The detection background corrected cur-
rents on all CoTAPhPcNP based platforms were impressively

high with respect to all voltammetric techniques. All the other
voltammetric techniques had the same detection potentials on
CoTAPhPcNP-NDCNDs-GCE confirming successful fabrica-

tion of a robust sensor platform. The same trend was observed
with respect to electrochemical impedance ASA (1.33kO), IBU
(1.27 kO) and INDO (1.36 kO) on CoTAPhPcNP-NDCNDs-

GCE for the same reason given under cyclic voltammetry.
The rest of the CoTAPhPcNP based nanoprobes is given in
Table S1.

3.3.2. Kinetic studies of NSAIDs detection

Variation of current and detection potential during cyclic
voltammetry at different scan rates using CoTAPhPcNP-

NDCNDs-GCE since it is the best performing electrode was
investigated to evaluate the reversibility of the electrooxidation
reaction, Fig S4. The shift on the peak potential observed is

evidence for an irreversible reaction on the electrode surface.
Irreversible reactions are governed by Eq. (4) (Karimi-Maleh
et al., 2018; Salimi and Abdi, 2004).

Ep ¼ b

2
logvþ K ð4Þ

where b is the Tafel slope.
Plots of Epvs log v are shown in Fig. S4. The abnormally

high Tafel slopes (above the normal 60–120 mV decade�1)
are suggestive of chemical complication whereby the electro-
catalytic reaction is followed by adsorption of intermediates
or products on the electrode surface (Zen et al., 2000; Lyons

et al., 1994). Such complication is usually evidenced by elec-
trode fouling as demonstrated in Fig S5. The values of the
Tafel slopes on CoTAPhPcNP-NDCNDs-GCEvaried in the

order; ASA (150 mV/decade) < IBU (232 mV/decade) < IN
DO (196 mV/decade). High Tafel slopes may be an indication
that the reaction is proceeding at a very high speed such that

the rate of the products leaving the electrode surface becomes
the rate determining step. This is evidenced by the plots of the
square root of scan rates against currents which displayed a

linear relationship showing that the reaction is diffusion con-
trolled, Fig. S5. Diffusion controlled reactions are facile in
their nature and this is expected of an efficiently catalysed reac-
tion. The gradient of such plots can therefore be used as a mea-

sure of efficiency of the catalyst. Very high gradients were
recorded indicative of a very facile electrodetection process



Fig. 3 CVs, Nyquist plots and Bode plots for ASA, IBU and INDO, (a) CoTAPshPcNPs-GCE, (b) CoTAPhPcNPs-CNDs-GCE, (c))

CoTAPhPcNPs-NDCNDs-GCE.
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which increase in the order (units = lA/(mV.s�1)ø; IBU

(10) < INDO (30) = ASA (30).
Langmuir adsorption theory helps explain the adsorptive

nature of heterocatalytic surfaces such as modified electrode

surfaces. The abnormally high Tafel slopes coupled with signif-
icant electrode surface fouling, linear sweep voltammetry
(Fig. S6) was done for the detection of the three drugs under
study on anodic reaction of CoTAPhPcNP-NDCNDs-GCE

since it was the best performing electrode in order to under-
stand the adsorptive behaviour during the catalytic detection.
Linear plots of the ratio of drug concentration to catalytic cur-

rent against concentration of the different drugs under study
was obtained (Fig. S6, Equation5 (Adekunle et al., 2011).

½H2O2�
Icat

¼ 1

bImax

þ ½H2O2�
Imax

ð5Þ

where b is the adsorption equilibrium constant, Imax is the the-
oretical maximum current and Icatis the catalytic current.
Langmuir adsorption equilibrium constant (b) was found to
be 1.05 � 105 M�1, 1.2 � 105 M�1 and 5.56 � 105 M�1 for
ASA, IBU and INDO respectively. These equilibrium con-
stants culminate to Gibbs energy changes (DGo) (using Eq.

(6)) due to adsorption of values-28.63 kJ mol�1,
�28.96 kJ mol�1 and �27.07 kJ mol�1for ASA, IBU and
INDO respectively. Such high Gibbs energy changes point

out to a thermodynamically spontaneous reactions
(Adekunle et al., 2011) hence favouring the possibility of trans-
forming the fabricated nanoprobe into a practical solution to

the detection of the drugs under study.

DGo ¼ �RTlnb ð6Þ
where R is the molar gas constant and T is room temperature.

3.3.3. LODs and catalytic rate constants for NSAIDs

Limits of detection were investigated using differential poten-
tial voltammetry while catalytic rate constants were deter-
mined by chronoamperometry. The values reported here for

the LODs are comparable and even better that those reported
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elsewhere making the probes in this work a promising platform
for the NSAIDs detection (Table S2) (Karimi-Maleh et al.,
2018; Liu et al., 2018).

The chonoamperometriccatalytic currents during the rapid
decay period are dominated by the rate of electro-oxidation
reaction of NSAIDs. The technique was used to evaluate the

catalytic rate constants for the electrocatalytic oxidation of
the drugs under investigation on CoTAPhPcNP-NDCNDs-
GCE as shown in Fig. 4. Linear plots were obtained for the

ratio of catalytic currents and buffer currents versus time
(Eq. (7)) during the rapid decay time.
Icat
Ibuf

¼ c1=2p1=2 ¼ p1=2ðkCtÞ1=2 ð7Þ
where Icat and Ibuf are the catalytic currents in drug oxidation
and corresponding pH supporting solutions, respectively,
c = kCt (C is the bulk concentration of drug under investiga-

tion, k is the catalytic rate constant, and t is the time elapsed in
seconds).
Fig. 4 Chronoamperogramms on CoTAPhPcNP-NDCNDs-GCE at

and corresponding plots of current ratio versus square root of time fo
Plotting the square of the slopes forCoTAPhPcNP-
NDCNDs-GCE (from Fig. 4 against the respective concentra-
tions of corresponding drugs gave linear plots) whose slope is

equal to pk where k is the rate constant. The plots are repre-
sented by equations (8A)-C

CoTAPhPcNP-NDCNDs-GCE:

y ¼ 5:212 ASA½ � s�1

mM

� �
� 2x10�6s�1;R2 ¼ 0:939 ð8AÞ

y ¼ 4:462 IBU½ � s�1

mM

� �
� 5x10�6s�1;R2 ¼ 0:992 ð8BÞ

y ¼ 0:614 INDO½ � s�1

mM

� �
þ 1x10�8s�1;R2 ¼ 0:993 ð8CÞ

The catalytic rate constants were established to be

1.95 � 102 M�1 s�1, 1.42 � 103 M�1 s�1 and 1.66 � 103

M�1 s�1 for ASA, IBU and INDO respectively on CoTAPhPc-
NP-NDCNDs-GCE indicating a facile reaction and confirm-

ing the kinetics discussed earlier.
different concentrations inset = corresponding calibration curve

r NSAIDsat respective detection potentials. In PBS pH 5.5.



7816 N. Dondo et al.
3.3.4. Practical application of developed sensor

The developed sensor was tested against a number of perfor-

mance characteristics such as reproducibility, applicability in
real samples and or real sample mimics. The oxidation peak
resisted electrode fouling during the detection of the drugs

under study {Fig S5, using CoTAPhPcNP-NDCNDs-GCE
as an example}, with the peak still present even after as many
scans as 20. The sensor platform could however be regenerated

by simply sonicating for thirty minutes in deionized water (Fig
S7). Employing the regeneration step in between measure-
ments, the signal loss after 10 cycles for ASA, IBU and INDO
on CoTAPhPcNP-NDCNDs-GCE was found to be 5.5%,
Fig. 5 DPV for CoTAPhPcNP-NDCNDs-GCE in PBS (pH 5.5) co

0.6 lM IBU, 0.2 lM INDO and C: 0.1–0.5 mM of IBU/IDO each. Ins

analyte.
8.4% and 7.2%, respectively, confirming reproducibility of
results (Fig S7).

We have of late developed interest in developing probes

that can simultaneously detect more than one analyte in the
same media (Bhengo et al., 2018). The probe was therefore fur-
ther tested for its ability to simultaneously detect the drugs.

Solutions were prepared containing ASA/IBU/INDO, ASA/
IBU, IBU/INDO and ASA/INDO unimolar concentrations.
In no circumstance was the probe able to pick all the three

drugs. It was however possible to pick IBU/INDO in both
IBU/INDO and IBU/INDO/ASA solutions by both cyclic
voltammetry and differential pulse voltammetry (Fig. 5). We
ntaining a mixture of A: 0.1–0.5 lM INDO, 0.2 lM IBU. B: 0.1–

ets show the relationship of Ipa versus the concentrations of each



Fig. 6 DPVs for (A) (i) ascorbic acid, (ii) ASA (B) (i) citric acid, (ii) IBU and (C) (i) glucose, (ii) INDO in PBS at CoTAPhPcNPs-

NDCNDs-GCE. In PBS buffer pH 5.5.
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further established that the probe for IBU and INDO, the
probe could linearly detect changes in one analyte concentra-
tion while the other was constant. It also could detect simulta-

neous changes of concentrations in the compound solutions as
shown in Fig. 5.

Normally when these drugs are discharged with waste

industrial waters, the matrix contains many other chemical
species. In order to establish whether the developed probe
would be useful in the presence of other matrices, detection
was done under optimum conditions in the presence of 10 fold

organic molecules such as ascorbic acid, citric acid and glucose
and results are represented in Fig. 6 as reported before (Koçak
et al., 2018). Waste water samples were filtered and diluted 100

fold before spiking with known amounts of the drugs under
study and the amounts confirmed using the developed probe
(Atta et al., 2010). The spiked samples also showed very com-

petent recoveries, confirming the applicability of the devised
probe (Table S3). Best recoveries were obtained for ASA in
the range 100.4% � 101.8%, followed by IBU in the range

91.2% – 96.3% and 90.6% – 94.7% for INDO. Such recover-
ies are in the range of our previous work and good enough for
the intended purpose. The electrodes also stability over a per-
iod of 45 days when stored under room temperature with a sig-

nal loss of less than 5% for all the analytes, far much better
than values recorded elsewhere (He et al., 2019). The method
of modification proved to be reproducible after repeated mod-

ifications (10 modified surfaces) on clean surfaces varied in sig-
nal within 2%

4. Conclusions

Nitrogen doped carbon nanodots and cobalt based phthalo-
cyanine conjugate modified glassy carbon electrode

(CoTAPhPcNP-NDCNDs-GCE) was succesfully applied
towards detection of ibuprofen, indomethacin and aspirin in
aqueous media. The developed platform could quantitatively

detect ibuprofen and indomethacin by differential potential
voltammetry and cyclic voltammetry simultaneously. Conju-
gates of NDCNDs and metalophthalocyanines performed bet-
ter than those of pristine CNDs showing the importance of
breaking the electroneutrality via doping of cabon nanomate-
rials with heteroatoms. Appreciably low detection limits were
recorded for all the three drugs accompanied by high catalytic

rate constants. The spontaneity of the electrooxidation of the
drugs was confirmed by large negative Gibbs energy values
in the order �28.63 kJ mol�1, �28.96 kJ mol�1 and

�27.07 kJ mol�1 for ASA, IBU and INDO, respectively.
The ability of the probe to detect IBU and INDO simultane-
ously is a great promise for a good electrocatalytic detector.
Moreover, the developed sensor could be easily regenerated

with minimal signal loss. Related chemical species such as
citric acid, glucose and ascorbic acid had a different detection
potential thereby not interfering with the detection of the

drugs under study. Such performance shows that the devel-
oped nanoprobes have great potential as NSAIDs sensing
platforms.

Acknowledgements

This work was supported by the Midlands State University

Research Board grant extended to Munyaradzi Shumba. The
authors would like to thank the Chemical Technology techni-
cal staff for all the support during the experimental work stage.

Declaration of Competing Interest

Authors declare no competing interests.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.arabjc.2020.09.012.
References
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