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glassy carbon electrode modified
with saffron conjugated silver nanoparticles for the
sensitive and selective electroanalytical
determination of amoxicillin in urine samples

Christina Sarakatsanou, Sophia Karastogianni* and Stella Girousi *

Determination of antibiotics is crucial in order to assess their potential impacts on human health and the

environment. This study aimed to develop a modified glassy carbon electrode with saffron conjugated

silver nanoparticles for the determination of amoxicillin antibiotic in urine samples. The modified

electrode was prepared by electrodeposition of silver nanoparticles on the electrode surface, followed

by deposition of amoxicillin on the surface. The electrochemical behavior of the modified electrode was

studied by cyclic voltammetry and square wave voltammetry. The results showed that the modified

electrode exhibited enhanced electrocatalytic activity toward the oxidation of amoxicillin. The calibration

curve was linear in the concentration range from 1.273 × 10−4 g L−1 to 2.217 × 10−3 g L−1, with a high

linear correlation coefficient of 0.9998. The detection limit was determined to be 4.199 × 10−5 g L−1.

The precision of the sensor was adequate, with relative standard deviations of 4.3% and 4.0% for AMX

concentrations of 9.199 × 10−5 g L−1 and 1.194 × 10−4 g L−1, respectively. The modified electrode was

then applied to the determination of amoxicillin in urine samples. The method showed linearity over the

amoxicillin concentration range from 0.00 to 2.00 × 10−4 g L−1, with a detection limit of 9.739 × 10−6 g

L−1, indicating the potential of the modified electrode for the determination of amoxicillin in biological

samples. Overall, the modified glassy carbon electrode with silver nanoparticles showed very promising

results for the sensitive and selective determination of amoxicillin in urine samples.
1. Introduction

Medications like antibiotics are necessary to cure many
illnesses brought about by harmful microorganisms. However,
there's worry over bacterial resistance and the environmental
impact caused by these drugs since they're oen used in both
healthcare and food production. They are considered “pseu-
dopersistent” contaminants because they are frequently
entering the ecosystem.1

Antibiotics are a highly successful form of treatment that has
saved countless lives and helped to control many infectious
diseases that once plagued humans for centuries. When anti-
biotics were rst introduced in the 1940s, they were incredibly
effective at eliminating harmful bacteria, leading many to
believe that infectious diseases would eventually be eradicated.
However, the emergence of antibiotic-resistant pathogens,
particularly multi-drug-resistant bacteria, in recent decades has
highlighted our limited understanding of the evolutionary and
ecological processes taking place in microbial ecosystems.
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Microbial populations have a vast range of metabolic diversity,
allowing them to develop protective mechanisms against
selective pressures from their environment, including
antibiotics.2

Moreover, the use of antibiotics in animal agriculture has
been linked to the emergence of antibiotic-resistant strains of
pathogenic bacteria that can affect humans.3 In addition,
bacteria can develop resistance to both veterinary and human
antibiotics that have similar structures. Today we have a better
understanding of antibiotics and antibiotic resistance, and it
has become clear that monitoring the levels of antibiotics is of
great importance. Monitoring the levels of antibiotics in the
environment is crucial to assess their potential impacts on
human health and the environment.2 Therefore, there is a need
for sensitive and selective methods for the determination of
antibiotic residues in various samples. Analyzing antibiotics
can be challenging due to the complexity of the samples being
analyzed and the typically low concentrations at which these
substances are found in these kinds of samples. This requires
the use of highly sensitive analytical methods for monitoring
these compounds at low concentration levels.

Several separation methods have been reported for the
sensitive determination of antibiotics, such as high
This journal is © The Royal Society of Chemistry 2023
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Table 1 Electrode surfaces modified with nanoparticles

Gold nanoparticles 18, 20 and 21
Gold–palladium
nanoparticles

22

Silver nanoparticles 23–25 and 26
Platinum nanoparticles 27
Zinc oxide nanoparticles 16 and 28
Copper oxide nanoparticles 29
Palladium nanoparticles 15
Antimony nanoparticles 13
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performance liquid chromatography (HPLC),4 capillary electro-
phoresis (CE),5 and thin layer chromatography (TLC),6which are
oen used in conjunction with diode array detectors (DAD)7 and
mass spectrometry (MS) detectors8 to accurately determine
antibiotics.

Moreover, the separation methods mentioned above are
usually combined with preconcentration techniques, such as
solid phase extraction,4,8 and liquid–liquid extraction (LLE),9

which are oen used before detection with liquid chromatog-
raphy. However, the direct injection of samples into high-
performance liquid chromatography systems has become
a widely utilized technique.

While chromatography is a valuable tool for identifying
antibiotics, it has its limitations, including the expenses asso-
ciated with equipment and time. Similarly, other highly precise
methods for detecting antibiotics, such as direct assay, uo-
rescence immunoassay, enzyme-linked immunosorbent assay,
and capillary electrophoresis, require sophisticated sample
preparation and skilled professionals, which restricts their
widespread use.10

So, there's an urgent need for more precise, straightfor-
ward, and cost-effective methods to detect antibiotics. Elec-
trochemical sensors have the potential to be used as
a screening tool to quickly estimate antibiotic contamination
in different samples. Electroanalytical chemistry is a reliable
technique that provides high sensitivity and selectivity for
determining antibiotics in complex matrices. To create effec-
tive electrochemical sensors for therapeutic drug monitoring
(TDM) that are also affordable, it's crucial to select appropriate
electrode and coating materials for functionalization
purposes.11

Modied electrodes have demonstrated successful applica-
tion in various elds such as energy production and analytical
chemistry. There are various types of modied electrodes, such
as carbon paste electrodes, chemically modied electrodes,
enzyme modied electrodes, microelectrodes and nanoparticle-
modied electrodes, that have been particularly effective in
detecting low levels of amino acids, peptides, proteins, alcohols,
and sugars in electrochemical experiments, as well as in
studying inorganic ions. However, the long-term stability and
ability to restore activity aer surface contamination can be
limiting factors.12

Over the last few years, modied electrodes have been
shown to be effective in a range of electroanalytical tech-
niques, including amperometry and voltammetry, and can
detect a diverse selection of antibiotics. Nanoparticle-
mediated modication of electrodes has yielded promising
results in the electroanalytical determination of various anti-
biotics, such as penicillins, cephalosporins, tetracyclines, and
quinolones. Recent studies have demonstrated the use of
nanomaterials, including carbon nanotubes13 and graphene
oxide,14 as electrode modiers, which have resulted in
improved electrocatalytic properties, as well as increased
sensitivity and selectivity in electrochemical sensors. For
instance, Feizollahi et al.14 developed a new approach for
detecting sulfamethazine (SMZ) in cow milk, by using a glassy
carbon electrode that was modied with graphene oxide and
This journal is © The Royal Society of Chemistry 2023
decorated with Cu–Ag core–shell nanoparticles. Nanoparticles
can create additional active sites for the adsorption of antibi-
otics, increase the electrochemical surface area, and enhance
electron transfer between the analyte and the electrode,
resulting in superior sensitivity, selectivity, and stability,
compared to unmodied electrodes.

These modied electrodes have been applied successfully
to the determination of a broad range of antibiotics, including
chloramphenicol,15 doxorubicin16 pyrazinamide,17 strepto-
mycin18 and amoxicillin.19 Some examples of electrode
surfaces modied with nanoparticles that have been used in
the electroanalytical determination of antibiotics are shown
on Table 1.

These are just a few examples of nanoparticle-modied
electrode surfaces that have been used for the electroanalyt-
ical determination of antibiotics. There are more examples of
electrode surfaces modied with nanoparticles for the sensitive
and selective electroanalytical determination of antibiotics. For
instance, Shun Liu et al.26 developed a sensor using a nano-
composite of reduced graphene oxide and silver nanoparticles
to detect the antibiotic chloramphenicol. This sensor was
proved to be reproducible, stable, and selective over similar
interfering substances in order to accurately detect chloram-
phenicol in milk samples. Cesarino et al.13 also reported the
preparation of a paraffin composite electrode based on multi-
walled carbon nanotubes (MWCNT) modied with antimony
nanoparticles (SbNPs). The sensor was used to detect two
antibiotics, sulfamethoxazole and trimethoprim, using differ-
ential pulse voltammetry in natural water samples. The sensor's
structure and electrochemical properties were studied using
eld emission gun scanning electron microscopy and cyclic
voltammetry, respectively.

These examples demonstrate the potential of using nano-
particles to modify electrodes surfaces for the sensitive and
selective electroanalytical determination of antibiotics, but
there are many more. In one study, the development of an
electrochemical sensor using platinum nanoparticles on carbon
(PtNPs/C) for the detection of tetracycline, is described. The
sensor was rst synthesized and characterized using X-ray
diffraction and transmission electron microscopy. The
researchers then studied how different experimental condi-
tions, such as the amount of platinum nanoparticles and the pH
of the solution, affected the sensor's behavior. They used cyclic
voltammetry and differential pulse voltammetry to investigate
how tetracycline is electrooxidized on the sensor and
Anal. Methods, 2023, 15, 4572–4581 | 4573
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determined that the sensor was able to accurately detect tetra-
cycline over a wide range of concentrations in urine samples.
This suggests that the sensor may have potential for use in
clinical analysis and quality control.28

In another study, Zhu et al. developed a copper nanoparticle-
based lm incorporating cationic surfactant and graphene to
determine the presence of gatioxacin and peoxacin with
differential pulse stripping voltammetry. The lm surface was
analyzed using SEM and EDS and found to have improved
electrocatalytic properties due to the combination of copper
nanoparticles, graphene and CTAB surfactants. The modied
electrode showed good performance in drug detection, with
linear responses at concentrations between 0.02–40 mM and
0.04–20 mM and detection limits of 0.0021 mM and 0.0025 mM,
respectively. The sensors were also used to detect these drugs in
shrimp and animal serum with successful results.37

Over the past few decades, various studies have reported on
the use of electrochemical methods for accurately measuring
the presence of antibiotics. These methods have proven to be
effective in detecting these substances in a quantitative
manner. Primarily, according to Dai et al.,38 gold nanoparticles
(∼30–60 nm in diameter) were deposited onto the surface of
glassy carbon microspheres. Later, Wang et al.39 reported the
use of a tetracycline sensor, using molecularly imprinted poly-
mer modied carbon nanotube-gold nanoparticles electrode.

In addition to their electrocatalytic properties, these
nanoparticle-modied electrodes have the advantages of low
cost, high sensitivity, and convenient operability, making them
very promising for practical applications in the analysis of
antibiotic residues. Although there are many advantages of
nanoparticle-modied electrodes, there are also some chal-
lenges and limitations to their use.30 For instance, the synthesis
and functionalization of nanoparticles can be difficult and time-
consuming, and the stability of these materials can vary
depending on the conditions of the electroanalytical measure-
ment. Additionally, the electrochemical signal can interference
from other compounds with similar chemical structures and
limit the selectivity of these sensors.31,32 Thus, further research
is needed to overcome potential interferences from analogues
with similar chemical structures and to improve the stability
and selectivity of these sensors.

The purpose of this paper is to present a novel method for
the preparation of a glassy carbon electrode modied with
saffron conjugated silver nanoparticles that can be used for the
sensitive and selective electroanalytical determination of
amoxicillin in urine samples using cyclic voltammetry and
square wave voltammetry. AgNPs@Sa were used as modiers
for the glassy carbon electrode (GCE), creating the AgNPs@Sa-
GCE modied electrode for amoxicillin determination. The
study investigated various parameters, including medium
change, amoxicillin interaction potential, interaction time, and
pH. Overall, this research improved the GCE characteristics and
showcased the effective use of electrochemical techniques for
routine analysis. The study aims to explore the potential of this
electrode in detecting amoxicillin at low concentrations in urine
samples with high precision and accuracy. This research has the
potential to contribute to the development of effective and
4574 | Anal. Methods, 2023, 15, 4572–4581
affordable electroanalytical tools for therapeutic drug moni-
toring, particularly in cases where precise amoxicillin quanti-
cation is required for effective patient care.
2. Materials and methods

For the voltammetric experiments, a Palm Sens Model 1
potentiostat/galvanostat from Echo Chemie in the Netherlands
was used, along with an ultrasonic bath (TRANSONIC 460/H) to
dissolve nanoparticles and buffer solutions. The electro-
chemical cell used in this experiment included a platinum wire
counter electrode (Metrohm, Switzerland), an Ag/AgCl reference
electrode saturated with 3 mol L−1 KCl, and a glassy carbon
working electrode (GCE) with an inner diameter of 3 mm and an
outer diameter of 9 mm. The electrodes were used for the
electropolymerization of silver nanoparticles and the deposi-
tion of amoxicillin. Weighings during the experiment were done
using Sartorius type scales, Kernew 220-30014 and Denver
Instrument XE-310. All procedures were carried out at ambient
temperature, and the pH of all solutions was measured using
a Consort C830 pH meter. Prior to each experiment, ultrapure
nitrogen was used to degas the liquids by removing dissolved
oxygen for 15 min. The electrochemical cells were washed and
rinsed with deionized water and cleaned with dilute nitric acid.

All reagents used in the experiment were of analytical grade
and were used exactly as received. Tris-hydroxymethyl-
aminomethane (Tris 99.8, ACS), ethyl-diamine-tetraacetic acid
(EDTA, ACS reagent, 99.4–100.06), potassium dihydrogen
phosphate and dipotassium hydrogen phosphate (Darmstadt,
Germany) were provided by Merck. Sodium hydroxide, hydro-
chloric acid, and nitric acid were provided by Sigma-Aldrich
(Saint Louis, MO, USA), while saffron was sourced from the
local market. Amoxicillin from the Roth company, with a purity
of >99.5, was used in this experiment. All aqueous solutions
were prepared using bis-deionized water. The experiment
aimed to synthesize silver nanoparticles and utilize them to
polymerize the GCE electrode, enabling accurate determination
of amoxicillin, a penicillin antibiotic used to treat bacterial
infections. The initial amoxicillin solution was prepared by
weighing a certain amount of amoxicillin and diluting it in
deionized water to a concentration of 1 g L−1.
2.1 Synthesis of saffron-conjugated silver nanoparticles

The silver nanoparticles were synthesized using an eco-friendly
approach that involved saffron as a stabilizer and reducing
agent.33,34 In a 25 ml volumetric tube, saffron and silver nitrate
(AgNO3) were mixed in different ratios, from 1 : 1 to 1 : 9 and
from 1 : 1 to 9 : 1 (w/w). A certain volume of caustic sodium
(NaOH) was added to every mixture to adjust the pH to 10,
followed by the addition of deionized water to reach the mark,
and stirring for 5 minutes using a Vortex. The resulting solu-
tions were allowed to settle for approximately 15 minutes,
resulting in a color change from red-orange to brownish-yellow.
The solutions were then ltered and the precipitate was washed
with bis-deionized water and ethanol and le to dry at room
temperature for 24 hours. In order to assess the optimal ratios
This journal is © The Royal Society of Chemistry 2023
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and the presence of silver within the nanoparticles, the AgNPs
were characterized using scanning electron microscopy (SEM)
and energy-dispersive X-ray analysis (EDAX). Then, the saffron-
conjugated silver nanoparticles, each from a different ratio,
were mixed together.

Aer obtaining the saffron-conjugated silver nanoparticles
through the drying process, a specic amount of the solid
nanoparticles was weighed (0.015 g for a concentration of 3 g
L−1), added to a 5 ml volumetric ask with bi-deionized water to
the mark, and subjected to ultrasonic treatment for 15 minutes
to prepare it for use.

2.2 Preparation of working electrodes

In this study, a glassy carbon electrode (GCE) was utilized as the
working electrode, modied with silver nanoparticles conju-
gated with saffron. The GCE did not require pretreatment but
was polished with alumina aer each modication with nano-
particles. All experiments were conducted at room temperature
and prior to the voltammetric measurements, the solutions
within the three-electrode cell were purged with high-purity
nitrogen gas for 15 minutes to remove dissolved oxygen. The
formation of the GCE involved the electropolymerization of
saffron-conjugated silver nanoparticles (Sa@AgNPs) using
cyclic voltammetry, which were then deposited on the surface of
the GCE to create a poly-Sa@AgNPs-GCE. Cyclic voltammetry
was used to polymerize the solution of AgNPs@Sa (0.1 mol L−1

acetate buffer with pH 5.6 containing 12 × 10−4 g L−1

Sa@AgNPs), sweeping the potential from −0.100 to +1.300 V for
one scan cycle, with a potential step equal to 0.009 V and
a potential scan rate equal to 0.035 V s−1 and the resulting poly-
AgNPs@Sa were electrodeposited onto the GCE surface. The
resulting GCE was utilized to detect amoxicillin (AMX) in stan-
dard solutions of known concentrations as well as in a real urine
sample.

2.3 Experimental procedure

The buffers which were used with the voltammetric techniques
were buffers of 0.1 mol L−1 acetate (CH3COOH/CH3COONa),
0.1 mol L−1 phosphate (NaH2PO4/Na2HPO4) and 0.1 mol L−1

Tris–HCl. Determination of amoxicillin (AMX) was done using
standard solutions of known AMX mass concentration, using
the technique of square wave voltammetry. First, the polymeric
lm of silver nanoparticles with saffron (Sa@AgNPs) was
immobilized on the GCE surface in a pH 5.6 acetate buffer
containing 12 × 10−4 g L−1 Sa@AgNPs. The polymer lm was
deposited on the surface of the GCE potentiodynamically using
cyclic voltammetry, scanning the potential of the working
electrode between values of −0.100 and +1.300 V. The potential
was scanned sequentially for one scan cycle and with a scan rate
of 35 mV s−1 and potential step equal to 9 mV. Then, the shaped
GCE with the polymer lm of Sa@AgNPs (poly Sa@AgNPs-CPE)
was rinsed with bis deionized water. The interaction of AMX
with poly Sa@AgNPs-CPE was performed by immersing the
shaped poly Sa@AgNPs-CPE in the AMX solubilization solution
containing different mass concentrations of AMX (0.1 mol
NaH2PO4/Na2HPO4 pH = 7.0) and KBr (0.05 mol L−1).
This journal is © The Royal Society of Chemistry 2023
Immobilization of AMX was done without potential application
by stirring for a time equal to 180 s. Then, the patterned elec-
trode was rinsed with deionized bis water and transferred to
0.1 mol L−1 acetate buffer pH 4.0 with 0.01 mol L−1 NaNO3,
where the signal conversion was performed by square wave
voltammetry (SWV). The potential was swept up between values
of −0.300 and +1.300 V, while the potential step was equal to
8 mV, the pulse potential was equal to 30 mV, and the frequency
was equal to 30 Hz.

For the analysis of the urine sample, a known quantity of
a standard solution was added following a protocol that
involved ltering the urine through a 45 mm Millipore
membrane, diluting it 1 : 100 with bis deionized water, sonica-
tion for 10 min, and reltering through a 45 mm Millipore
membrane. A 1 : 25 dilution was then performed, followed by
a 10 minute sonication. To reduce the background concentra-
tion in the blank matrices, the urine samples were diluted
before adding the standard solutions. A known volume of
amoxicillin standard solution was added to each of the seven
volumetric asks containing the diluted urine samples. The
procedure for determining AMX in standard solutions was then
followed, and a curve was constructed by adding known
amounts of the standard solution, using the oxidation signal at
+0.150 V of the solutions. Square voltammograms obtained
were processed with the Palm Sens soware lter, and baseline
noise was subtracted by the program with an amplitude of 0.03.
The measurements were conducted using the GCE electrode
whose surface was polished before each measurement with
alumina. One of our laboratory team members provided the
urine samples.
3. Results and discussion
3.1 Study of the morphology of saffron-conjugated silver
nanoparticle glassy carbon electrode

The present study employed scanning electron microscopy
(SEM) to investigate the morphological characteristics of the
AgNPs@Sa-GCE (Fig. 1a and b) and energy dispersive X-ray
spectroscopy (EDAX) to demonstrate the presence of silver in
the nanoparticles (Fig. 1c). The SEM images show that
spherical-shaped Ag nanoparticles were synthesized, and Fig. 1
depicts the particles in the form of organized aggregates.
Morphological differences between GCE and poly-AgNPs@Sa-
GCE were observed in Fig. 1a–c, conrming the deposition of
AgNPs@Sa on the surface of GCE. Particle size varied, although
their precise dimensions could not be determined. Furthermore
in Fig. 1c we observe a high intensity silver peak, which proves
the existence of silver in the nanoparticles.
3.2 Polymerization of silver nanoparticles on GCE

Polymeric lm of silver nanoparticles with saffron (Sa@AgNPs)
was immobilized on the GCE surface in a pH 5.6 acetate buffer
containing 12 × 10−4 g L−1 Sa@AgNPs. The polymer lm was
deposited on the surface of the GCE potentiodynamically using
cyclic voltammetry, scanning the potential of the working
electrode between values of −0.100 and +1.300 V vs. Ag/AgCl.
Anal. Methods, 2023, 15, 4572–4581 | 4575
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Fig. 1 SEM images (a) and (b) of AgSa@NPs-GCE at different magni-
fications and EDAX image (c).
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The potential was scanned sequentially for one scan cycle and
with a scan rate of 35 mV s−1 and potential step equal to 9 mV. A
pretreatment step was not used on GCE, which demonstrates
Fig. 2 Electrochemical deposition of AgNPs@Sa in acetate buffer pH
5.6 containing 12 × 10−4 g L−1 Sa@AgNPs: number of scan 1 up to
number of scan 15. Other experimental conditions asmentioned in the
Materials and methods section.

4576 | Anal. Methods, 2023, 15, 4572–4581
a progressive increase in the peak current over the polymeri-
zation process. As can be seen in Fig. 2, the peak current
responses of the one irreversible oxidation peak at about
+0.385 V increase progressively up to the eenth scan cycle.
Furthermore, above the h scan cycle, the current reduction
peak disappears. This oxidation peak could be attributed to the
oxidation of crocin.33–35

It is necessary to study the polymer lm in a solution that
does not contain the monomer, so that any response of current
arises solely due to the connection of Sa@AgNPs to the surface
of GCE. The electrochemical response of the poly-Sa@AgNPs,
formed on the GCE surface was studied in the absence of
monomer in 0.1 mol L−1 acetate buffer pH 4.6 using cyclic
voltammetry. The polymer lm gave one oxidation peak at
about +0.300 V. This peak was similar to those given by the
polymerization solution. The oxidation peak is attributed to the
oxidation of crocin, located in the polymer lm.34,35 Further-
more, when cycling the potential with a scan rate ranging from
15 to 100 mV s−1, the resulting peak current changed linearly
with the square root of the scan rate, consistent with a diffusion-
controlled oxidation process.34

3.3 Effect of pH

A comprehensive pH study was conducted on three distinct
solutions employed in the experimental process. Firstly, the
polymerization solution utilized for depositing silver nano-
particles onto the electrode underwent rigorous investigation.
Subsequent analysis revealed that the most favorable signal,
following cyclic voltammetry, was achieved when employing
a buffer solution of acetic acid with a pH of 5.6. At the second
solution, where the interaction of amoxicillin with the modied
electrode took place, a combination of 0.1 mol L−1 NaH2PO4/
Na2HPO4 with a pH of 7.0, along with 0.05 mol L−1 KBr, was
identied as optimal for the intended reaction. The interaction
time was also scrutinized, with a stirring duration of 180
seconds proving to be the most effective. Lastly, for square wave
voltammetry application, the chosen buffer consisted of
0.1 mol L−1 acetate buffer with a pH of 4.0, supplemented by
0.01 mol L−1 NaNO3. The comprehensive pH study on these
solutions signicantly contributed to rening the experimental
conditions, thereby ensuring enhanced performance and
accuracy in the electrochemical analysis of amoxicillin (Fig. 3).

3.4 Comparison of unmodied GCE with modied GCE

The comparison between the unmodied glassy carbon elec-
trode (GCE) and the modied with AgNPs GCE, along with the
modied GCE electrode aer interaction with AMX reveals
intriguing insights. Initially, the unmodied GCE electrode
exhibits no discernible signal when subjected to cyclic voltam-
metry. However, upon introducing AgNPs as modiers to the
GCE, a distinct signal becomes evident, suggesting the
enhanced electrochemical response facilitated by the presence
of silver nanoparticles. Notably, the modied GCE electrode,
aer undergoing interaction with AMX, demonstrates a further
amplication of the signal, indicating a signicant augmenta-
tion in sensitivity potentially attributable to the specic AMX-
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Comparison of cyclic voltammograms for AgNPs electrodeposition on the GCE at pH 5.6 (left) and pH 6.6 (right).

Fig. 4 Comparison between unmodified GCE, modified with AgNPs
GCE and modified GCE after interaction with AMX (up), and closer
comparison of the modified GCE signal and the modified GCE signal
after AMX interaction (down).

Fig. 5 Anodic square wave voltammograms of 0.6 ng L−1 amoxicillin
on poly-AgNPs@Sa-GCE in acetate buffer pH 4.6. Experimental
conditions as described in the Material and methods section.
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AgNPs interactions. This comparative analysis underscores the
substantial impact of AgNPs modication on the electro-
chemical behavior of the GCE electrode and underscores its
potential applicability for sensitive amoxicillin detection
(Fig. 4).

3.5 Electrochemical behavior of amoxicillin on saffron-
conjugated silver nanoparticle glassy carbon electrode

Square wave voltammetry (SWV) was used to evaluate the elec-
trochemical characteristics of amoxicillin on GCE and poly-
This journal is © The Royal Society of Chemistry 2023
AgNPs@Sa-GCE in pH 4.6 acetate buffer, Fig. 5. Anodic square
wave voltammograms of amoxicillin on poly-AgNPs@Sa-GCE is
given in Fig. 5. Amoxicillin on modied GCE produced an
oxidation peak with a low peak current at about +0.055 V, an
oxidation peak at approximately +0.286 V, and an oxidation
peak at +0.893 V, which can be attributed to AMX and capped
AgNPs, respectively.33,34 These ndings suggest that amoxicillin
interacted with AgNPs@Sa-CPE. To summarize, the presence of
silver nanoparticles improved the sensitivity of the detection of
amoxicillin.

AMX has a lot of active sites such as hydroxyl and amino
groups. Thus, according to the above cyclic and square wave
voltammetric results and ref. 36, the sensing mechanism of
the proposed modied GCE with silver nanoparticles toward
AMX could start with the interaction of AMX molecules
themselves through van der Waals interactions and/or other
week bonds. The remaining active sites of AMX can easily
chelate with capped AgNPs. The resulting nanosilver core and
the surrounding amoxicillin molecules give the oxidation
signal in both CVs and SWVs (Fig. 2 and 3) at about +0.286 V
and +0.893 V. Meanwhile, the electrochemical behavior of
Anal. Methods, 2023, 15, 4572–4581 | 4577
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capped AgNPs with saffron, was attributed to crocin.33,34 Thus,
the oxidation of crocin expresses its capacity to donate elec-
trons accordingly to Armellini et al., 2017. Therefore, the
anodic process of crocin occurs through two one-electron
oxidation and one proton process processes33,34 at +0.286 V
and +0.893 V (Fig. 3).

Furthermore, as can be seen in Fig. 5 the oxidation signal of
the peak at +0.286 V, which was attributed to the oxidation of
capped silver nanoparticles with saffron surrounded with AMX
is enhanced compared to the other two oxidation peaks.
Therefore, we selected to study this oxidation peak in subse-
quent experiments.
3.6 Analytical performance of the proposed sensor

The determination of AMX on AgNPs@Sa-GCE under the
chosen conditions was evaluated. Fig. 6 shows the SWVs ob-
tained aer the interaction of different mass concentrations of
AMX with AgNPs@Sa-GCE. Oxidation peak at +0.150 V was
chosen, which was ascribed to the oxidation of AMX, in subse-
quent experiments. As can be seen from Fig. 6 the oxidation
peak current of AMX was increased with the progressive incre-
ment of the mass concentration of AMX, indicating increased
Fig. 6 Anodic square wave voltammograms of poly-AgNPs@Sa-GCE
using the selected conditions for a mass concentration between
0.013 × 10−6 g L−1 to 2.217 × 10−3 g L−1 mass concentration of AMX.
Inset: Calibration curve. Experimental conditions as described in the
Materials and methods section.

4578 | Anal. Methods, 2023, 15, 4572–4581
sensitivity of the proposed electrochemical sensor. The cali-
bration curve, shown in the inset of Fig. 6, was found to be
linear in the mass concentration range of AMX from 1.273 ×

10−4 g L−1 to 2.217 × 10−3 g L−1, with a linear correlation
coefficient of 0.9998. The linear regression equation was y(Dl/A)
= 6.011 × 10−4 (±6.743 × 10−6)x + 4.827 × 10−8 (±7.649 ×

10−9). The limit of detection was calculated as 3 × sb/a where sb
represents the standard deviation of the ordinate on the axes
origin and a is the slope of the linear portion of the calibration
curve. The detection limit was 4.199 × 10−5 g L−1. The intra-day
precision of the assay was adequate, with relative standard
deviations of AMX at 9.199 10−5 g L−1 and 1.194 10−4 g L−1 of 4.3
and 4.0, respectively.

3.7 Determination of amoxicillin in real urine sample on
saffron-conjugated silver nanoparticles on a glassy carbon
electrode

The suggested approach was implemented to measure the
concentration of amoxicillin in a urine sample, taken from one
of our lab volunteers, using the standard solution addition
method. The corresponding voltammograms and the calibra-
tion curve of the addition of the standard solution to the urine
sample are presented in Fig. 7. The regression equation for the
urine sample (Fig. 7) was obtained to be y(A) = (1934 ± 46.60)x
(g L−1) + (0.549 ± 0.006) with a linear correlation coefficient of
r = 0.9991. The proposed method showed linearity in the
range of amoxicillin mass concentrations from 0.00 to 2.00 ×
Fig. 7 Standard addition method curve of Val in urine samples of AMX
in urine samples. Selected conditions as mentioned in the Material and
methods section. Other experimental conditions as mentioned in the
Material and methods section.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Interference study at a mass concentration ratio of 100 : 1

Interference %R at 50 mg L−1 AMX

Ascorbic acid 99.5%
Valine 100.4%
Methionine 97.9%
Uric acid 103.0%
Phenylalanine 97.4%
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10−4 g L−1. The detection limit was found to be 9.739 × 10−6 g
L−1. The relative standard deviation between urine samples
having the same amoxicillin content showed some variations
in the results, which made it challenging to determine AMX
concentrations precisely. However, this method could be
useful in conrming the presence of AMX at mass concentra-
tions greater than 1.273 × 10−4 g L−1 ng L−1 in aqueous
samples and 2.951 × 10−5 g L−1 in urine samples. Therefore,
this electrochemical sensor has the potential to be a depend-
able and sensitive detection tool for the determination of AMX
in clinical samples.
3.8 Interference study

The ability to determine AMX in the presence of other organic
clinical and/or wastewater compounds, including uric acid,
ascorbic acid, valine, methionine and phenylalanine were inves-
tigated. The SWV experiments were performed in the potential
range of−0.300 to +1.300 V in 0.1mol L−1 phosphate buffer at pH
7.0 containing 1.368 104 mmol L−1 of each interference, and AMX
concentration of 136.8 mmol L−1. In all the SWV experiments, no
overlap was observed between the AMX oxidation peak and the
oxidation peaks of the interfering substances. Furthermore, the
interfering substances did not signicantly shi the AMX oxida-
tion peak, indicating that the analytical signal did not suffer
interference from these organic clinical and/or wastewater
compounds. The results of the interference study at a mass
concentration ratio of 100 : 1, are shown in Table 2.
4. Conclusion and future challenges

Overall, modied electrodes with silver nanoparticles have
demonstrated great potential for the sensitive and selective
determination of antibiotic of amoxicillin antibiotic in urine
sample. We investigated the electrochemical behavior of
a modied glassy carbon electrode using cyclic voltammetry
and differential pulse voltammetry. The sensor, based on
saffron-conjugated silver nanoparticles on a glassy carbon
electrode, showed increased sensitivity as the concentration of
AMX increased. The calibration curve was linear in the
concentration range from 1.273 × 10−4 g L−1 to 2.217 × 10−3 g
L−1, with a high linear correlation coefficient of 0.9998. The
detection limit was determined to be 4.199 × 10−5 g L−1. The
precision of the sensor was adequate, with relative standard
deviations of 4.3% and 4.0% for AMX concentrations of 9.199 ×

10−5 g L−1 and 1.194 × 10−4 g L−1, respectively. The proposed
electrochemical sensor was then applied to determine AMX
This journal is © The Royal Society of Chemistry 2023
concentration in a urine sample. The method showed linearity
over the amoxicillin concentration range from 0.00 to 2.00 ×

10−4 g L−1, with a detection limit of 9.739 × 10−6 g L−1.
Although some variation was observed in the results of urine

samples with the same amoxicillin content, the method proved
useful for conrming the presence of AMX at concentrations
above 1.273 × 10−4 g L−1 in aqueous samples and 2.951 ×

10−5 g L−1 in urine samples.
Additionally, an interference study was performed to eval-

uate the ability of the sensor to determine AMX in the presence
of other organic clinical and/or waste compounds. The results
showed that the oxidation peak of AMX does not overlap with
the oxidation peaks of interfering substances such as uric acid,
ascorbic acid, valine, methionine and phenylalanine. The
interfering substances did not signicantly affect the AMX
oxidation peak, demonstrating that the analytical signal of the
sensor remained unaffected by these compounds.

This eld will continue to evolve as new and better methods
for analyzing the surface of electrodes are developed. However,
further research is needed in order to improve the stability of
nanoparticle-modied electrodes. The stability of
nanoparticles-modied electrodes can vary depending on the
conditions of the electroanalytical measurement. Finally
different strategies need to be developed to overcome interfer-
ences from other compounds in order to improve the accuracy
of the measurements.
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