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Nosocomial infections caused by multidrug-resistant (MDR) bacteria is treated with Linezolid (LIN) either alone or with other
medications such as; Meropenem (MERO) or Theophylline (THEO). LIN has variable pharmacokinetics which makes it an ideal
candidate for therapeutic drug monitoring (TDM). Ion selective electrode (ISE) is a promising tool that can be used in hospitals by
medical practitioners to adjust the dose of LIN which will eventually improve the therapeutic outcomes. Four potentiometric PVC
sensors were fabricated for the determination of LIN in plasma in the presence of co-administered medications (MERO and THEO).
Sensor I; cationic exchanger phosphotungstate sensor covering a concentration range of 1.0 × 10−7–1.0 × 10−4 M. while Sensor II;
2–hydroxypropyl-β-cyclodextrin (HP-βCD) sensor covered a concentration range of 1.0 × 10−9–1.0 × 10−3 M. The last two sensors
were fabricated using metal nanoparticles (NPs). Sensor III; Copper NP-incorporated HP-βCD sensor was used over a concentration
range 1.0 × 10−9–1.0 × 10−3 M, while Sensor IV; Cobalt NP-incorporated HP-βCD sensor attained the highest sensitivity of all
the prepared sensors with the quantification range of 1.0 × 10−10–1.0 × 10−4 M. Britton-Robinson buffer at pH 3.5 ± 0.5 was
chosen for optimization of experimental conditions of the four sensors. The proposed sensors performance was validated according
to IUPAC\FDA guidelines and was applied successfully for the determination of LIN in its pharmaceutical formulation and for TDM
in incurred plasma samples. No interference was noted in the presence of (MERO) and (THEO) that are commonly co-administered
with LIN as a part of the treatment protocol for healthcare-associated pneumonia (HCAP).
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Nosocomial infections caused by multidrug-resistant (MDR)
bacteria are a major cause of increased mortality and morbidity
worldwide.1 One of the most common MDR infections are those
caused by methicillin-resistant Staphylococcus aureus (MRSA). In
the Mediterranean region, MRSA is endemic;2 with the highest clin-
ical isolates in Egypt.3 Guidelines for the treatment of MRSA differs
according to the site of infection and patient condition. The first line of
treatment for MRSA infections, especially for hospitalized patients is
Vancomycin. However, the emergence of vancomycin-resistant strains
(VRSA) and difficulty in its administration limited its use.4 The bac-
terial resistance to antibiotics has become one of the main concerns of
global public health5 and attracted attention to the wise use of Line-
zolid (LIN). Overexposure to LIN especially in immunocompromised
patients along with the variable pharmacokinetic profile of LIN re-
sulted in several haematological toxicities6,7 that may require discon-
tinuation of the treatment.8 Therapeutic drug monitoring (TDM) of
LIN using simple tools is thus recommended to minimize toxicity and
maximize the therapeutic outcomes.9 Linezolid is a part of the treat-
ment protocol in immunocompromised pneumonia patients. Patients
who suffer from metabolic disorders or poor liver and kidney function
will experience unpredictable LIN plasma concentration that is out of
the therapeutic window. Healthcare-associated Pneumonia (HCAP) is
one of the most common nosocomial infections that requires treat-
ment with LIN. Meropenem (MERO) and Theophylline (THEO) are
commonly administered with LIN as a part of the treatment protocol
for HCAP.10

In literature, several techniques have been reported for the anal-
ysis of LIN in biological fluids using different chromatographic
approaches; HPLC-UV,11–14 UPLC-PDA15–17 and LC-MS/MS.18–22

Voltammetry has been previously utilized for analysis of LIN in human
plasma.23–25 Recently a voltammetry sensor utilizing multi-walled car-
bon nanotubes (MWCNTs) - modified carbon paste electrode was de-
veloped by our research group for monitoring of LIN in plasma in the
presence of co-administered medications or for simultaneous moni-
toring of LIN, THEO and MERO.10

Potentiometric ion-selective electrodes (ISE) is a promising tool
for TDM. In comparison with other electrochemical techniques such
as voltammetry,26–29 ISEs are portable, selective, sensitive and have
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a rapid response time. Moreover, ISEs require minimal or no sample
pretreatment which makes them an ideal choice for routine analy-
sis since they do not require a highly skilled analyst to operate.30

This eco-friendly technique paved the way toward a greener ana-
lytical chemistry tools making it superior over chromatographic and
electrophoretic techniques in biomedical analysis,31–33 in dissolution
profile34 and as stability indicating methods.35

Increasing sensitivity and selectivity of the fabricated sensors has
always been the main target for analysts. The incorporation of differ-
ent ionophores such as 2– hydroxypropyl-β- cyclodextrin (HP-βCD)
and nanoparticles is a common practice to improve selectivity and
sensitivity.36 HP-βCD has been widely used owing to its ability to act
as a guest molecule for the drug under investigation.37 The addition
of metal oxide nanoparticles such as Copper and Cobalt nanoparti-
cles (NPs) attracted attention due to their superior electrochemical
performance and enhanced conductivity.38 ISE can be used for deter-
mination of more than one ion as double use,39 monitor the protein
binding behavior of studied drugs40

To the best of our knowledge, potentiometric ISEs have not been
utilized for the determination of LIN either alone or in the presence
of co-administered drugs. Here, four sensors that allow selective and
sensitive potentiometric determination of LIN in the presence of co-
administered drugs; MERO and THEO were fabricated. Results of a
conventional anionic exchanger phosphotungstate sensor (Sensor I)
were compared to those obtained using HP-βCD sensor (Sensor II).
The effect of adding Copper or Cobalt NPs on the performance of HP-
βCD has been thoroughly investigated; Sensor III and IV, respectively.
Britton-Robinson buffer pH 3.5 ± 0.5 was chosen for the optimization
of experimental conditions. The applicability of the developed sensors
has been investigated in pharmaceutical formulations and in plasma
for TDM.

Experimental

Apparatus.—A pH/mV/8C meter (Jenway, UK) with a glass ref-
erence electrode (Ag/AgCl, double junction) Z113107 (Aldrich) was
used. pH measurements were carried out using a Jenway pH glass
electrode (UK).

Chemicals and reagents.—All reagents and solvents were
of Analytical Reagent grade. Linezolid; (S)-N-({3-[3-fluoro-4-
(morpholine-4-yl) phenyl]-2-oxo-1,3-oxazolidin-5-yl} methyl)
acetamide,41 Theophylline; 1,3-dimethyl-7Hpurine-2,4-dione,41

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.113.111.210Downloaded on 2019-09-28 to IP 

http://dx.doi.org/10.1149/2.1221913jes
mailto:ghada.elsayed@pharma.cu.edu.eg
http://ecsdl.org/site/terms_use


Journal of The Electrochemical Society, 166 (14) B1312-B1320 (2019) B1313

Linezolid

Meropenem

Theophylline

Figure 1. Structure formula of Linezolid, Meropenem and Theophylline.

and Meropenem (4R,5S,6S)-3-[(3S,5S)-5-(dimethyl carbamoyl)
pyrrolidin-3-yl] sulfanyl-6-[(1R)-1 hydroxyethyl] -4-methyl-7-oxo-
1-azabicyclo[3.2.0]hept-2-ene-2-carboxylic acid41 were supplied
by Averroes pharma, El-Nile pharmaceuticals and AstraZeneca,
respectively (Figure 1). The purity was 99.60%, 99.92%, and 99.71%,
respectively according to USP 2016. Britton-Robinson (BR) buffer
solutions pH (2.0–11.0) were prepared by mixing different aliquots
of 0.04 M H3BO3, 0.04 M H3PO4 and 0.04 M CH3COOH solutions.
pH adjustment was performed by titration to the target pH with either
0.2 M NaOH or 0.2 M HCl (Sigma-Aldrich, USA). Polyvinyl chloride
(PVC) and 2-hydroxypropyl-β-cyclodextrin (HP-βCD) were obtained
from (Fluka Chemie Gmbh, Germany). Dioctyl phthalate (DOP)
was purchased from (Sigma-Aldrich, USA). Tetrahydrofuran (THF),
polyethylene glycol 200 (PEG 200) were supplied from (Merck,
Germany). Potassium chloride, sodium chloride and calcium chloride

were obtained from (Prolabo, USA). Sodium phosphotungstate
(NaPTA) and methanol were purchased from (Sigma-Aldrich,
Germany). Cobalt and Copper NPs (<50 nm) were supplied from
(Sigma-Aldrich, Germany). Human blank plasma was provided by the
Holding Company for Biological Products and Vaccines (VACSERA,
Egypt). Averzolid tablets by El-Obour Modern Pharmaceutical Co.
(600 mg of LIN/tablet, Batch No.151091), Meropenem vials (1 g of
MERO/vial, Batch No. LW544) by AstraZeneca UK Limited, and
Uniphylline capsules (400 mg of THEO/capsule, Batch No.653907)
by El-Nile pharmaceuticals Co. were purchased from local market.
Incurred samples were obtained from a healthy volunteer.

Standard solutions.—Linezolid stock standard solution (1.0 ×
10−2 M) was prepared in BR buffer pH 2: deionized water (10: 90). Fur-
ther dilution of the prepared stock solution with BR buffer pH 3.5 was
done to prepare working standard solutions with a concentration range
(1.0 × 10−12–1.0 × 10−3) M, where the standard concentration series
was 1.0 × 10−12, 1.0 × 10−11, 1.0 × 10−10, 1.0 × 10−9, 1.0 × 10−8, 1.0
× 10−7, 1.0 × 10−6, 1.0 × 10−5, 1.0 × 10−4 and 1.0 × 10−3 M. MERO
and THEO stock solutions were prepared in deionized water. Sodium
chloride, potassium chloride, and calcium chloride were dissolved in
deionized water to prepare 1.0 × 10−3, 1.0 × 10−4 M working stan-
dard solutions. Stock and working solutions were stable when stored
refrigerated at 4°C for at least 2 weeks.

Procedures.—Construction of membrane sensors.—Levigate
10 mg of NaPTA, and 190 mg PVC together, dissolve in 0.35 mL
DOP, and then merge thoroughly with 5 mL THF till completely ho-
mogenous, and finally pour in a 5 cm diameter Petri dish for membrane
fabrication (Sensor I). In Sensor II, use 400 mg HP- β -CD instead of
NaPTA. While in Sensors III and IV, suspend 29 mg of NPs (Copper or
Cobalt NPs) in 0.2 mL PEG200, mix with HP- β -CD and completed
as Sensor II. All Petri dishes were enclosed with filter paper and per-
mitted to stand overnight at room temperature for solvent evaporation.
The obtained membranes were about 0.1 mm in thickness.

Sensor assembly.—A circular disc of about 5 mm was cut from
the master membranes prepared as described above and attached to an
elastic PVC tip by THF. The tip was then attached to the hard electrode
body. The internal filling of the electrode consisted of a silver wire of
1 mm diameter activated by dipping into concentrated HCl to be coated
with AgCl and immersed in an internal reference solution of equal
volumes of equimolar solutions of both LIN and KCl (1.0 × 10−2 M),
Figure 2. Conditioning of the sensors was carried out by soaking in
1.0 × 10−2 M LIN solution for one day. Sensors were stored in the
same solution while not in use.

Figure 2. Sensor preparation and schematic diagram of therapeutic drug monitoring process.
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Figure 3. Scanning electron micrographs of the proposed sensors; A) sensor II, B) sensor III and C) sensor IV.

Membrane sensors characterization by scanning electron micro-
scope (SEM).—SEM Field emission Scanning Electron Microscope
Type Quanta FEG 250 Philips (USA) was utilized for characterization
of the morphology of the prepared membranes. All steps were carried
out at room temperature using a beam voltage of 20 kV. Dry membrane
samples were placed on a copper grid and sputter coated with a thin
layer of gold prior to examination. Differences in the morphology and
nanoparticle distribution were investigated.

Effect of pH.—Britton Robinson (BR) buffer of pH range2–12 was
used to study the effect of pH on the performance of the electrodes.
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Figure 4. Plot of potential (E/mV) versus –log concentration (LIN/M) using
four proposed sensors.

LIN molar solutions of 1.0 × 10−3 and 1.0 × 10−4 M were prepared
in different pH ranges.2–12

Sensor calibration.—Calibration of the previously conditioned
sensors was performed using a set of 50 mL beakers, each containing
25 mL of the different molar concentration of LIN (1.0 × 10−12–1.0
× 10−2 M). Both working and reference electrodes were immersed in
each beaker, and equilibration was obtained using Hanna magnetic stir-
rer. Washing with deionized water between the measurements and the
electrode potential for each sensor at each concentration was recorded
separately and plotted versus negative logarithmic molar concentration
of LIN. The linear part was used to calculate the regression equation.

Bioanalytical assay validation.—Sensor selectivity.—Sensor se-
lectivity was calculated using the following formula:

− log KA,B
pot = E1 − E2/ (2.303 RT/ZAF) + (1 − ZA/ZB) log αA

where KA,B
pot is the potentiometric selectivity coefficient, E1 is LIN

potential measured in 1.0 × 10−3 M and 1.0 × 10−4 M solution, E2
is the interfering solution potential measured in 1.0 × 10−3 M and
1.0 × 10−4 M, ZA and ZB are the charges of LIN and interfering ion,
respectively, 2.303RT/ ZAF represents the slope of investigated sensors
(mV/ concentration decade) and αA is the activity of the drug.

To ensure membrane selectivity, different concentrations of LIN,
MERO and THEO covering the calibration range of LIN were prepared
in BR buffer (pH 3.5). The proposed system of both working and refer-
ence electrodes was immersed in each mixture with constant stirring.
The obtained potential for each concentration using the four different
sensors was used to calculate LIN concentration in the presence of the
two other drugs using the corresponding regression equation.

Table I. Electrochemical response characteristics of the four investigated sensors in plasma.

Parameters Sensor I Sensor II Sensor III Sensor IV

Slope (mV/decade)a 47.40 46.54 55.39 56.71
Intercept (mV) 391.70 459.63 537.64 624.29

LOD (M)b 5.45 × 10−9 1.35 × 10−10 1.97 × 10−10 1.70 × 10−11

Response time (s) 30 10 10 10
Stability (Days) 21–28 21–28 21–28 21–28

Concentration range (M) 1.0 × 10−7-1.0 × 10−4 1.0 × 10−9-1.0 × 10−3 1.0 × 10−9-1.0 × 10−3 1.0 × 10−10-1.0 × 10−4

Correlation coefficient 0.9996 0.9998 0.9999 0.9981

aAverage of three determinations for each sensor.
bLOD calculated as extrapolation of arms of Figure 4.
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Figure 5. Plot of potential (E/mV) versus pH using four proposed sensors.

Linearity and lower limit of detection.—Assessment of linearity
was performed using ten fortified plasma samples covering the range
(1.0 × 10−12-1.0 × 10−3M) at pH 3.5. Serial dilution of LIN in plasma
was prepared by adding half a millilitre of each LIN working standard
solution (1.0 × 10−11-1.0 × 10−2M) into stoppered tubes containing
1 mL plasma then complete the volume with the used buffer till 5 mL,
the tubes were shaken thoroughly for 1 min and then measured as
mentioned under 2.4.4 sensor calibration The linear part was used
to calculate the regression equation in spiked plasma. LOD for each
sensor was then determined graphically from extrapolation of arms of
the calibration curve
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Figure 6. Plot of potential (E/mV) versus –log concentration (LIN/M) in
spiked plasma using four proposed sensors.

Accuracy and precision.—Calculation of within-run and between
runs accuracy and precision were done using the average of three de-
terminations at four concentration levels lower limit of quantification
(LLOQ), quality control sample of lower concentration (QCL), quality
control sample of middle concentration (QCM), and quality control
sample of high concentration (QCH) for each sensor

Recovery and matrix effect.—Recovery of LIN was assessed by
comparing potential obtained from fortified plasma at three QC levels
and LLOQ to that obtained using an equal concentration dissolved in
buffer. Matrix effect (ME) was studied to ensure that there was no inter-
ference of plasma components with the performance of the proposed
sensors. It is calculated using the following formula: (Smatrix/Saqueos-
1) × 100 where, Smatrix is the slope of the linear part of the regression
line in plasma, and Saqueous the slope of the linear part of the regression
line in the buffer.

Application.—Determination of LIN in pharmaceutical
formulations.—Three tablets of Averzolid were finely grounded
and an appropriate amount equivalent to 0.337g of LIN was trans-
ferred into a 100 mL volumetric flask. 10 mL BR-buffer (pH 2)
was added and the volume was completed with deionized water to
obtain a solution of 1.0 × 10−2 M concentration. Further dilution
with BR buffer pH 3.5 was adopted to obtain 1.0 × 10−3 and 1.0 ×
10−4 M concentrations. The measurement was carried as above. The
concentration of LIN was back-calculated using the corresponding
regression equation

Determination of LIN in spiked plasma.—Five spiked samples con-
taining the co-administered medications; MERO and THEO in con-
junction with LIN were prepared. The corresponding regression equa-
tion was used for calculation of LIN concentration.
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Table II. Comparison summary of the performance of sensors of proposed method and others of published methods in determination of LIN.

Intraday Repeatability
Electrode Materials Conc. range LOD (M) (RSD%) (RSD%) Ref.

PVC\phosphotungestate 1.0 × 10−7–1.0 × 10−4 5.45 × 10−9 0.97 – 2.43 1.22 – 2.55 This work Sensor I
PVC\HP- βCD 1.0 × 10−9–1.0 × 10−3 1.35 × 10−10 0.49 – 1.48 1.52 – 2.63 This work Sensor II

PVC\ HP- βCD\Copper NPs 1.0 × 10−9–1.0 × 10−3 1.97 × 10−10 0.83 – 1.50 1.49 – 2.81 This work Sensor III
PVC\ HP- βCD\Cobalt NPs 1.0 × 10−10–1.0 × 10−4 1.70 × 10−11 0.85 – 2.30 1.02 – 3.45 This work Sensor IV

multiwalled carbon paste 2.5 × 10−8–8.0 × 10−6 2.90 × 10−9 0.090 – 2.536 0.180 – 4.185 10
graphene oxide/ bentonite glassy carbon 0.25 × 10−6–31.25 × 10−6 0.034 × 10−6 1.89 2.15 23

multiwalled bromocresol green carbon paste 5.00 × 108–1.45 × 10−4 7.57 × 10−9 0.69 – 1.22 0.75 – 1.34 25

Determination of LIN in incurred samples.—The ethical commit-
tee of the Faculty of Pharmacy, Cairo University approved the pro-
posed protocol. All experiments were conducted as per guidelines of
the International Clinical Research, expressed in the Declaration of
Helsinki, 1964 and revised in Brazil, 2013.42 Written informed con-
sent was obtained from the volunteer before enrollment into the study.
LIN, MERO, and THEO were co-administered for three uninterrupted
days to reach the steady-state concentration. Blood samples were gath-
ered after 1 h from dose administration into 3.0 mL heparinized tubes
(spray coated with sodium heparin, KEMICO, Egypt). In a volumet-
ric 5 mL flask, 500 μL blank plasma was added to 500 μL of plasma
sample and the volume was completed by BR buffer (pH 3.5). Each
of the proposed electrodes in conjugation with the reference one was
immersed in sample solutions with continuous stirring. LIN concentra-
tion was determined through the standard addition method in incurred
samples.

Results and Discussion

Successful application of ion-selective electrodes in bioanalysis is
commonly associated with their simple design, reasonable selectivity
and fast response.43 The main advantages of the developed potentio-
metric sensors herein are the low cost, applicability over a wide con-
centration range in plasma and independence on operator skills. Four
sensors were tailored targeting therapeutic monitoring of Linezolid.
The ease of application of these sensors in routine clinical monitoring
was our main goal.

Sensor fabrication.—Sensor I is a traditional PVC anionic ex-
changer electrode NaPTA that allows ion binding with LIN.44 Study-
ing LIN structure (Figure 1), three nitrogen atoms were supposed to
be involved in the reaction with the anionic exchanger. However, the
results showed that only one of them succeeded in giving reliable re-
sults. This was attributed to the high availability of electrons on the
nitrogen atom of the morpholino ring due to the steric inhibition of
resonance in benzene ring by the ortho fluoride substitution. The elec-
trons on amide nitrogen atoms are not available due to the internal
resonance.45

With respect to Sensor II, the anionic exchanger was replaced with
HP-βCD which allowed molecular structure recognition and forma-
tion of inclusion complexes.46 Further addition of metal oxide NPs
(Copper or Cobalt) to HP-βCD increased the selectivity and sensitiv-
ity. PEG 200 was added as a suspending agent to ensure the homoge-
neous dispersion of the NPs within the membrane. The high sensitiv-
ity could be attributed to the high surface area and high mechanical
strength with ultra-lightweight, rich electronic properties, thermal sta-
bility and excellent chemical properties of the selected NPs.47 Metal
oxide NPs have the ability to immobilize biomolecules due to their
biocompatibility.48 Transmembrane diffusion could be also involved
but this needs further investigations that not under the scope of this
study.

Here PVC; a chemically inert matrix was used as a reproducible
trap and regular support for the sensed ion in all fabricated sensors
while DOP was used as a plasticizer. All membrane components were
dissolved in THF, allowed to stand in room temperature till complete
evaporation and membrane formation. The plasticizer plays an im-
portant role in providing the best possible selectivity and sensitivity
by dissolving the ion association complexes and adjusting both mem-
brane permittivity and mobility of ion exchange sites.49

Characterization of membrane sensors by scanning electron
microscope (SEM).—The morphology of the surface modified sen-
sors was evaluated using SEM (Figure 3) and Electronic Supplemen-
tary Information (ESI 1,2). SEM images demonstrated the HP-βCD
cavities of the inclusion complex. Dispersion of cobalt NPs in the
membrane was obviously better than that of copper NPs. This could
be associated with the difference in surface chemistry between cobalt
and copper NPs. The higher number of valence electrons in the outer
most shell of cobalt atoms allowed better interaction with the hydroxyl
group of HP-βCD. This conclusion is supported also by the experimen-
tal finding where the membrane containing cobalt NPs shows higher
sensitivity than that with copper NPs. For sensor I, no results were ob-
tained since sodium phosphotungstate - PVC is non-conductive even
after scattering of gold.

Electrochemical behavior of LIN sensors.—The electrochemi-
cal performance parameters of the studied sensors were investigated
according to IUPAC guidelines. The obtained calibration plots were
typical as shown in (Figure 4). The slopes of the calibration curves
were 50.80, 49.01, 55.54 and 56.98 mV per concentration decade with
limits of detection of 4.26 × 10−8, 1.47 × 10−10, 2.31 × 10−10, and
8.55 × 10−12 M for sensors I, II, III, and IV, respectively. Deviation
from the typical Nernst slope (59 mV) was noted. This was attributed
to the response of the electrodes to the activity of the cation rather
than concentration. Interday and intraday precision were calculated
for the investigated sensors. The slopes of the calibration curves did
not vary by more than 2 mV/decade over a period of 21 to 28 days.
The results are presented in (ESI 3) and evaluated according to the
IUPAC guidelines.

Dynamic response time.—For the analytical application of the ion-
selective electrodes, dynamic response time is an important factor. In
this study, LIN concentration was increased up to 10-fold and the time
required to reach values within 1 mV of the final stabilized potential
was recorded. Sensor I was found to reach equilibrium after 30 s while
the other three sensors required ∼10 s only. These results indicated
that the proposed method is time-saving and is suitable for TDM ap-
plications where measuring the variation in drug concentration over
time is crucial.

Effect of pH.—Experimental optimization of pH was carried out
using BR buffer of pH range.2–12 The obtained pH profile (Figure 5)
shows that the performance of the four sensors is functionally optimum
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Table III. Recovery results of LIN in spiked plasma using the four proposed sensors.

Sensor I LLOQ (M) 1.00 × 10−7 QCL (M) 3.00 × 10−7 QCM (M) 1.00 × 10−5 QCH (M) 8.50 × 10−5

%Recovery 99.83 99.76 98.73 99.50
99.66 99.40 99.81 99.60
99.83 100.00 99.87 99.97

Mean (n = 3) 99.78 99.72 99.47 99.69
SD 0.11 0.31 0.64 0.24

%RSD 0.10 0.30 0.65 0.25

Sensor II LLOQ (M) 1.00 × 10−9 QCL (M) 3.00 × 10−9 QCM (M) 1.00 × 10−6 QCH (M) 8.50 × 10−4

%Recovery 99.50 98.89 98.90 99.00
100.25 99.68 100.17 99.90
99.74 100.16 99.89 100.16

Mean (n = 3) 99.83 99.58 99.65 99.69
SD 0.37 0.64 0.67 0.60

%RSD 0.38 0.65 0.67 0.61

Sensor III LLOQ (M) 1.00 × 10−9 QCL (M) 3.00 × 10−9 QCM (M) 1.00 × 10−6 QCH (M) 8.50 × 10−4

%Recovery 99.50 99.09 99.95 99.73
99.25 99.69 100.05 99.95
100.00 99.69 100.10 99.84

Mean (n = 3) 99.58 99.49 100.03 99.84
SD 0.37 0.35 0.08 0.11

%RSD 0.38 0.35 0.07 0.10

Sensor IV LLOQ (M) 1.00 × 10−10 QCL (M) 3.00 × 10−10 QCM (M) 1.00 × 10−6 QCH (M) 8.50 × 10−5

%Recovery 99.12 98.82 100.00 99.25
99.82 100.24 100.04 99.75
100.18 99.88 100.11 99.50

Mean (n = 3) 99.71 99.65 100.05 99.50
SD 0.52 0.74 0.05 0.25

%RSD 0.54 0.73 0.05 0.23

over the range of pH 2–4. The optimum pH was suggested as 3.5 ±
0.5 in order to maintain the ionization of LIN and ensure the safety of
fabrication of the membrane. LIN ionization is pH dependent, its pKa
is 1.8 which indicates that linezolid is not ionized in aqueous media
with pH more than 4,50 which support our pH choice. According to
Figure 5, Nernestian slope of about 60 mV was obtained at pH 3.5
± 0.5. At other pH values, LIN shows no ionization even with the
high potential reading where the potential difference between the two
successive concentration decades is depleted or minimized.51

Bioanalytical assay validation.—Selectivity.—Selectivity is an
important feature of ISEs. It indicates the ability of the sensor to mea-
sure the target ion in complex matrices. According to IUPAC stan-
dards, separate solution method was utilized to evaluate the sensor
selectivity in the presence of some common interfering substances;
co-administered drugs MERO, THEO, and other inorganic cations
such as sodium chloride, calcium chloride, and potassium chloride
that are usually present in biological fluids. The potentiometric selec-
tivity coefficients of the proposed sensors were calculated. Interfering
solutions were prepared at high concentrations (1.0 × 10−3 and 1.0
× 10−4 M) to ensure high selectivity of the proposed sensors to LIN.
Results presented in ESI 4 showed the potentiometric selectivity coef-
ficients of the investigated sensor. As the K value decreases, the sensor
selectivity increases ensuring less impact of the interfering agent on
the measured potential of target ion. Results revealed the high selec-
tivity of the proposed sensors toward LIN. Incorporation of HP-βCD
increased the selectivity while incorporation of the NPs (Copper or
Cobalt) to HP-βCD further decrease in K values was noted indicat-
ing an increase in selectivity. Evaluation of the selectivity was further
assured by measuring the recovery of LIN in nine lab mixtures con-
taining LIN, MERO, and THEO covering the range from 1.0 × 10−4 to
1.0 × 10−3 M. Results presented in (ESI 5) indicated the lack of inter-
ference from MERO and THEO. The proposed sensors can determine
LIN in the presence of up to 80% of both MERO and THEO. This

confirms the high selectivity of any of the proposed sensors toward
the drug under study.

Linearity and lower limit of detection.—From the calibration
curves (Figure 6), minimal deviation in slopes from the Nernst equa-
tion was observed. Slopes were found to be 47.40, 46.54, 55.39, and
56.71 mV for Sensors I, II, III, and IV, respectively. The results show a
gradual increase in method sensitivity which is noted in the increase in
the slopes. Sensor I covers the range from 1.0 × 10−7–1.0 × 10−4 M
while the addition of HP-βCD “Sensor II” resulted in up to 2-fold
increase in LOQ reaching 1.0 × 10−9 to 1.0 × 10−3 M. This range
remained constant upon incorporation of the Copper NPs. An addi-
tional increase was observed when Cobalt NPs were added; from 1.0
× 10−10 to 1.0 × 10−4 M. The LOD was calculated for each sensor and
was found to be 5.45 × 10−9, 1.35 × 10−10, 1.97 × 10−10 and 1.70
× 10−11 M for sensors I, II, III, and IV, respectively. The response
time was instant; within 30 s for Sensor I and within 10 s for Sen-
sor II, III, and IV. The electrochemical characteristics are expressed in
Table I. The four sensors were found valid for reuse within 21–28 days.
Membranes were stable over this period and results were still satisfac-
tory. Table II illustrates the comparison between the quantification of
the proposed method (1.0 × 10−10-1.0 × 10−4 M) and published ones
for voltammetry determination of LIN using different electrodes, (2.5
× 10−8-8.0 × 10−6 M) for multiwalled carbon paste electrode10 and
(5.00 × 10−8-1.45 × 10−4 M) for multiwalled bromocresol green car-
bon paste electrode,25 and (0.25 × 10−6-31.25 × 10−6 M) for graphene
oxide/ bentonite glassy carbon electrode.23 It is obvious from the re-
sults that the studied method has higher sensitivity when compared
to other methods and covers the therapeutic window of the studied
drug. It allows direct determination of LIN without any sample pre-
treatment. The developed sensors are easy to use for members of the
medical team in hospital wards and in biomedical labs.
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Table IV. Recovery of LIN from Averzolid tablet using the four
proposed sensors.

Recovery %a

Pharmaceutical formulation,
Averzolid 600 mg tablets Sensor I Sensor II Sensor III Sensor IV

1.0 × 10−3(M) 99.11 101.23 99.13 98.30
1.0 × 10−4(M) 99.08 101.53 101.33 100.00
1.1 × 10−5(M) 99.68 97.84 97.92 101.92
1.1 × 10−6(M) 99.45 98.18 99.97 99.90

aAverage of three determinations.

Accuracy and precision.—A set of twelve fortified plasma samples
were prepared at four concentration levels (LLOQ, and 3QC levels)
and used to determine the within-run precision (intraday precision)
for each sensor. Repeatability was verified using equivalent sets of
fortified sample analyzed over three consecutive days for each of the
four sensors. Results are expressed in (ESI 6).

Recovery and matrix effect.—Recovery results were obtained from
the average of three determinations at the three QC levels and LLOQ
levels. All results were within 98.73-100.25% as shown in Table III
and ESI 7. This was attributed to the direct measurement of LIN in
plasma without any prior steps of sample pretreatment. Thus the assay
was considered a time-saving technique, allowing measuring the drug
of interest with high selectivity and good recovery without any tedious
steps of sample pretreatment.

Matrix components can affect the results of analyzed drugs. They
may even cause damage to the electrode surface itself or clogging of
membrane pores. Thus, studying the effect of plasma on four proposed
sensors was an important step. Matrix effect was calculated using the
above-stated formulae. RSD values within ±20% were considered low
matrix effect.52 Sensor I and sensor II showed −6.69% and −5.04%,
respectively while −0.27% and 0.47% were noted with sensor III and
IV, respectively. It is shown that insignificant interference of any of
the plasma components with the performance of sensors. This en-
sures the suitability of the proposed sensors to monitor LIN levels
directly in plasma without any sample preparation steps. These find-
ings were further verified by the use of the standard addition method
for potentiometric determination of LIN in incurred samples. As an
additional safe guard measure, the sensors were rapidly returned back
and forth between the biological samples and deionized water between
determinations to eliminate/reduce the possible adherence of matrix
components to the sensor surface.

Application.—Determination of LIN in pharmaceutical
formulations.—Direct determination of LIN in tablet was car-

ried out using the four proposed sensors without any steps of
pretreatment. Results presented in Table IV showed no interference
from the tablet excipients, and good recovery results were obtained.

Determination of LIN in in spiked plasma.—MERO and THEO are
administered with LIN in pneumonia treatment protocols. Ensuring
no interference in the determination of LIN in their presence is an
important step. Recovery of LIN was measured in five lab mixtures
prepared in plasma at a concentration lower than that expected in the
plasma of pneumonia patients. Results are displayed in (Table V).

Determination of LIN in incurred samples.—In a healthy volun-
teer, validated method has been performed for the determination of
LIN in the presence of THEO and MERO. Regression equations for
LIN in spiked plasma were E (mV) = −47.40 log[LIN] + 391.70
(M), E (mV) = −46.54 log[LIN] + 459.63 (M), E (mV) = −55.39
log[LIN] + 537.64 (M) and E (mV) = −56.71 log[LIN] + 624.29
(M) for sensors I, II, III, and IV, respectively. LIN concentration in
samples obtained from the healthy volunteers was 3.63 × 10−5, 3.42
× 10−5, 3.44 × 10−5 and 3.61 × 10−5 M using the four proposed
sensors. Standard addition method was performed to validate these
results. The concentrations were found to be 3.58 × 10−5, 3.46 ×
10−5, 3.69 × 10−5 and 3.65 × 10−5 for the sensor I, II, III, and IV,
respectively (Figure 7). The agreement between the results obtained
using the proposed sensors either directly or using the standard ad-
dition method confirmed the trueness of the results. Accuracy of the
suggested method was confirmed by calculating the standard recov-
ery rate. An aliquot of standard solution containing an amount of LIN
close to the original amount in sample was added and % recovery
was calculated for each sensor. Sensor I was 98.19%, while recover-
ies were found to be 99.03%, 101.29%, and 96.75% for sensors II,
III and IV, respectively (Table VI). Statistical analysis using One way
ANOVA test was applied to relate the obtained results from the studied
sensors to a previously published ones10 (Tables VII). No statistically
significant difference exists between the proposed sensors and pub-
lished one. Thus, the above-described sensors have proven to be of
good applicability in therapeutic drug monitoring of LIN. Thus, ISE
has achieved the goal of selectively measuring LIN levels in biological
fluids. Such a finding is valuable for the determination of LIN in pa-
tients on multiple drug therapy. In conclusion, this is the time for ISE
to walk its first step in competition with other techniques in clinical
case determination.

Conclusions

LIN shows variable plasma levels in immunocompromised patients
or when administered with other medications. The validated sensors
described herein enabled monitoring of LIN in plasma with high sen-
sitivity especially upon inclusion of Cobalt NPs to HP-βCD. High se-
lectivity was achieved even in the presence of co-administered drugs
(MERO and THEO) or some common cations that are naturally found

Table V. Recovery of LIN in presence of some common interferants (MERO, and THEO) from spiked plasma using the four proposed sensors.

Lab mixtures Recovery % of LINa

LIN MERO THEO Sensor I Sensor II Sensor III Sensor IV

3.0 × 10−6 1.0 × 10−6 1.0 × 10−6 99.11 98.38 102.52 93.90
2.0 × 10−6 1.5 × 10−6 1.5 × 10−6 98.85 105.22 97.34 94.44
1.0 × 10−6 2.0 × 10−6 2.0 × 10−6 102.12 102.56 96.03 91.99
2.0 × 10−5 1.5 × 10−5 1.5 × 10−5 99.52 98.91 104.08 99.85
1.0 × 10−5 2.0 × 10−5 2.0 × 10−5 100.22 104.91 98.50 105.35

Mean 99.96 102.00 99.69 97.11
RSD% 1.312 3.169 3.461 5.618

aAverage of three determinations.
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Figure 7. Determination of LIN in real human plasma samples in presence of both MERO and THEO using the four proposed sensors.

Table VI. Determination results of LIN in real samples.

Sensor Found (M) Added (M) Found (M) RSD (%, n = 5) Recovery (%)

Sensor I 3.63 × 10−5 6.00 × 10−5 9.67 × 10−5 1.41 100.37
4.00 × 10−5 7.58 × 10−5 0.71 99.36
2.00 × 10−5 5.66 × 10−5 0.45 100.61

Sensor II 3.42 × 10−5 6.00 × 10−5 9.09 × 10−5 1.87 96.49
4.00 × 10−5 7.38 × 10−5 1.09 99.51
2.00 × 10−5 5.49 × 10−5 1.92 101.24

Sensor III 3.44 × 10−5 6.00 × 10−5 9.62 × 10−5 1.87 101.87
4.00 × 10−5 7.19 × 10−5 1.22 96.59
2.00 × 10−5 5.37 × 10−5 1.48 98.73

Sensor IV 3.61 × 10−5 6.00 × 10−5 9.70 × 10−5 1.00 100.98
4.00 × 10−5 7.30 × 10−5 1.58 95.97
2.00 × 10−5 5.72 × 10−5 1.92 102.04

Table VII. Statistical One-way ANOVA test for comparison between proposed method and a validated published one.

Sensor I Sensor II Sensor III Sensor IV Published Method [10]

Measured concentration (M) 3.51E-05 3.44E-05 3.72E-05 3.63E-05 3.58E-05
3.56E-05 3.46E-05 3.71E-05 3.66E-05 3.61E-05
3.55E-05 3.47E-05 3.69E-05 3.67E-07

Source of variation SS df MS F P-value F-critical

Between groups 3.09E-10 4 7.73E-11 0.798535 0.555412 3.633089
Within groups 8.71E-10 9 9.68E-11
Total 1.18E-09 13

No statistically significant difference exists between groups.
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in plasma. The method was successfully applied to samples from a
healthy volunteer without any steps of sample pretreatment. Satisfac-
tory results were obtained facilitating its use for routine monitoring of
LIN in healthcare settings. It also allows future application to study
the pharmacokinetics of LIN in healthy volunteers and in patients.
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