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Brinzolamide (BRZ) is an antiglaucoma drug also used by athletes for doping purposes; therefore, it is
prohibited by the World Anti-Doping Agency. Consequently, the presence of BRZ or its metabolites in
athletes’ urine constitutes a violation of anti-doping rules. The current work presents a novel
electrochemical method that assesses the effectiveness of mercury oxide nanoparticles (HgO-NPs) and
a mercuric chloride—1,10-phenanthroline complex (HgCl,—Phen complex) as sensors for BRZ analysis. A
comparative analysis revealed that the synthesized HgCl,—Phen complex exhibited superior sensitivity
and efficiency in determining BRZ levels. The properties of the modifiers were extensively characterized
using elemental analysis, X-ray diffraction (XRD), Fourier transform infrared (FT-IR) spectroscopy, and
scanning electron microscopy (SEM). Furthermore, electrochemical characterization was conducted
using square wave voltammetry (SWV), cyclic voltammetry (CV), and electrochemical impedance
spectroscopy (EIS). The electrode showed a good response for SWV evaluations of BRZ in
a concentration range of 0.1 to 6.0 umol L™, with very low limits of detection (0.01 umol L™ and

Received 12th September 2024 quantitation (0.031 pmol L™Y). The method's applicability was validated by detecting BRZ in urine samples
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from healthy human volunteers and in pharmaceutical eye drops. Additionally, the practical effectiveness

DOI: 10.1039/d4ra06591c of the method was assessed using the blue applicability grade index (BAGI). The key advantages of this
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1. Introduction

Brinzolamide (BRZ) is an antiglaucoma drug, chemically known
as (4R)-4-(ethylamino)-2-(3-methoxypropyl)-1,1-dioxo-3,4-
dihydrothieno[3,2-e]thiazine-6-sulphonamide (Fig. S1A¥)." BRZ
is a highly selective, non-competitive, reversible, and efficient
inhibitor of carbonic anhydrase II (CA-II) enzyme, which can
reduce the intraocular pressure (IOP) by suppressing the
production of aqueous humor in the eye.>* Also, BRZ is used by
athletes for doping purposes, as it has the potential to dilute
urine samples and modify drug metabolism, thereby interfering
with the urinalysis.* Accordingly, the World Anti-Doping Agency
classified BRZ in the S5 list as a diuretic and masking agent.’
BRZ preferentially distributes to erythrocytes, where it binds to
the erythrocyte's CA-II enzyme; thus, single topical adminis-
tration doesn't result in detectable amounts in either blood or
urine. However, multiple administrations may result in plasma
(and urine) levels near the minimum required performance
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sensor include its simple manufacturing process, as well as its remarkable sensitivity and selectivity.

level of 200 ng mL~".%” Binding of the drug to the erythrocyte's
CA-II enzyme increases its half-life, allowing it to remain in the
body even after discontinuation of the drug.® Therefore, it's
prohibited before and during competition.® Detection of BRZ or
its metabolites in athletes’ sample can be considered a violation
of the anti-doping rules.”

Therefore, it is necessary to detect BRZ levels in athletes’
samples to fight against doping in sports. Quantification of BRZ
requires a highly sensitive, selective, reproducible, and cost-
effective analytical method. Previous studies have reported the
use of liquid chromatography,®** thin layer chromatography,
and spectrophotometry'>** techniques. However, chromato-
graphic methods involve the consumption of significant
amounts of organic solvents and require multi-step sample
preparation procedures. Additionally, the determination of BRZ
in real samples requires measurement of lower concentrations
than those reported in spectrophotometric methods. Therefore,
the utilization of electrochemical techniques has been
proposed as a viable alternative for the measurement and
determination of organic compounds. Electrochemical
methods are superior to other analytical methods due to their
diverse applications, ultra-sensitivity, selectivity, as well as their
cost-effectiveness and eco-friendliness.”> Balashova et al
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reported a multisensory stripping voltammetry method to study
the effect of some antiglaucoma drugs (including BRZ) on the
tear fluid over time.'* However, this method didn't establish
a comprehensive study of the electrochemical behavior of BRZ,
nor did it provide information on selectivity, sensitivity, detec-
tion limits, accuracy, and reliability. The previously reported
method™ was the only electrochemical method established for
the analysis of BRZ till now. Therefore, the main purpose of this
work is to address this gap and discuss our outcomes.

Mercury containing compounds have wide applications in
electrochemistry due to their electrical conductance and
versatility. For instance, mercuric oxide (HgO), which is a tran-
sition metal oxide, is classified as an n-type semiconductor and
has been used as an electrochemical sensor for the analysis of
several compounds.”** HgO possesses a zinc blende struc-
ture,"” and its bandgap is smaller than that of different metal
oxides.>® The bandgap has a significant effect on the electrical
conductivity of substances: if a substance has a large bandgap,
it is an insulator, whereas a substance with a smaller bandgap is
a semiconductor.>* Therefore, the electrical conductance of
HgO is higher than that of other metal oxides, such as ZnO,
CdO, and NiO.* These advantages indicate that HgO is
a promising sensor in the field of electrochemistry. Addition-
ally, mercuric chloride coordination polymers have been used
for the electrochemical analysis of penicillin.*

The incorporation of metal complexes with carbon elec-
trodes as electrochemical sensors is trending due to their wide
applications and unique properties.”**” 1,10-Phenanthroline
(1,10-Phen) (Fig. S1Bt) is one of the most important complexing
agents. The rigid structure of 1,10-Phen imposed by the central
ring B gives it an extremely distinctive feature: the two nitrogen
atoms are consistently maintained in juxtaposition.”® Because
of the aforementioned advantage, its complexes with metal ions
can form rapidly. The complexation of 1,10-Phen with metal
ions stabilizes them in a specific oxidation state and geometry,
which may facilitate the transfer of electrons across the metal
ions.” In the field of electrochemistry, 1,10-Phen has a great
advantage as it doesn't undergo electrochemical reactions
under normal conditions, and its oxidation to 1,10-Phen-5,6-
dione requires a high potential (~2 V) versus Ag/AgCl,* or very
strong chemical reactions; therefore, it can be considered an
electrochemically inert compound.*

This work focuses, for the first time, on the study of the
oxidation behavior of BRZ. HgO nanoparticles (HgO-NPs) and
1,10-Phen-HgCl, complex (HgCl,-Phen complex) were synthe-
tized for modification of a carbon paste electrode (CPE) for this
purpose. Additionally, a clear discussion of the proposed
oxidation mechanism of BRZ was included. This work aimed to
establish a validated electrochemical method for determining
BRZ concentration in athletes’ urine samples to fight against
doping in sports. Detection of BRZ in the urine of healthy
human volunteers was also conducted after multiple dosing of
BRZ to ensure the applicability of the current work. The
produced HgCl,-Phen complex was characterized with
elemental analysis, powder X-ray diffraction (XRD), scanning
electron microscopy (SEM) and Fourier transform infra-red (FT-
IR). Finally, the blue applicability grade index (BAGI) was used
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to compare the proposed method with the previously reported
methods in terms of practicality. The BAGI tool confirmed the
very good performance of the current work. To the best of our
knowledge, this is the first study which examine the electro-
chemical behavior of BRZ in urine samples and the first use of
HgCl,-Phen complex as an electrochemical sensor.

2. Experimental

2.1. Materials and reagents

Refer to ESL.T

2.2. Instrumentation

Refer to ESI.}

2.3. Synthesis of HgO-NPs

HgO-NPs were synthetized in accordance with a previous
procedure with slight modifications.** Briefly, 14.54 mmol of
mercuric(u) acetate (Hg(OAc),) was dissolved in nitric acid
(1.38%). After that, a dropwise addition of 20 mL of NaOH (3.13
M) was added over the course of 1 hour. Then, 14.54 mmol of
citric acid monohydrate was added dropwise over 2 hours. The
formed yellow precipitate was washed with water and moved to
a 100 mL autoclave, where it was treated for 2 hours at 150 °C.
Finally, the precipitate was filtered, washed with distilled water
several times, and dried for one day at 60 °C (Scheme 1A).

2.4. Synthesis of HgCl,-Phen complex

1,10-Phen-metal complexes were synthesized using various
methods as documented in the literature.**** The HgCl,-Phen
complex was synthetized by a straightforward one-step modifi-
cation of previously reported methods. The experimental
procedure involved the dissolution of 216.5 mg (1 mmol) of the
prepared HgO-NPs in 0.2 N HCI, followed by the addition of this
solution to 198 mg (1 mmol) 1,10-Phen monohydrate in meth-
anol under constant stirring for 30 min. Subsequently, a white
compound (HgCl,-Phen complex) was precipitated at room
temperature (25 °C £ 4). Afterward, the precipitate was filtered
off, washed several times with distilled water and methanol,
and left to dry for 24 hours at 60 °C (yield: 90%) (Scheme 1B).

2.5. Fabrication of the working electrodes

In this study, a bare carbon paste electrode (BCPE) was fabri-
cated by homogenously grinding 0.20 g + 0.02 of graphite
powder and subsequently mixing it with 25 pL of paraffin oil.
The modified electrodes were created by blending 195 mg of
graphite powder with 5 mg of the prepared HgO-NPs or 190 mg
of graphite powder with 10 mg of the prepared HgCl,-Phen
complex for 10 minutes. Then, the mixture was thoroughly
mixed with 25 pL of paraffin oil for an additional 10 minutes.
The resultant paste was allowed to settle for 24 hours before
being packed into a Teflon tube with a cavity diameter of 3 mm,
reaching a depth of 1 cm. A copper wire was then inserted
through the center of the electrode body to establish electrical
connectivity with the paste.

RSC Adv, 2024, 14, 34214-34227 | 34215
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Scheme 1 Procedure of synthesis of (A) HgO-NPs, and (B) HgCl,—Phen complex.

2.6. Preparation of the stock solutions

Refer to ESL.t

2.7. Electrochemical procedure

Square wave voltammetry (SWV) was utilized for the quantifi-
cation of BRZ using the HgCl,-Phen complex/CPE in Britton—-
Robinson (BR) buffer (pH of 7.5). The deposition potential (Egep)
was set at 0.3 V, and the deposition time (Tgcp) was 180 s. SWV
measurements were conducted with a frequency of 150 Hz,
a step height of 10 mV, and a pulse height of 9 mV. Each scan
was performed at a potential range from 0.3 V to 1.5 V at a scan
rate of 0.10 Vs~ %,

2.8. Electrochemical impedance spectroscopy (EIS)

Refer to ESL.{

2.9. Preparation of real samples

The study protocol was approved by the “Institutional Review
Board” as well as the research ethics committee of the Faculty of
Medicine at Assiut University, Assiut, Egypt (IRB approval
number 04-2023-200631), for more details, refer to the ESL}

3. Results and discussion

3.1. Characterization of the synthesized complex and
fabricated electrodes

3.1.1. Elemental analysis and measurement of melting
point. The elemental composition of the HgCl,-Phen complex
was investigated using CHN analysis, demonstrating congru-
ence with the calculated values based on the chemical formula
HgCl,(C;,HgN,) (Fig. 1A). Additionally, the confirmation of the
complex formation was achieved through melting point

34216 | RSC Adv, 2024, 14, 34214-34227

determination, where the measured melting point of the start-
ing material (1,10-Phen monohydrate) is 93-94 °C, while that of
the prepared complex is >300 °C. These results are in good
agreement with the reported results.*

3.1.2. X-ray diffraction (XRD) analysis. The HgCl,-Phen
complex was characterized using XRD analysis and compared
with that of 1,10-Phen monohydrate, demonstrating that they
are different (Fig. 1B). The as-prepared complex shows powder
pattern with characteristic peaks at 26 = 7.3°, 11.8°, 15.8°, 19°,
22°,27.2°, 32°, 37°, and 43°. It's apparent that upon complex-
ation, some peaks are shifted, some disappeared, and new set of
26 values appeared. The appearance of new peaks and the
disappearance of others suggests that the complexation with
HgCl, has significantly altered the crystalline structure of 1,10-
Phen monohydrate. The new peaks (e.g., at 7.3, 11.3, 15.88, etc.)
correspond to new sets of planes in the complexed material.
These planes likely involve interactions between the phenan-
throline, Hg>" ions, and chloride ions. Lower 26 peaks (e.g., 7.3,
9.7). Likely correspond to planes with larger d-spacings,
possibly involving atoms like Hg**, which, due to its large size
and significant scattering factor, can contribute to reflections at
lower angles. Higher 26 peaks (e.g., 28, 32.1, 43.7) typically
correspond to planes with smaller d-spacings, which might be
more influenced by the atomic layers closer together, such as
those involving lighter atoms (C, N) or smaller interatomic
distances within the phenanthroline rings or between Hg>" and
Cl™ ions. The peaks of the as-prepared complex are sharp
indicating that the complex is well-ordered and stable.

3.1.3. FT-IR analysis of HgCl,-Phen complex. FT-IR spectra
of 1,10-phen monohydrate and HgCl,-Phen complex are shown
in Fig. 1C. The bands for 1,10-Phen are assigned and compared
with the reported data. Upon complexation, the aromatic ring

-1

band, originally observed between 1644 and 1422 cm -,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Elemental analysis of HgCl,—Phen complex, (B and C) XRD patterns and FTIR spectra of 1,10-phen monohydrate and HgCl,—Phen

complex, respectively, and (D—-G) SEM images of BCPE, HgO-NPs, HgCl,—Phen complex, and HgCl,—Phen complex/CPE, respectively.

underwent a downward shift to frequencies ranging from 1618
to 1416 cm™". The NH bonding vibration, initially recorded at
1586 cm ™" for the free ligand, experienced a frequency reduc-
tion to 1574 cm ™" due to complex formation. Additionally, the
emergence of new bands at 511 and 420 cm ™' indicates the
presence of Hg-N and Hg-Cl bonds, respectively.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.1.4. Scanning electron microscopy (SEM). The physical
appearance and surface characteristics of BCPE, HgO-NPs,
HgCl,-Phen complex, and HgCl,-Phen complex/CPE were
evaluated using SEM to assess the surface morphology of the
fabricated electrodes, as shown in Fig. 1. The SEM profile of
BCPE (Fig. 1D) shows separated, unevenly shaped graphite

RSC Adv, 2024, 14, 34214-34227 | 34217
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powder flakes. The SEM profile of HgO-NPs (Fig. 1E) shows
separated sphere-like nanostructures.*” SEM profile of HgCl,—
Phen complex (Fig. 1F) reveals the appearance of the micro-
crystalline complex in the form of rods.*®* The SEM image of
CPE modified with the HgCl,-Phen complex is shown in

s BCPE
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Fig. 1G and shows distinguishable rods all over the electrode
surface. It appears that modification increases the active
surface area of the electrode by providing a more porous
structure for the electrode surface, which enhances BRZ
oxidation.
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Fig.2 (A) SWV of 4 ymol L~ BRZ at BCPE, HgO-NPs/CPE and HgCl,—Phen complex/CPE, CVs of [Fe(CN)6]*~/~ mixture (1.0 mmol L) in KCL
(0.5 mol L™ adjusted by HCL (1.0 mol L™ to pH 2.5 at (B) BCPE, (C) HgO-NPs/CPE, and (D) HgCl,—Phen complex/CPE at different scan rates
(0.05-1.0 V s7?), (the anodic peak current relationship with the square root of scan rate was indicated as figure insets), (E) bar diagram of effective
surface areas (mm?) of different electrodes, (F) EIS Nyquist plots of BCPE, HgO-NPs/CPE and HgCl,~Phen complex/CPE, and (G) bar diagram of

Rt values of different electrodes.
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3.2. Electrochemical behavior of BRZ

The study of the electrochemical behavior of BRZ at modified
and unmodified CPE was conducted using SWV. BCPE electrode
showed a weak peak with a lower current response, as shown in
Fig. 2A. However, when using HgO-NPs as an electrochemical
sensor, an enhancement in the BRZ current was observed, and
upon the complexation with 1,10-Phen, the intensity of the peak
increased significantly (Fig. 2A). (This part will be discussed in
detail in the section of Proposed oxidation mechanism.)

Other metal oxide nanoparticles, such as iron oxide and
titanium oxide, were evaluated as electrochemical sensors;
however, only minimal enhancements in the electrochemical
behavior of BRZ were observed. Additionally, B-cyclodextrin was
examined and displayed some improvement in the electro-
chemical response of BRZ, although this enhancement was not
comparable to that achieved with the HgCl,-Phen complex.
Thus, this method is deemed the most efficient and sensitive for
the application.

3.3. Surface area of bare and modified electrodes

A comparison between the effective surface areas (4.¢) of BCPE,
HgO-NPs/CPE and HgCl,-Phen complex/CPE was conducted
using CVs in a solution of [Fe(CN)s]>"/[Fe(CN)g]*~ (1 : 1 mixture)
at a concentration of 1.0 mmol L™' dissolved in KCI
(0.5 mol L") and adjusted to pH 2.5 using HCI (1.0 mol L),
according to the Randles-Sevcik equation:*®

I, = 2.69 x 10°n*?A.D"*v'*C (1)

where: I, (the anodic or cathodic peak current), A.¢ (the effective
electrode surface area), n (the number of electron transfer of
potassium ferricyanide = 1), D (diffusion coefficient of potas-
sium ferricyanide = 7.6 x 10" ° cm?®s "), v (the sweep rate), and
C (the concentration of potassium ferricyanide = 1.0 mmol
L™"). By recording the CVs of each electrode at different sweep
rates, the effective surface area of each electrode was calculated
from the slope value of the relationship of I, vs. »"*>. When
anodic peak current was used, the effective surface areas of
BCPE, HgO-NPs/CPE, and HgCl,-Phen complex/CPE were
determined to be 6.91, 7.9, and 10.9 mm?, respectively (Fig. 2B-
E). The potential differences (AE,) of CVs of ferricyanide/
ferrocyanide on BCPE and HgCl,-Phen complex/CPE were
calculated at a sweep rate of 0.2 V s~'. The broadened peak
shape and significant difference in peak potential (AE, = 151.24
mV) indicate the weakness of the electrochemical behavior of
ferricyanide/ferrocyanide redox probe on BCPE. In contrast, for
HgCl,-Phen complex/CPE, AE, was found to be 98.94 mV, and
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the peak current increased significantly, indicating the accel-
erated kinetics of electron transfer. The redox peaks of the
HgCl,~Phen complex/CPE at 0.0 V and 0.2 V (Fig. 2D) can be
attributed to the oxidation of Hg(u), which confirms the pres-
ence of mercury ions in the manufactured sensor. The mercury
ions are concentrated on the electrode surface so, upon trans-
ferring the electrode to the solution of 1.0 mmol L'
[Fe(CN)o]* /[Fe(CN)s]*~ (1:1 mixture) dissolved in KCI
(0.5 mol L") and adjusted to pH 2.5 using HCI (1.0 mol L),
the Hg™" is electrochemically reduced to Hg® (eqn (2)), and then
underwent oxidation to Hg>" (eqn (3)).>>*

Hg?" +2¢~ — Hg’ (2)
Hg’ —» Hg*" + 2e” (3)

It is worth noting that this peak potential is sufficiently far from
the potential range of BRZ oxidation in our study, that is in the
range of (+0.3-1.5 V).

3.4. Electrochemical impedance spectroscopy (EIS)

The efficiency of electron transfer at different electrodes was
displayed using the EIS in a solution of 1.0 mmol L™ [Fe(CN)e]*~/
[Fe(CN)g]*™ (1:1 mixture) dissolved in KCI (0.5 mol L™") and
adjusted to pH 2.5 using HCI (1.0 mol L™"). The impedance
Nyquist plots of the BCPE, HgO-NPs/CPE and HgCl,-Phen
complex/CPE are displayed in Fig. 2F. The charge transfer resis-
tances (R, obtained at BCPE, HgO-NPs/CPE, and HgCl,-Phen
complex/CPE are illustrated in Table 1 and Fig. 2G, indicating
that the CPE electrode modified with the HgCl,-Phen complex
had a lower resistance and a faster rate of electron transfer than
the unmodified electrode. It is noteworthy to mention that the
obtained values of R, are acceptable because transition metal
structures are important semiconductor materials.

Additionally, the charge transfer rate (k) for the bare and
modified electrodes was calculated from the EIS data using the
following equation.*

K, = RTIn*F"R,.C (4)

where C is the concentration of [Fe(CN)s]*~/[Fe(CN)s]*~ system,
R =18.314 J K ' mol %, Tis 25 °C, F = 96485 C mol . The K;
values given in Table 1 confirm the enhancement of electron
transfer reaction at the fabricated HgCl,-Phen complex/CPE.

Furthermore, the electrochemical efficiency of the bare and
modified electrodes was demonstrated by calculating the stan-
dard exchange current density (I,) by using eqn (5).**

Table 1 Electrochemical results of 1 mM [Fe(CN)gl> 4~ in 0.5 M KCl at different electrodes

From CV From EIS
Electrode AE, (mV) Aegr (mm?) Rt (Q) K, (cm s™) I, x 107° (WA em ™)
BCPE 151.24 6.91 2148 1.24 x 1077 1.19
HgO-NPs/CPE 127.1 7.9 1360 1.95 x 1077 1.88
HgCl,-Phen complex/CPE 98.94 10.9 252 1.06 x 10~° 10.18

© 2024 The Author(s). Published by the Royal Society of Chemistry
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I, = RTInFR,, (5)

The I, value of the HgCl,-Phen complex/CPE is 8.55 folds
more than that of BCPE and 5.4 folds greater than that of HgO-
NPs/CPE, which confirms the efficiency of the electrocatalytic
activity of the HgCl,-Phen complex/CPE.

3.5. Effect of sweep rate

CVs of BRZ were measured in BR buffer (pH 7.5) using the
manufactured sensor (HgCl,-Phen complex/CPE) at a range of
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sweeping rates (50-400 mV s ') to study the impact of the
potential sweep rate (v) on the drug's peak potential (Ep,) and
current (I,) (Fig. 3A). As a result of increasing the potential
sweep rate, the anodic oxidation peak currents (I,,) increased,
and the oxidation potential shifted to more positive values. A
linear relationship between the logarithm of peak current (log
I,) and that of scan rate (logv) is displayed in Fig. 3B, and the
regression equation is as follows:

Log Iy (nA) = 1.832 + 0.611logy (Vs ') (r = 0.9989)  (6)

1.6 B @® Current trace 1.14
® Potential trace
1,12
1.4+
< +1.10
= 124 [1.08
o0
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1.0 4 [l
1.04
]
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0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
E/V vs Ag/AgCl

Fig.3 (A)BRZ (2.5 x 10> mol L) CVs at HgCl,—Phen complex/CPE in BR buffer pH 7.5 obtained at different scan rates of 50-400 mV s, (B)
linear relationship of log I, or E, of BRZ on log ». (C) SWV of 4 pmol L~ BRZ at various pH values ranging from 5.0 to 8.5 at HgCl,~Phen complex/
CPE, (D) pH effect on 4 pmol L™t BRZ peak potential and current at HgCl,—Phen complex/CPE, (E) SWVs for BRZ different concentrations (0.1,
0.5,1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 pmol L™ in methanol together with the corresponding calibration curve (inset) at HgCl,—Phen complex/CPE,
and (F) 3D chemical structure of BRZ showing electron density of different nitrogen atoms using MOE software.
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It was found that the slope value equals 0.611, which indi-
cates that the electrooxidation process of BRZ is diffusion
controlled. Fig. 3A confirms that the oxidation process of BRZ is
irreversible due to the absence of a cathodic peak in the reverse
CV sweep. E;, and log v have a linear relationship, and the linear
regression equation is as follows:

Ep (V) = 1.105 + 0.0617 log » (V s~) (r = 0.9970) 7)

To estimate the number of electrons transferred during the
oxidation of BRZ, the Laviron equation (eqn (8))* for an irre-
versible reaction can be used, where 7 is the measured number
of electrons transferred, T is the absolute temperature (298 K), R
is the universal gas constant (8.314 J mol " K™ '), and F is the
Faraday's constant (96 480 C mol ).

Slope = 2.303RT/anF (8)

The slope value is 0.0617, and considering the theoretical
value of « is 0.5, the number of electrons (n) transferred equals
1.91-2.0 electrons. These results are in good agreement with
previous studies done on similar medications.*®*”

3.6. Effect of buffer pH on peak potential and peak current

One of the most important determining factors of the oxidation
mechanism of a drug is the pH of the supporting electrolyte, as
it affects various peak parameters such as peak current and
potential. The assessment of the electrochemical oxidation
mechanism was conducted over a pH range of 5.0 to 8.5, as
shown in Fig. 3C. It is evident that BR buffer solution (pH 7.5)
produced the maximum peak current. With increasing the pH
values from 5.0 to 8.5, the peak potential shifted to the negative
direction, which clearly indicates the involvement of protons in
the oxidation process. A linear relationship between the pH
range and peak potential shift is illustrated in Fig. 3D, with the
following regression equation:

E, (V) = 1438 — 0.0541pH (2 = 8 and r = 0.9890)  (9)

From the previous regression equation, the slope of BRZ was
0.0541 V/pH, which is close to the theoretical value of 0.059 V/
PH, indicating an equal contribution of protons and electrons
in the oxidation process. These results are in good agreement
with previous studies conducted on similar medications.***’

3.7. Optimization of experimental and voltametric
parameters

CPE components include graphite powder (the main compo-
nent), paraffin oil (to induce cohesiveness) and the modifier
(HgCl,-Phen complex). These components should be optimized
to obtain the best electrochemical behavior of BRZ on the
modified electrode. The optimum amounts were found to be
0.2 g of graphite powder, 25 pL of paraffin oil, and 0.01 g of the
HgCl,-Phen complex, which constitutes 5% of the total amount
of the paste.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Optimization of the deposition potential and time is essential,
as these factors greatly affect the number of adsorbed drug
molecules on the electrode surface. Consequently, the deposition
potential was varied from 0 V to 0.5 V to obtain the largest anodic
peak currents during SWV measurements at the modified elec-
trode. The optimum deposition potential was found to be 0.3 V,
as illustrated in Fig. S2A.T The deposition time was varied from
40 to 320 seconds, as illustrated in Fig. S2B,t and it was found
that 180 seconds produced the highest current intensity.

Other voltametric parameters, such as step height, pulse
height, and frequency, can also affect the intensity of peak
current. After optimization, a step height of 10 mv, a pulse
height of 9 mV, and a frequency of 150 Hz produced the
optimum results.

3.8. Proposed oxidation mechanism

This research marks the first study that comprehensively
examines the electrochemical behaviour of BRZ. Consequently,
the investigation of its acid-base properties becomes pivotal in
accurately elucidating its proposed oxidation mechanism on
the manufactured electrode (HgCl,-Phen complex/CPE). The
pK, values of BRZ (6.78 and 9.62) allow it to act as an acid or
a base depending on the pH.*® At pH 7.5, which is between the
two pK, values, BRZ is expected to exist as a zwitterionic species,
with the sulfonamide group being deprotonated (carrying
a negative charge) and the secondary amino group being
protonated (carrying a positive charge).* On the other hand, the
HgCl,-Phen complex used as a modifier on the CPE is known to
have a positively charged mercury(n) center (Hg>*) coordinated
by the neutral phenanthroline ligands. When BRZ interacts
with the modified CPE at pH 7.5, the negatively charged
sulfonamide group of BRZ can participate in an electrostatic
interaction with the positively charged mercury(u) center of the
HgCl,-Phen complex. This electrostatic interaction between the
oppositely charged species can lead to the adsorption or
binding of BRZ onto the modified CPE surface.”®

HgO-NPs enhance the oxidation behavior of BRZ due to the
fact that nanoparticles have a large effective surface area, in
addition to the electrical conductance of HgO as evidenced from
the results of effective surface area and charge transfer resis-
tance values, respectively. Upon complexation of Hg”>" ions with
1,10-Phen, the mercury is stabilized in a specific oxidation state
and geometry as illustrated in Scheme 2. This stabilization may
facilitate the transfer of electrons between BRZ and the mercury
ions, thereby enhancing the oxidation process. These
complexes are immobilized on the electrode surface and can
create a more porous or roughened surface, which justifies the
significant increase in the effective surface area of the electrode,
thereby increasing the number of active sites available for the
oxidation reaction.

It is worth noting that other types of interactions, such as -
7 stacking interactions between the aromatic rings of BRZ and
phenanthroline or hydrogen bonding interactions, may also
contribute to the overall binding or adsorption process;
however, the primary interaction at pH 7.5 is likely to be elec-
trostatic in nature.
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Scheme 2 Proposed oxidation mechanism of BRZ on HgCl,—Phen complex/CPE.

The electrochemical oxidation of BRZ is suggested to occur
at the secondary nitrogen atom (Fig. 3F). Utilizing the Molecular
Operating Environment (MOE) program, the electron density of
each nitrogen atom was assessed, revealing that the secondary
nitrogen atom harbors the highest electron density (—0.900).
This observation designates it as the most probable atom to
undergo oxidation. Two electrons and two protons are lost
during the oxidation of BRZ with subsequent formation of
a double bond. These results are in good agreement with
previous studies done on similar medications.***”

3.9. Analytical investigations

The method's linearity was conducted using eight concentra-
tion levels of BRZ (Fig. 3E) at the HgCl,~Phen complex/CPE
using SWV in the range of 0.1-6 umol L' according to the
following regression equation:

Ip (nA) = 1.81 + 9.96C (umol L") (r = 0.9971, n =8)  (10)

The limits of detection (LOD) and quantitation (LOQ) are
0.01 and 0.031 umol L™, respectively. LOD is expressed as 3.30/

Table 2 Statistical data for BRZ determination using HgCl,—Phen
complex/CPE electrode in methanol

Parameter Methanol

0.1-6
0.9971 + 0.00013
0.9943 + 0.00029

Linearity range (umol L")
Correlation coefficient (r) + SD*
Determination coefficient (*) + SD”

Intercept (a) = SD* 1.81 &+ 0.031
Slope (b) + SD” 9.96 + 0.0195
LOD? (umol L™7) 0.01

LOQ? (umol L) 0.031

@ Average of three replicates. ” Detection (LOD) and quantification
(LOQ) limits.

34222 | RSC Adv, 2024, 14, 34214-34227

S, and LOQ is expressed as 10¢/S, where o is the intercept's
standard deviation and S is the slope. All these parameters are
concluded in Table 2.

To prove that the method is accurate, three concentration
levels (0.5, 2, and 5 pmol L") of AZOPT® eye drops (10 mg BRZ
per mL by Orchidia Pharmaceutical Industry, Al-Obour city,
Egypt) were tested, with each concentration repeated six times.
The percentage recoveries were calculated as represented in
Table S1.7

These three concentrations were prepared from the BRZ
stock solution and repeated six times in the same day and over 3
successive days to investigate the intra-day and inter-day
precision of the method, respectively. The percentage recov-
eries varied from 99.43 to 100.72%, and RSD% didn't exceed
2.8%, ensuring that the method is truly precise, as shown in
Table S1.t

The analytical method is considered robust when small
modifications on the experimental parameters didn't lead to
major changes in the drug recovery. To demonstrate the
robustness of the suggested method, minor changes to some
experimental parameters, such as the deposition potential,
medium pH, and sweep rate, were applied, resulting in
percentage recoveries ranging from 98.9 to 102.4%. These
findings are represented in Table S21 and confirm the method's
robustness.

3.10. Real samples application

3.10.1. Application to pharmaceutical eye drops. The
method's applicability was demonstrated by analyzing BRZ in
pharmaceutical eye drops. Table 3 illustrates the percentage
recoveries of BRZ from AZOPT® eye drops (10 mg BRZ per mL,
manufactured by Orchidia Pharmaceutical Industry, Al-Obour
city, Egypt). The results showed acceptable recoveries (98.77-
100.06%), indicating that there was no interference from
pharmaceutical excipients. These results were statistically

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Assay of BRZ in eye drops and spiked human urine using HgCl,—Phen complex/CPE electrode

Authentic Claimed taken Authentic added Found concentration
drug Sample (umol L™ (umol L) of added (umol L™%) % recovery + SD* RSD%
BRZ AZOPT® eye drops 1 1 0.99 99.96 + 0.95 0.95
(10 mg mL™Y) 3 3.003 100.06 = 0.70 0.70
6 5.91 98.77 £ 1.12 1.14
Human urine 1 0.5 0.49 98.53 £ 1.10 1.11
1 1.02 102.67 + 2.08 2.02
3 3.02 100.59 + 2.26 2.25
6 5.95 99.03 £+ 0.41 0.42

¢ Average of three replicates.

compared with those obtained from a reported method."” The
calculated ¢ and F values were 1.89 and 2.2, respectively (tabu-
lated values for ¢ and F were 2.23, 5.05, respectively), indicating
the absence of a significant difference between the developed
and reported method (Table S31).

3.10.2. Application to spiked human urine samples. In
spiked human urine samples, the obtained recoveries ranged
from 98.53 to 102.67%, and RSD% values were acceptable.
These results imply that the human urine matrix introduces no
appreciable interference with the analysis of BRZ using the
suggested method (Table 3).

3.10.3. Application to real human urine samples. The BRZ
dose is 1 drop in each eye three times daily (~30 pL of 1%
solution).”* By following this regime, BRZ primarily binds to CA-
II enzyme in red blood cells, then accumulation of the drug
continued for 8 days until reaching a concentration of 20-25
uM, which is the concentration of CA-II in the blood. BRZ
cannot be detected in the initial eight days since CA-II sites are
being saturated. At a steady state, renal excretion of BRZ
increases, making it detectable in urine.”® In the present study,
urine samples were analyzed under the specified conditions in
Section 2.7. BRZ remained undetectable in urine samples of
healthy volunteers during the first nine days. However, by the
tenth day, BRZ was identified in only three samples, and by the
eleventh day, it was detected in all collected samples. These
results demonstrate the effectiveness of the current method in
detecting BRZ, particularly in the context of its illegal use by
athletes for doping.

3.11. Selectivity

A fundamental attribute of the modified electrode lies in its
selectivity for analyzing the targeted drug in the presence of
anticipated interferences. AZOPT® eye drops (10 mg BRZ
per mL by Orchidia Pharmaceutical Industry, Al-Obour city,
Egypt) contains BRZ along with various excipients such as
benzalkonium chloride, sodium chloride, mannitol, and addi-
tional additives.”® The results confirmed that the drug's oxida-
tion wasn't affected in the presence of 50-fold mannitol and 75-
fold of each of benzalkonium chloride or sodium chloride (the
change in signal is =+5.0%). To further confirm the selectivity
of the proposed method, spiking of urine samples with 1, 3, and

© 2024 The Author(s). Published by the Royal Society of Chemistry

5 umol L™ ! BRZ and different ratios of interfering species, such
as uric and ascorbic acid was conducted. The results confirmed
that the drug's oxidation wasn't affected in presence of 50-fold
of each of uric and ascorbic acids (the change in signal is
=+5.0%). Additionally, the oxidation of uric acid and ascorbic
acid occurs at low potentials (0.25 and 0.11 V, respectively),
which are far from the peak potential of BRZ in our method-
ology, which is about 1.04 V. The obtained findings confirm the
high selectivity of this work.

3.12. Comparison of the current work with the reported
methods and blueness evaluation

The proposed SWV method was compared with reported
methods for the analysis of BRZ in biological fluids, regarding
the technique used, limit of detection, linearity range and
matrix (Table 4). Additionally, a comparison between these
methods in terms of their applicability was accomplished using
the BAGI tool.>® The BAGI method is an excellent attribute that
allows the comparison of different analytical methods in terms
of practicality and performance. The BAGI assessment uses four
distinct scores, each assigned to a different color hue. The
scores are 10, 7.5, 5.0, and 2.5 points, representing dark blue,
blue, light blue, and white, respectively. Dark blue indicates
high compliance, and as the degree of the color blueness
decreases, the degree of compliance decreases. The central
number of the pictogram is between 25 to 100, with 25 indi-
cating poor performance and 100 indicating excellent perfor-
mance. A method is deemed practical if it scores at least 60
points.

It is worth noting that the proposed method has good
applicability, simplicity, novelty, sensitivity and selectivity.
Methods based on HPLC-MS/MS, despite of their sensitivity, are
very expensive, complicated, and require high experience and
multi-step preparation procedures. Table S4f shows the 10
factors utilized in evaluation of the practicality of the proposed
method using the BAGI method.

3.13. Future perspectives and limitations of the current work

Future studies could focus on validating the electrochemical
sensor in real-world sports settings to ensure reliability and
accuracy in diverse conditions, such as varying pH levels and

RSC Adv, 2024, 14, 34214-34227 | 34223
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Table 4 Comparison of the proposed method with the previously reported methods
Technique Linearity LOQ Matrix BAGI Ref.
LC-QTOF-MS/MS  0.500-20.00 pg mL™" — Dried blood spots 9
LC-MS/MS 0.05-5.00 pg mL ™" 50 ng mL ™" Rabbit aqueous humor 10

7. 107" 1

E) 5000 . H?L’lt(i)n urine) 0.07 ng mlL™" in
UHPLC-MS/MS DY He i urine and 0.06 ng mg~ '  Human urine and hair 11

and (6.00 x 10" to . .

1. . in hair

0.01 pg mg ™ in hair)
LC-UV 0.10-1.00 pg mL™" 100.0 ng mL " Rabbit aqueous humor 54
HPLC-DAD 0.001-1.00 pg mL ™" 0.41 ng mL ™" Human urine 55

Bulk, ophthalmic f lati ' .

Voltammetry 0.04-2.30 pg mL ™" 11.88 ng mL ™" W ophthaimic formutation, This work

ionic strengths in urine samples. Additionally, the sensor's
applicability for detecting other prohibited substances or their
metabolites could be investigated to expand its utility in doping
control. Also, further research could explore modifications to
the sensor design, such as integrating nanomaterials or con-
ducting polymer coatings, in order to enhance sensitivity and
selectivity. It will be interesting to develop portable devices for

34224 | RSC Adv, 2024, 14, 34214-34227

and human urine

on-site testing which could facilitate immediate doping control
in athletic events, making the process more efficient. Finally,
engaging with regulatory bodies to ensure that the proposed
methods align with international standards for doping control
could enhance their acceptance in professional sports.

The major limitation of this method is the environmental
implications of using mercury-based materials in sensor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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development. This impact should be carefully considered,
particularly regarding disposal and potential toxicity.

4. Conclusion

The current study presents a novel blue electrochemical
method for detecting BRZ; an antiglaucoma drug; which is
banned by the World Anti-Doping Agency due to its misuse by
athletes. By comparing the performance of HgO-NPs and the
HgCl,-Phen complex as electrochemical sensors, the HgCl,—
Phen complex was found to be more sensitive and efficient for
BRZ detection. Various characterization techniques were
used to confirm the formation of the modifier as elemental
analysis, XRD, FT-IR, and SEM. The electrocatalysis of the
drug was enhanced by the very good conductivity of the
manufactured electrode and its high effective surface area.
Low BRZ detection limit (10 nmol L") indicates the high
sensitivity of the proposed method which ensures its appli-
cability for analysis of BRZ in various matrices. The current
work could detect BRZ in the urine of healthy human volun-
teers which confirms its usefulness in fighting against doping
in sports.
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