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treating bacterial infections as well as for growth pro-
motion and prophylaxis [3]. It is common for farmers to 
treat entire livestock with antibiotics, although only a few 
of them are affected. Additionally, there are many cases 
in which antibiotics were described inappropriately in 
patients with viral infections. This massive use has been 
identified in the European Union (EU) as needless over-
use. However, although antibiotics are used to promote 
growth, their preventive usage is still legal. Unfortu-
nately, there is no clear regulatory mechanism control-
ling antibiotic contamination due to the lack of available 

Introduction
Antimicrobial drugs are a mandatory part of human 
and veterinary medicine [1]. Unfortunately, as a result 
of excessive use and reliability, antimicrobial resistance 
(AMR) has become a very worrisome global issue [2]. In 
farming, antimicrobials, have been used particularly for 
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Abstract
Two solid-contact electrochemical sensors were developed for detection of each of oxytetracycline HCl (OXY), 
and the co-formulated non-steroidal anti-inflammatory drug flunixin meglumine (FLU) in veterinary formulations 
and animal-derived food products. The designed sensors were based on a glassy carbon electrode as the 
substrate material and high molecular weight polyvinyl chloride (PVC) polymeric ion-sensing membranes doped 
with multiwalled carbon nanotubes (MWCNTs) to improve the potential stability and minimize signal drift. For 
determination of OXY, the sensing membrane was modified with potassium tetrakis (4-chlorophenyl) borate 
(K-TCPB), which was employed as a cation exchanger, and 2-hydroxypropyl-β-cyclodextrin (HP-ßCD), which was 
used as an ionophore. A linear response within a concentration range of 1 × 10− 6-1 × 10− 2 M with a slope of 59.47 
mV/decade over a pH range of 1–5 was recorded. For the first time, two potentiometric electrodes were developed 
for determination of FLU, where the sensing membrane was modified with tetra dodecyl ammonium chloride 
(TDDAC) as an anion exchanger. A linear response within a concentration range of 1 × 10− 5-1 × 10− 2 M and a slope 
of -58.21 mV/decade over a pH range of 6–11 was observed. The suggested sensors were utilized for the selective 
determination of each drug in pure powder form, in veterinary formulations, and in spiked milk samples, with 
mean recoveries ranging from 98.50 to 102.10, and without any observed interference. The results acquired by the 
proposed sensors were statistically analyzed and compared with those acquired by the official methods, and the 
results showed no significant difference.
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information and methods for analyzing antibiotic resi-
dues in animal-derived food in Africa.

If antimicrobial residues are found in milk, produc-
tion of microorganisms such as yogurt will be negatively 
affected. Moreover, very serious health issues, such as 
sensitivity and AMR, exist. Additionally, various temper-
atures have been shown to not affect the stability of vari-
ous medicines, even after pasteurization processes reach 
100 °C [4]. Traces of antibiotics were found in milk even 
after withdrawal periods [3].

According to previous reports, the most popular class 
of antibiotics sold in 2019 was tetracyclines [5]. oxytet-
racycline HCl (OXY) is a hydrophilic antibiotic, thus it 
tends to accumulate in aqueous water, which is the major 
component of milk. OXY is an antibiotic that is stable 
over a wide range of temperatures [4]. Additionally, tetra-
cyclines are often removed from the body in their active 
form unchanged, and they accumulate and persist in the 
soil for a few months [3].

Knowing all this crucial and worrying information sets 
the aim of this study, which is to develop simple, accurate, 
environmentally friendly methods for the determination 
of OXY in milk, along with its combined drug, flunixin 
meglumine (FLU). Electrochemical methods offer the 
opportunity to apply green chemistry because of the safe 
solvents used, minimal to no sample pretreatment, and 
passive nature of these methods [6]. An ion selective elec-
trode (ISE) is a widely used analytical approach for the 
determination of ion activity by measuring the electric 

potential. This method has multiple advantages over 
other techniques; it is easy to perform, has a relatively 
low cost, and offers a wide concentration range for mea-
surement. Conventional liquid-contact ISEs were the first 
established ISEs and were based on internal solutions 
[7]. Unfortunately, these ISEs have multiple drawbacks, 
mainly including evaporation of the internal solution, a 
short life span, and unstable responses. Consequently, 
solid-state ISEs have been presented that satisfy all the 
demands of analytical ISEs, including long-term storage, 
stable reproducible responses, and easy handling.

It is well known that the materials of a sensor are the 
core elements needed to fabricate a high-performance 
electrochemical sensing electrode for selectively deter-
mining the target analyte. Nanoparticles have attracted 
increasing attention in the fabrication of stable solid con-
tact ISEs (SC-ISE), that can be applied in various ways 
[8]. Fortunately, research combining nanotechnology and 
ISEs has opened wide doors to a variety of approaches. 
Conducting polymer nanoparticles [9, 10], gold nano-
clusters [11], and carbon nanotubes [12] are examples of 
various approaches for fabricating sensors with repro-
ducible calibration curves and superb stability.

Carbon nanotubes (CNTs) are molecular-scale wires 
with high chemical stability, high electrical conductiv-
ity, and outstanding mechanical strength [13]. Nano-
composite CNTs are dispersed on a variety of surfaces, 
making them perfect for SC-ISEs. CNTs are remarkably 
hydrophobic, so they interfere with the establishment 
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of a water layer between the electrode and the sensing 
membrane. They also drastically decrease the signal drift, 
a disturbing disadvantage of SC-ISE [14]. Supramolecular 
macromolecules such as calixarenes and cyclodextrins 
have been widely used in the analytical field for targeted 
drug delivery, optical sensors and water pollution treat-
ment. Cyclodextrins are used in various technologies, 
analytical methods, particularly in the fabrication of 
chemical sensors [15]. Because of their cage-like supra-
molecular structure, they are primarily included in host-
guest chemical reactions in which covalent bonds are 
not developed with interacting radicals or ions. Cyclo-
dextrins are well known for accommodating a vast range 
of molecules, forming inclusion complexes with drug or 
nanostructure supramolecular assemblies in their hydro-
phobic cavity [16]. Throughout its literature review, 
cyclodextrin has been used as an ionophore rendering 
potentiometric sensor to be highly durable and having 
excellent performance. These ionophores and nanocom-
posites (carbon nanotubes) may have synergistic effects 
that aid in the precise determination of the drugs studied.

Flunixin meglumine, designated (2R,3R,4R,5  S)-
6-(methylamino) hexane-1,2,3,4,5-pentol;2-[2-methyl-
3-(trifluoromethyl) anilino] pyridine-3-carboxylic acid 
(Fig. 1a), is a potent nonsteroidal analgesic utilized in vet-
erinary medicine to treat large animals and a prostaglan-
din-endoperoxide synthase inhibitor [17].

Oxytetracycline hydrochloride, designated 
4  S,4aR,5  S,5aR,6  S,12aR)-4-(dimethylamino)-
1,5 ,6 ,10,11,12a-hexahydroxy-6-methyl-3,12-di-
oxo-4,4a,5,5a-tetrahydrotetracene-2-carboxamide; 
hydrochloride (Fig. 1b) is the oxytetracycline hydrochlo-
ride salt form. Oxytetracycline hydrochloride interferes 
with the binding of aminoacyl-tRNA to the mRNA-ribo-
some complex, thus inhibiting protein synthesis and pre-
venting peptide elongation [17].

Literature reveals multiple analytical methods for 
quantifying FLU, including spectrophotometric [18], 

Surface enhanced Raman spectroscopy [20], HPLC [19, 
22], LC-MS [23, 24], and voltametric [21, 25] methods. 
OXY was analyzed by spectrophotometry [26], HPLC 
[27, 28], and electrochemical [29] methods. Other meth-
ods reported simultaneous determination of FLU and 
OXY [30].

As far as we are aware, there is no reported method 
for the determination of FLU by ISEs. Considering OXY, 
no electrochemical methods using CNTs have been 
reported. In this work, three green techniques were uti-
lized to fabricate conventional liquid contact ion selective 
electrode (LC-ISE) and SC-ISE devices by using a glass 
carbon electrode (GCE) -based potentiometric sensor 
and MWCNTs as an ion to electron transducer to deter-
mine both FLU and OXY. Methods were applied to vet-
erinary injections and spiked milk samples. Considering 
FLU, both conventional and MWCNT-GCE were fabri-
cated, and the results were compared. On the other hand, 
for OXY, the performance of the MWCNT-GCE utilizing 
cyclodextrin as an ionophore was comparable to that of a 
plain MWCNT-GCE. The developed methods were eval-
uated by both Green Analytical Procedure Index (GAPI) 
and Analytical GREEnness Metric Approach and Soft-
ware (AGREE) greenness assessment tools.

Experimental
Instrument
A Jenway digital ion analyzer (model 3330; Essex, UK) 
was used, with a Ag/AgCl double-junction reference 
electrode (Thermo Scientific Orion 900200, USA; with 
10% KNO3 as a bridge electrolyte and 3.0  M KCl with 
AgCl as an inner filling solution) (Aldrich Chemical Co. 
Steinheim, Germany).

Materials and reagents
Flunixin meglumine (purity 100.08 ± 1.26) and oxytetra-
cycline HCl (purity 101.08% ± 1.18) were supplied gen-
erously by Pharmswede Veterinary Company, (Cairo, 

Fig. 1  Chemical structure of FLU (a) and OXY (b)
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Egypt). Floxon® was obtained from Pharmswede Veteri-
nary Company, (Cairo, Egypt).

Analytical grade boric acid, phosphoric acid, sodium 
hydroxide, and acetic acid were obtained from Piochem 
Company (Giza, Egypt). High molecular weight poly-
vinyl chloride (PVC), 2-hydroxypropyl-β-cyclodextrin 
(HP-ßCD), tetradodecylammonium chloride (TDDAC), 
and multiwalled carbon nanotubes (MWCNTs) were 
acquired from Fluka (Steinheim, Germany). Potassium 
tetrakis (4-chlorophenyl) borate (K-TCPB) and 2-nitro-
phenyl octyl ether (o-NPOE) were obtained from Sigma 
Aldrich (Steinheim, Germany). Tetrahydrofuran (THF) 
was acquired from BDH (Poole, England). Deionized 
water was obtained from SEDICO Pharmaceuticals 
Company, (Cairo, Egypt).

Standard solutions
Standard stock solution (10− 2 M) was obtained by sep-
arately transferring 122.9  mg of FLU and 124.3  mg of 
OXY into 25-mL volumetric flasks and completing to 
the mark using Britton–Robinson buffer (BRB) at pH 8 
and 3, respectively. A series of working solutions of lower 
concentrations were prepared by withdrawing different 
aliquots from each stock solution into two separate sets 
of 25-mL volumetric flasks and completing to the mark 
with BRB at pH 8 and 3, for FLU and OXY, respectively, 
to prepare a set of dilutions for each drug in concentra-
tion range of (10− 7–10− 3 M).

Procedures
Preparation of the ion-selective membranes and electrodes 
assembly
Sensor fabrication for FLU determination  Ion-selec-
tive membranes for FLU   For the first conventional elec-
trode, in a Falcon tube, 95.0 mg of PVC, 5.0 mg of TDDAC 
and 0.2 mL of o-NPOE were mixed and subsequently dis-
solved in 3.0 mL of THF. The solution was then placed 
into a 5 cm Petri dish and covered with filter paper and 
left at room temperature overnight till completely dry. 
The resulting membrane was approximately 0.1 mm thick.

The second electrode (MWCNT-GCE) sensing cock-
tail was prepared by mashing 95.02% (95.51  mg) PVC 
with 4.97% (5.0  mg) TDDAC, dissolving the mixture in 
0.2 mL of o-NPOE, and mixing the mixture with 3 mL of 
THF to obtain a homogenous mixture. Finally, 2 mL of 
MWCNTs working solution was added and mixed for ten 
minutes to obtain a uniform suspension.

Electrodes assembly  For the conventional electrode, 
from the master membrane, a disk of appropriate diam-
eter was cut by a cork borer and then fixed with THF on 
the flat end of a PVC tubing, which was clipped to the end 
of the electrode glass.

A mixed solution consisting of the same volume 
of 10− 2 M FLU and 10− 2 M KCl was used as an 
internal reference solution. Ag/AgCl coated wire 
(1 mm diameter) was submerged in the internal 
reference solution as an internal reference elec-
trode. The sensor was conditioned by placing it 
in a 10− 2 M solution of the drug for 24 h before 
use, after which the solution was used for elec-
trode storage when not in use.

For MWCNT-GCE, 10 µL of the sensing suspension 
was dropped cast on a GCE and left for 24 h to dry. The 
sensor was soaked in darkness in 1.0 × 10− 2 M FLU for 
24  h for appropriate conditioning and placed under the 
same conditions when left unused.
Sensor fabrication for OXY determination  Ion-selec-
tive membranes for OXY  For the ionophore-unmod-
ified electrode (electrode A), in a Falcon tube, 33.17% 
(99.51  mg) PVC was mashed with 0.23% (0.69  mg) 
K-TCPB, dissolved in 66.6% (199.8  mg) o-NPOE, and 
mixed with 3 mL of THF until completely homogenous. 
Finally, 2 mL of MWCNTs working solution was added 
and mixed for 10 min to obtain a consistent suspension.

For the preparation of the ionophore-modified elec-
trode (electrode B), 32.54% (97.62  mg) of PVC, 66.6% 
(199.8 mg) of o-NPOE, 0.23% (0.69 mg) of K-TCPB, and 
0.63% (1.89 mg) of HP-ß CD ionophore were solubilized 
in 3 mL of THF until completely homogenous. Then, 2 
mL of MWCNTs working solution was added, and the 
mixture was sonicated for 10  min to obtain a uniform 
suspension.

Electrodes assembly  Ten microliters of each of the two 
sensing cocktails were dropped cast on two separate 
GCEs and left for 24 h to dry. The sensors were soaked in 
darkness in 1.0 × 10− 2 M OXY for 24 h for conditioning 
purposes. The two electrodes were also placed under the 
same conditions when left unused.

Potentiometric measurements
The conditioned sensors were individually attached to a 
double junction Ag/AgCl reference electrode and cali-
brated afterwards by placing each electrode in its corre-
sponding standard solutions while allowing it to calibrate 
during mixing. The electromotive forces were recorded 
once the potentiometer found a constant reading. After 
every single measurement, the sensors were washed with 
a buffer.

Study of the experimental conditions
Calibration of sensors  Identification of the slope, 
response time and operative life of the proposed sen-
sors  The electrochemical performance of the proposed 
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sensors was assessed according to the ICH guidelines [31]. 
The potentials obtained using the cited sensors were plot-
ted against the log molar concentration of each matching 
drug. The slope was obtained from the linear fragment of 
the calibration graph. The detection limit was set at the 
intersection of the graph’s extrapolated linear segment. 
Moreover, the dynamic response of the electrodes was 
tested over the concentration range of 10− 7–10− 2 M for 
both drug solutions. Additionally, the life span of the sen-
sor was investigated by periodical, repetitive observation 
of the slope of the drug calibration curve.

Effect of pH on the electrode response  The effect of pH 
on the potential of each electrode system was monitored 
over a pH range of 6–11 by immersing the electrode in a 
10− 3 M solution of FLU.
For OXY, a 10− 4 M solution of OXY was 
observed over a pH range of 1–7. The different 
values were fixed using Britton–Robinson buf-
fer, and the potential obtained at each pH was 
noted.

Application to veterinary formulation
OXY and FLU are found together in Floxon® veterinary 
injection, which contains 33  mg/mL FLU, and 108  mg/ 
mL OXY. To determine FLU, 0.37 mL was taken from the 
injection and mixed to 25 mL with BR buffer (pH 8). To 
determine OXY, 0.12 mL was taken from the same dos-
age form, and the volume was completed to 25 mL with 
BR buffer (pH 3). The concentration resulting in both 
solutions was claimed to be 1 × 10− 3 M. Afterwards, the 
(EMF) produced by immersing each prepared electrode 
in combination with the reference electrode in the pre-
pared solutions was recorded, and the corresponding 
regression equations were used to calculate the concen-
tration of both drugs.

Application to spiked milk samples
Both 1 × 10− 3 M and 1 × 10− 4 M FLU and OXY were used. 
In a 25-mL volumetric flask, 12.5 mL of each concentra-
tion was added to the milk of animal origin (cow) and the 
final concentrations were 5 × 10-4 M and 5 × 10− 5 µg/mL, 
respectively. Subsequently, each electrode attached to the 
double-junction Ag/AgCl reference electrode was soaked 
in the prepared solutions. Finally, the resulting poten-
tials were written down, and their concentrations were 
obtained from the corresponding equations.

Greenness assessment
The greenness of the developed methods was evaluated 
by the Green Analytical Procedure Index and the Analyt-
ical Greenness Metric Approach and Software.

Results and discussion
Antibiotic residues found in animal-derived food have 
emerged as a pressing global issue [32]. Considering dairy 
farms, milk from cows that have administered antibiotics 
is considered unfit for human consumption. In addition, 
contamination of the milk bulk tank that contains these 
residues is a threat to consumption, and a loss to farmer 
financing. This study’s novelty is illustrated in attempt-
ing to establish a sensitive, fast, and reliable membrane 
electrode to selectively detect FLU, for the first time, by 
comparing the results of a conventional ISE with those of 
a SC-ISE [33] and OXY by comparing the results of an 
unmodified MWCNT-GCE with those of an ionophore-
modified MWCNT-GCE, where MWCNTs are used for 
the first time in potentiometric determination of OXY, 
while abiding through the whole study by the Green Ana-
lytical Chemistry (GAC) rules.

Electrochemical sensors are characterized by excep-
tional analytical advantages in comparison to other 
conventional methods, which can be attributed to their 
special properties, including portability, ease of miniatur-
ization, simplicity, low cost, great sensitivity and admi-
rable selectivity [34].

Ion-selective electrode performance
The potential generated emf is related to the activity 
(~ concentration at diluted solutions) of the analyte ion. 
The electrical potential (known as the phase boundary 
potential) is generated at the interface of the ion selective 
membrane (ISM) and sample solution by selective parti-
tioning of ionic species between these two phases, result-
ing in interfacial charge separation.

The magnitude of the phase boundary potential 
depends on the activity of the ion in the membrane and 
the aqueous solution and governed by Nernst equation:

	 emf = E◦ + (RT/zF ) Ln a,

where an order of magnitude changes in the activity of 
an ion with charge z results in a 59.2 mV/z change in the 
potential of the ISE.

Considering FLU, there are no ISEs reported in the lit-
erature for analyzing FLU, so there was a reason to start 
with the conventional ISE and compare it with SC-GCE. 
The latter electrode is based on coupling anionic FLU 
with the anionic exchanger TDDAC since the pKa of 
FLU is 5.80. As proven in the literature, there is a direct 
relationship between ion-exchanger lipophilicity and 
improvement in the detection limit, in addition to mini-
mizing ion-exchanger leaching and hence improving the 
sensor lifetime. Anionic exchangers play a major role 
in the sensing performance of analytical sensors, where 
leakage outside the membrane limits the overall long-
term stability of the sensors [35]. The anionic exchanger 
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TDDAC was chosen because of its proven enhancement 
of selectivity and stability, which is attributed to the lipo-
philicity of TDDAC [35]. Thus, the hydrophobicity of the 
ISM and the studied ions, which have opposite negative 
charges, improved the membrane selectivity. Addition-
ally, MWCNTs were added and proven to be utilized as 
a transducer layer to enhance sensitivity and increase sta-
bility and reproducibility [36]. For the sensing membrane 
fabrication, PVC was used as a polymer for firmness, and 
o-NPOE was used as a plasticizer, along with THF. The 
potential profiles of both FLU electrodes are shown in 
Fig. 2(a). Notably, there was a slight improvement in the 
response time with GCE sensor but a significant increase 
in the stability from 30 to 60 days, as shown in Table 1(a).

For OXY, MWCNTs were proven to be useful as a 
transducer layer to improve stability [37]. To produce a 

very sensitive sensor, the feasibility of HP-ßCD as an 
ionophore on MWCNT-GCE was investigated by com-
paring the results of this electrode with those of a non-
ionophore-modified MWCNT-GCE. Note that the 
MWCNTs were incorporated into the ISM, an applica-
tion to increase long-term accuracy and durability, thus 
increasing selectivity. The most important property of 
cyclodextrin is its supramolecular chemistry, which aids 
in equilibrium reactions, leading to inclusion complexes 
containing organic ions and molecules of appropriate 
size [38]. Due to the neutral nature of cyclodextrins, they 
acquire the charge of the guest compound when forming 
a complex. Multiple ISEs have been described in the lit-
erature for the determination of tetracycline, but because 
of these features, only few of them were found to be ben-
eficial after indirect analysis methods were applied. Fur-
ther research has offered opportunities to increase the 
body’s knowledge and thus offers different approaches 
for enhancing the selectivity and sensitivity of analytes, 
one of which involves the use of compounds (iono-
phores) that can selectively extract and sense an analyte’s 
low activity inside the sensing membrane. In that regard, 
cyclodextrin was used as an ionophore in the literature 
in combination with polypyrrole as an ion-electron trans-
ducer, with a linearity of 2 × 10− 5–10− 2 M and a slope 
of approximately 55 mV/dec. In our study, the linearity 
range of OXY was extended to 1 × 10− 6 M, with a higher 
slope of 59.47 mV/dec. Figure 2(b) reveals that the poten-
tial profile of both OXY electrodes significantly changed 
by the addition of HP-ßCD; the modified electrode had 
a greater Nernstian response, slightly shorter dynamic 
response time, and reproducible potential, as summa-
rized in Table 1(b).

For the study of pH, the pH working range for FLU was 
wider with a GCE (6–11) than with a conventional ISE 
(6–9), as shown in Fig. 3(a).

For OXY, Fig.  3(b) shows that a wider pH working 
range was observed when using the modified GCE, with 

Table 1  (a) Electrochemical response properties of the 
proposed sensors for FLU detection
Parameter Conventional GCE
Slope ± SD (mV/decade) a -57.408 -58.211
Intercept (mV) 189.58 182.88
Accuracy (Mean ±
SD)

100.70
± 1.23

100.37
± 0.66

Linear concentration range (M) 1 × 10− 5 to 1 × 10− 2 1 × 10− 5 
to 
1 × 10− 2

Correlation coefficient 1.000 0.999
Stability(days) 30 60
working pH range 6–10 6–11
Dynamic response(sec.) 15–30 10–12
Recovery %
±SD of calibration

1.50 1.51

Interday RSD% b 1.710 0.860
Intraday RSD% c 1.090 0.190
Variance 1.22 1.20
LOD 6.5 × 10− 6 7.0 × 10− 6

a: Average of three determinations b Interday precision (average of three 
different concentrations of three replicates each (n = 9) repeated on three days 
successively). c Intraday precision (average of three different concentrations of 
three replicates each (n = 9) within the same day)

Fig. 2  (a) Profile of the potential in mV VS log concentration of FLU in mol.L− 1 obtained by electrode 1(conventional) and electrode 2 (MWCNT-GCE), (b) 
Profile of the potential in mV VS log concentration of OXY in mol.L− 1 obtained by GCE electrode and GCE (HP-ßCD)electrode
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a pH range of 1–5 instead of 2–4 when using the unmod-
ified electrode.

Moreover, Fig.  4 shows that the modification of the 
GCE with HP-ßCD had a more stable potential than the 
unmodified electrode, with a ± 1 mV difference occurring 
after 3 h in the modified electrode, while there was a ± 3 
mV difference in the unmodified electrode.

Dynamic response time
A major factor for ion-selective electrode applications is 
the dynamic response time. Regarding FLU electrodes, 
there was a significant decrease in response time when a 
GCE was used; the response time was 10–12 s compared 
to that of the conventional ISE, which was 15 to 30 s, as 
shown in Table 1(a). This may be attributed to the hydro-
phobicity and high capacitance of MWCNTs [39].

Regarding OXY, the dynamic response time was 
slightly decreased by the HP-ßCD-MWCNT-GCE to 
10–12 s compared with 10–15 s for the unmodified GCE, 
as shown in Table 1(b).

This phenomenon may be ascribed to the following fac-
tors. The effective surface area of the modified electrode 
increased as the MWCNTs were modified, allowing addi-
tional HP-ßCD to polymerize on the surface of the elec-
trode. In addition, the good electrical conductivity of the 
MWCNTs improved the conductivity of the electrodes 
and promoted electron transfer between the electrode 
and analytes [40].

Method validation
The proposed method was assessed using ICH guidelines 
and showed satisfactory results.

Linearity
The linearity of the methods was tested by construct-
ing different calibration graphs. The calibration graphs 
were constructed within the concentration ranges that 
were selected on the basis of the anticipated drug con-
centrations. The concentration ranges of FLU and OXY 
(2.5 × 10− 4, 2.5 × 10− 3, 1 × 10− 2) were tested three times 
(n = 9), which represented the linearity range.

Limit of detection (LOD)
The limit of detection (LOD) was calculated from the 
intersection of the two extrapolated parts of the curve, 
where it was found to be 6.5 × 10 − 6 and 7.0 × 10 − 6 for 
Flu electrodes, and 2.5  × 10 − 7 and 3.0 × 10 − 7 for OXY 
electrodes.

Precision
Repeatability and intermediate precision were deter-
mined by analyzing three different concentrations of the 
proposed drugs within the linear range, three times for 
three pure samples of the drugs on a single day and on 
three consecutive days, and the results are expressed as 
RSD%.

Table 1  (b) Electrochemical response properties of the 
proposed sensors for OXY
Parameter Electrode A Elec-

trode B
Slope ± SD (mV/decade) a 58.93 59.47
Intercept (mV) 231.39 370.03
Accuracy (Mean ±
SD)

100.99
± 0.81

102.1
± 1.44

Linear concentration range (M) 1 × 10− 6 to 1 × 10− 2 1 × 10− 6 
to 
1 × 10− 2

Correlation coefficient 1.000 1.000
Stability(days) 60 60
working pH range 2–4 1–5
Dynamic response(sec.) 10–15 10–12
Recovery %
±SD of calibration

1.08 0.38

Interday RSD% b 1.308 0.904
Intraday RSD% c 0.806 0.646
Variance 1.03 0.62
LOD 2.5 × 10− 7 3.0 × 10− 7

a: Average of three determinations b Interday precision (average of three 
different concentrations of three replicates each (n = 9) repeated on three days 
successively). c Intraday precision (average of three different concentrations of 
three replicates each (n = 9) within the same day)

Fig. 3  (a) Effect of pH on the EMF of Electrode 1 (conventional) and Electrode 2 (MWCNT-GCE) for the determination of FLU. (b) Effect of pH on the EMF 
of Electrode A (GCE) and Electrode B (GCE-HPβ-CD) for the determination of OXY
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Repeatability  Repeatability was evaluated by assaying 
FLU concentrations of 1 × 10− 3, 1 × 10− 4, and 1 × 10− 5 and 
OXY concentrations of 5 × 10− 4, 5 × 10− 3, and 1 × 10− 2 
M-1 in triplicates on the same day, and the mean recovery 
and RSD% were calculated and found to be ≤ 1.09.

Intermediate precision  The intermediate precision of 
the proposed methods was evaluated by assaying FLU 
concentrations of 1 × 10− 3, 1 × 10− 4, and 1 × 10− 2 and OXY 
concentrations of 5 × 10− 4, 5 × 10− 3, and 5 × 10− 3 in trip-
licates for three successive days, after which the mean 
recovery percentages and RSD% were calculated and 
found to be ≤ 1.71.

Electrode selectivity
The selectivity and specificity of the FLU-sensing elec-
trodes were investigated by observing the potential 
of 10− 5 and 10− 2 FLU with the same concentrations 
of the interfering ions NaCl, Calcium and OXY, while 

OXY-sensing electrodes were investigated by measuring 
the potential of 10− 2 OXY with FLU, NaCl, Calcium and 
KCl. Selectivity coefficient values (K pot

A, B) were obtained 
by the separate solution method [41], in which the poten-
tials were obtained separately for 10− 5 and 10− 2M FLU 
and then for 10− 5 and 10− 2M interferent solution. Simi-
larly, 10− 2 M OXY was measured and then 10− 2 M inter-
ferent solution. The selectivity coefficients were obtained 
and are shown in Table 2 using the following equation:

	 log Kpot
A,B = (EB − EA) /S + (1 − ZA)/ZB log aA � (1)

where Kpot
A, B is the selectivity coefficient, EA and EB 

are the potentials of the drug and interferent solutions, 
S is the slope of the calibration plot, aA is the activity 
of the drug, and ZA and ZB are the charges of the drug 
and interfering ions, respectively. Satisfactory selectivity 
and low interference were observed from the suggested 
electrodes.

Table 2  (a) selectivity coefficienta of the proposed electrodes for 
FLU by the separate solution method (SSM)

Conventional GCE
OXY 4.1 × 10− 3 b

4.3 × 10 − 3 c
9.1 × 10− 4 b

9.4 × 10− 4 c

Chloride 6.1 × 10− 3 b

6.2 × 10− 3 c
4.2 × 10− 3 b

4.0 × 10− 3 c

Calcium 6.3 × 10 − 3 b

6.6 × 10 − 3 c
5.5 × 10 − 3 b

6.0 × 10 − 3 c

a Each value is the average of three determinations
b FLU interferents are in the form of 1 × 10− 5 M
c FLU interferents are in the form of 1 × 10− 2 M

Table 2  (b) selectivity coefficienta of the proposed electrodes 
for OXY determined by the separate solution method (SSM)

Electrode A Electrode B
FLUb 6.7 × 10− 3 1.2 × 10− 4

NaClb 9.5 × 10− 3 1.2 × 10− 4

KClb 8.5 × 10− 3 1.8 × 10− 4

Calciumb 5.5 × 10− 3 5.82 × 10− 3

a Each value is the average of three determinations
b OXY interferents are in the form of 1 × 10− 2 M

Fig. 4  Potential stability measured in 10−3 OXY for Electrode A (GCE electrode) and Electrode B (GCE- HP-ßCD) electrode
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Application to veterinary formulation
The developed methods were conveniently applied for 
the assay of OXY and FLU in their combined formulation 
with satisfactory accuracy (98.50 to 100.78) and preci-
sion, as presented in Table 3.

Application to spiked milk
The proposed methods were successfully applied for the 
determination of both drugs in spiked milk samples with 
acceptable recoveries ranging from 99.21 to 100.23, as 
shown in Table 3.

Greenness assessment
Analysts should always consider the surrounding envi-
ronment and health of other living beings, especially 
because the analysis routine is an ongoing procedure 
with everyday applications, so it would be dangerously 
cruel to the environment if an analyst developed a non-
green method. One should always be aware of the GAC 
rules and try the best to abide by them. Greening an ana-
lytical procedure may be accomplished by different strat-
egies, from carefully choosing the number of solvents 
to reducing the amount of waste. We employed poten-
tiometric analysis to help us limit the number of solvents 
used in the proposed processes and choose the least 
harmful solvents. Because assessing greenness is needed, 
we assessed our method using one of the most common 
methods, GAPI [42], along with a new, very promising 
software for green analysis, AGREE [43].

Green analytical procedure index (GAPI)
GAPI has a major advantage in that it evaluates green-
ness beginning from sample collection until determina-
tion, enabling a comprehensive overview of the suggested 
methods. The results include five pentagrams, each con-
taining three levels of scale color that represent each 
stage. Green represents low environmental impact, yel-
low represents medium-low environmental impact, and 
red represents high environmental impact. In this study, 

the sample preparation step was not performed, so the 
pentagram was removed. The GAPI pentagram has green 
dominance, which satisfyingly means that the method 
has a low hazard. There were two yellow colors, one for 
using 10–100 mL of solvent and the other for using THF 
during fabrication; there was only one red color refer-
ring to the total NFPA score of all the solvents. The GAPI 
pentagram is illustrated in Figure S1.

Analytical GREEnness metric approach and software (AGREE)
AGREE is a comprehensive and simple assessment 
method. Among all greenness assessment methods, only 
AGREE includes all twelve principles of green analytical 
chemistry. The greenness profile of this study was also 
assessed using the AGREE calculator, and the predicted 
AGREE score involving all 12 different concepts of GAC 
for this study is shown in Figure S2. AGREE analyti-
cal scores greater than 0.75 indicate that the analytical 
method is suitable for routine drug determination. More-
over, a score of 0.50 indicated that the method is fit for 
routine drug determination. Finally, scores less than 0.50 
indicated the unacceptability of the proposed analytical 
method. The AGREE score for this study’s proposed elec-
trodes was 0.82, which means that the method has excel-
lent greenness and could be safely applied for routine 
analysis. This study represents the first use of this metric 
system for potentiometric analysis.

Comparison of other analytical techniques for analysis of 
OXY
Numerous potentiometric methods have been published 
for determining OXY in different matrices and are sum-
marized in Table S1, but none of them have studied the 
effect of MWCNTs on potential response in milk samples 
and pharmaceutical formulations.

Statistical analysis
A statistical comparison of the results obtained for both 
drugs by the proposed electrodes and the official meth-
ods showed no significant differences, as shown in Tables 
S2, S3 and S4.

Conclusion
The proposed study describes adopting GAC principles 
for electrochemical determination of FLU and OXY. This 
work describes a comparison between two potentiomet-
ric electrodes for each drug. Concerning FLU sensors, the 
inclusion of MWCNTs as an ion-to-electron transducer 
added valuable stability compared to that of the conven-
tional ISE. On the other hand, for OXY, modification of 
MWCNT-GCE with HP-ßCD was a promising approach 
for increasing the electrode stability and selectivity.

The described sensors offer the advantages of fast 
response, drug pretreatment or separation steps 

Table 3  Applications of the proposed sensors in pharmaceutical 
dosage form (Floxon® injection-batch no. 180362) and in spiked 
milk
FLU

Conventional GCE
Floxon® Injection
Mean ± SD

98.50
± 1.59

100.78
± 1.00

Spiked milk
Mean ± SD

99.91
± 0.57

100.21
± 0.57

OXY
Electrode A Electrode B

Floxon® Injection
Mean ± SD

99.71
± 0.98

99.63
± 0.363

Spiked milk
Mean ± SD

100.17
± 1.41

100.23
± 0.82
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exclusion, good selectivity, low detection limit, and suc-
cessful drug determination in various matrices. There-
fore, the developed sensors are successfully applicable 
to routine analysis of both OXY and FLU in different 
matrices.
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