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ABSTRACT: Furosemide (4-chloro-2-(furan-2-ylmethylamino)-
S-sulfamoyl benzoic acid) is a widely used, FDA-approved drug
prescribed for several symptoms associated with heart, kidney, liver s g
failure, or chronic high blood pressure. In this work, a glassy carbon B

working electrode modified with poly(3,4-ethylenedioxythiophe-
ne):polystyrene sulfonate is developed to detect furosemide
(FURO) with high sensitivity and precise selectivity. The modified

electrode was also characterized using field emission scanning l
electron microscopy, attenuated total reflectance—Fourier trans- =
form infrared, and cyclic voltammetry. Here, an efficient and cost- &= i
and time-efficient technique to study the furosemide mechanism of %

reaction in an acidic liquid medium is presented. An electro-
chemical oxidation of loop diuretic furosemide was investigated in
a supporting electrolyte, 0.01 M of phosphate buffer (at a pH level of 4.0) at 25 + 0.1 °C using a differential pulse voltammetric
(DPV) technique. Under optimized parameters, the developed sensor displays a wide detection range of furosemide concentrations
of 6.0 X 107® to 1.0 X 10™* M with a detection limit of 2.0 X 107® M using DPV. The presented sensor offers a robust and high-
precision technique with an excellent reproducibility to detect furosemide in as a real sample such as urine and pharmaceutical
products.
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1. INTRODUCTION

Furosemide is a sulfonamide chemically known as 4-chloro-2-
(furan-2-ylmethylamino)-$-sulfamoylbenzoic acid." Furose-
mide is a widely used, FDA-approved drug with diuretic
properties, allowing it to become a useful medicine for treating
dropsical condition related to cardiac arrest, chronic renal

furosemide, including rapid weight loss, fever, dark urine,
electrolyte abnormalities, dehydration, nausea, clay-colored
stools, jaundices, and vomiting.” Recently, furosemide is widely
and frequently used in neonatal clinics, and knowing the
harmful effects accompanied with the use of furosemide,
studying furosemide and investigating its reaction mechanism

failure,>* congestive heart failure, hypertension,4 and liver
related diseases.” Furthermore, furosemide is commonly used
as a doping agent in sport-related applications." Furosemide
can be rapidly absorbed with oral intake, showing a great
diuretic effect in a short time.® Literature revealed that the
bioavailability of furosemide ranges from 60 to 70% with a
plasma half-life of about 1-2 h.” Furthermore, the aqueous
solubility of furosemide is fairly poor; however, it has high
efficacy due to its inhibitory effect on sodium chloride (NaCl)/
potassium chloride (KCI)/chloride (2Cl) cotransporter in the
ascending limb of the loop of Henle.® Several methods were
reported for the specific discovery of these diuretics in both
biological fluids and pharmaceutical preparations. Furosemide
is always accompanied with various side effects such as
diarrhea, muscle cramps, urination, constipation, and thirst.”
Moreover, there are severe aftereffects associated with
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are urgently required. Furthermore, FURO drug in blood and
urine concentrations has an effect on their activity for changing
the physiological condition. This study will be helpful for drug
dosage formation by the physician.

Furosemide is usually prepared and characterized by liquid
chromatography with spectrophotometric,”'”'" spectrofluori-
metric detection,'*'*
electrokinetic chromatographic methods.'” These techniques

o 15 .
chemiluminescent,” and micellar
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Scheme 1. Schematic Procedure of Formulating GCE/PEDOT:PSS and the Recognition of Furosemide
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include some extraction steps, and thus, they are time-
consuming. It was reported that furosemide was quantified
using electrochemical methods by a glassy carbon electrode
(GCE)," a hanging mercury drop electrode, and a graphite
electrode.'® In this study, GCE is chosen for the outstanding
chemical stability and hard and dense behavior. Additionally,
the oxidation rate in oxygen, water, and carbon dioxide is lower
than in graphite and metal-based electrodes.'”

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) is a an electrically conductive polymer
composed of a mixture of two ionomers. Due to the unique
properties of PEDOT:PSS such as ease of processing
conductivity, ductility, and transparency, it becomes a
benchmark material in various applications within different
fields, including field effect transistors, active materials for
electrochromic devices (due to the high electrical conductivity,
mechanical flexibility, low surface roughness, and low price),
thermoelectric materials, antistatic coatings, and electrically
conducting coatings.lg_22 Moreover, the PEDOT:PSS film was
utilized as an eflicient electrode-modifying material for
applications in sensors,”> > supercapacitors,” " and fuel
cells.*"*?

In the present work, an efficient and reliable electrochemical
sensor for the selective and sensitive detection of FURO by
modified GCE with PEDOT:PSS polymer was developed.
PEDOT:PSS was drop-cast on a GC working electrode to
efficiently improve the electrochemical activity of the working
electrode. Furthermore, the modified electrode was used to
analyze FURO in urine and pharmaceutical samples. The
developed biosensor exhibits excellent reproducibility, fast

response, high sensitivity, and the capability of detecting other
potentially interfering species.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. Furosemide, PEDOT:PSS
solution (1.3 wt % dispersed in water), was purchased from
Sigma-Aldrich, China. Ultrapure water (<18.2 U resistivity)
was used during the course of the experimental work. 1 mM
phosphate-buffered saline (PBS, pH level of 4.0) electrolyte
was utilized for all electrochemical measurements. 5 mM
Fe(CN)¢>™/% as a redox probe solution was prepared in 0.1 M
KCI for electrode test.

2.2, Fabrication of GCE/PEDOT:PSS. The bare GC
working electrode was first mirror-polished with 1, 0.3, and
0.05 um of alumina slurry on a polishing pad. Next, the cleaned
GC working electrode was sonicated in ethanol and deionized
water for 5 min each. Then, the surface of the GC working
electrode was pretreated with 1 M of sulfuric acid (H,SO,) by
cyclic voltammetry (CV) using a voltage range of 1.0 to —1.0 V
for 23 cycles with an optimum scan rate of 0.1 V s™". Then, the
GCE electrode was washed with ultrapure water and dried
under ambient nitrogen. Next, 4 mL of the prepared
PEDOT:PSS solution was applied on the precleaned GCE
and left to dry in a desiccator at room temperature overnight.
The PEDOT:PSS-modified GCE was stored at 4 °C for further
use (Scheme 1).

2.3. Apparatus and Instruments. Electrochemical-based
experiments were conducted on a CS300 electrochemical
workstation (CORRTEST, CS300; Wuhan, China), perform-
ing a three-electrode system for voltammetric measurements.
The used three-electrode system contained a working
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Figure 1. SEM images of (A) bare GCE/PEDOT:PSS; (B) EDX spectra of the PEDOT:PSS modified surfaces, showing the distribution of C, O,
and S elements on the PEDOT:PSS-coated surface; and (C) ATR—FTIR spectrum of PEDOT:PSS, FURO, and PEDOT:PSS + FURO.

550
450 |(A)
350 1st Cycle
ié_zso ]
T 150 1 29&3¢cycle
50 1
50— , . ,
0.3 0.6 0.9 12 15
E/V vs Ag/AgCI

1.8

10

(B) :

Figure 2. CV experimental results of (A) electropolymerization process in 0.01 M of PBS (at a pH level of 4.0) solution containing 100 yM
furosemide and (B) effect of pH level of PBS on the electrochemical signal of the GCE/PEDOT:PSS sensor to detect a 0.1 X 10™* M furosemide.

electrode that is made of coated GCE, reference electrode that
is made of silver/silver chloride (Ag/AgCl), and a counter
electrode that is made of a platinum wire. The surface
morphology of the PEDOT:PSS surface coat was characterized
by scanning electron microscopy (SEM) using a ZEISS Gemini
SEM 500 model, and transmission electron microscopy was
performed with the JEOL 2100 model.

3. RESULTS AND DISCUSSION

3.1. Surface Morphology and Functional Group
Study of PEDOT:PSS. The field emission scanning electron
microscope was used to characterize the morphology of the
prepared electrode surface, and the results are shown in Figure
1. Figure 1A clearly shows the magnified view of the electrode
surface composition of PEDOT:PSS. From Figure 2A, it is
confirmed that the covalent bond was formed between
PEDOT and PSS after electropolymerization. The energy-

16853

dispersive X-ray (EDX) surface distributions confirmed the
presence of 59.81% C, 33.87% O, and 6.32% S, indicating the
surface modification with PEDOT:PSS as shown in Figure 1B.

The attenuated total reflectance—Fourier transform infrared
(ATR-FTIR) spectroscopy spectra for PEDOT:PSS, FURO,
and a nanocomposite mixture of PEDOT:PSS and FURO are
represented in Figure 1C. For the PEDOT:PSS spectrum, the
peak was observed at a range of 408.49—1643.35 cm™". The IR
bands in the range of 632.89—1643.35 cm™" are mainly due to
C=C, C-C, C-0-C, and C-S stretching of the quinoid
structure of the thiophene rings and the sulfonic acid group of
PSS. In the composite mixture (PEDOT:PSS + FURO), the
peaks representing C=0 and —OH (in FURO spectrum) at
wavelengths 1673.78 and 1565.01 cm™}, respectively, were
diminished by a broad alkaline peak at 1636.90 cm™ of
PEDOT:PSS spectrum.” Additionally, the remaining wide
range of FURO spectra shifted to the vibration modes of

https://doi.org/10.1021/acsomega.3c00463
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Figure 3. Cyclic voltammograms (A) of the bare GCE (i) and modified GCE/PEDOT:PSS electrodes (ii) measured in 1.0 X 10™* M of KCI
including 5.0 X 107 M of Fe(CN),>~/* solution and (B) behavior of the same modified electrode at different scan rates of 10, 20, 30, 40, 50, 60,

70, 80, 90, 100, 120, and 150 mV s~! in the same electrolyte.

Scheme 2. Schematic Procedure of Electrochemical Detection Mechanism of FURO*®
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PEDOT:PSS. These bands indicate the pure (without any
contamination) nature of PEDOT:PSS even after deposition.
FTIR was performed on FURO to detect any sign of
interaction, which would be reflected by a change in the
position or disappearance of any characteristic stretching
vibration of furosemide. The characteristic peaks of furosemide
showed N—H stretching at 3400 cm™!, N-H stretching in
sulfonamide at 3350 and 3283 cm™!, the C=0 stretching and
vibration at 1673.78 cm™, and S=0 stretching and vibration
at 1142.69 and 1323.70 cm™), and the most important
stretching vibration was OH stretching at 3122 cm™’
NH bending at 1565—1592 cm™.**

GCE/PEDOT:PSS was dipped into 0.01 mol/L PBS (at a
pH level of 4.0) solution containing 100 yuM FURO, and
electropolymerization was performed by CV with a potential
range of —0.2 to 0.8 V for three cycles with a scan rate of 100
mV s~! as shown in Figure 2A. Here, the thiophene groups of
PEDOT are electropolymerized with sulfonic acid groups of
PSS.>>™*” We found that the polymerization process took few

and

cycles to reach the oxidation less state.
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The effect of pH level of 0.01 M PBS on the electrochemical
signal of the GCE/PEDOT:PSS sensor to detect a 0.1 X 107*
M FURO was investigated at a pH level range of 2.0—7.4 as
can be seen in Figure 2B. It was found that the peak current of
the FURO increased with the increase of the pH levels from
2.0 to 4.0, and it decreased for pH levels from 4.2 to 7.4. This
indicates that the acidic electrolyte solution is more suitable for
FURO oxidation than the alkaline electrolyte solution. It is
worth mentioning that the maximum current signal of FURO
was achieved at an optimal pH level of 4.0.

3.2. Electrochemical Behavior of GCE/PEDOT:PSS.
Figure 3A shows the electrochemical characterization of the
bare GCE and the PEDOT:PSS-modified GCE by CV in 0.1
M KCI including 0.005 M Fe(CN),~/4~. From Figure 34, it
can be noted that the lowest peak current with a pair of well-
defined redox peaks was obtained for bare GCE with a peak-to-
peak separation (AE,) value of 123 mV. Similarly, AE, had a
value of 98 mV for GCE/PEDOT:PSS, increasing the diffusion
redox rate of Fe(CN),>~/4~. The electroactive area of GCE/
PEDOT:PSS and bare GCE was calculated through using the
Randles—Sevcik equation as reported previously.”*” The

https://doi.org/10.1021/acsomega.3c00463
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Figure 4. (A) DPV analysis obtained for the determination of FURO using GCE/PEDOT:PSS in a phosphate buffer at a pH level of 4.0 and a scan
rate of 100 mV s~ with a wide range of concentrations from 6.0 X 107° to 1.0 X 10™* M. (B) Corresponding calibration curves for different
concentrations. (C) DPV curves of the (i) bare GCE in PBS; (ii) bare GCE, and (iii)) GCE/PEDOT:PSS in 0.01 M of PBS (at pH level of 4.0)

containing 0.1 mM of FURO at a scan rate of 100 mV sl

Table 1. Comparison Chart for the Detection of FURO Using an Electrochemical Sensor

detection limit

electrode materials linear range (uM) (uM) methods supporting electrolyte references

poly(vinyl chloride) membrane 1.59 X 107*t0 1.0 X 107> M 1.19 X 107" M potentiometry  borate buffer (pH 9.6) 41
electrode
Au 60x10°t0 80X 107*M  412x10°M  DPV Brinton—Robinson buffer solution ~ $
MWCNT-paste electrode 8.0 X 10 t0 2.0 X 10™* M 29 X 1077 M Ccv Brinton—Robinson buffer solution 40
carbon paste electrode 50X 10710100 X 100° M 447 x 107° M DPV BR buffer (pH 4.8) 14
MIP electrode 10X 107 to 7.0 X 107° M 7.0 X 1078 M DPV acetate buffer solution 42
carboxyl-MWCNT sensor 0.03 to 140.0 ug mL™" 0.007 pg mL™" DPV Britton—Robinson buffer 43
(pH 5.7)

g-MnO,/chitosan—PGE 0.05 to 420 X 107 M 3.88 X 107° M SwWv acetate buffer solution 44
graphite—polyurethane 0.15-21 uM 0.15 uM CV, DPV acetate buffer solution (pH 3.3) EN
PEDOT:PSS/GCE 60x10°t0 10X 10*M 20X 107°M DPV PBS (pH 4.0) this work

electroactive area of GCE and GCE/PEDOT:PSS was found
to be 0.106 and 0.257 cm?, respectively.

Additionally, CV curves from —0.2 to 0.6 V with decreasing
scan rate from outer to inner are represented in Figure 3B. It is
observed that the peak current gradually decreases with
minimizing the scan rate, proving the presence of an ion-
transfer phenomenon that was controlled by diffusion. It can
be clearly observed that the anodic and cathodic peak currents
increased linearly with the scan rate, suggesting that a
diffusion-controlled mass-transfer phenomenon at the solution
electrode interface took place.

3.3. Electrochemical Detection of Furosemide. The
electrochemical oxidation of FURO on the GCE/PE-
DOT:PSS-modified surface in 0.01 M PBS at pH 4.0 is
shown in Scheme 2. In fact, the FURO oxidation consists of
two steps, one is nitrogen free radical formation and another is
for 7—n* bond formations in C=N."**"

Figure 4A shows that the differential pulse voltammetry
(DPV) analysis of 1.0 X 107* M of FURO was performed in
0.01 M PBS (at pH level of 4.0) for bare GCE and GCE/
PEDOT:PSS, which gradually increased the successive peak
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amplitude. In addition, a successful response was searched in
the case of different analytic concentration ranges. In the
observation of an anodic peak, it is noted that the oxidation
current decreases proportionally by decreasing the concen-
tration of FURO at the range of 6 X 107 to 1.0 X 107* M.
Excellent correlations were maintained among FURO concen-
trations and the oxidation current. The linear concentration
verses followed the regression equation of y = 0.0236x +
0.2001 (R* = 0.9981) with a detection limit of 2.0 X 107¢ M.
This lower concentration indicates that the developed GCE/
PEDOT:PSS electrochemical sensor denoted linearity and
comparatively the lowest reported detection limit.

To analyze the prefeasibility of electrode modification, DPV
of 1.0 X 10~® M FURO was investigated through bare GCE
and GCE/PEDOT:PSS. The result of the DPV analysis
showed that GCE/PEDOT:PSS provided better electro-
chemical response than bare GCE as can be seen in Figure 4C.

The outcome of the current work was compared to the other
reported modified electrodes for further investigation. Table 1
shows the properties of different modified electrodes and
GCE/PEDOT:PSS. The GCE/PEDOT:PSS sensor showed

https://doi.org/10.1021/acsomega.3c00463
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notable benefits including acceptable linear range, low
detection limit, and high sensitivity.

4. SELECTIVITY, REPRODUCIBILITY, AND STABILITY
STUDY

The most important parameters for evaluating the performance
of the modified electrode are selectivity, reproducibility, and
stability. The selectivity of the proposed sensor was done in a
mixture of Na*, K, Ca*, dopamine, serotonin, oxalic acid, citric
acid, sucrose, glucose, and dextrose. The 100 yuM FURO
detection was performed in 10-fold of this organic—inorganic
mixture, but there is no significant effect (less than 1.45%). To
study the reproducibility of GCE/PEDOT:PSS, a series of
repetitive DPV experiments were performed using the same
electrode. The deviation of the current response for various
concentrations of samples was observed to be less than 1%,
which indicates that GCE/PEDOT:PSS had an excellent
reproducibility. The stability of GCE/PEDOT:PSS was
employed under the optimized conditions of DPV and was
recorded for FURO (100 M) in 0.01 M of PBS (at a pH level
of 4.0) at 100 mV s™'. The DPV peak current of FURO was
examined over 2 weeks and was checked every 7 days while
being stored in a refrigerator at 4 °C. There was no significant
change in the peak response found after 7 days of storage,
indicating a good film stability of the sensor. Furthermore, a
small deviation of the peak current (less than 3%) was found
after 2 weeks of storage, suggesting that the proposed sensor
has an excellent stability and lifetime. Hence, the proposed
modified electrode has potential selectivity, reproducibility,
and stability for FURO detection.

5. DETECTION OF FUROSEMIDE IN REAL SAMPLES

The applicability of the proposed GCE/PEDOT:PSS sensor
for the determination of FURO in real samples such as urine,
blood serum, and pharmaceutical products was examined by
analytical recovery experiments. The results shown in Table 2

Table 2. Comparison of FURO in Three Different Real
Sample Media

added found recovery RSD

samples name (uM) (uM) (%) (%)
urine 100 99.6 99.6 0.11
blood serum 100 99.7 99.7 0.09

pharmaceutical 100 100 100 0.001

products

are typical DPV responses for known FURO concentrations of
urine and pharmaceutical samples. The recovery experiment
was carried out by a standard addition method. The results
show excellent performance in the detection of FURO with a
very good recovery value of 99.6 and 100%, indicating that the
proposed GCE/PEDOT:PSS sensor can be applied for the
detection of different furosemide concentrations in both
pharmaceuticals and urine sample with satisfactory accuracy
and precision.

6. CONCLUSIONS

In this study, we have successfully developed a simple GCE/
PEDOT:PSS electrochemical-based sensor for the sensitive
and selective detection of FURO. The proposed sensor showed
a good electrocatalytic behavior toward electrochemical
oxidation of FURO at a pH level of 4.0. Hence, the fabricated

GCE sensor can measure target analysts at very low FURO
concentrations, showing an excellent detection limit. More-
over, the PEDOT:PSS-modified GCE showed a wide linear
detection range, long-term stability, and reusability, and the
response was reproducible. Finally, the proposed method with
good precision and accuracy was developed for the
determination of furosemide in as a real sample such as
urine and pharmaceutical formulations.
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