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ABSTRACT: Synthetic antibiotics known as sulfonamides suppress
the synthesis of tetrahydrofolic acid, which cures respiratory tract
infections and protozoal infections by preventing the creation of
dihydrofolic acid. Electrochemical sensors based on tetrakis(1,10-
phenanthroline)-u-(4,4-bipyridine) dicopper(II) chloride monohy-
drate ([P,Cu-Bip-CuP,]Cl,-H,0 or simply Cu,P,BCl,) have been
successfully applied for the determination of sulfamethoxazole (SMX) —
and trimethoprim (TMP) from samples. The experimental conditions o

and parameters were optimized to achieve the best electrode \

performances for simultaneous quantification of SMX and TMP.

Based on the analysis of the effect of scan rate on the peak

parameters, the R* for the peak current vs square root of the scan rate CuzP,BCY, T ok
was greater than that of the peak current vs scan rate, indicating

diffusion-controlled behavior of both species. The current intensities of both SMX and TMP were highly improved due to surface
activation of the electrodes by electropolymerization. For SMX, the limit of detection was determined to be 27.94 nM, while for
TMP, it was 21.56 nM, and the limit of quantifications was 71.88 nM, and the corresponding relative standard deviation for each was
0.74% and 0.11%. The constructed electrode was stored for varying durations ranging from two h to 2 days, and it was found to be
above 97% stable after storing for 15 days. The real applicability of the suggested sensor for the simultaneous determination of SMX
and TMP was verified by sensing clinical serum and urine samples and their spike recovery studies.

v ARt

Blood serum

L)

CumentA)
. bkE¥833

1. INTRODUCTION and presents the degradation of para-aminobenzoic acid to
dihydrofolic acid, while TMP prevents the dihydrofolate
reductase enzyme and inhibits the production of tetrahydrofolic
acid.”

Due to its persistence in the environment, SMX poses hazards
like bacterial resistance; nevertheless, the environmental
concentrations are less likely to induce toxic effects on humans.’
In addition, it can have many side effects, including hyper-
sensitivity, gastrointestinal disturbances, and many other
hematological abnormalities. On the other hand, TMP usually
treats some infections like prophylaxis in HIV-affected patients
at risk of pneumocystic jirovecii pneumonia, whipples diseases,
and hematological malignancies; however, it has many
limitations on health; it sometimes contradicts during
pregnancy, especially in the first trimester, and it causes the

Researchers’ attention has recently been drawn to pharmaceut-
icals because of their widespread human consumption and
presence in various environmental interventions." Sulfonamides
are a type of commonly used antibiotic used in both human and
veterinary medicine that are known to be hazardous to the
environment. Sulfonamides, also known as sulfa medicines, are
artificial antibiotics made from sulfanilic acid that prevent the
production of the bacteriostatic compound dihydrofolic acid.”
Sulfamethoxazole (SMX) (named 4-amino-N-(5-methyl-3-
isoxazolyl) benzenesulfonamide), a family of the sulfonamide
class of antibiotics,” is utilized against both Gram-negative and
Gram-positive aerobic bacteria. It also effectively treats
protozoal and respiratory diseases such as pneumonia. On the
other hand, trimethoprim (TMP) (5-(3,4,5-trimethoxybenzyl)
pyrimidine-2,4 diamine) is a synthetic antibiotic that inhibits the
synthesis of tetrahydrofolic acid and is used to treat urinary tract Received: ~September 23, 2024
infections and prophylaxis. Along with sulfamethoxazole, TMP Revised:  October 3, 2024

is frequently used to block bacterial enzymes.” Sulfamethoxazole Accepted:  October 4, 2024
and trimethoprim are both antimicrobial agents used for Published: October 5, 2024
inhibiting distinct proteins in the synthesis pathway of the

tetrahydrofolate as SMX mimics the para-aminobenzoic acid
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disorder of certain blood. It can also reduce the creatinine
clearance at renal tubules, and it can lead to dangerously low
levels of thrombocytes by reducing the folic acid levels and
associated bone marrow blood cell formation.”

Therefore, pursuing new, simple, low-cost, rapid, reliable, and
user-friendly analytical techniques for simultaneously quantify-
ing trimethoprim and sulfamethoxazole involving pharmaceut-
ical quality control and the investigation of biological samples is
indispensable.

According to the United States Pharmacopeia (USP), the
officially accepted method for determining SMX and TMP
simultaneously in pharmaceutical formulations was high-
performance liquid chromatography (HPLC). Besides, there
have been so many analytical techniques developed for the
diagnosis of sulfamethoxazole and trimethoprim in water,
pharmaceuticals, food products, commercial formulations,
biological samples, and soil because of the advantages of simple
measurement, a short response time, high sensitivity, and high
selectivity. These include chromatography,’ spectroscopic
techniques,”'” and electrophoresis methods."' Even though
most of these reported methods may have high advantages such
as high sensitivity and assay selectivity, they have drawbacks like
their expense, they are time-consuming, they require complex
sample treatment, they lack sensitivity and selectivity, and they
need skilled manpower. However, there is still a need for reliable
and simple methods. This type of difficulty can be solved by
employing electrochemical methods because they are widely
used for their advantages of cheap equipment, ease of sample
preparation, simple operation, rapid detection, and miniatur-
ization.""

Electrochemical sensors based on carbon materials such as
glassy carbon electrodes need surface treatment to improve the
surface area and conductivity.'¥'> The application of the
electrochemical sensors as a catalytic mediator involving
transitional metal-based materials has been focused on since
recent times.' The glassy carbon electrode treated with
transition metal complexes with 1—10-phenanthroline received
the focus of the researchers recently because of its unique
properties such as an excellent capacitive nature, high chemical
stability, good electrical conductivity, and excellent electro-
catalytic activity.'”~"” Coordination chemistry researchers are
interested in 1,10-phenanthroline (Phen), which serves as a
chelating agent and is a bidentate ligand, as a crucial precursor in
coordination chemistry and its derivatives because of their
ability to interact with metal ions through the nitrogen atom
they possess, which promotes the production of metal
complexes.””*" Electrochemically fabricated films on electrode
surfaces are being explored for possible uses in medical material
electroanalysis and biological and pharmaceutical sample
electroanalysis.”***

Furthermore, because of their strong adhesion to an electrode
surface, chemical stability of the film, selectivity, sensitivity, and
homogeneity in electrochemical testimony of the polymer-
modified electrodes produced by electropolymerization, con-
ducting polymers have attracted a lot of attention for the
detection of analytes.”* > Low background current, chemical
inertness, affordability, and a wide range of potential windows
are some of their advantages.

Moreover, because of their special qualities, such as their
exceptional electrochemical performance, high sensitivity,
selectivity, and meager detection limit, electrochemical methods
can be employed for the determination of nondestructive small
quantities of analyte.””*"

To the best of our knowledge, complex polymers such as
poly(Cu,P,BCl,) have not been used as an electrode surface
modifier of GCE for sensitive and selective electrochemical
determination of SMX and TMP simultaneously in pharma-
ceutical formulation, clinical samples, and cow’s milk samples.
The current study uses poly(Cu,P,BCl,)/GCE to detect
sulfamethoxazole and trimethoprim concurrently in human
blood serum, human urine, cow milk samples, and biological
fluid samples by the application of square wave voltammetry
(Swv).

The main aim of this work was to simultaneously determine
sulfamethoxazole and trimethoprim from clinical blood serum
and urine samples by the application of poly(Cu2P4BCL4)/
GCE. More specifically, the objective of the current study was to
investigate the electrochemical behavior of both sulfamethox-
azole and trimethoprim at the proposed electrode, to study and
to optimize the experimental conditions for the electrochemical
oxidation of SMX and TMP, to optimize the square wave
voltammetric parameters for quantitative investigation and
calibrations curves, to evaluate the validity of the proposed
sensor for simultaneous determination of SMX and TMP, to
confirm the real application of the sensor for determining both
species from clinical serum and urine samples, and finally to
compare the performances of the suggested sensor for
simultaneous determination with the previously reports results.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Apparatus Used. The standards of
analytical grade, which were approximately 99.0% pure
trimethoprim and sulfamethoxazole, were taken from the
Ethiopian Food and Drug Authority (EFDA). Other chemicals
utilized during the entire activity of the current experimental
work include KH,PO, and K,HPO, (98%), highly pure KCI
(99.5%), sodium acetate (99.7%), and copper iodide, which
were from Sigma-Aldrich; boric acid was from Blulux
laboratories (p) Ltd; and NaOH (Extra pure, Lab Tech
Chemicals), HCI (37%, Fisher Scientific), acetic acid (Fisher
Scientific), sulfuric acid and orthophosphoric acid (Loba
Chemie), and ethanol (Fine Chemical General Trading PLC)
were among the commonly used chemicals. The buffer
solutions, such as phosphate buffer solutions (PB solutions),
were prepared from their respective acids and conjugate bases in
deionized water, and the pH was adjusted by using 1.0 M NaOH
and 0.1 M HCI solutions.

2.2. Instruments. A CH Instruments 760E potentiostat
(Austin, TX, USA) linked to a desktop computer was used to
carry out the electrochemical measurement. The compartment
of an electrochemical cell composed of the three-electrode
system having bare glassy carbon electrodes or poly-
(Cu,P,BCl,)/GCE as a working electrode, silver/silver chloride
(3.0 M KClI) as a reference electrode, and an auxiliary platinum
coil electrode was employed for all electrochemical measure-
ments of the equimolar sulfamethoxazole and trimethoprim
solution. The pH of the solutions was measured and adjusted by
a pH meter (AD8000, Romania), and the standard solutions and
real samples were stored in a refrigerator (Lec. refrigeration
PLC, England). A deionizer (Evoqua Water Technologies) and
an electronic balance (Nimbus, ADAM Equipment, USA) were
also among the instruments/apparatus used.

2.3. Analytical Procedure. 2.3.1. Solution Preparation.
The standard solutions of trimethoprim (TMP) and sulfame-
thoxazole (SMX) were prepared by dissolving each in ethanol in
50 mL flasks. Then, the required concentrations of fresh
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Scheme 1. Proposed Polymerization Pathway of the Complex Monomer on the Electrode Surface
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standards of both TMP and SMX were prepared by mixing a 1:1
ratio of TMP and SMX in 0.1 M appropriate buffer solutions in a
25 mL flask. Different diluted solutions were prepared based on
the proportions. Then again, a 1 mM complex monomer was
prepared by dissolving exactly 4.5 mg of Cu,P,BCIl, powder with
deionized water in a 25 mL flask.

2.3.2. Human Urine Samples. A sample of human urine was
taken from a healthy volunteer in the laboratory and centrifuged
for 15 min at 4000 rpm. Exactly 1.0 mL of the supernatant
portion was transferred into a 25 mL flask and filled with the
optimum pH of the PB solution.

2.3.3. Human Blood Serum Samples. A total of 1.0 mL of
human blood serum was collected from the Felege Hiwot
Referal Hospital in Bahir Dar City. The serum was then
transferred to a 25 mL conical flask, precisely filled with a PB
solution of the optimum pH, and retained under refrigeration to
undergo additional analysis. Those samples of blood serum
spiked with mixtures of known concentrations of SMX and TMP

were utilized for spike recovery investigation and interference
study.

2.3.4. Electrochemical Measurements and Quantification.
Using alumina slurries on a polishing cloth, a bare (unmodified)
glassy carbon electrode was polished to a mirror-like finish
surface before being repeatedly rinsed with distilled water. Then,
the polished electrode was allowed to dry in air at room
temperature. The electrochemical fabrication of the complex
polymer-modified GCE was employed by potentiodynamical
electropolymerization through scanning in various potential
windows between —1.0 and 1.8 V at a scan rate of 100 mV s™* for
15 cycles in 1.0 mM of Cu,P,BCl,, which was deposited and
polymerized on the surface of the polished glassy carbon
electrode, as reported elsewhere.'® In order to remove any
nonreactive monomer from the electrode’s electroactive surface,
the fabricated electrodes were rinsed with distilled water
numerous times. They were then stabilized in monomer-free
0.5 M H,SO, by scanning the electrode potential window

43274 https://doi.org/10.1021/acsomega.4c08716
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between 0.80 and —0.80 V until a steady cyclic voltammogram
was obtained. After it was cleaned with distilled water, the
modified electrode was utilized for electrochemical tests. The
prepared electrode was labeled poly(Cu,P,BCl,)/GCE and
used as a working electrode. The qualitative investigation of
simultaneous analysis of TMP and SMX was done by cyclic
voltammetry (CV). To validate the electrochemical perform-
ance of the developed sensor, square wave voltammetric
techniques were utilized for the quantitative investigation and
practical application of the simultaneous quantification of
sulfamethoxazole and trimethoprim. The modified electrode
was utilized for electrochemical tests after being cleaned with
distilled water.

3. RESULTS AND DISCUSSION

3.1. Electrode Modification. A poly(Cu,P,BCl,) complex
film was electropolymerized on the active surface of a glassy
carbon electrode potentiodynamically by scanning the potential
of a glassy carbon electrode in a phosphate buffer solution of pH
7.0 containing a 1.0 mM Cu,P,BCl, complex between —1.0 and
+2.0 V at a scan rate of 100 mV s™" for 15 cycles. There was no
coating deposited on the electrode surface at potential windows
less than —1.0 to +1.8 V. Thus, the ideal potential window for
the complex’s cyclic voltammetric electropolymerization at
GCE was between —1.0 and +1.8 V, as reported in the previous
works.'® The proposed structure for the polymerization of the
complex on the electroactive surface of the electrode is
presented in Scheme 1.

3.2. Electrochemical Behavior of SMX and TPM on
Poly(Cu,P,BCl,)/GCE. Because poly(Cu,P,BCl,) has been
shown to have advantages including enhanced conductivity,
increased electrode surface area, and chemical and mechanical
stability reported elsewhere, it was selected as a modifier for this
investigation.'® Under conventional experimental conditions,
cyclic voltammetric measurements of the combination of
equimolar 1.0 mM SMX and TMP in pH 7.0 PB solution at
bare GCE and poly(Cu,P,BCl,)/GCE were recorded in order
to ensure the extensive application of the proposed modifier for
the determination of SMX and TMP simultaneously, as
presented in Figure 1.

The oxidative peak currents with 3.2-fold (SMX) and 3.5-fold
(TMP) enhancement and potential shift of 81.0 and 70.0 mV for
SMX and TMP, respectively, at the poly(Cu,P,BClL,)/GCE
(curve b in the inset), in contrast to the weak and broad
oxidation peak at the unmodified GCE (curve a in the inset),
indicate the catalytic effect of the modifier toward simultaneous
oxidation of SMX and TMP.

3.3. Effect of Film Thickness. The thickness of the polymer
films on the electroactive part of the electrode is one of the
determining factors for the improvement of electroactive area
and kinetics of the charge transfer of the target electrode. In the
current study, the oxidative current response of both SMX and
TMP at poly(Cu2P4BCl4)/GCE at different quantities of film
thickness (from 12.0 to 22.0 cycles) was investigated, as
presented in Figure 2. As can be perceived in the result, although
their slopes varied, the anodic peak currents of SMX and TMP
both increased as the number of scan cycles increased (inset of
Figure 2); the reason for this is that an electrode’s effective
surface area increases with the thickness of the film as a result of
modification.”” The slope of the current response beyond 18.0
cycles started to decrease due to the saturation of the
electroactive surface as a result of overloading of the modified
surface of the electrode. The optimum polymerization cycle was
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Figure 1. Cyclic voltammograms of bare (a,b) and poly(Cu,P,BCl,)/
GCE in PB solution of pH 7.0 in the absence of (a,c) and presence of
equimolar (b,d) 1.0 mM SMX and 1.0 mM TMP at a scan rate of 100
mV s'. Inset: background-corrected cyclic voltammograms of
equimolar 1.0 mM SMX and TMP at (a) bare GCE and (b)
poly(Cu,P,BCl,)/GCE.
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Figure 2. Cyclic voltammograms of 1.0 mM SMX and 1.0 mM TMP in
pH 7.0 PB solution for various polymerization scan cycles (a—f: 12,
14.0, 16.0, 18.0, 20.0, and 22.0, respectively) at a scan rate of 100 mV
s™". Inset: plot of (A) peak current for SMX (a) and TMP (b) as against
the number of polymerization cycles for the modified electrode.

chosen to be 18.0, which was a compromise between the
oxidative current response and the advantage of the over-
potential with increased film thickness and associated analysis
costs.

3.4. Effect of Supporting Electrolyte on the Oxidation
Behavior of SMX and TMP. The type of supporting electrolyte
and pH have a significant impact on the electrochemical redox
behavior of electroactive species apart from the electrode’s
composition. Phosphate buffer solution, acetate buffer solution
(ABS), and Britton—Robinson buffer solution (BRBS) are the
three most frequent types of supporting electrolytes. They were
considered and optimized for the current study because all three
of these solutions have a great buffering capability.”’ The cyclic
voltammetric signals of poly(Cu,P,BCl,)/GCE for the mixture

https://doi.org/10.1021/acsomega.4c08716
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of equimolar amounts of 1.0 mM SMX and TMP prepared in the
three supporting electrolytes separately are presented in Figure
3. The figure illustrates that the PB solution is the best buffer
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Figure 3. CV responses of poly(Cu,P,BCl,)/GCE at 100 mV s~ for
the simultaneous signal of equimolar 1.0 mM SMX and TMP in
different electrolytes (a—c: BRBS, ABS, and PB solution, respectively)
at their default pHs and a scan rate of 100 mV s~

solution under investigation due to a well-resolved oxidative
peak and an improved peak current simultaneously for both
SMX and TMP. As a result, the supporting electrolyte in this

investigation was PB solution, which was made by mixing

equimolar amounts of NaH,PO, and Na,HPO,, which was 0.1
M PB solution.

3.5. Effect of pH on the /,, and E,, of SMX and TMP.
Analyzing the impact of pH on the peak current and peak
potential of an electroactive species at an electrode aids in
determining the proton:electron ratio, determining whether a
proton has taken part in the reaction, and explaining the nature
of the interaction between the analyte and electrode surface. In
the current work, the dependence of the peak current and peak
potential of SMX and TMP on the pH of the PB solution was
assessed. The influence of the pH of the background supporting
electrolyte for the current study was investigated with a range of
pH values from 6.0 to 8.5. During pH scanning, the peak
potential shift that was seen to be negative with the increase of
pH values from 6.0 to 8.5, as indicated in Figure 4A, was an
indication of the participation of proton during the electro-
chemical oxidation of both SMX and TMP at the poly-
(Cu,P,BCl,)/GCE. From Figure 4B,C, the slopes of 0.056 and
0.063 for the plot of the oxidative peak potentials of SMX and
TMP, respectively, versus pH of PB solution confirmed the
involvement of electrons and protons in the ratio of 1:1.'%*'

Additionally, the electrochemical oxidative peak current signal
of both SMX and TMP at the electroactive surface of
poly(Cu,P,BCL,)/GCE increased initially with the pH values
from 6.0 to 7.0 and then decreased beyond 7.0, as presented in
curves b of Figure 4B,C. As a result, pH 6.0 was chosen as the
optimum value for the subsequent studies. The trends of peak
current change could be due to the Coulombic interaction forces
between the modifier and the SMX and TMP, as presented in
the schematic oxidation pathway 2 (Scheme 2).'%**

3.6. Effect of Scan Rate on the I, and E,,, of SMX and
TMP. The influence of scan rate on the peak potential and peak
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Figure 4. Cyclic voltammograms of poly(Cu,P,BCl,)/GCE in PB solution of various pH values (a—f: 6.0, 6.5, 7.0, 7.5, 8.0, and 8.5) containing
equimolar amounts of 1.0 mM SMX and TMP; plots of anodic peak potential (a) and peak (b) against pH of PB solution containing 1.0 mM SMX (B)

and 1.0 mM TMP (C) at a scan rate of 100 mV s
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Scheme 2. Proposed Irreversible Oxidative Reaction Mechanism for (A) Trimethoprim and (B) Sulfamethoxazole
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current was investigated to verify the irreversibility of the
oxidation reaction and to further explore the step that
determines the rate of the simultaneous oxidation reaction of
SMX and TMP at poly(Cu,P,BCl,)/GCE. It is the determining
factor contributing to the information on the reacting species
whether the redox reaction is reversible or not, what type of
reaction kinetics predominantly occurs (diffusion or adsorp-
tion), and the number of the participant electrons involved
during the redox reactions. To confirm those factors, the impact
of scan rate on peak current and peak potential for the
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electrochemical oxidation of 1.0 mM SMX and 1.0 mM TMP
individually, as presented in Figure SA,B, respectively, and
recoding the signal responses of equimolar 1.0 mM SMX and
TMP simultaneously at poly(Cu,P,BClL,)/GCE was inves-
tigated in the range of scan rate from 10 to 300 mVs™" and is
presented in Figure 5C. In the observed scan rate ranges, the
peak potential shift for both SMX and TMP to a positive
direction directly with the scan rates was an implication of the
irreversibility of the oxidation of SMX and TMP at poly-
(Cu,P,BCl,)/GCE at pH 7.0 of PB solution containing
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Figure 5. Cyclic voltammograms of PB solution in pH 7.0 containing 1.0 mM SMX (A) and 1.0 mM TMP (B) and equimolar 1.0 mM SMX and TMP
simultaneously (C) at poly(Cu,P,BCl,)/GCE in various scan rates (a—l: 10,20, 40, 60, 80, 100, 125, 150, 175,200, 250, and 300 mV s, respectively);
plot of I, of SMX (a) and TMP (b) vs (v) 12 (D); plot of I, of SMX (a) and TMP (b) vs scan rate (E); and plot of log I, of SMX (a) and TMP (b) vs

log(scan rate) (F).

equimolar amounts of 1.0 mM SMX and TMP, as shown in
Figure SC. Moreover, from the plots (Figure SD,E), the higher
correlation values of R? for the dependency of peak current
response on the square root of scan rate (R* = 0.994) than that of
the dependence of peak current of the scan rate (R* = 0.979)
indicate that the simultaneous oxidation kinetics of SMX and
TMP were predominantly controlled by diffusion mass
transport. Additionally, the slopes of 0.49 and 0.58 for the plot
of log(peak current) of SMX (curve (a) in Figure SF) and TMP
(curve (b) in Figure SF), respectively, against log(scan rate),
which are very closely in agreement with the ideal value 0.5 of
the diffusion-controlled processes, further confirmed the
diffusion-controlled kinetics of the simultaneous oxidation of
SMX and TMP at the poly(Cu,P,BCl,)/GCE surface™
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The total number of electrons that participated in the
electrochemical oxidations of both SMX and TMP at poly-
(Cu,P,BCl,)/GCE was determined from the response of cyclic
voltammetry by taking a single scan rate simply by determining
the an values from the irreversible process. The an value was
computed by taking the difference between the peak potential

(E,) and the half-wave potential (E,;/,) and using eq 1.18223435
47.7
E —E = —
PP (1)

where a is the charge transfer coeflicient and n is the number of
electrons involved in the electrochemical oxidations of the given
species. Taking E,, and Ep, /, values from the CV of the effect of
the scan rate at 100 mV s™" was found to be 891 and 797 mV (for
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SMX) and 1090 and 991 mV (for TMP), respectively. By
substituting the numerical values in eq 1, the an values for SMX
and TMP were found to be 0.51 and 0.48, respectively.
Considering the a value for the irreversible electrochemical
reactions as 0.5, the number of electrons transferred in the
interfacial reaction was found to be 1.02 and 0.96 for SMX and
TMP, respectively, which approximated 1.0 electrons for both

.. 36
species.
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115{ P2 & N
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Figure 6. Plot of E,, vs In(scan rate) for 1.0 mM equimolar
concentrations of SMX (a) and TMP (b) at pH 7.0 of PB solution
on poly(Cu,P,BCl,)/GCE.

As can be perceived from Figure 6, the relationship between
peak potential and In of scan rate (EP vs In(v)) for irreversible
reactions should fulfill eq 2,”° which is given as

D1/2
EP=EO+L 0.780 + In| =
(1 — a)nF k

(1 — a)nFv ]1/2}

where E,, is the peak potential, E° is the formal potential,  is the
electron transfer coefficient, F is Faraday’s constant, and the
other parameters with their usual meanings.

Taking the slope values for both SMX and TMP from the plot
of E,,, versus In v (slope = 0.045 for SMX and 0.049 for TMP), eq

KT~ 0.045 for SMX and slope =
(1 - a)nF
RT

T—amr — 0.049 for TMP for the fitted line (Epa(v) =076 +

0.045 In v) and (Epa(V) = 0.98 + 0.049In v), respectively, from
curves (a) and (b) of Figure 6.

Under normal conditions (T = 25 °C), the electron transfer
coefficient () value was determined from eq 2 by calculating
n(1 — @). The n(1 — «) values were found to be 0.57 and 0.52
for SMX and TMP, respectively. Since a single electron is
transferred during the oxidation of both SMX and TMP, the
electron transfer coefficient () was calculated to be 0.43 and
0.48 for SMX and TMP, respectively. The values clearly indicate
the irreversible electrochemical oxidations of SMX and TMP
simultaneously.””

3.7. Simultaneous Determination of SMX and TMP at
Poly(Cu,P,BCl,)/GCE by SWV. The quantitative investiga-
tions of sulfamethoxazole and trimethoprim in pharmaceutical
and biological matrixes simultaneously involved the square wave
voltammetric technique because of its ability to discriminate the

+ In

2 is simplified to slope =

faradaic current from the nonfaradaic one and its sensitivity
compared to the other voltammetric methods.”*® Figure 7
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Figure 7. SWV response of bare GCE (a,c) and poly(Cu,P,BCl,)/GCE
(b,d) for pH 7 of PB solution containing no both SMX and TMP (a,b)
and 1.0 mM SMX and 1.0 mM TMP (c,d) at step potential: 4 mV,
amplitude: 25 mV, and frequency: 15 Hz. Inset: blank-corrected SWV
response of bare GCE (a) and poly(Cu,P,BCl,)/GCE (b).

represents the square wave voltammograms of the mixture of PB
solution at pH 7.0 containing no (curves a and b) and 1.0 mM
SMX and 1.0 mM TMP at unmodified (curve a in the inset) and
poly(Cu,P,BCl,)/GCE (curve b in the inset).

The appearance of a well-shaped square wave oxidative peak
at poly(Cu,P,BCl,)/GCE, with about 3.50- and 4.45-fold
increase of the anodic peak current intensity and the shift of the
anodic peak potential at a significantly lower potential (around
49 and 66 mV), respectively, for both SMX and TMP, in
contrast to the peak at the unmodified electrode, indicated the
catalytic contribution of the polymer film toward the
simultaneous oxidation of SMX and TMP.

3.8. Optimization of SWV Parameters. For further
analysis, the square wave voltammetric parameters such as
step potential, pulse amplitude, and square wave frequency were
optimized, investigating the effect of each parameter keeping the
remaining constant.

3.8.1. Effect of Step Potential. The step potential’s effect for
the SMX and TMP investigation simultaneously at poly-
(Cu,P,BClL,)/GCE was investigated in the range of stepping
potential from 2 to 12 mV, as presented in Figure 8. The
oxidative peak current for both sulfamethoxazole and
trimethoprim increased directly as the step potential increased
from 2 to 6 mV. Beyond 6 mV, the slope of the increment of the
current intensity decreased (inset of Figure 8). Therefore, a step
potential of 6 mV was selected for further investigations to
balance the increased Faradaic current and potential shift.

3.8.2. Effect of Square Wave Amplitude. The contribution of
the square wave pulse amplitude of the electrochemical
oxidation current response of both SMX and TMP at the
surface of the poly(Cu,P,BCl,)/GCE was investigated for the
ranges of the wave amplitude 10—45 mV by fixing step potential
at 6 mV and frequency at 15 Hz (Figure 9). The current intensity
of both SMX and TMP was increased with the square wave
amplitude. However, as can be perceived from the inset of Figure
9, SMX (curve a) and TMP (curve b), the rate of peak current
intensity remains almost constant beyond 30 mV. Therefore, the
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Figure 8. Blank-corrected SWV response of PB solution at pH 7.0 with
1.0 mM SMX and 1.0 mM TMP at poly(Cu,P,BCl,)/GCE at different
ranges of step potential (a—f: 2, 4, 6, 8, 10, and 12 mV, respectively),
amplitude: 25 mV, and frequency: 15 Hz. Inset: I, of SMX (a) and
TMP (b) vs step potential.
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Figure 9. Background-subtracted SWV of the anodic current response
of the PB solution at pH 7 containing equimolar concentrations of 1.0
mM SMX and TMP poly(Cu,P,BCl,)/GCE at a step potential of 6 mV,
with various square wave amplitudes (a—h: 10, 18, 20, 25, 30, 35, 40,
and 45 mV) and frequency: 15 Hz. Inset: I, of SMX (a) and TMP (b)
vs amplitude.

square wave amplitude of 30 mV was selected as optimum for
further quantitative analysis.

3.8.3. Effect of SW Frequency. Furthermore, frequency is
another factor that impacts the peak intensity of the electroactive
species during the redox process. Figure 10 shows the SWV
response of effects on equimolar concentrations of 1.0 mM SMX
and TMP at poly(Cu,P,BClL,)/GCE at various frequencies
(10—50 Hz). Just as the step potential and amplitude effect were
found, the signal response of the modified electrode to SMX and
TMP simultaneously varied with frequencies in a similar manner
as presented in the inset (curves a and b for SMX and TMP,
respectively). Therefore, a frequency of 25 Hz was chosen as an
optimum for the consecutive investigations.

3.9. Calibration Curve and Method Detection Limit.
The SWYV responses at different concentrations (between 0.1

E(V) vs Ag/AgCI

Figure 10. Background-corrected SWV response of the oxidative peak
current for PB solution at pH 7 containing equimolar amounts of 1.0
mM SMX and TMP at poly(Cu,P,BCl,)/GCE at a step potential of 6
mV, an amplitude of 30 mV, and different frequencies (a—i: 10, 15, 20,
25, 30, 35, 40, 45, and 50 Hz). Inset: I, of SMX (a) and TMP (b) vs
frequency.

and 250 uM) were investigated under optimum experimental
conditions and square wave voltammetric parameters at the
proposed poly(Cu,P,BCl,)-based sensor (Figure 11). The limit
of detection (LOD) = 3 s/m and limit of quantification (LOQ)
= 10 s/m, where s is the standard deviation of the blank for
quintuplicate measurements and m is the slope of the calibration
curve, were used to calculate the LOD and LOQ and were found
to be 27.94 and 93.12 nM for SMX and 21.56 and 71.88 nM for
TMP, respectively.

In quintuplicate measurements, the associated percent RSD
values were found to be 0.74 and 0.11 for SMX and TMP,
respectively, demonstrating the accuracy of the proposed
electrochemical biosensor based on the complex polymer
employed as an electrode modification.

3.10. Stability and Reproducibility of the Sensor for
Simultaneous Investigation. One of the performance
confirmations of the application of the given method is its
stable response over a long-term storage life and its reproducible
results. The stability and reproducibility of the current were
investigated for eight consecutive measurements recorded in
intervals of 2 h a day as presented in Figure 12A and six
successive measurements for 12 days in intervals of 2 days
(Figure 12B) for the mixture of 20 yM SMX and TMP at
poly(Cu,P,BCl,)/GCE. For extended application, the stability
and repeatability of the developed sensor electrode and the
reproducible response of current results were investigated by
recording different successive square wave voltammetric signals
of the utilized sensor electrode under optimized solutions and
experimental conditions. The signal response of the proposed
sensor for those mixtures of solutions was found with percentage
errors of 1.12% and 1.21% for 40 M SMX and TMP,
respectively, for successive measurements recorded for 2 h
intervals, as shown in Figure 12C. Similarly, the relative standard
deviation (%RSD) for the current responses recorded for
successive 12 days in two-day intervals were 2.23% and 1.93%
for sulfamethoxazole and trimethoprim, respectively (Figure
12D). The results demonstrated the reproducibility of the
results and the long-term reliability of the modifier for the
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Figure 12. Successive SWV responses of PB solution at pH S containing equimolar 20 uM SMX and TMP at poly(Cu,P,BCl,)/GCEin 1 day (A) and
12 days (B) at a step potential of 6 mV, an amplitude of 30 mV, and a frequency of 25 Hz; their respective plot of peak current against time in 2 h
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simultaneous investigation of SMX and TMP. Overall, the
devised method for simultaneously determining SMX and TMP
in real samples was confirmed by the steadiness of the current
electrode modification for the precision, accuracy, selectivity,
and reproducibility of the results.

3.11. Interference Study. In the presence of certain
potential interferents, such as gallic and uric acids, as well as
other salts, such as Cd(NOj;),, CaCl,, and KC], the efficacy of
the suggested sensor for the selective determination of the
simultaneous measurement of SMX and TMP was investigated.
To investigate the present complex polymer-based sensor
electrode’s capability for selective detection of SMX and TMP,
different concentrations of each selected potential interferent
(0—120.0 uM) were recorded, and a constant concentration for
a 20.0 uM equimolar SMX and TMP was then taken, as
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illustrated in Figure 13. It is evident from Table 1 that the range
of the selectivity for the proposed sensor in the combined effect
of potential interfering gallic acid, uric acid, NaNOj3, CaCl,, and
KCl in spiked concentrations of the detected signal for
interfering matrixes was 98.66—1002.6%, with the associated
error percent of less than 2.7%.

This study provides additional evidence for the validity of the
sensitive poly(Cu,P,BCl,)/GCE-based sensor by evaluating its
accuracy, selectivity, and sensitivity for simultaneous determi-
nation of SMX and TMP in cotrimoxazole, human blood
samples, human urine samples, and cow’s milk samples in the
presence of possible interfering components.

3.12. Square Wave Voltammetric Determination of
SMX and TMP in Real Samples. It was confirmed that the
electrochemical sensor with extended application could be used
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Figure 13. Background-corrected SWV responses of PB solution at a pH of 7.0 containing 40 #M equimolar SMX and TMP at the poly(Cu,P,BCl,)/
GCE contained with (A) gallic acid, (B) uric acid, (C) Cd(NO;),, (D) CaCl,, and (E) KClwith various concentrations (a—e: 0, 10, 20, 40, 80, and 160
UM, respectively) at a step potential of 6 mV, an amplitude of 30 mV, and a frequency of 25 Hz.

to selectively analyze trimethoprim and sulfamethoxazole
simultaneously in a variety of real samples, including clinical
and pharmaceutical formulations. The proposed sensor was
effective for the determination of SMX and TMP simultaneously
in urine and clinical blood serum.

3.12.1. Human Urine Samples. The applicability of the
suggested electroanalytical sensor for simultaneous measure-
ment of both SMX and TMP was verified by detecting human
urine samples that were taken from the hospital and prepared
according to the procedure described in the Experimental
Section.

Figure 14 shows the square wave voltammetric signal of the
poly(Cu,P,BCl,)/GCE for PB solution at pH 7.0 containing a
urine sample. The result suggested that no characteristic peaks
are observed in the specific peak position of both SMX and TMP
in the investigated urine sample, confirming the absence of the
detectable level of either SMX or TMP in the sample.'® The
absence of the detectable level of both SMX and TMP in the
investigated urine sample was further confirmed by studying the
recovery by adding different concentrations of both SMX and
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TMP simultaneously. Overall, the results obtained for the
investigation of suitable urine samples can generally confirm the
suitability of the selected methodology.

3.12.2. Human Blood Serum Samples. The detection of
SMX and TMP by poly(Cu,P,BCl,)/GCE in human blood
serum samples further confirmed the extended application of the
suggested electrochemical sensor for simultaneous assessment
of both species. The standard-free blood serum sample does not
show a typical peak; however, peaks were observed when specific
amounts of both the TMP and SMX standards were spiked, as
presented in Figure 15. This implies that the examined human
blood serum sample did not contain detectable amounts of SMX
or TMP.

3.12.3. Spike Recovery Study. The spike recovery inves-
tigation was evaluated to determine the developed sensor
electrode’s capacity for the electrochemical determination of
SMX and TMP simultaneously in real samples in the presence of
potential matrices, in addition to performance evaluation
parameters such as LOD, LOQ, LRD, and other parameters
such as interference and stability study.
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Table 1. Overview of the Recovery and Relative Error of the Signal Response of the Equimolar SMX and TMP in the Presence of

Certain Potential Interfering Species

interferent interferent conc. (M) current expected (uA) current response (uA) recovery (%) % error
SMX TMP SMX TMP SMX TMP SMX TMP
gallic acid 0 12.76 29.10 12.76 29.10
10 12.76 29.10 12.83 29.08 100.55 99.93 0.55 0.07
20 12.76 29.10 12.54 28.85 98.18 99.14 1.72 0.86
40 12.76 29.10 12.39 28.71 97.10 98.66 2.90 1.34
80 12.76 29.10 13.32 29.59 104.39 101.68 4.39 1.68
160 12.76 29.10 12.05 29.40 94.43 101.03 5.56 1.03
uric acid 0 12.76 29.10 12.76 29.10
10 12.76 29.10 13.34 29.65 104.54 101.89 4.54 1.90
20 12.76 29.10 13.14 29.47 102.98 101.27 2.98 1.27
40 12.76 29.10 12.46 28.80 97.65 98.97 2.35 1.03
80 12.76 29.10 12.37 28.74 96.94 98.76 3.06 1.24
160 12.76 29.10 12.29 28.63 96.31 98.38 3.68 1.61
Cd(NO,), 0 12.76 29.10 12.76 29.10
10 12.76 29.10 12.48 29.19 97.80 100.31 2.19 0.31
20 12.76 29.10 13.10 29.04 102.66 99.79 2.66 0.21
40 12.76 29.10 13.20 29.46 103.45 101.24 3.44 1.23
80 12.76 29.10 1291 28.83 101.18 99.07 1.18 0.93
160 12.76 29.10 12.82 29.07 100.47 99.90 0.47 0.10
CaCl, 0 12.76 29.10 12.76 29.10
10 12.76 29.10 12.92 28.55 101.23 98.11 1.28 1.89
20 12.76 29.10 12.95 28.88 101.49 99.24 1.49 0.75
40 12.76 29.10 13.09 29.04 102.59 99.80 2.59 0.20
80 12.76 29.10 13.10 29.07 102.66 99.90 2.66 0.10
160 12.76 29.10 13.10 29.43 102.66 101.13 2.66 1.13
KCl 0 12.76 29.10 12.76 29.10
10 12.76 29.10 12.48 28.64 97.80 98.42 2.19 1.58
20 12.76 29.10 12.54 28.79 98.28 98.93 1.72 1.06
40 12.76 29.10 12.83 28.87 100.55 99.21 0.55 0.79
80 12.76 29.10 13.02 28.90 102.04 99.31 2.04 0.69
160 12.76 29.10 13.13 29.47 102.90 101.27 2.90 1.27
0, 0-
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Figure 14. Background-subtracted SWV responses of the poly- 40 -
([Cu,P,BCl,)/GCE in PB solution at a pH of 7.0 containing an (a)
unspiked urine sample and different spikes of equimolar standard 1.2 1' 1 1'0 0'9 0'8 0'7 0'6 0' 5 0' 4
solutions of SMX and TMP (b—e: 10.0, 20.0, 40.0, and 80.0 uM, ) ) ) . by ) ) - )
respectively) at a step potential of 8 mV, an amplitude of 25 mV, and a E(V) vs Ag/AgClI

frequency of 20 Hz.

3.12.3.1. Human Urine Sample. The spike recovery
investigation of the proposed poly(Cu,P,BCl,)/GCE sensor
for analysis of SMX and TMP in human urine samples was
studied by unspiking and spiking different concentrations of
standard solutions of equimolar SMX and TMP. Figure 12
presents the SWV responses of the proposed electrode for PB
solution at a pH of 7.0 for PB solution containing unspiked urine

Figure 15. Background-corrected SWV current responses of the
poly(Cu,P,BCl,)/GCE on PB solution at pH 7.0 containing blood
serum samples spiked with different amounts of equimolar SMX and
TMP standard solutions (a—e: 0.0, 10.0, 20.0, 40.0, and 60 uM,
respectively) at a step potential of 8 mV, an amplitude of 25 mV, and a
SWYV frequency of 20 Hz.

samples and spiked with different concentrations of equimolar
SMX and TMP standards (10.0, 20.0, 40.0, and 80.0 zM). The
SWV of urine samples provided a peak signal at a potential of
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Table 2. Summary of the Recovery Study of the Urine Sample Spiked with Different Concentrations of SMX and TMP Standard
Solutions
sample standard added (uM) expected (uM) detected (uM)“ recovery (%)
SMX TMP SMX TMP SMX TMP SMX TMP
urine 0.0 0.0 0.0 0.0 0 0
10.0 10.0 10.0 10.0 10.25 + 0.35 9.84 +0.72 102.50 98.40
20.0 20.0 20.0 20.0 19.75 £ 091 20.33 + 0.47 98.75 101.65
40.0 40.0 40.0 40.0 41.0 + 0.65 39.83 + 0.41 102.50 99.58
80.0 80.0 80.0 80.0 79.75 + 0.64 81.17 + 0.46 99.69 101.46
“Mean =+ Std.

Table 3. Summary of the Spike Recovery Investigation of the Blood Serum Sample Spiked with Different Concentrations of SMX

and TMP Standard Solutions

sample standard added (uM) expected (uM) detected (uM)“ recovery (%)
SMX T™P SMX TMP SMX T™MP SMX T™MP
serum 0.0 0.0 0.0 0.0 0.0 0.0
10.0 10.0 10.0 10.0 9.75 +£0.13 9.67 + 043 97.50 96.67
20.0 20.0 20.0 20.0 20.25 + 0.30 21.18 + 0.52 101.25 105.90
40.0 40.0 40.0 40.0 41.5 +£ 0.15 41.67 £ 0.55 103.75 104.17
80.0 80.0 80.0 80.0 80.50 + 0.54 81.0 + 0.46 100.62 101.25
“Mean =+ Std.

about 310 mV (peak a), which might be due to the presence of
the active uric acid in the sample with the constant current
intensity irrespective of the spiked level of the standard.”

Furthermore, the existence of parallel peaks (a and b) at
characteristic potentials of both sulfamethoxazole and trime-
thoprim having variable current intensities with the amounts of
the standards spiked clearly confirms the absence of both SMX
and TMP in the studied urine sample. The spike recoveries for
SMX and TMP were obtained to be 98.75—102.50% and 98.40—
101.65%, respectively (Table 2), with the associated %RSD of
under 3.5% verifying the valid applicability of the method for
investigation of SMX and TMP in human urine.

3.12.3.2. Blood Serum Sample. The recovery of SMX and
TMP spiked in human blood serum samples analyzed in the real
sample section was carried out by spiking different concen-
trations of equimolar SMX and TMP standard solutions (10.0,
20.0, 40.0, and 80 uM), as presented in Figure 15. The
nonappearance of a peak at a standard-free serum sample, but
with the intensities of peak current at a characteristic peak
potential of both TMP and SMX (curves a and b, respectively)
that increased directly with their concentrations, suggested that
the poly(Cu,P,BCl,)/GCE could be the best alternative for
simultaneous sensing of SMX and TMP. An excellent recovery
was obtained with the range of 97.5—103.75% for sulfamethox-
azole and 96.67—105.90% for trimethoprim with a low error
(Table 3). The result strongly suggests the valid applicability of
the proposed sensor for the accurate and precise determination
of antibiotics and related compounds from biological and
pharmaceutical samples.

4. CONCLUSIONS

The proposed electrochemical sensor can be applied for the
sensitive and selective investigation of the redox behavior of
SMX and TMP simultaneously . The surface improvements of
the polymer-modified GCE for sensing both SMX and TMP
were the confirmation for the enhancement of the current
intensities to about greater than 3-fold for both SMX and TMP
and the potential shift to a direction lower than that of the
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corresponding bare electrode. As confirmed with the study of
scan rate effects, the absence of a peak signal in the reverse
strongly supports the irreversible electrochemical oxidation
behavior of both species, which is predominantly controlled by
diffusion-type mass transport. The quantitative investigation of
the target species at optimized SWV parameters strongly
validates the improved quality of the sensor for the simultaneous
test of SMX and TMP. The sensor proposed has provided an
excellent figure of merits such as a wide linear dynamic range of
0.1-250 M for equivalent concentrations of SMX and TMP,
and also the limit of detection (LOD) and limit of
quantifications (LOQ) were found to be 27.94 and 93.12 nM
for SMX and 21.56 and 71.88 nM for TMP, respectively, and
their respective associated RSD was 0.74% and 0.11%. The
stable activity of the suggested electrode was studied by storing
the fabricated electrode for different time intervals between 2 h
and 2 days, and it is highly stable with an overall error of less than
2.3%. The investigation of the interference studies in the
presence of the potential interfering species confirms the
precision and accuracy of the proposed material for the
simultaneous determination platform. Finally, the proposed
sensor can be utilized for valid application in the simultaneous
determination of SMX and TMP from clinical blood serum and
urine samples. The spike recovery result strongly confirmed its
application as a biosensor for clinical and biological fluid
samples.
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