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Carbon-based nanomaterials,
particularly multi-walled carbon
nanotubes (MWCNTSs), are widely
used in electrochemical sensors
due to their high conductivity and
large surface area. However, their
poor dispersion often requires
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dispersing agents. In this context,
Graphical abstract created with the assistance of ChatGPT and Gemini; final version by the authors.  bacterial nanocellulose (BNC)

produced from waste offers a
green alternative with potential to stabilize and disperse MWCNTs in aqueous media. Herein, a surfactant-
free nanocomposite based on BNC produced from beer waste and MWCNTs modified with silver nanoparticles
(AgNPs) was engineered to modify electrochemical sensors for pharmaceutical detection of furosemide.
The morphology, composition, and electrochemical properties of the nanocomposite were characterized
by scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS), cyclic voltammetry
(CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry (DPV). Furosemide
oxidation was evaluated in aqueous medium and synthetic urine using a glassy carbon electrode modified
with the MWCNTs/BNC-AgNPs film, and voltammetric parameters were optimized to enhance the analytical
response. The sensor presented a linear range from 5.0 to 65.0 ymol L™, with limits of detection and
quantification of 0.19 and 0.64 umol L™, respectively. These findings demonstrate the high sensitivity and
practical applicability of the MWCNTs/BNC-AgNPs-modified electrode for reliable furosemide determination
in urine samples.
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INTRODUCTION

Carbon nanomaterials (CNMs) are widely used in electrochemical sensors due to their excellent electrical
conductivity, large surface area and chemical stability, desirable characteristics to a high sensitivity and
selective sensor, such as carbon nanotubes (CNTs)." Over the past decade, considerable efforts have
focused on embedding CNTs within polymer matrices to generate innovative CNMs that combine high
conductivity with multifunctional properties. However, CNTs tend to form agglomerates, leading to their
poor dispersion into the polymer matrix, reducing mechanical and electrical properties of the composite.??

Various chemical and physical approaches have been employed to facilitate CNTs dispersion and enhance
their solubility in both aqueous and non-aqueous media.*® Covalent functionalization with strong acids can
promote CNTs dispersion by introducing defects on their sidewalls, but this damage can compromise their
mechanical, electrical, and thermal properties. Surfactants such as sodium dodecyl sulfate (SDS) have
also been applied to disperse CNTs,'* but they often require additional purification steps because residual
molecules can remain adsorbed, thereby altering CNTs properties.® As an alternative, nanocellulose has
been investigated, as it can improve ionic conductivity in sensing applications % and provide greater stability.*

Nanocellulose (NC) is a biodegradable and natural biopolymer that has shown great potential as an
environmentally friendly dispersing agent for CNTs.”8 Current strategies for preparing CNTs/NC composites
often involve polluting chemicals or multi-step synthesis routes, which limit their scalability and environmental
viability.® Moreover, the interaction between NC and CNTs strongly depends on the nanocellulose type, directly
influencing the electrochemical performance of composites.® Improving the effective interaction between NC
and CNTs, while simplifying synthesis and minimizing harmful residues, remains an essential challenge for
obtaining composites with optimized architecture, mechanical strength, conductivity, and stability.°

Bacterial nanocellulose (BNC) can be produced using agricultural waste as a substrate for bacterial
fermentation, which reduces production costs and contributes to more sustainable processes." BNC
presents a highly porous nanofibrillar network with a large surface area, providing numerous anchoring sites
for conductive materials and nanoparticles.'? Due to these characteristics, BNC-based nanocomposites
exhibit favorable properties such as biocompatibility, structural stability, and improved interaction with
electroactive materials.''* These conductive nanocomposites have been widely explored in the development
of electrochemical sensors and electrodes, including the modification of glassy carbon (GC) electrodes to
enhance electrochemical performance for the detection of analytes such as pharmaceutical compounds.®

Furosemide (FUR) is a diuretic commonly prescribed for the treatment of renal and cardiovascular
disorders.'® Monitoring its dosage during therapy is essential since it is a potent drug that has also been
misused by athletes to mask the intake of illicit substances.'” Conventional methods such as electrophoresis,
spectrometry, and chromatography are widely employed for FUR quantification, but they present limitations
due to their high cost, long analysis time, and need for complex sample pretreatment.'”-'° Electrochemical
sensors, on the other hand, provide rapid response, high sensitivity, and simple operation.'®

Therefore, the aim of this work is to engineer a nanocomposite based on carbon nanotubes, bacterial
nanocellulose produced from beer waste, and silver nanoparticles, synthesized in water through a simple
and surfactant-free process, modifying a glassy carbon electrode for electrochemical detection of furosemide.

MATERIALS AND METHODS
Instrumentation

Electrochemical analyses were conducted through NOVA 2.1 software, using a conventional three-
electrode setup connected to PGSTAT128N potentiostat (Autolab Electrochemical System, Utrecht, The
Netherlands). An Ag/AgCl (3.0 mol L™" KCI) electrode performed as the reference, a platinum plate served
as the counter electrode, and a glassy carbon electrode (GC) was employed as the working electrode. Three
configurations for GC were evaluated, including unmodified, modified with multi-walled carbon nanotubes
and silver nanoparticles (GC/MWCNTs-AgNPs) and modified with multi-walled carbon nanotubes, bacterial
nanocellulose and silver nanoparticles (GC/MWCNTs/BNC-AgNPs).
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The composites were characterized at the Advanced Microscopy Laboratory of the Institute of Chemistry,
Sao Paulo State University (LMA-IQ-Unesp) in Araraquara, SP, Brazil, using a high-resolution scanning electron
microscope (FEG-SEM, JEOL JSM-IT500HR), equipped with secondary electron (SE) and backscattered
electron (BSE) detectors, as well as an X-ray energy dispersive spectroscopy (XEDS) system. ImageJ
software was used to measure the nanoparticle size.

Chemicals and solutions

To prepare all solutions, ultrapure water (resistivity = 18 MQ cm) obtained from a PURELAB Q, ELGA-
VEOLIA was utilized. The reagents used in this study were: multi-walled carbon nanotubes (MWCNTSs)
(O.D. xL=6-9 nm x 5 um) (298%), silver nitrate (AgNQOs) (299%), ethanol, sodium borohydride (NaBHa.),
potassium phosphate monobasic (KH2PO.), sodium phosphate dibasic (NazHPOa), calcium chloride dihydrate
(CaClz) (299.0%), sodium chloride (NaCl) (=299.0%), sodium sulfate (Na2=S0O4) (299.0%), potassium chloride
(KCI) (299.0%) ammonium chloride (NH4Cl) (299.99%), urea (299.0%), alumina (0.3 pm), furosemide and
estriol standard for AAS, nitric acid (HNOs) (290%), sulfuric acid (H=SOa4) (295%), copper standard solution
(1000 mg L in HNO:3), all reagents from Sigma-Aldrich (Sao Paulo, Brazil).

Bacterial nanocellulose was produced at Residuall — Laboratory of Solid Waste and Composites (Unesp,
Botucatu, SP, Brazil), with citric acid CsHsO- from Exodo Cientifica (Brazil), dipotassium phosphate (K=HPO4),
ammonium sulfate ((NH4)2SO4) and magnesium sulfate (MgSOa4) from Synth (Brazil). A 4% NaOH solution
was prepared with NaOH and distilled water. The sucrose (C12H22011) required for the culture medium was
replaced by market crystal sugar.

A 3:1 mixture of H2SO4/HNOs (500 mL) was used to functionalize 1.0 g of MWCNTs for 14 h under
constant stirring. The suspension was then filtered through a 0.45 ym GVS nylon membrane. The material
retained on the membrane was thoroughly washed with ultrapure water until neutral pH was achieved and
subsequently dried in an oven at 60 °C.

Bacterial nanocellulose from waste synthesis

The culture medium composition was adopted as reported by Borro et al.,?° containing 100 g L™ sucrose,
6 g L™ citric acid, 5 g L™ yeast waste from brewing, 5 g L™ of phosphate potassium, 0.6 g L™ ammonium
sulfate, and 0.2 g L™ magnesium sulfate. The medium pH was adjusted to 4.8 using 4% NaOH. The culture
medium was autoclaved at 121 °C and 110 kPa for 15 min and then allowed to cool to room temperature.
The strain Gluconacetobacter xylinus was inoculated, and incubations were performed at 28 °C under
static conditions for 7 days. After incubation, the BNC was rinsed with distilled water to remove residual
medium and then treated with 4% NaOH at 70 °C for 30 min to inactivate the bacterial cells. The BNC was
subsequently washed with distilled water at room temperature until completely purified and colorless. The
BNC was subsequently lyophilized, milled, and sieved to produce a fine powder for subsequent use in the
synthesis of the nanocomposite, as shown in Figure 1 (section 1).
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Figure 1. Overview of the workflow used to obtain the MWCNTs/BNC-AgNPs sensor.
Step 1: Gluconacetobacter xylinus grows on a yeast-waste medium to form BNC, which is purified,
lyophilized, and milled. Step 2: The milled BNC is dispersed with MWCNTs, reduced with NaBH,/
AgNO; to form BNC-AgNPs, and the resulting nanocomposite is drop-cast onto a GC electrode for
electrochemical detection of furosemide. [This figure was created with the assistance of ChatGPT
and Gemini. The final design and content were developed and approved by the authors.]

Nanocomposite synthesis

The composite was synthesized in a beaker containing 2.0 mg of BNC in 20 mL of ultrapure water and
sonicated using a QSonica sonicator for 20 min at 75% amplitude. Subsequently, 20 mg of functionalized
MWCNTs were added, and the mixture was sonicated again for 10 min.

For the incorporation of silver nanoparticles, 13 mg of sodium borohydride (NaBH,) was first added
to the solution as a reducing agent for the silver nitrate to be added subsequently, and the mixture was
processed in an ultrasonic bath (power = 210 W and frequency = 40 kHz) for 30 min. Then, 8 mg of silver
nitrate (AgNO3) was dissolved in 2 mL of ethanol and added dropwise to the MWCNTs/BNC mixture at a
rate of one drop per second under constant stirring to incorporate the nanoparticles into the nanocomposite.
After this step, the solution was sonicated in an ultrasonic bath for 1 h, and the resulting material was dried
in an oven at 60 °C for 4 h. Once dried, a suspension of MWCNTs/BNC-AgNPs was prepared in ultrapure
water at a concentration of 1.0 mg mL™".

To synthesize the composite without BNC, 20 mg of functionalized MWCNTs were dispersed in 20 mL of
ethanol containing sodium dodecyl sulfate (SDS) at a 10:4 (m/m) MWCNTs:SDS ratio and sonicated in an
ultrasonic bath for 30 min. Nanoparticle formation was then carried out using the same conditions described
above. Afterward, the mixture was centrifuged for 15 min at 5000 rpm to separate the solid and liquid
phases, washed with ethanol, and dried. The resulting MWCNTs-AgNPs material was finally resuspended
in ethanol at the same concentration.

Modification of the GC electrode with MWCNTs/BNC-AgNPs

A carbide sandpaper followed by an aqueous alumina suspension (0.3 ym) was used to polish the
surface of the GC electrodes. After polishing, the electrodes underwent a cleaning procedure via cyclic
voltammetry in 0.2 mol L™" PBS (pH 7.0), consisting of a potential hold at +1.55 V for 45 s, then -1.55 V
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for 45 s, followed by 10 cyclic voltammetry scans from -1.55V to +0.5 V at a scan rate of 100 mV s™. The
electrodes were then dried, and 10 uL of the synthesized nanocomposite suspension (1.0 mg mL™") was
drop-cast onto each electrode surface. To ensure composite homogeneity, the suspension was sonicated
for 5 min prior to application. The modified electrodes were dried at 50 °C and subsequently used in the
electrochemical experiments.

Electrochemical characterization

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were used to characterize
the electrodes in 5.0 mmol L™ [Fe(CN)g]*7/*~ containing 0.1 mol L™ KCI. CV scans were recorded from -0.5
to +1.2 V at 100 mV s™. EIS was performed at under open-circuit potential, with a frequency range from
107 to 1072 Hz and 10 mV amplitude.

Furosemide analysis was carried out in 0.2 mol L™" PBS (pH 3.0) using CV (-0.5to +1.5V, 50 mV s™)
and differential pulse voltammetry (DPV) under optimized conditions: amplitude 100 mV, modulation time
50 ms, step potential 10 mV. The standard addition method was applied for FUR quantification.

Preparation and analysis of FUR in synthetic urine

Furosemide was diluted in ethanol in a concentration of 1 mmol L in a dark glass and kept away from
the light during the analysis. Synthetic urine was prepared following the procedure described by Barreto et
al. (2024),2' by dissolving 25.00 g of urea, 1.10 g of CaCl,-2H,0, 2.92 g of NaCl, 2.25 g of Na,S0O,, 1.40 g
of KH,PO,, 1.60 g of KCI, and 1.00 g of NH,Cl in one liter of ultrapure water. The resulting solution had a pH
of 7.0. For the analysis of FUR, the electrochemical cell was filled with 1.0 mL of synthetic urine diluted in
19.0 mLof 0.2 mol L™* PBS at pH 3.0. ADPV scan was first performed under optimized conditions to ensure
the absence of interfering oxidation peaks in the untreated sample. Subsequently, 1.0 and 2.0 ymol L™ of
FUR were added to the cell, followed by three successive additions of known concentrations to perform
the standard addition method.

RESULTS AND DISCUSSION
Morphological and electrochemical characterization of nanocomposites

The morphological and elemental characterization of the synthesized composites was carried out using
field-emission scanning electron microscopy (FEG-SEM) coupled with energy-dispersive X-ray spectroscopy
(EDS). In addition, nanoparticle size distribution and elemental mapping analyses were performed. The
results are presented in Figure 2 (A—K). Images 2A, 2B, and 2C correspond to the MWCNTs-AgNPs material
at increasing magnifications (scale bars: 5 um, 1 um, and 500 nm, respectively). The images reveal a
dense and entangled network of multi-walled carbon nanotubes, with spherical bright structures distributed
along the nanotube matrix, which is an indicator of the successful incorporation of silver nanoparticles. The
presence of SDS during synthesis likely contributed to the dispersion and stabilization of AQNPs across the
MWCNTs framework, as similarly reported in the literature.??

Figures 2D and 2E display the MWCNTs/BNC-AgNPs composite, where a more interconnected and
uniform nanotube network is observed, in contrast to Figure 2C, in which MWCNTs agglomerates are
clearly visible against the dark background, even in the presence of metallic nanoparticles. Although the
BNC fibrils are not clearly distinguishable, the morphology suggests effective integration of both BNC and
AgNPs within the MWCNTs structure.®
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Figure 2. FEG-SEM images of (A—C) MWCNTs-AgNPs and (D-E) MWCNTs/BNC-AgNPs
nanocomposites. (F) EDS spectrum showing the elemental composmon of the MWCNT/
BNC-AgNPs composite. (G) Size distribution histogram of AQNPs (18-100 nm). Elemental
mapping of (H) Ag, (I) C, (J) Na, and (K) O in the MWCNTs/BNC-AgNPs nanocomposite.

In addition, elemental and size characterization of the silver nanoparticles was performed using energy
dispersive X-ray spectroscopy (EDS) and particle size analysis from SEM images. The EDS spectrum
(Figure 2F) confirms the presence of carbon (C), oxygen (O), and silver (Ag), indicating successful incorporation
of AgNPs into the MWCNTs/BNC composite. The histogram of nanoparticle diameters (Figure 2G) reveals
that the AgNPs exhibit size distribution predominantly in the range of 28 to 100 nm, with the most frequent
size observed near 55 nm.

Following the morphological and elemental analyses, Figure 2H-K presents the elemental mapping of the
MWCNTs/BNC-AgNPs composite. This technique provides a spatial distribution of the main elements on
the material’s surface. The maps confirm the homogeneous dispersion of carbon (C), oxygen (O), and silver
(Ag) throughout the sample. Interestingly, sodium (Na) was also detected. This is likely due to the absence
of a washing step in the synthesis protocol, as the use of ultrapure water and lack of visible precipitate after
centrifugation led to the assumption that removal was unnecessary. The presence of residual Na highlights
the importance of thorough post-synthesis purification steps when high elemental purity is required.

To confirm the effective incorporation of AGNPs on the nanocomposite surface, a comparison was made
between an unmodified GC electrode and one modified with MWCNTs/BNC-AgNPs, as shown in Figure S1
in the Supplementary Material. Cyclic voltammetry was performed in the potential range from-0.5V to +1.5
V at a scan rate of 50 mV-s™ to evaluate the redox behavior of silver. A well-defined oxidation peak was
observed at +513 mV vs. Ag/AgCl, corresponding to the Ag® — Ag* process. A reversible reduction peak
appeared at +85 mV, attributed to the Ag* — Ag° reaction. These electrochemical features are consistent
with previously reported values in literature, confirming the successful deposition and electroactivity of silver
nanoparticles on the electrode surface®?* and MEV images.?

Cyclic voltammetry was employed to evaluate the electrochemical behavior of the electrodes in a redox
probe solution consisting of 5.0 mmol L™ [Fe(CN)¢]*/4~ and 0.1 mol L™" KClI prepared in 0.1 mol L™ PBS (pH
7.0) (Figures S2A and S2B). As summarized in Table |, the GC/MWCNTs/BNC-AgNPs electrode exhibited
the most favorable redox response among the evaluated materials. Its anodic peak potential (Epa = 254.06
mV) shifted to less positive values, indicating enhanced electrocatalytic activity after modification with the
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MWCNTs/BNC-AgNPs nanocomposite. Additionally, this electrode displayed the highest peak currents
(lba = 97.29 pA and Ipc = -103.27 pA), revealing increased sensitivity and more efficient electron-transfer
processes. The peak-to-peak separation (AEp) decreased from 319.82 mV for bare GC to 109.86 mV
for GC/MWCNT-AgNPs and further to 95.22 mV for GC/MWCNTs/BNC-AgNPs, confirming the improved
charge-transfer kinetics afforded by the nanocomposite.?®

The enhanced electrochemical response observed for furosemide at the GC/MWCNTs/BNC-AgNPs
electrode can be attributed to the synergistic effect of the composite components. MWCNTs provide a
conductive network that facilitates electron transfer, while AGNPs act as electrocatalytic sites that promote the
oxidation of the analyte. In addition, BNC serves as a porous structural matrix that improves the dispersion
of the nanomaterials and increases the accessibility of furosemide to the electroactive surface.

Table I. Results obtained from CV experiments of GC, GC/MWCNTs-AgNPs, and GC/MWCNTs/BNC-
AgNPs electrodes were recorded in 5.0 mmol L™ [Fe(CN)¢]*"/4~ containing 0.1 mol L™" KCI at a scan rate
of 50 mV s to determine the electrochemical parameters. The analysis considered the anodic (Epa) and
cathodic (Epc) peak potentials, peak-to-peak separation (AEp), anodic (/pa) and cathodic (/pc) currents,
and the /lpa/lyc current ratio.

Electrodes Epa (mV) Epc (mV) AEpc (mV) Ipa (MA) Ipc (A Ipallpc
GC 376.43 56.61 319.82 78.95 -81.26 0.93
GC/MWCNT-AgNPs 268.71 161.29 109.86 93.38 -95.37 0.98
GC/MWCNT/BNC-AgNPs 254.06 158.84 95.22 97.29 -103.27 0.94

Electrochemical behavior of FUR

The electrocatalytic activity of the MWCNTs/BNC-AgNPs nanocomposite toward furosemide oxidation
was first investigated by cyclic voltammetry in 0.2 mol L™ PBS (pH 3.0) within the potential range of -0.5 to
+1.5V vs. Ag/AgCI (Figure 3). The voltammogram showed two irreversible oxidation peaks at approximately
0.98 V (A;) and 1.16 V (A,) vs. Ag/AgCI. These oxidation processes are attributed to the cleavage of N-R
bonds in furosemide, favored by intramolecular hydrogen bonding involving the amine group, which lowers
the corresponding bond dissociation energies and facilitates electron transfer.?” Based on these results,
differential pulse voltammetry was subsequently employed to selectively monitor the analyte’s oxidation.

20

o oo o i, £

-0.4 0.0 ‘ 0.4 I 0.8 I 1.2
E/Vvs. Ag/AgCl

Figure 3. CV recorded in a 0.2 mol L' PBS (pH 3.0), in the potential range of
-0.5 V to +1.5 V in the absence of FUR (dashed line) and in the presence of
FUR 50 pmol L (solid line) (v =50 mV s™).
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The DPV experiments were performed to compare the electrochemical response of the unmodified
GC electrode, the GC/MWCNTs-AgNPs electrode, and the electrode additionally incorporating BNC, GC/
MWCNTs/BNC-AgNPs. All measurements were carried out in 0.2 mol L™ PBS (pH 3.0) using a modulation
amplitude of 0.10 V and a step potential of 0.01 V, with the concentration of furosemide fixed at 50 ymol
L™". The resulting voltammograms (Figure 4) show a clear improvement in the oxidation signal of FUR upon
modification of the electrode surface with conductive and electrocatalytic nanomaterials. The presence of
MWCNTs and AgNPs increases the electroactive surface area under the same applied potential, thereby
enhancing the redox response of the analyte.?? Compared with the unmodified GC electrode, the second
anodic peak current increased by almost sevenfold, demonstrating the strong catalytic enhancement
provided by the nanocomposite.

40

----2)GC
| ——b) GC/MWCNT/AgNPs
¢) GC/MWCNT/AgNPs/BNC

30 F

0.6 0.8 1.0 1.2 1.4

E/Vvs. Ag/AgCl
Figure 4. Differential pulse voltammograms obtained for (a) GC, (b) GC/
MWCNTs-AgNPs, and (c) GC/MWCNTs/BNC-AgNPs in the presence of 50.0
pmol L™ furosemide in 0.2 mol L™ PBS (pH 3.0). Measurements were recorded
in the potential range of 0.6-1.4 V vs. Ag/AgCl. DPV parameters: modulation
amplitude = 0.10 V, step potential = 0.01 V, and scan rate = 20 mV s™".

Functionalized MWCNTs contribute by increasing the density of accessible active sites, while AgQNPs
provide a synergistic effect that accelerates electron-transfer kinetics.?8-3° The incorporation of BNC further
improves the nanocomposite by promoting homogeneous dispersion of MWCNTSs, increasing charge-
transfer efficiency and the number of reactive sites available on the electrode surface.'®3! Additionally,
cellulose can acquire conductive behavior when combined with conductive nanostructures within its matrix. '
Functionalized MWCNTs also strengthen the composite by enhancing interfacial interactions between the
polymeric matrix and the fillers."°

Even in the absence of surfactants, ultrasonic treatment assists the uniform dispersion of MWCNTs and
nanocellulose in aqueous suspensions." Well-organized CNT networks may exhibit electrical conductivity
values up to 50-fold higher than those of entangled structures.? Nanocellulose has also proven to be an
excellent dispersing agent for MWCNTSs,® improving their solubilization in water, ensuring better distribution
within the matrix, and enhancing both conductivity and structural stability.32

The repeatability of the electrochemical response was evaluated by performing 10 consecutive
measurements with the same electrode, resulting in relative standard deviation (RSD) values of 2.61%
+ 0.59, 2.28% £ 0.31, and 3.79% £ 0.67 for GC1, GC2, and GC3, respectively. The reproducibility was
assessed using three independently prepared sensors (n = 12), yielding an RSD of 4.43%. These low RSD
values demonstrate the good precision and fabrication consistency of the developed sensor.
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Influence of nanocomposite components and DPV settings on analytical response

To enhance the electrochemical response toward FUR, the main experimental variables were systematically
optimized. Regarding the nanocomposite composition, different amounts of BNC (2—-6 mg) were evaluated,
and the best analytical signal was obtained with 2 mg of BNC combined with 20 mg of functionalized
MWCNTSs. For the synthesis of silver nanoparticles, the amount of silver nitrate varied from 6 to 8 mg, with
8 mg yielding the highest peak current.

The effect of the supporting electrolyte pH was assessed in 0.2 mol L™" PBS within the range of pH 3.0
to 8.0, and the most favorable electrochemical performance was observed at pH 3.0. Additionally, key DPV
parameters were optimized, with the maximum peak current achieved using a modulation amplitude of 0.10
V and a step potential of 0.01 V. All optimized conditions are summarized in Table II.

Table II. Optimized experimental parameters for FUR detection using the GC/
MWCNTs/BNC-AgNPs electrode. The effects of BNC and silver nitrate content
in the synthesis, PBS (0.2 mol L") pH, and DPV parameters were evaluated.

Parameters Optimization Range Optimized Value
Silver Nitrate in the synthesis (mg) 6-8 8

BNC in the nanocomposite (mg) 2-6 2

pH PBS 3.0-8.0 3.0
Modulation Amplitude 0.01-0.1 0.1

Step 0.001-0.01 0.01

Calibration curve

A calibration curve was constructed for the target analyte through DPV measurements performed using the
optimized experimental conditions. Different concentrations of FUR were analyzed, and the corresponding
anodic peak obtained for the second oxidation peak was plotted for each respective concentration, as
shown in Figure 5.

16

A | 20}B
i 65 pmol L ,
Ipa =029 C +0.64 (R* = 0.9996)

12

I/ pA

0.6 l 0.8 . 1.0 l 12 . 1.4 0 . 10 20 30 40 50 60 . 70
E/Vvs. Ag/AgCl @ / umol L™

FUROSEMIDE

Figure 5. (A) DPV voltammograms of FUR in 0.2 mol L™ PBS (pH 3.0), with concentrations
ranging from 5.0 to 65.0 ymol L™". (B) Calibration curve showing the linear relationship between
the anodic peak current (I,a) and FUR concentration (DPV conditions: modulation amplitude =
0.1, step potential = 0.01 V, scan rate = 20 mV s™).
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The coefficient of determination (R? = 0.99) indicates a strong linear relationship over the range of
5.0-65.0 umol L' for the oxidation peak analyzed, and the equation derived from the curve is presented
in Equation 1.

Iyo(1A) = (0.64 + 0.21) + (0.294 + 0.003) X Cryurosemige(Hmol L) Equation (1)

The limit of detection (LOD) and limit of quantification (LOQ) were calculated based on standard statistical
criteria, using 3a/b and 100/b, respectively, according to the literature.?”*® Considering o as the standard
deviation of multiple blank measurements (n = 10), and b the slope of the calibration curve, the LOD and
LOQ were calculated, and the values obtained were 0.19 uymol L-" and 0.64 pmol L™, respectively.

In comparison to existing literature, as shown in Table lll, the LOD obtained for the proposal sensor
demonstrates competitive analytical performance for furosemide detection. The results highlight the excellent
analytical performance of the MWCNTs/BNC-AgNPs nanocomposite, confirming its high sensitivity and
reliability. The proposed electrochemical sensor demonstrates sensitivity comparable to HPLC and other
conventional sensors, while offering distinct advantages, such as miniaturization, rapid analysis and cost-
effective sensor design due to the use of waste-derived nanomaterials and a simplified synthesis with fewer
reagents, making it suitable for antidoping detection of furosemide.

Beyond its analytical capability, the main distinction of the proposed platform lies in its rational and
sustainable material design. Bacterial nanocellulose derived from beer waste simultaneously acts as a
structural matrix and dispersing agent for carbon nanotubes, eliminating the need for conventional surfactants.
This multifunctional and water-based fabrication strategy simplifies sensor preparation and represents a
more environmentally conscious alternative to previously reported systems.

Table Ill. Comparison of previously reported analytical and electroanalytical methods for FUR determination.

Analytical Method Supporting electrolyte Method LOD (pM) Ref
PVC membrane Borate buffer (pH 9.6) Potentiometric 119 34
GCE/PEDOT:PSS® PBS (pH 4.0) DPV 2.0 16
Fe,0,-GO-SO,H-GC® PBS (pH 6.8) Ccv 1.5 27
Optical sensor based on hybrid NP Aqueous medium FSe 0.55 35
MWCNT-paste electrode BRB¢ (pH 5.0) Ccv 0.29 33
HPLC/PAD CFMEs® PBS (pH 7.0) SWv 0.17 36
GC/carboxyl-MWCNT BRB¢ (pH 5.7) DPV 0.0212 18
GC/MWCNTs/BNC-AgNPs PBS (pH 3.0) DPV 0.19 This work

aPolystyrene Sulfonate-Modified Electrode; PGraphene oxide functionalized by chlorosulfonic acid-modified glassy
carbon electrode; <Britton-Robinson buffer; cMWCNT-paraffin oil paste electrode; dHigh pressure liquid chromatography
pulsed amperometric detection at cylindrical carbon fiber microelectrodes; efluorescence spectroscopy.

The repeatability and reproducibility of the GC/MWCNTs/BNC-AgNPs electrode were evaluated through
continuous DPV measurements at a fixed furosemide concentration of 50.0 ymol L™ in 0.2 mol L™ PBS
(pH 3.0), using the optimized parameters (modulation amplitude = 0.1V, step potential = 0.01 V, scan rate
=20 mV-s™).
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Determination of furosemide in synthetic urine

To evaluate the engineered nanocomposite for furosemide doping detection, the MWCNTs/BNC-AgNPs
modified electrode was applied in a standard addition and recovery experiment performed in synthetic
urine, and FUR was analyzed by DPV at known concentrations. The synthetic urine samples were spiked
with 1.00 and 2.00 pymol L™ of FUR in two different experiments, followed by three successive additions of
1.00 ymol L™ to implement the standard addition methodology. The experiments yielded recovery values
of 108% and 110%, with relative standard deviations within acceptable limits, demonstrating the potential
of this nanocomposite for reliable detection of FUR in real samples.'®

Table IV. Recovery study of FUR in synthetic urine using the proposed electrochemical
sensor. Added concentrations, experimentally found values (mean + standard deviation,
n = 3), and recovery are shown.

FUR added (umol L) FUR found (pmol L) Recovery (%)
1.00 1.08 £ 0.01 108.00
2.00 2.10+0.03 110.00

Influence of interfering agents

The selectivity of the sensor for furosemide detection was evaluated in urine samples, and the influence
of potential organic and inorganic interferents was investigated. Real urine comprises a broad range of
chemical species. Estriol (a steroid hormone) and copper ions (Cu?") were selected as model interferents
due to their biological relevance and potential to affect analytical responses. The analyses were performed in
0.2 mol L™ PBS (pH 3.0) over the potential range of +0.3 to +1.4 V vs. Ag/AgCl, using a fixed concentration
of FUR (5.0 ymol L™).

Each interferent was added individually in increasing concentrations (2.5, 5.0, and 10.0 ymol L™"), and
the recovery values for FUR were calculated. As shown in Figure 6, the presence of estriol and copper did
not significantly affect the electrochemical signal of FUR. These findings confirm the good selectivity of
the proposed sensor, particularly when considering the typically low concentrations of such interferents in
urine samples. No significant interference from the urine matrix and interferents was observed, indicating
good selectivity of the proposed modified electrode for FUR detection.

Effect of Interferents on FUR Recovery
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Figure 6. Recovery of furosemide (5.0 ymol L™) in the presence of estriol
and copper at different concentration levels (2.5, 5.0, and 10.0 ymol L™),
corresponding to molar ratios of 1:2, 1:1, and 2:1 relative to FUR.

11 of 16



Braz. J. Anal. Chem. (Forthcoming).

CONCLUSIONS

A new nanocomposite based on multi-walled carbon nanotubes, bacterial nanocellulose obtained
from industrial waste, and silver nanoparticles synthesized in ultrapure water without surfactants was
successfully developed to modify a glassy carbon electrode for furosemide analysis. Morphological and
electrochemical characterizations confirmed the effective incorporation of AgQNPs into the MWCNTs network,
improving conductivity, catalytic activity, and reducing nanotube agglomeration. After optimization of the
DPV parameters, a linear range from 5 to 65 pmol L™" was established for FUR determination, with detection
and quantification limits of 0.19 yM and 0.64 uM, respectively. Bacterial nanocellulose exhibited excellent
performance as a dispersing and stabilizing agent for MWCNTSs,® promoting aqueous solubilization, improving
matrix homogeneity, and enhancing both conductivity and structural robustness.
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SUPPLEMENTARY MATERIAL

400

300 |

200 |

100 |

Ay
o

-100 |

-200 |

=300 |

_400 'l 'l 'l L
-0.5 0.0 0.5 1.0 1.5

E /V vs. Ag/AgCI

Figure S1. CV of GC (dashed black line), GC/MWCNT/BNC (solid purple
line), and GC/MWCNT/BNC-AgNPs (solid blue line) recorded in a KCI 0,1 mol
L' with v = 50 mV s'and potential range of —0.5 V to +1.2 V.
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Figure S2. Cyclic voltammograms recorded in 5.0 mmol L™ [Fe(CN)g]*/4~ containing
0.1 mol L™ KCl'in 0.1 mol L™" PBS (pH = 7) at a scan rate of 50 mV s™*. (A) Response
of the bare GC electrode. (B) Comparison between GC/MWCNTs and GC/MWCNTs/
BNC-AgNPs, showing enhanced redox currents after nanocomposite modification.
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Figure S3. Differential pulse voltammograms illustrating the optimization of the
experimental parameters listed in Table II: (A) silver nitrate in the synthesis (mg), (B) BNC
in the nanocomposite (mg), (C) modulation amplitude, (D) PBS pH, and (E) step potential.
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