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The application of membrane sensors for monitoring and evaluation of pharmaceutical environmental contaminants
has become a significant aim in the past few years. Due to the wide applicability of ciprofloxacin hydrochloride
(CPF) in medicine, there is a high probability of its presence in the environment, especially in surface water like river
water. The long-term exposure of the river water to sunlight and the photoliability of CPF may increase its photo-
degradation. Two selective and sensitive membrane electrodes were created to measure CPF when it is present with
its main photo-degradant product. These were made using two ion pairing agents, which are sodium tetraphenylborate
(TPB) and phosphotungstic acid (PTA). The linearity range of the manufactured electrodes was 1 x 101 x 10
M. The slopes of the CPF-TPB and CPF-PTA membrane electrodes are 60.1 + 0.70 and 57.9 £ 0.90 mV/decade,
respectively. The cited sensors showed adequate performance in a pH range from 2.0 to 5.0. All test parameters were
fine-tuned to provide the best electrochemical performance. The manufactured membranes were successfully used to
determine CPF in a sensitive way in the presence of its primary photodegradant. The cited sensors were effectively
used to quantify CPF in river water samples, with no pre-treatment operations required.

INTRODUCTION

Fluoroquinolones (FQs) constitute an important group

three distinct stages: initiation, elongation, and termination.
Initiation occurs at the commencement of replication, while

of antibacterial agents as they have numerous applications in
the treatment of many bacterial infections in humans, especially
those affecting the urinary tract and respiratory tract. They are
also effective for the treatment of a broad spectrum of animal
infections. They are effective against Mycobacterium, Gram-
negative, anaerobes, and Gram-positive bacteria. The mechanism
by which FQs exert their bactericidal effect is through the
inhibition of bacterial topoisomerases, specifically DNA gyrase
and topoisomerase IV. Bacterial DNA replication consists of
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elongation involves the movement of replication forks outward
until they meet halfway around the chromosome. Termination
marks the separation of the daughter chromosomes that were
previously connected together. These enzymes are essential
for all three phases. FQs have a wide safety margin as they
have a minute effect on inhibiting human enzymes [1,2]. An
FQ antibiotic called ciprofloxacin hydrochloride (CPF) (Fig. 1)
is used to treat infections in the lungs (pneumonia) and blood
(septicemia) that are caused by Pseudomonas aeruginosa. In
addition, it exhibits efficacy against Enterobacteriaceae, the
causative agents of wound infections, urinary tract infections,
gastroenteritis, meningitis, and pneumonia. In addition, CPF
demonstrates efficacy against Moraxella catarrhalis, the
pathogenic agent responsible for otitis media in infants, acute
exacerbations of chronic obstructive pulmonary disease, and
acute bacterial rhinosinusitis [2].
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Figure 1. Chemical structure of CPF (A) and its main photo-degradation
product (B).

Photo-stability of drugs refers to how light affects the
stability of medicinal components and/or final products. As a
result, photo-stability examines the way in which light influences
the stability of the medication molecules. Light-sensitive drugs
can be affected by either natural or artificial light sources.
Sunlight may cause liaisons between the medication’s molecule
and endogenous materials, transforming the medication into
dangerous unwanted products that may result in the generation
of numerous oxygenated free radicals. Even a modest quantity
of light exposure can have serious effects on the photosensitive
drugs; thus, it is not always necessary to expose them to light
extensively. The formation of phototoxic substances eventually
affects the efficacy of CPF as a light-sensitive medication.
Simultaneously, the therapeutic potency is diminished by
photodegradation [3].

The measurement of active pharmaceutical ingredients
in the presence of their degradants is a vital part of quality
control for each medication, notably in the case of FQs, which
are known to be susceptible to photo, acidic, alkaline, oxidative,
and thermal degradation procedures [4]. The primary degradant
of CPF following subjecting its aqueous acidic solution to
either artificial or day light was 7-amino-1-cyclopropyl-6-
fluoro-1,4-dihydro-4-oxo-3-quinoline carboxylic acid [main
photo-degradate (MDP)]. After more than 5 hours of CPF
treatment with a high-pressure mercury lamp, it was still the
dominant product. MDP exhibits lower therapeutic efficacy
and can induce phototoxic reactions [5]. Figure 1 depicts the
chemical formulae of CPF and its principal photo-degradant
(MDP). In a variety of sample forms, CPF was quantified
using spectroscopy [6—8], liquid chromatography (LC) [9—-13],
capillary electrophoresis [ 14,15], and electrochemistry [ 16—18].
Numerous methods were employed to determine the drug under
investigation’s stability in the presence of its numerous products
of degradation. Attia et al. [19] quantified CPF in the presence
of the product of its acid-catalyzed degradation using a variety
of spectrophotometric methods, including ratio difference, ratio
derivative, mean centering, and dual wavelength. Aksoy et
al. [20] applied high-performance LC (HPLC) to quantify the
investigated drug in solid dosage form to determine its stability.
Bushra ef al. [21] used the same analytical method to measure
CPF in the presence of its major photo, basic, acidic, and
oxidative degradants. Furthermore, HPLC was utilized to assess
the stability of CPF when it was in combination with other
pharmaceuticals such as tinidazole [22,23], dexamethasone
[24], and metronidazole [25].

Ion-selective electrodes (ISEs) provide several
benefits, including simplicity in preparation, rapid response,
selectivity, the flexibility to use turbid analyte solutions, and low
cost. In addition, they respond without regard to the surface area
of the sensor, enabling electrode downsizing [26,27]. ISEs were
used for the potentiometric determination of CPF in a variety
of sample formats, either alone [28-30] or in conjunction with
other medications [31,32].

In ISEs with liquid contact, internal solution
evaporation results in a change in the volume of the internal
solution as well as an osmotic pressure variation. Pressure
fluctuations cause water to move across the membrane, which
leads to membrane damage. To get around the difficulties
associated with liquid contacting the inner electrodes, solid
contact electrodes, which do away with the use of the inner
filling solution in favor of a junction of solid state between
the metal electrode and the membrane, have lately gained
popularity. Solid contact electrodes in CPF analysis have the
advantages of miniaturization, simplicity in design, and low
cost if compared with conventional liquid contact electrodes
[33].

About 50%-70% of the administered CPF dose is
excreted unchanged in urine and released from the sewage
treatment plant outlet into aquatic ecosystems, posing a
growing environmental hazard. The broad and widespread
utilization of FQs, particularly CPF, to treat various human and
animal infections presents a potential environmental danger. As
a result, the occurrence of these chemicals in waterways, where
compost or sludge is deposited into soils, or where hospital
effluent is discharged into the adjacent stream cannot be ruled
out [34]. The long-term exposure of surface water to sunlight
may increase the chance for the photo-degradation of photo-
sensitive drugs like FQs.

After a comprehensive review of the literature, it
was found that there are currently no publications for the
potentiometric photo-stability indicating the determination
of the researched drug in the presence of its primary photo-
degradant.

The main task of this work is to fabricate, optimize, and
validate potentiometric solid-contact glassy carbon membrane
electrodes for the quantification of CPF in the presence of
its main photo-degradant (MPD) and the application of the
constructed sensors for the reliable determination of CPF in
river water.

EXPERIMENTAL

Instrumentation

The potentiometric measurement was carried out by a
Jenway (UK) mV/pH meter, which is attached to an Ag/AgCl
reference electrode. A 3 mm-diameter glassy carbon electrode
(CH Instruments, Bee Cave, TX) was used to make the solid
contact. It is also used as a support for the fabricated membranes
and to conduct the generated membrane potential.

Chemicals, reagents, and standard solutions

Pure materials of CPF (CAS # 93107-08-5) and
MDP (CAS # 105674-91-7) with percentage purities of
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100.78 and 100.92, respectively, were obtained from Cymit
Quimica S.L. (Barcelona, Spain). A group of chemicals
comprising NaOH, hydrochloric acid, tetrahydrofurane,
KCl, phosphotungesic acid (PTA), and tetraphenyl borate
(TPB) was purchased from Prolabo (France). On the other
hand, bis(2-ethyl hexyl) sebacate (2-EHS), nitrophenyl
octyl ether (NPOE), polyvinyl chloride (high molecular
weight), and dioctyl phthalate (DOP) were supplied from
Sigma (Germany). The deionized water was obtained from
Aquatron water still.

In deionized water, a CPF stock standard solution (1 x
1072 M) was prepared. Through judicious dilution with the same
solvent, stock CPF was utilized for preparing working standard
solutions in the concentration range of 1 x 103 to 1 x 1078 M.

Sensors’ fabrication, calibration, and optimization

In two different Petri plates, PVC (190 mg), 2-EHS
(0.4 ml), and TPB (TPB-sensor) or PTA (PTA-sensor) (10
mg) were combined. In 6 ml of THF, the mixtures were
dissolved. The THF solution was introduced directly to a
glassy carbon electrode. It allowed for the applied solvent
to entirely evaporate. The produced membrane underwent
conditioning by soaking for 24 hours in a 0.01 M CPF stock
standard solution. The same CPF solution was used to store
the electrodes.

After the conditioning phase, the produced sensors
were calibrated by dipping them in CPF standard solutions (1
x 10—2-1 x 10—* M). Each membrane was washed in between
measurements with deionized water. The standard graphs
were plotted. Then, these figures were used to determine the
unknown CPF concentrations.

Evaluation and modification of the factors affecting
membrane performance resulted in the best membrane
performance. According to the TUPAC’s recommendations,
the electrodes’ competence was assessed [35]. To evaluate
how the nature of the plasticizer affected the membrane’s
working behavior, the author tried three different plasticizers
(DOP, 2-EHS, and NPOE) with different polarities to find
the one that produced the best electrode performance. By the
dropwise addition of sodium hydroxide or hydrochloric acid
at a concentration of 0.1 M to a CPF standard solution (1 x
10 M), the effect of pH on the performance of the membranes
was examined. A graph relating the potential of the examined
electrode against the solutions’ pH was drawn to identify the
ideal working pH. The reproducibility of the CPF sensors
and their potential stability were observed over the course of
a month. On a daily basis, the potential was measured using
CPF standard solutions at concentrations ranging from 1 x 1072
to 107® M, and the slope (mV/decade) for each membrane was
computed. The estimated slopes were compared to the original
calibration slopes.

The separate solution method (SSM) was used to
evaluate membrane selectivity [36]. The potential responses
of the built electrodes in the presence of various interferents,
such as inorganic ions (Na’, K*, and NH,") and structurally
related FQs (moxifloxacin hydrochloride and gatifloxacin
hydrochloride), were used to calculate the potentiometric
selectivity coefficient (PSC) for each interferent. The potential

responses were obtained for 0.001 M CPF, and the potential
of the same interferent concentration was measured in a
separate way. The PSCs were then calculated with the aid of the
following formula:

PSC = (E, — E,)/S

where “E” is the measured potential for the 0.001 M
CPF solution, “E,” is the measured potential for the 0.001 M
interferent solution, and “S” is the slope of the corresponding
membrane.

Application

Quantification of CPF in the presence of its MDP

Different laboratory-prepared blends containing intact
CPF (90%—-10%) and its primary photo-degradant (10%—-90%)
were prepared by combining complementary amounts of CPF
and its MPD. The prepared combinations’ pH levels were
adjusted to lie between 2.0 and 5.0. The prepared membranes
were dipped in the prepared mixtures, and the obtained potentials
were used to get the CPF concentration using the calibration
graphs. The recovery percentages were computed by dividing
the obtained CPF concentrations from the calibration curves by
the added CPF concentrations in the prepared mixtures, then
multiplying by 100.

Determination of CPF in different water samples

A number of distilled and tap water samples were
prepared with definite CPF concentrations. The pH of the
prepared samples was set in the range of 2.0-5.0. The drug
concentrations were quantified using the cited sensors, and the
recovery percentage was computed.

Three CPF-free river water samples were taken at
three different locations along the Nile in Cairo, Egypt. The
samples’ pH was set to be between 2.0 and 5.0. To remove tiny
particle debris, filters made of nylon were applied to filter the
samples. To prevent sample degradation, the filtered solutions
were kept in dark vials made of glass. Calculated amounts of
CPF pure material were dissolved in the CPF-free river water
samples to reach CPF concentrations of 1 x 107 M, 1 x 107 M,
and 1 x 10° M. Using standard curves, the manufactured
membranes were utilized to quantify CPF concentrations, and
the recovery percentage was computed based on the initial
spiked concentrations.

RESULTS AND DISCUSSION

Due to the wide applicability of CPF in veterinary and
human medicine, there is a high probability of its presence in
the environment, especially in surface water like river water.
The long-term exposure of the river water to sunlight and photo-
liability of CPF may increase the photodegradation of CPF.
From this perspective, the fabrication of membrane-sensitive
electrodes is an important task to monitor, evaluate, and quantify
CPF in the presence of its MPD. Potentiometric membrane
sensors are used alongside other analytical techniques because
they are simple to use and inexpensive, and they have the merits
of high sensitivity, no sample pre-processing procedures, and
ease of downsizing [37].
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The art of the study is demonstrated by the solid-
contact potentiometric measurement of CPF using TPB and
PTA as ion-pairing agents in a PVC matrix. lon exchange
across the constructed sensors determines the observed
potential, which is proportional to the concentration of CPF
in its solution.

Based on the mentioned art of the work, this study
presents the design of two membrane electrodes with selective
sensitivity for quantifying CPF in the presence of its primary
photo-degradant in river water without the requirement for
sample pre-processing.

Evaluation and validation of the fabricated membranes

The evaluation parameters declaring the performance
efficiency of the fabricated electrodes are shown in Table 1.
In the concentration range of 1 x 10 and 1 x 10 M CPF,
an essentially optimal Nernstian behavior was obtained. The
slopes of sensors 1 and 2 were 60.1 + 0.70 and 57.9 = 0.90
mV/decade, respectively (Table 1). Figure 2 displays typical
graphs.

Table 1. Electrochemical response characteristics of the fabricated

electrodes.
Parameter CPF-TPB sensor CPF-PTA sensor
Slope (mV/decade)* 60.1 +0.70 57.9+0.90
Response time (sec) 10-20 10-20
Working pH range 2.0-.0 2.0-5.0
Concentration range (M) 1x10°-1x102 1x10°-1x10?
Concentration range (png/ml) 0.37-3678 0.37-3678
Stability (days) 28 28
Accuracy (mean* + SD) 101.81+0.83 102.58 +0.88
Limit of detection (pg/ml) 0.18 0.18
Ruggedness’ 100.31*% £ 1.04 99.79* £ 1.43
Robustness * 99.59* £ 0.89 102.58* + 0.94

*Average results of five determinations. "Comparing the results with those
obtained by different sensor assemblies using Hanna digital ion-analyzer.
*Carried out by measuring different known CPF concentrations on carrying out
slight pH change (pH 3 + 0.2).
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Figure 2. Profile of the potential (in mV) versus—log concentration (in M) for
CPF sensors at pH 3.

The fabricated membranes’ performance was assessed
using IUPAC guidelines [35], including response time, ideal pH
range, linearity, plasticizer type influence, and detection limit.

The effect of plasticizer type was explored by testing
three plasticizers with varying polarity: 2-EHS, NPOE, and
DOP. The one that produced the best results was 2-EHS.
The membranes fabricated using this plasticizer display
closer slopes to the ideal Nernstian ones. This is due to the
comparable polarity of the investigated medication and the
plasticizer. The CPF and 2-EHS combination secured the
best durability and enabled the most efficient ion exchange
through the fabricated sensors, but the membranes made
from NPOE and DOP exhibited poor non-Nernstian slopes,
which are 50.20 £+ 0.30 (n = 3) and 49.80 + 0.70 mV/decade
(n = 3), respectively. The sensitivity of the fabricated sensors
was evaluated by defining the detection limit at the point
of intersection of the standard curve linear segments [37].
Detection limits as low as 0.18 pg/ml exhibited excellent
sensitivity (Table 1). The detection limits of the developed
sensors demonstrate their exceptional sensitivity, which is
appropriate for their use in environmental analysis. They
also displayed a fast response during the analysis of a wide
range of concentrations. The mentioned parameters constitute
the most vital ones for the sensitive quantification of CPF
in real-environmental samples when applying the developed
membranes.

The medium pH affects the operation of the sensors.
The pH range is 2.0 to 5.0 (Fig. 3). A significant deviation of
the calibration curves from linearity was observed when the
pH values exceeded five. Because of the drug’s decreased
solubility. A non-Nernestian behavior was noticed when the pH
of the test solution exceeded the value of 5.

By plotting calibration graphs and daily assessing
their attributes, the membranes’ lifetimes were estimated to be
28 days (Fig. 4). An important parameter, which is the response
time, plays an important role in the process of membrane
evaluation. It shows the required time for the fabricated sensor
to provide a constant potential value (=1 mV) after a ten-fold
concentration increase [35]. The response time of the built
sensors was discovered to be 15 seconds.

Assay accuracy was evaluated by applying the
fabricated sensors for the determination of CPF samples
with definite concentrations. The analytical assay’s ability to
withstand deliberate changes in working conditions (minor pH
alterations) was examined for method robustness. Furthermore,
the procedure’s ruggedness was evaluated to ascertain its
reproducibility. Table 1 summarizes these parameters.

The SSM [36] was used to assess membrane selectivity,
where various inorganic interferents, including Na*, K', and
NH4*, and structurally related interferents (moxifloxacin
hydrochloride and gatifloxacin hydrochloride), were tested and
the PSC for each interferent was calculated. Table 2 displays
the calculated PSCs. The small values of the calculated PSCs
may confirm the method’s high selectivity. The lipophilicity of
the sample ion, the interferent ion on the sample side, and the
three-dimensional (3D) structure all affect how select the cited
method is. It is also affected by the 3D structure of the receptor
of the ion exchanger. Sensor selectivity is influenced by the
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Figure 3. pH effect on the potential response of CPF membrane sensors.
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Figure 4. Stability of the CPF membrane sensors.

Table 2. PSCs of the proposed CPF selective sensors by the SSM.

CPF-TPB sensor CPF-PTA sensor

Interferent (mean * £ S.D.) (mean * £ S.D.)
Na* 2.4 x103£0.67 2.5x107°+0.83
K 1.6 x 104+ 0.78 1.8 x10%+£0.78
NH,’ 1.8 x 10+ 0.46 1.7 x 104+ 1.04

Moxifloxacin hydrochloride

2.7 %107+ 0.89
29 x104+0.67

2.6 x1073+0.73
2.8 x10%+0.63

Gatifloxacin hydrochloride

*Average of five measurements.

sensor constituents, the type of solvent used, and the ratio of
plasticizer to PVC. Lipophilic ionic sites increase interfacial
ion-exchange kinetics. TPB and PTA are ionic sites that have
been introduced to membranes used to measure cations to
improve selectivity and sensitivity. TPB or PTA are captured by
the positively charged CPF nitrogen during the preconditioning
stage until an equilibrium condition is reached and the sensor
is adequate to determine the researched drug ion. Membrane
sensors require plasticizers that enable rapid ion motion and
good physical characteristics for the fabricated membrane [38].

Table 3. Results obtained for the analysis of laboratory-prepared
mixtures containing different ratios of intact CPF and its MDPs using
the fabricated sensors.

CPF-TPB sensor CPF-PTA sensor

Intact CPF MDP (Mean * £ S.D.) (Mean * £ S.D.)
90% 10% 99.39 +0.54 101.63 £ 0.84
(18 pg/ml) (2 pg/ml)
70% 30% 102.43 £0.94 101.56 + 0.83
(14 pg/ml) (6 pg/ml)
50% 50% 100.43 £0.42 102.24 +0.87
(10 pg/ml) (10 pg/ml)
30% 70% 101.45+0.98 102.43 +£0.57
(6 pg/ml) (14 pg/ml)
10% 80% 99.16 +0.47 100.14 + 0.69
(2 pg/ml) (18 pg/ml)

*Average of three measurements

Table 4. Determination of CPF in spiked river water samples using
the fabricated membrane sensors.

CPF-TPB sensor CPF-PTA sensor

Specimen (Rec.% *+S.D)  (Rec.% * +S.D.)
Distilled water 100.43 £0.79 99.89 +0.95
Tap water 101.97 +£0.89 101.91 £ 0.78
CPF free river water (sample 1) 98.99 + 0.60 102.69 £ 1.02
CPF free river water (sample 2) 102.79 £ 1.04 99.91 +0.69
CPF free river water (sample 3) 100.49 £ 0.83 101.66 £ 0.92

*Average of five measurements.

Method application

Determination of CPF in the presence of its MDP product

Investigating the method selectivity was carried out in
the presence of up to 90% CPF MPD. To perform this task, the
sensors were used to analyze a variety of laboratory-prepared
mixtures containing 9 x 10* M x 10* M CPF and 1 x 107
M? x 10* M MDP. The results shown in Table 3 reveal the
selectivity of the suggested method and confirm the capability
of the assay to quantify the cited drug in the presence of up to
90% MDP, where the deviations from the 100% recovery did
not exceed 2.5% up and 1% low.

Assay of CPF-loaded water samples

The sensors were successfully utilized to quantify
CPF in either distilled or tap water samples containing the
medication of interest. In addition, the sensors were used to
analyze many CPF-free river water samples loaded with known
CPF concentrations. This was done to validate the sensors’
performance across different water matrices. Table 4 shows the
calculated recovery percentages.

CONCLUSION

The originality of the work arises from the absence
of prior research on the potentiometric assessment of the target
drug in the presence of its principal photo-degradant, which is
commonly found in river water containing CPF owing to the
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long-term exposure to sunlight and its ease of photo-degradation.
The presence of MDP in the river water samples containing CPF
constitutes a major challenge for its quantification due to the high
chemical similarity between CPF and its MPD. The absence of a
sample pre-treatment procedure verifies the method’s versatility
in comparison to the spectroscopic and chromatographic methods
utilized for CPF analysis. Furthermore, the suggested approach
is more economical than UPLC and LC-MS/MS since it has
fewer expenses per sample. The electrochemical performances
of the constructed sensors are equivalent. They are effectively
applied in a wide concentration range and at different pH levels.
Both membranes have been used effectively for the sensitive and
accurate assessment of CPF in river water samples.
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