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In the present study, simultaneous electrochemical behavior of tenofovir disoproxil fumarate (TDF) and lamivudine (LAM) on a
glassy carbon electrode (GCE) modified with a novel nanocomposite, nickel-cobalt sulfide-decorated graphene quantum dots
(Ni-CoS/GQDs) was investigated. Characterization of different components used for modifications was achieved using UV-Vis
and transmission electron microscopy (TEM). The electrochemistry of TDF and LAM at the modified electrode was examined
using cyclic voltammetry (CV), linear sweep voltammetry (LSV), chronoamperometry, differential pulse voltammetry (DPV),
and electrochemical impedance spectroscopy (EIS). A substantial (+39mV TDF; +20mV LAM) decrease in potential on
oxidation reaction in 0.1M PBS (pH8.0) was achieved due to synergy between Ni-CoS and GQDs. Using optimized
voltammetric parameters and pH, DPV gave a linear calibration over the range 5-18 yM for TDF and LAM. The detection
limits were calculated as 2.42x 10 mM (LAM) and 1.21 x 10°* mM (TDF). The estimated values for Gibbs free energy
revealed adsorption of TDF and LAM on Ni-CoS/GQDs/GCE as a spontaneous and favorable process. The voltammetric

method was applied for determination of LAM and TDF in a pharmaceutical formulation giving average recovery of 99.65%.

1. Introduction

The treatment of infections for human immunodeficiency
viruses (HIV) causing immunodeficiency syndrome (AIDS)
is accomplished through the use of antiretroviral drugs
[1]. Among the group of antiretroviral drugs, tenofovir
disoproxil fumarate (TDF) (Figure 1(a)) is a nucleotide
reverse transcriptase inhibitor whilst lamivudine (LAM)
(Figure 1(b)) is a nucleoside reverse transcriptase inhibitor,
both active against HIV-1, HIV-2, and hepatitis B virus
[2]. The mode of action is by blocking the HIV reverse
transcriptase enzyme through inhibition. The need to
improve analytical work involving drugs is significant. A

growing demand for drugs throughout the world stimu-
lates a search for new and even more effective drug-
monitoring techniques. Therefore, it is pertinent to fabri-
cate new and improve on the existing analytical methods
regarding their qualitative and quantitative analysis.
Literature survey has revealed HPLC [3-5], spectropho-
tometry [6-8], UV-Vis spectroscopy [9-11], and electro-
chemical [12] as possible methods for the determination of
TDF and LAM in different matrices. However, demerits such
as time-consuming, expensiveness, and need for qualified
technicians have been encountered. Electrochemical tech-
niques have shown perfectness in the determination of drugs
in various matrices without any extraction or evaporation
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FIGUrk 1: Chemical structure of tenofovir disoproxil fumarate (a)
and lamivudine (b).

steps [9, 13]. Extensive literature has shown that most
researchers concentrated on electrochemical reduction of
TDF at hanging mercury drop electrode [14] for which mer-
cury is not environmentally friendly if not handled with care.
Recently, Ozcelikay et al. reported oxidation of TDF at bare
glassy carbon electrode [15]. However, determination of
drugs on bare glassy electrodes can lead to electrode fouling
and higher overpotential [13]. Single determinations of
LAM in human serum and plasma have been reported
through electrochemical means [16-18]. Overall, it is worth-
while for electrochemists to use voltammetric techniques fre-
quently with different modifiers as options as evidenced by
working principles which are easy to follow, instrumentally
simple, costly, and portable.

The use of inorganic materials, such as Ni, Co, their cor-
responding oxides, and sulfides, has attracted interest in sen-
sor development in recent years [19, 20] as a result of low
cost, nontoxicity, easy production, high specific surface area,
good electrocatalytic activity, and facile electron transfer at
lower potential. Specifically, binary transition-metal sulfides,
i.e., NiCo,S,, have recently been considered as promising
electrode materials offering richer redox reactions owing to
the contributions of both nickel and cobalt with different
valence states, narrow band gap, and higher electronic con-
ductivity due to the presence of sulphur [21-23]. However,
the nonnoble transition electrocatalysts highlighted (Ni,
Co) show stronger aggregation on electrodes as a result of
van der Waal forces causing poor oxidation kinetics [20,
21]. Furthermore, the combination of transitional metals
with sulfide forms supercapacitors. Hence, in electrochemical
applications to reduce ohmic resistance and improve charge
transfer on electrodes, decoration of well-dispersed catalysts
on an electronically conductive support is desirable.

Graphene quantum dots (GQDs) are a kind of zero-
dimensional material with characteristics similar to graphene
and carbon dots as shown by their use in fuel cells [24],
supercapacitors [25], and sensors [26]. GQDs have been
reported to expand contact area with the analyte during elec-
trochemical analysis [27]. As far as we know, little has been
paid on the integration of GQDs with transition metal ions
for electrochemical sensing of drugs. Herein, we developed
an electrochemical sensor based on GQDs as a burgeoning
support to disperse semiconductor nanomaterials (Ni-CoS
composite) for novel electrocatalytic efficiency. To the best
of our knowledge, this is the first report on the simultaneous
oxidation of determination of TDF and LAM on graphene
quantum dots decorated by nickel-cobalt sulfide. The simul-
taneous determination has been necessitated by the fact that
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electrochemical and enzymatic oxidation pathways of drugs
follow similar mechanism [15]. We have illustrated that Ni-
CoS/GQDs/GCE exhibited a much higher electroactivity
than individual GQDs and Ni-CoS for the simultaneous oxi-
dation and detection of TDF and LAM. Notably, a substantial
(+39 mV; +20 mV) decrease in potential for TDF and LAM
oxidation reactions, respectively, was observed using Ni-
CoS/GQDs/GCE compared to GCE.

2. Experimental

2.1. Chemicals and Instrumentation. All chemicals used were
of analytical grade and needed no further purification
upon use. Potassium ferricyanide (K;Fe(CN),) and potas-
sium ferrocyanide (K,Fe(CN),) were obtained from
Sigma-Aldrich (South Africa); dipotassium hydrogen phos-
phate (K,HPO,), potassium dihydrogen phosphate
(KH,PO,), dimethyl formamide (DMF), nickel nitrate
(Ni(NO,),-6H,0), cobalt nitrate (Co(NO;),-6H,0), ethyl-
ene glycol (EG), absolute ethanol, and thiourea were
obtained from Associated Chemical Enterprises (South
Africa). Pharmaceutical formulations were purchased from
a local pharmacy. Stock solutions of lamivudine (LAM)
and tenofovir disoproxil fumarate (TDF) were prepared
by dissolving an appropriate amount of the drug in
double-distilled deionized water. All other solutions were
prepared using ultra-Millipore water from Milli-Q Water
Systems (Millipore Corp., Bedford, MA, USA). All experi-
ments were carried out at room temperature.

Transmission electron microscopy (TEM) image was
obtained from a Zeiss Libra TEM 120 model operated at
90kV using carbon-coated 200-mesh grids. The UV-Vis
spectra of composites were obtained using UV-visible spec-
troscopy Lamda-950, Perkin Elmer, Germany. Electrochem-
ical experiments were performed using Autolab Potentiostat
PGSTAT302N equipped with NOVA version 1.10 software
employing a conventional three-electrode system. A glassy
carbon electrode (GC, 3mm diameter) was used as working
electrode. A platinum electrode was applied as the counter
electrode and an Ag/AgCl electrode served as reference. For
electrochemical impedance spectroscopy (ESI), a frequency
of 100kHz to 0.01 Hz was employed. All solutions were
purged with high-purity nitrogen for at least 15min to
remove oxygen prior to the experiments.

2.2. Synthesis GQDs. Graphene quantum dots (GQDs) were
synthesized using a graphene oxide (GO) precursor obtained
through Hummer’s method, as reported in our previous
work [28]. Briefly, 480 mg of GO was added in 48 mL of N-
N dimethyl formamide (DMF) to produce 10 mg/mL suspen-
sion for 1h, transferred into a 60 mL Teflon bottle held in a
stainless steel autoclave and heated in the muffle furnace to
100°C for 8h. The final GQDs/DMF product was obtained
through vacuum filtration using 0.22 ym micropore filter
membrane. The suspension was rotated for evaporation to
remove DMF, and obtained GQDs were then dissolved in
different solvents such as pure water and phosphate buffer
solution (PBS) to produce different suspensions [29].
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2.3. Synthesis of Ni-CoS/GQD Nanocomposite. Briefly, 20 mg
of the prepared GQDs was dispersed in 60 mL of ethylene
glycol (EG) through ultrasonication to form a homogeneous
GQD suspension for 30 min. The required amounts of Ni
(NO,),-6H,0 and Co(NO,),-6H,0 were added into the
prepared suspension slowly, followed by stirring the solu-
tion at 80°C for 2h [30, 31]. Consequently, 6 mmol of
thiourea was added to the solution and stirring done for
1h and then refluxed at 180°C for 2h [21, 32]. After cool-
ing the solution at room temperature, the product was col-
lected by centrifugation, washed with deionized water and
absolute ethanol for several times, and then dried in a vac-
uum oven at 30°C for 8h. The final product was desig-
nated as Ni-CoS/GQDs. For comparison, a pure Ni-CoS
precursor was synthesized in the absence of GQDs follow-
ing same experimental parameters.

2.4. Electrode Preparation. Prior to the modification, the GCE
was polished with 1.0, 0.3, and 0.05um alumina slurry,
respectively, and sonicated in absolute ethanol and
double-distilled water and then dried with high-purity
nitrogen steam. Ni-CoS/GQDs/GCE was prepared by cast-
ing optimized 5uL of Ni-CoS/GQD suspension (1 mg/mL
Ni-CoS/GQDs in ethanol) on GCE surface and dried at
room temperature. For comparison, GQDs and Ni-CoS-
modified GCEs were prepared in the same way through
a drop-dry method.

2.5. Application

2.5.1. Determination of TDF and LAM in Formulation
Tablets. TDF and LAM were simultaneously analyzed in a
three-component tablet formulation containing efavirenz.
Five tablets were weighed and ground in a mortar to obtain
the homogeneous fine powder. A portion of the powder
equivalent to a stock solution of the required concentration
was transferred into a 25 mL calibrated flask and topped up
with deionized water. The mixture was sonicated for a rea-
sonable time until dissolution had occurred. Standard solu-
tions were prepared from the stock through dilution.
Voltammograms were recorded using DPV parameters as
in pure TDF and LAM. The amounts of TDF and LAM per
solution were calculated using calibration curve of pure
TDF and LAM, respectively.

2.5.2. Determination of TDF and LAM in Urine Samples. The
use of Ni-CoS/GQDs/GCE is investigated for the measure-
ment of TDF and LAM in four human urine samples. Urine
samples (5 mL) were taken in a series of 25 mL standard flasks
after being collected from healthy volunteers not taking the
drugs. Same quantities of TDF and LAM were added to the
urine samples and then quantitatively diluted using PBS. The
electrochemical behavior of the prepared solutions on Ni-
CoS/GQDs/GCE was studied by DPV, and the unknown con-
centrations were determined from the calibration graph.

3. Results and Discussion

3.1. Physical Characterization. Figure 2 shows the UV-vis
absorption of synthesized GO and GQDs. Both GO (a) and

— TT-TT
1.2
— -7t
8
5 0.8
s
2
2
=)
<
0.4 4
n-m*
0 T T
250 350 450

Wavelength (nm)

FIGURE 2: UV-Vis spectra of (a) GO and (b) GQDs.

GQDs (b) dispersions display a maximum absorption peak
at 270nm due to the m -7 * transition of aromatic C=C
bonds and an additional absorption peak at 364nm for
GQDs which corresponds to the n—m * transition of the
C=0 bond [33, 34].

The morphology of Ni-CoS nanoparticles and GQDs was
investigated using TEM. The Ni-CoS nanoparticles
(Figure 3(a)) indicates a random distribution of dark transi-
tional metal nanoparticles with agglomeration. The GQDs
show small size and circular shape uniformly dispersed with-
out agglomeration. The particles have a diameter ranging
from 1 to 8nm as shown in the histogram (Figure 3(b)),
and it is closed to the zero-dimensional state [35]. The typical
wrinkled morphology of GO (inset) from where GQDs were
synthesized is exfoliated into single and thin layers [36]. Fur-
thermore, the X-ray diffraction (XRD) patterns of the as-
prepared Ni-CoS and Ni-CoS/GQD nanocomposite are
shown in Figure 3(c). The other four major peaks at peak 2:
31.5° (311), peak 3: 38.3° (400), peak 4: 50.4° (511), and peak
5: 55.3° (440) can be indexed of the Ni-CoS phase [37]. On
comparison of the two XRD images, a weak and broad peak
at peak 1: 26.8° (220) appears in the Ni-CoS/GQD nanocom-
posites, indicating the presence of GQDs.

3.2. EIS and CV Studies. ESI has recently received attention in
sensor technology as one of the most powerful tools and non-
destructive techniques for monitoring the interfacial electron
transfer kinetics at modified electrodes [13]. In this tech-
nique, the electron transfer limited process is shown by a
semicircle portion at high frequencies whilst a diffusion-
limiting step of the electrochemical process is shown by a lin-
ear part at lower frequencies. It is noteworthy that the pres-
ence of semicircle diameter in the spectra shows the
electron transfer resistance (R,). The equivalent circuit
model (inset in Figure 4) was used to fit the impedance data
into R,, values. After each modification stage, the impedance
spectra were recorded in 1M KCl containing 2mM
[Fe(CN)6]3’/ 4 as a redox probe (Figure 4). The R, at the bare
electrode surface was 900 2. A decrease in semicircle diame-
ter is shown after drop casting the Ni-CoS on the GCE, show-
ing the presence of a conductive material on the GCE
(R =750 0). Incorporating the GQDs on the GCE gave
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FIGURE 3: (a). TEM of Ni-CoS nanoparticles x50 nm (b) GQDs x50 nm: the inset shows the surface of GO sheets. (c) XRD patterns of Ni-CoS

nanoparticles (A) and Ni-CoS/GQDs (B).

R, =500 O, showing successful modification. By drop cast-
ing a combination of Ni-CoS and GQDs, a further
decrease in R, (270(2) revealing high electrical conductiv-
ity increased surface area and favorable electrocatalytic
behavior was observed. The order as deduced from imped-
ance values is GCE > Ni-CoS/GCE > GQDs/GCE > Ni-
CoS/GQDs/GCE. All changes in R, suggested successful
modification of the modified electrode; hence, the elec-
trode based on Ni-CoS/GQD composite was used through-
out the study.

By plotting of phase shift vs. log frequency (f), extra
information which cannot be obtained from the Nyquist plot
is displayed [13]. Figure 4(b) shows Bode phase angle plots in

the case of 2mM [Fe(CN)6]3 74 in 1 M KCI with phase angle
values for all electrode surfaces less than the ideal 90° for a
true capacitor, i.e., phase angle for bare GCE (62°), Ni-
CoS/GCE (45°), GQDs/GCE (38°), and Ni-CoS/GQDs/GCE
(30%). The information obtained depicts that modified elec-
trodes show catalytic behaviors different from each other
since phase angles shifted to different frequencies. Finally, it
was concluded that the electron transfer process on the Ni-
CoS/GQDs/GCE is possible.

The behavior of modified electrodes was also investigated
using cyclic voltammetry at a scan rate of 100 mV/s (Fig S1).
Redox peaks were observed on all tested electrodes with

different i, and peak potential separation (AEp). After
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FIGURE 4: (a) Nyquist plots obtained in 2 mM [Fe(CN)6]3'/ *in 1 MKCE

Ni-CoS/GQDs/GCE.

immobilization of the Ni-CoS on the surface of GCE, both i,,
and i, increased compared to iy, and i, of the bare GCE.
This phenomenon can be related to the Ni-CoS particles
offering a large surface and good conductivity. The GQDs
acted as a suitable mediator to shuttle electron hence showed
improved peak currents when placed on the GCE. After
incorporating the Ni-CoS and GQDs on GCE, a synergistic
process could be observed as shown by high i, i, and
reduced E,. The AE, for a reversible system such as

[Fe(CN)6]3'/ * can be used as a good measure of electron
transfer ability of electrodes with lower values depicting a
good electron transfer ability [38], with the following trend
GCE < Ni-CoS/GCE < GQDs/GCE < Ni-CoS/GQDs/GCE.
This confirmed the EIS results.

3.3. pH Studies. One of the main factors influencing height
and morphology of an electroactive compound signal is acid-
ity of supporting electrolyte [39]. Hence, the effect of pH dur-
ing simultaneous oxidation of LAM and TDF on Ni-
CoS/GQDs/GCE was investigated by CV in the pH range
4-10 at 100mV/s (Figure 5). As shown in Figures 5(b) and
5(c), Iy increased from pH4 to 8 and then decreased to
pH 10 for both drugs. It can be observed that E,,, values for
both drugs shifted to less positive with increasing pH,
showing deprotonation in oxidation processes at higher
pH. Plots for E,, vs. pH (Figures 5(b) and 5(c)) showed
linear relationships for LAM (a slope value of 61 mV/pH)
and TDF (a slope value of 46.1 mV/pH). Both values are
close to the theoretical value of 59.0mV/pH [40] indicat-
ing that the electron transfer is accompanied by an equal
number of protons in electrode reactions.

3.4. Simultaneous Electrochemical Responses of LAM and
TDF. CVs of 1 mM LAM and TDF in 0.1 M PBS (pH 8.0) at
GCE (A), Ni-CoS/GCE (B), GQDs/GCE (C), and Ni-
CoS/GQDs/GCE (D) at a scan rate of 100mV/s are shown
(Figure 6(a)). Electrochemically irreversible characteristics
with oxidation peaks on GCE (+203mV; +637mV), Ni-
CoS/GCE (+208mV; +618mV), GQDs/GCE (+225mV;
+618mV), and Ni-CoS/GQDs/GCE (+223mV; +598 mV)
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(b) Bode plots (A) GCE, (B) Ni-CoS/GCE, (C) GQDs/GCE, and (D)

for LAM and TDF, respectively, were deduced. The source
of a current signal is as a result of (in this case) oxidation of
each drug. As such, it may be argued that the availability of
an avalanche of delocalized electrons and good hole trans-
porting ability in GQDs offer an efficient platform for elec-
tron exchange acting as an electron sink [41]. On the other
hand, the readily available and accessible d-orbitals in the
mixed metal nanoparticles enhance the oxidation ability of
the drugs hence efficient electroactivity and detection. How-
ever, modifying the electrode with Ni-CoS, GQDs, and Ni-
CoS/GQDs/GCE, iy, increases by 1.0, 1.3, and 1.5 times for

TDF, respectively, when compared to the value of the
unmodified electrode. Electrochemical reaction enhance-
ment of Ni-CoS/GQD composite towards both drugs may
be ascribed to three major steps.

Firstly, it is possible that GQDs provide a large amount of
anchoring sites for Ni-CoS during composite formation and
possibly controlled decoration of nanoparticles without
aggregation. Furthermore, the well dispersion of Ni-CoS on
the surface of GQDs might have rendered more accessible
surfaces for electrocatalysts for possible successful simulta-
neous oxidation of TDF and LAM. Secondly, the ability of
GQDs to expand contact area [27] and its high conductivity
might have resulted in fast electron transfer within the com-
posite. Lastly, the presence of small-sized Ni-CoS nanoparti-
cles in the composite might also have contributed to
improvement in electrochemical performance of the pre-
pared composites through providing the pathway of lower
activation energy. For comparison, all the electrodes were
run in the PBS (pH8.0) without the drugs and showed
improved background current in the order Ni-CoS/G-
CE < GQDs/GCE < Ni-CoS/GQDs/GCE, indicating no elec-
troactive substances on the electrode surface and successful
modification (Figure 6(a)). Hence, Ni-CoS/GQDs/GCE was
used for the determination of LAM and TDF simultaneously
with no overlap as shown by AE,, 0of 400mV on CV Figure 6.

3.5. Kinetic Studies. One major factor affecting electrooxida-
tion of compounds is scan rate [27]. To prove its effects, a
scan rate (v) from 30 to 160mVs" on i, and E,, for a
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mixture of LAM and TDF in 0.1 M PBS (pH 8.0) was investi-
gated (Figure 7). It can be seen that both compounds show i,

increasing and E,,, shifting in the positive direction as the
scan rate is increased. The increase in i, provides clear elec-

trochemical reaction abilities and fast electron transfer kinet-
ics of Ni-CoS at the Ni-CoS/GQDs/GCE. Furthermore, it
might be due to favorable dispersion of Ni-CoS in GQDs
coupled with excellent conductivity of the composite. The
positive shift in E,,, observed with an increase in scan rate

confirms irreversible oxidation nature of the process for both
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drugs. In Figure 7(a), dotted circle indicates increasing oxida-
tive current for LAM. From Figure 7(b), i,,, increases linearly
with scan rate (v) for both compounds showing adsorption-
related processes. To further verify this, plots of log iy,
against log v (Figure 7(c)) gave slopes of LAM (0.55) and
TDF (0.70). It can be deduced that both TDF and LAM
showed mixed behavior since their slopes were greater than
0.5 [42]. Hence, adsorption and diffusion could have
occurred during the simultaneous electrochemical process.

In order to find electron numbers in oxidation processes
of TDF and LAM on modified Ni-CoS/GQDs/GCE, the
Laviron equation for the irreversible electrode process was
used [43]:

0
E, '+ (RT) In <RTk ) + (RT) Inv, (1)
anF anF anF

where « is transfer coefficient, k° is the standard rate constant
of the reaction, # is the electron transfer number involved in
rate-determining step, v is the scan rate, E° is the formal
redox potential, R is the gas constant, T is the absolute tem-
perature, and F is the Faraday constant. According to the
slopes of the plot of E,,, versus In v, the an values were calcu-

lated to be 0.92 (TDF) and (0.88) LAM. Generally, « is
assumed to be 0.5 in a totally irreversible electrode process
[40]. Therefore, the n values were found 1.84 ~2 (TDF)
and 1.76 = 2 (LAM). The pH effect on E,, demonstrated that

the number of electrons and protons involved in both TDF
and LAM oxidation is equal. Based on two electrons and
two protons obtained, a possible oxidation mechanism for
TDF on Ni-CoS/GQDs/GCE was given in Scheme 1(a)
[44]. In this case, the adenine moiety in the TDF molecule
is oxidized to give 2-oxoadenine product. No detailed elec-
trochemical oxidation mechanism of LAM has been studied
in the literature. Based on our experimental observation of
the involvement of two electrons, we proposed a possible
mechanism for LAM (Scheme 1(b)). In the present investiga-
tion, only a single oxidation peak for LAM is obtained in the
pH range 4-10, which indicates the formation of mononi-
troso derivative by a two-electron process.

3.6. Effect of Different Drug Concentrations. Linear sweep
voltammetry (LSV) was used to demonstrate adsorption
behavior on Ni-CoS/GQDs/GCE. The effect of increasing
concentrations of LAM or TDF in 0.1 M PBS on i, is shown
(Figure 8). The association constant (K) of LAM or TDF with
Ni-CoS/GQDs/GCE was deduced using equation (2) [45].

[LAM or TDF] B i N [LAM or TDF]
i T Ki i

pa max max

) (2)

where i, is the anodic peak current for a given concentration
of LAM or TDF, i, is the maximum peak current, and K is
the Langmuir adsorption constant of LAM or TDF with Ni-
CoS/GQDs/GCE. To show absorptivity, applying the Lang-
muir theory involves a plotting ratio of LAM or TDF concen-
tration to catalytic current against the concentration of LAM



Journal of Sensors

D
8 -

A
< 44

3
0
4
T T T T
-400 0 400 800

E (mV) vs. Ag/AgCl
@

i(uA)

1- ]
Ry~ -

0 400
E (mV) vs. Ag/AgCl
(b)

T
-400 800

FIGURE 6: (a) CVs obtained at GCE (A), Ni-CoS/GCE (B), GQDs/GCE (C), and Ni-CoS/GQDs/GCE (D) electrodes in 0.1 M PBS (pH 8.0)
with 1 mM LAM and TDF solution at a scan rate of 100 m V/s; (b) Ni-CoS/GQDs/GCE alone at a scan rate of 100 mV/s.

12

i(pA)

500
E (mV) vs. Ag/AgCl
@

12

10 TDF

i(uA)

- ees o —+—4LAM

: 100

v(mVs™)
(b)

T
50 150 200

F1GURE 7: CVs of Ni-CoS/GQDs/GCE in 0.1 M PBS (pH 8.0) with 1 mM LAM and TDF solution at a different scan rate; (A-G) correspond to
30, 50, 60, 70, 100, 120, and 160 mV s™". (a) enlarged region of LAM oxidation at different scan rates; (b) iy (UA) vs.v (mV s™). (c) log i (UA)

vs. log v (mV sH.

or TDF and should show linearity. From the slopes and the
intercepts of Figure 8, K was established as 9.0 x 1072 M
(LAM) or 4.6 x 1072 M~! (TDEF). It can also be concluded
that the electrochemical response comes from the surface-
confined LAM or TDF molecules adsorbed on Ni-
CoS/GQDs/GCE after diffusion from the electrolyte solution.
In addition, the Gibbs free energy changes (AG’) for adsorp-
tive phenomenon form equation (3) were -54.6 k] (LAM) and
-69.8Kk] (TDF) showing that process was a spontaneous and
favorable process [39].

AG® =-RT In K, (3)
where R is the molar gas constant and T is the room
temperature.

Cyclic voltammetry detection of LAM or TDF was inves-
tigated from 10 to 50 uM at the modified electrode (Figure 9).
As shown in Figure 9, with each successive addition of LAM
or TDF, i, increased with a slight negative shift in E,, indi-
cating Ni-CoS/GQD composite acted as a possible catalyst
towards simultaneous oxidation of drugs. A plot of iy, vs.
[LAM or TDF] gave a linear relationship (Figure 9(a)).
In addition, the linear relationships from plots of log iy,

vs. log [LAM or TDF] (Figure 9(b)) imply first-order

kinetics with respect to each of the analyte, giving the fol-
lowing rate equation:

r = k[LAM][TDEF]. (4)
3.7. Chronoamperometry Studies. Based on the voltam-
metric results, Ni-CoS/GQDs/GCE can effectively catalyze
the oxidation of TDF and LAM, and it appears that
chronoamperometry detection of the drugs by developed

electrode is possible in order to determine rate constants.
The rate constant can be evaluated using equation (5):

I

I buf

P2 (2 erf () + exp )
Y2

; (5)

where I, and I are currents on Ni-CoS/GQDs/GCE in
the presence and absence of LAM or TDF, respectively,
y=kC,t (C, is the bulk concentration of LAM or TDF),
and erf is the error function. The error function is almost
equal to 1 when y exceeds to 2, and hence, equation (5)
reduces to equation (6).

1
Zcat _ y1/2n1/2 — ﬂllz(kCot)l/z,
Ibuf

(6)
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where k is the catalytic rate constant and ¢ is time elapsed
in seconds. The catalytic rate constants for TDF and LAM
were calculated based on information obtained from
chronoamperometry (Figures 10(a) and 10(b)). The ratio
of catalytic currents (I_,,) and buffer currents (I q.,) ver-
sus time (t'?) during the rapid decay time gave linear
plots. The square of the slopes against the respective con-
centrations (Figures 10(a) and 10(b), A and B) gave linear
plots whose slope is equal to wk. The calculated values of
catalytic constants were 5.80x 10°M™'s™! (TDF) and

8.23x10°M™'s™! (LAM). The calculated values further
elucidate sharp characteristics of the catalytic peak cur-
rents for oxidation of LAM and TDF.

3.8. DPV Analysis. Simultaneous determination of equal con-
centrations of LAM and TDF was investigated (Figure 11(a)).
As shown in Figure 11(a), clearly well-resolved peaks can be
seen, with AE, potential of 620mV for the addition of

increasing concentrations. The plot of i,, vs. [LAM] or
[TDF] increased linearly with correlation coefficients of
0.998 and 0.997, respectively (Figure 11(a), A and B). The
limit of detection (LOD) of both drugs were calculated as
3.3 times standard deviation for average measurements of
blank samples (LOD =3.3 x RSD/slope) [44]. The LODs
(2.42x107*mM LAM; 1.21 x10*mM TDF) and linear
working range (LWR) (5-18 uM) were obtained. Our results
compared well with those from literature for single determi-
nations (Table 1) showing that Ni-CoS/GQDs/GCE provided
a novel platform for the simultaneous detection. Conse-
quently, it was concluded that using the proposed DPV
method, the simultaneous determination of the two drugs
was possible.

In sensors, reproducibility and storage stability are signif-
icant processes to be investigated. For reproducibility, the
sensor was performed through five repetitive measurements
of 0.18uM of LAM and TDF simultaneously by DPV
(Figure 11(b)). The relative standard deviation of Iy
responses to LAM, and TDF sensing was less than 4.6% indi-
cating good reproducibility. For storage stability of sensor,
current responses to 0.1 mM LAM and TDF were recorded
each day. As shown in Figure 11(c), current responses at
Ni-CoS/GQDs/GCE decreased to about 96% when compared
to initial i,, on the 8th day, representing long-term stability.
The 4% loss in i,, might be due to leaching of Ni-CoS/GQDs
from the surface of the electrode. The adsorption of end
products of oxidation blocking the catalytic sites of Ni-
CoS/GQDs/GCE with TDF and LAM cannot be ruled out
as another possible factor causing i,, decrease in simulta-
neous oxidation.
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TaBLE 1: Comparison of different chemically modified electrodes for the determination TDF and LAM.

Type of
Modifier Technique Type of buffer and pH E,, (mV) LOD/mM Reference
determination

. . 1.02x 1077 M

GCE AdSDPV, AdSSWV  Acetate buffer solution; 4.7 Single TDF (+1330) s [15]
8.40x 10°M
BDDE SWV BR buffer; 4.0 Single +1500 5.6x1077 [39]
. ) . TDF (+598); TDF (1.21 x 107%);

NiCoS/GQDs/GCE DPV PBS; 8.0 Simultaneous LAM (+223) LAM (2.42x 10°°) Present work

Key: differential pulse voltammetry: DPV, square-wave voltammetry; SWV, adsorptive stripping differential pulse; AASDPV: adsorptive stripping square wave

voltammetry; AdSSWV; BDDE: boron-doped diamond electrode.

3.9. Impedimetric Sensing. EIS has mainly been used for
electrode characterization using hexacyanoferrate as a
redox probe and its use in analyte detection such as drugs
which have not been reported frequently [13]. Impedi-
metric sensing of drugs has been done preliminarily in
our research group and showed promising results [46].
In the present study, impedimetric sensing properties of
Ni-CoS/GQDs/GCE with and without addition of TDF as
an example was investigated. From Figure 12, a small R,,
value (500(2) was observed after addition of the drug
whilst R, without addition of TDF was 1200, showing
Ni-CoS/GQD composite responded well towards oxidation
of TDFE.

Oxidation reactions can generate electrons which can
enhance electron transfer rates, decreasing R, values hence
allowing increased sensitivity of a sensor. In the present
study, when TDF concentrations (Figure 13) were increased,
R, values decreased markedly, showing enhanced electrode
transfer kinetics. The R, is inversely proportional to loga-
rithm of TDF concentrations with a linearity display

(Figure 13) (R*=0.999). The obtained results clearly reveal
possibility of impedimetric detection of TDF using Ni-
CoS/GQD composite. From these preliminary studies, quan-
tification of some drugs by EIS is possible.

3.10. Selectivity. For demonstrating selectivity of Ni-
CoS/GQDs/GCE, the EIS method was used. The fabricated
sensor was incubated in the presence of some metal ions
(Na™, K") and possible biological molecules (glucose, dopa-
mine, and uric acid) to a solution containing either LAM or
TDF (0.2mM) in the ratio of 1:10. R, values (TDEF;
0.5kQ), (LAM; 0.65 k) were obtained before interactions.
The effective AR, by NaCl (+0.02kQ; +0.01kQ), KCl
(+0.04k; +0.02k), glucose (-0.02kD; -0.01kD), dopa-
mine (+0.01kQ; +0.02kQ), and uric acid (+0.05k(;
+0.02k2) were calculated for TDF and LAM, respectively.
By looking at all obtained small values, it can be concluded
that the sensor had good selectivity and good anti-
interference ability based on the combination of Ni-CoS
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and GQD properties discussed before. Values for AR, were
obtained as R, ( -R, (

after interaction ) before interaction ) .

3.11. Analysis of Real Samples

3.11.1. Determination of TDF and LAM in Formulation
Tablets. The fabricated electrode was successfully applied
for direct determination of LAM and TDF in a pharmaceuti-
cal formulation containing 300 mg/tablet and 450 mg/tablet,
respectively (Table 2).

11

TaBLE 2: Results of the assay from TDF, LAM, and the recovery
assay.

TDF LAM
Pharmaceutical formulation
Labeled claim (mg) 450 300
Amount found (mg)* 450.02 301.30
RSD% 1.13 1.67
Pure TDF, LAM added to tablet solution
Added (mg) 15.0 15.0
Found (mg)* 14.7 15.2
Recovery (%) 98 £0.01 101.3
RSD% 1.2 1.3

«Each value is the mean of five experiments.

TaBLE 3: Determination of the drugs in urine.

LAM TDF
Added  Found  Recovery Added Found Recovery
(uM) (uM) (%) M) (uM) (%)
20 21.05 105+£0.02 20 19.40 97 £0.02
25 26.10 104 +£0.01 25 23.98 96 £0.03
30 31.50 105+0.01 30 30.30 101 £0.02
35 37.01 106 £0.02 35 34.31 98 £0.01

TDF and LAM in aqueous samples were too low for
detection using the sensor; hence, spiking with different
concentrations was demonstrated. The recovery was
obtained by using DPV to evaluate the accuracy of the
method. The relative standard deviation of this method,
based on five replicates (n=>5), is presented in Table 2.
It can be reported that satisfactory recoveries of TDF
and LAM at Ni-CoS/GQDs/GCE in the range of 98-
101.3% revealed that the proposed method is effective
and reliable. The findings indicated that the method is
rapid and simple for the selective and sensitive analysis
of TDF and LAM in pharmaceutical preparations.

3.11.2. Determination of TDF and LAM in Urine Samples.
The Ni-CoS/GQDs/GCE was investigated for the measure-
ment of TDF and LAM in four human urine samples. The
percentage of recovery of the spiked sample is in the range
between 96.0 and 106 (Table 3). The results show that the
modified electrode is suitable for the determination of TDF
and LAM in biological fluids.

4. Conclusion

For the first time, simultaneous electrochemical behavior of
TDF and LAM was examined. It was also illustrated that
Ni-CoS/GQDs/GCE offered a stable low potential during
drug detection. The negative values of change in Gibbs free
energy revealed that adsorption of both drugs on the modi-
fied electrode is spontaneous. The obtained Ni-CoS/GQD
composite exhibited good reproducibility and stability
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during analysis. The present study provides a general strategy
for using different transitional elements for decorating gra-
phene quantum dots for different applications.
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