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Experimental validation of a computationally-
designed tiotropium membrane sensor†

Ali M. Yehia, *a Soad E. Abo-Elhoda,b Nagiba Y. Hassana and Amr M. Badaweyab

In this study we draw parallel computational and experimental data for potentiometric sensor assembly.

Tiotropium (TIO) is a long acting anticholinergic agent and is used for maintenance treatment of chronic

obstructive pulmonary disease. Systems comprising different ion exchangers with or without ionophores

were theoretically and practically evaluated for TIO membrane sensors. Different phenyl borate derivatives

as cation exchangers along with calix[8]arene or (2-hydroxypropyl)-b-cyclodextrin as ionophores were

compared in terms of steric energies and detection limits. Tetrakis-[3,5-bis(trifluoro-methyl)phenyl] borate

and calix[8]arene sensors provided the lowermost steric energy (�30.63 kcal mol�1) as well as detection

limit (1.6 � 10�7 mol L�1) for TIO analysis. Correlation between the normalized values of theoretical

energies and practical detection limits was reasonably close; therefore, molecular mechanics offers a

viable alternative to experimental optimization of sensor assembly. The optimized sensor showed a

Nernstian slope of 59.5 mV decade�1 in a linear range from 3.2 � 10�7 mol L�1 to 1 � 10�2 mol L�1. This

sensor could sufficiently discriminate the target ion from N-methyl-scopine as a possibly interfering

official impurity. Selectivity was enhanced by about one order of magnitude compared to other sensors.

The proposed sensor was successfully used for the determination of TIO in Spirivas inhalation powder

and compared favourably with the official method.

1. Introduction

Potentiometric sensors are recognized as invaluable devices to
analysts. They are simple economic devices that can be used as
in-line analyzers and point-of-care devices for industrial and
commercial applications, respectively.1 A (poly-vinyl)chloride
(PVC) membrane matrix usually holds charged and neutral
ionophores to turn the membrane permselective and enhances
its responses towards the target ions. Among the negatively
charged ionophores used to target positive analytes is phenyl
borate salt. Commercial derivatives of this salt were widely applied
in comparative studies for membrane sensor assembly. On the
other hand, host–guest inclusion complexes were evidenced to
improve both the selectivity and sensitivity of ISE applications.2–4

These components were usually mixed with a plasticizer in the
PVC matrix for typical membrane preparations. Optimization
figured prominently in careful selection of membrane com-
ponents for superior electrochemical responses, either using
one-variable at a time approaches5 or experimental designs.6

Designed experiments showed superiority over one-variable at a
time approaches in extracting maximum information about the
sensor with a lower number of trials. In a previous study6

categorical design was used to find a neat solution for qualita-
tive optimization of a membrane sensor.

Computational methods have been immensely adopted in
potential applications like structural analysis, analysis of dynamic
system interactions, and analysis of the comparative interaction
energy at binding sites. Functional monomer screening enables
the efficient visualization of molecular structures and monomer-
template interactions and therefore rational selection of
molecules.7 This prosperous mathematical protocol has indeed
advanced screening for optimum potentiometric,5,6 optical8 and
molecular imprinted9–13 sensors. Molecular mechanics (MM) is
acknowledged as one of the feasible modelling methods. In this
realm, molecules can be easily screened via observations of electro-
static interaction energies and optimal geometries with relatively
little computational expense.14 MM is based on calculating the total
energy of a system by summation of energies associated with
empirically observed properties of molecules, such as bond lengths,
bond angles and non-bonding interactions.15 A common action in
this type of modelling is energy minimization, where the total
energy of the system is reduced to a permissible minimum in an
iterative approach with a preset gradient. Interaction strength
and complex stability could be deduced from the corresponding
energies of the systems.
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Tiotropium bromide (TIO) is an anticholinergic agent that
binds to muscarinic receptors in human airways via slow
dissociation providing a 24 h bronchodilation effect.16 TIO
has been prescribed as a long acting bronchodilator used for
maintenance treatment of chronic obstructive pulmonary
disease.17 Long-acting bronchodilators are more convenient
and effective than short-acting agents as per the guidelines of
global initiatives for chronic obstructive lung disease,18 and
therefore TIO shows superior clinical efficacy. The FDA
reported that TIO is labile to non-enzymatic hydrolysis to its
parent alcohol and acid. These hydrolytic products are also
official impurities of TIO,19 neither of which bind to muscarinic
receptors. The literature usually concerns pharmacokinetic
studies on TIO using liquid chromatography coupled mass
spectroscopy.20–24 Other techniques like spectrofluorimetry,25

TLC26 and HPLC27,28 have been applied for single determination
of tiotropium in pharmaceutical applications.

To the best of our knowledge, no simple analytical method
has been reported for the analysis of TIO. In addition, none of
the previous research work considered its determination in the
presence of its hydrolytic products or main official impurities.
In the light of the potential impact of membrane sensor
optimization along with mathematical calculations, this work
aims to facilitate material assembly in TIO sensors by means
of artificial intelligence that would mimic the laborious experi-
mental efforts. We designed theoretical and experimental
strategies for optimum TIO sensor designation, comparing
the resulting steric energies and electrochemical responses of
the sensors in order to disclose the existing correlation. The
response characteristics of the optimized sensor were examined
for analysis of TIO. The selectivity of the sensor was examined
in the presence of its hydrolytic products or related official
impurities. The validated potentiometric method was applied
for the analysis of pharmaceutical applications and statistically
compared with the official method.

2. Experimental
2.1. Chemicals and reagents

Tiotropium bromide monohydrate pure powder was purchased
from Holypharm Biotech company (Hangzhou, China) and its
purity was found to be 99.89% according to official potentiometric
titration.19 Spirivas powder inhalation hard capsules were
manufactured by Boehringer Ingelheim Pharma GmbH & Co.
KG, batch no. 604944, and each dose contains 18 mg of tiotropium
bromide. Sodium tetraphenyl borate (TPB), potasium tetrakis-
( p-chlorophenyl)borate (TpClPB), calix[8]arene (CX8), (2-hydroxy-
propyl)-b-cyclodextrin (HPbCD) and 2-nitrophenyl octyl ether
(NPOE) were purchased from Sigma-Aldrich (Steinheim, Germany).
Sodium tetrakis-[3,5-bis(trifluoro-methyl)phenyl] borate (TFPB)
was purchased from Alfa Aesar (Ward Hill, MA, USA). Poly(vinyl
chloride) (PVC) was obtained from Fluka Chemie GmbH
(St. Louis, MO, USA). Tetrahydrofuran (THF) was obtained from
BDH (Poole, England). Britton–Robinson buffer was prepared by
mixing equal volumes of 0.04 mol L�1 acetic acid, 0.04 mol L�1

boric acid, and 0.04 mol L�1 phosphoric acid. The required pH
(2–11) was adjusted using 0.2 mol L�1 NaOH standard solution.
Ultrapure water (r18.3 MO cm) was used.

Hydrolysis of tiotropium was achieved by dissolving 2.45 g of
its pure powder in 25 mL of 0.1 N NaOH, and the solution was
subjected to reflux for 30 min at 90 1C and then neutralized
with 0.5 N HCL. The neutralized solution was quantitatively
transferred to a 50 mL volumetric flask and the volume was
made up to the mark with pH 7 buffer. The degradation process
was monitored using the official TLC method.19 About 10 mL of
the degradation solution was applied on a TLC silica gel F254

plate. Water–anhydrous formic acid–acetonitrile–methylene
chloride (1 : 1.5 : 3.5 : 5 by volume) was used as a developing
system. Then the spots were visualized using iodine vapour.
Complete degradation was confirmed by the disappearance
of the intact drug spot with a retardation factor (Rf) of about
0.64 and the appearance of a spot at Rf E 0.33 corresponding to
the alcohol (impurity G) degradation product. Also impurity G
was characterized by LC-MS using an Agilent 6420 Triple
Quadrupole LC/MS System (Applied Biosystems Sciex, Foster
City, CA, USA) with an electrospray ionization source in positive
mode using nitrogen as the nebulizer.

2.2. Preparation of membranes and measurements

Ionophore-free membranes were prepared by mixing 5 mmol
Kg�1 of ion exchangers (TPB, TpClPB, or TFPB) in about 66 wt%
NPOE as a plasticizer and about 33 wt% PVC. Other ionophore
based membranes were prepared using 10 mmol Kg�1 of either
CX8 or HPbCD with 5 mmol Kg�1 of TFPB as ion exchanger.
Each cocktail (total 600 mg) was dissolved in THF (4 mL) and
poured into a Petri dish (50 mm i.d.). The solvent was settled
for evaporation overnight to have a final membrane of about
300 mm thickness. Membrane disks of 6 mm diameter were cut
from each parent membrane and glued to the end of the PVC
tube with the aid of THF. Equivolumes of 10�4 mol L�1 of TIO
and NaCl were used as an inner filling solution. Electrodes
were conditioned in 10�4 mol L�1 of TIO for 4 h. Ag/AgCl wire
(1 mm-diameter) was used as an inner reference electrode.
A Thermo Scientific Orion double junction Ag/AgCl reference
electrode (No. 900200, MA, US) was used as an external reference
electrode. The electrode contains 10% KNO3 as a bridge electrolyte
and 3 mol L�1 KCl saturated with AgCl as a reference electrolyte.
Potentials were measured using a Jenway Digital Ion Analyzer
(Model No. 3330; Essex, United Kingdom) in magnetically stirred
solutions at ambient temperature (25 � 2 1C). A Jenway pH
glass electrode (No. 6.0133.100, MetrohmAG, CH-9010 Herisau,
Switzerland) was used for pH adjustments.

2.3. Sensor optimization

2.3.1. Computational optimization. A software package
Chem3Ds Ver.15.1.0.144 Copyrightr 1998-2016 PerkinElmer
Inc., Waltham, Massachusetts, United States was used for
structure optimization and molecular mechanics calculations.
The structures were drawn and converted to 3D for minimization
purposes. Different systems of TIO and ion exchangers were
combined with or without ionophores. Molecular mechanics was
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applied to minimize the steric energy within each system. The
minimization was run for 10 000 iterations with a convergence
gradient of 0.001 kcal mol�1. Steric energies were calculated and
structures were visualized for each system for comparison. It was
found that the TIO system with TFPB-CX8 provided a lower
energy and was therefore selected to be the optimum sensor
based on computations.

2.3.2. Experimental optimization. Sequential experimental
screening for the best ion exchanger and ionophore was
performed. Phenyl borate ion exchangers were compared, in the
first instance. The effect of different ionophores was studied
afterwards using the optimum ion exchanger (TFPB). For quanti-
tative optimization of membrane components, eleven experiments
were carried out using three levels of each of TFPB, CX and NPOE/
PVC weight ratio, Table S1 (ESI†). JMPs. Ver.10.0.0 Copyright r
2012, SAS Institute Inc., Cary, North Carolina, USA was used to
design the response surface model and to perform statistical
analysis. The corresponding levels were 4.5 � 0.5 mmol Kg�1 of
TFPB, 10 � 5 mmol Kg�1 of CX8 and 1.5 � 0.5 of NPOE/PVC
weight ratio, whereas the detection limit is used as the response.
Sensors were conditioned and calibrated by recording the
potential difference (emf) for TIO standard solutions (1 � 10�8

to 1 � 10�2 mol L�1) prepared in buffer of pH 7. Ten mL of TIO
standard solutions was transferred separately into a series of
25 mL beakers. A stabilized emf (�1 mV) between the membrane
sensor and reference electrode was recorded for each standard
solution while stirring. Plots between emf and the corresponding
TIO concentration were constructed in a linear-log model for all
sensors. Detection limits were estimated for each sensor at the
point where this linear segment intersects with the extrapolated
arm of the background potential. Final experimental results
showed that the TFPB-CX8 sensor provided a higher sensitivity
for TIO electrochemical detection. Moreover 5 mmol Kg�1 of
TFPB with 10 mmol Kg�1 of CX8 in 66% PVC and 33% NPOE is
an optimum membrane composition for a lower detection limit.

2.4. Sensor selectivity

The Bakker’s protocol29 was followed by plotting potential values
measured by the optimum TFPB-CX8 sensor as a function of TIO
degradation (10�2–10�8 mol L�1) prepared in buffer of pH 7,
to determine the unbiased selectivity. Selectivity coefficients
were calculated using a separate solution method.30 Different
inorganic cations (Na+; K+; NH4

+ as chlorides) were also included
as interfering ions. Selectivity coefficients (log Kpot

IJ ) were calculated
as follows:

logK
pot
IJ ¼

EJ � EI

NS
(1)

where EJ and EI are the measured potential in 1 � 10�3 mol L�1

of interfering ions and TIO solutions in buffer pH 7, respectively.
These coefficients were also calculated for ionophore free and
HPbCD based TFPB sensors for comparison. Furthermore, inter-
ference of TIO degradation was also investigated using a mixed
solution method (fixed interference method) in which calibra-
tion plots of target ions were obtained using the optimum sensor

in the presence of fixed TIO degradation at four different levels
(10�5, 10�4, 10�3 and 10�2 mol L�1).

2.5. Analytical application

Based on computational and experimental approaches, the
optimum TFPB sensor loaded with CX8 was used for analytical
application. Six Spirivas hard capsules were carefully evacuated
and transferred into a 25 mL volumetric flask. The solution was
sonicated for 10 min in about 10 mL buffer of pH 7 and then
the volume was made up to the mark by the same buffer. The
measured emf for application solutions using the TFPB-CX8
sensor in conjunction with a reference electrode was applied
into a regression equation to determine the TIO concentration.

3. Results and discussion

Tiotropium is a quaternary ammonium organic compound.
Loading a PVC membrane with anionic salts facilitates the
selective transfer of this cationic drug into the membrane
phase leaving bromide (co-ion) in an aqueous phase. The bulk
of the two phases should be electro-neutral, therefore utilizing
lipophilic cation exchangers in the membrane phase would
considerably limit the extraction of co-ions providing a typical
Nernstian response.31 Charge separation occurs only in the
vicinity of membrane sensors where lipophillic tiotropium
cations will be in the organic phase while hydrophilic bromide
anions will be in the aqueous phase. This interfacial charge
separation generates a phase boundary potential.

Chemically, tiotropium bromide monohydrate is defined as
(1R,2R,4S,5S,7s)-7-[(2-hydroxy-2,2-dithiophen-2-ylacetyl)oxy]-9,9-
dimethyl-3-oxa-9-azoniatricyclo[3.3.1.02,4]nonane bromide mono-
hydrate. Esters are always susceptible to hydrolysis forming
the corresponding acid and alcohol. The FDA reported that TIO
is non-enzymatically hydrolysed to 2-hydroxy-2,2-dithiophen-2-
ylacetic acid and (1R,2R,4S,5S,7s)-7-hydroxy-9,9-dimethyl-3-oxa-
9-azoniatricyclo[3.3.1.02,4]nonane bromide, Scheme 1. These
hydrolytic products are also official TIO impurities.19 Impurity
G in particular is a quaternary ammonium compound and
possibly interferes with the electrochemical response of the
parent drug. The molecular weight of impurity G was confirmed
via mass spectrometry where the precursor ion peak was
observed at m/z 170, Fig. 1.

MM2 is the least intensive computational method in molecular
mechanics. Fast computation with limited computer resources are
the distinguishing features of this type of molecular mechanics.
The calculated steric energies of TIO systems with different phenyl

Scheme 1 For hydrolysis of tiotropium bromide.
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borate salts along with ionophores were compared. MM2 calcula-
tions revealed that TFPB possessed the lowermost energy among
other phenyl borate derivatives, Table 1. Although the high
torsional term and Non 1,4 VDW interactions (van der Waals
interactions between pairs of atoms that are separated by more
than three atoms) dominate the steric energy of this system,
lower steric energy was obtained due to favourable charge/dipole
interactions. Ionophore based membranes are further studied
using the concluded FTPB as the best ion exchanger. Theoretically,
when calixarene is added to the TIO-TFPB system, the torsion
energy is dramatically lowered besides the significant favourable
Non 1,4 VDW interactions that resulted in an apparent decrease in
the overall system steric energy to �30 kcal mol�1, Table 1. On the
contrary HPbCD utterly increased the steric energy of this ion-pair
system to 960 kcal mol�1. Structures of suggested TIO systems were
also visualized in Fig. 2. The bond length between the charged
positive quaternary amino in TIO and negative boron in phenyl
borate was displayed. Although the TIO-TFPB system showed a
greater bond length compared to other ion-pair systems (Fig. 2c),
bond length was considerably decreased by introducing CX8 into
the system, Fig. 2d. The reason behind the favourable steric energy

of the CX8 system can be deduced from the well fit inclusion
complex of TIO into the cavity of CX8 as shown in Fig. 2d. On the
other hand a significant increase in the bond length can be
observed in the HPbCD based system without the formation of
inclusion complexes, Fig. 2e. For the most part, a larger inner-cavity
diameter of CX8 (11.7 Å) and its flexible structure facilitate the
inclusion complex of TIO guest molecules.

The virtual interpretations are actually reflected in real
experimental results. Substituted phenyl borate derivatives
are evidenced to decrease the detection limits by about one
order of magnitude compared to un-substituted salts, Fig. 3a. It
is well known that lipophilicity of ionic additives in membrane
sensors could greatly affect its electrochemical response by
prevention of co-ion extraction (bromide in this case). The
effect of ionophores was practically checked as well. Fig. 3b
shows a graphical comparison of ionophore based sensors
utilizing TFPB. It is experimentally proved that the LOD was
decreased by about eight tenths order of magnitude for CX8
based sensors compared to ionophore free sensors. On the
other hand, the detection limit is exceptionally increased by
about one tenth order of magnitude for HPbCD based sensors
compared to the bare one. In fact, HPbCD based sensors
can not be compared with others. This unfavourable effect of

Fig. 1 Mass spectrum of the tiotropium degradation product (impurity G).

Table 1 Molecular mechanics calculations for the studied TIO systems with different phenyl borate derivatives and ionophores

Interaction

Energya/kcal mol�1

TIO-TPBb TIO-TpClPBb TIO-TFPBb TIO-TFPB-CX8 TIO-TFPB-HPbCD

Stretch 11.98 11.79 21.11 18.21 254.00
Bend 101.63 103.44 171.08 125.34 289.32
Stretch–bend �0.08 �0.07 �1.51 �0.22 38.63
Torsion 4.08 5.99 82.02 16.06 109.73
Non-1,4 VDW �15.09 �23.12 57.07 �105.81 166.52
1,4 VDW 39.31 42.59 55.80 93.33 192.98
Charge/dipole �46.18 �34.02 �26.56 �39.84 �70.12
Charge/charge �7.06 �45.00 �345.40 �108.69 �21.02
Dipole/dipole 8.94 5.49 — 3.11 —
Total energy 97.53 67.10 13.627 �30.63 960.02

a Average of three calculations. b Ionophore free system.

Fig. 2 Visualized 3D structures of TIO systems with (a) TPB, (b) TpClPB,
(c) TFPB, (d) TFPB-CX8 and (e) TFPB-HPbCD.
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HPbCD on the system was computationally and practically
registered. Radar plots draw a meaningful comparison between
theoretical interpretations and experimental investigations,
Fig. 4. The figure shows plots of normalized steric energy and
detection limit values of the studied sensors. Good correlation
(r = 0.862) exists between theoretical and practical data in the
case of comparing phenyl borate derivatives, Fig. 4a, whereas
comparing data of ionophore free and based sensors (Fig. 4b)
showed moderate correlation (r = 0.683). The close agreement
between theoretical and practical findings permits the confident
use of MM2 calculations for sensor optimization.

The optimum concentration of ion exchangers and ionophores
in the membrane sensor was checked. A quantitative optimization
of TFPB, CX8 and NPOE/PVC ratio in the membrane was applied
using a response surface methodology. All main effects along with

a quadratic term of the ionophore are included in the model and
the prediction formula based on least squares fit is expressed as
follows:

Y = �6.62785 � 0.06869X1 + 0.01683X2 + 0.00996X2
2 � 0.03356X3

where the response (Y) is the detection limit (log(C)), X are
contentious factors for the ion exchanger (X1), ionophore (X2)
and NPOE/PVC ratio (X3). The coefficient of determination (R2)
of the model was 0.9504 and the root mean square error (RMSE)
was 0.038538, indicating an adequate fit of the prediction
model. Two-way ANOVA statistics at p = 0.05 were applied to
the factors’ coefficients to evaluate their significance, Fig. 5a.
No significant effect of the ion exchanger ( p = 0.0516) or NPOE/
PVC ratio ( p = 0.3042) was encountered. Their negative coefficients
deduced that working at high levels of these factors is favourable
for decreasing the detection limits, whereas the main and quad-
ratic terms of the ionophore significantly affect the response.
Fig. 5b shows the curvature of the ionophore profile. The detection
limit would significantly increase at extreme levels (high and low)
of ionophores, and therefore 10 mmol Kg�1 of CX8 is optimum for
TIO membrane sensors.

The electrochemical response characteristics of the optimized
sensor (TFPB-CX8) were examined according to IUPAC standards.30

The results obtained over a period of three weeks were systema-
tically evaluated. Fig. 6a shows a typical calibration profile
of monovalent cations where the linear range of TIO was
3.2 � 10�7–1 � 10�2 mol L�1 with a slope of 59.5 mV per
concentration decade. It is worth noting that the Nernstian
slope approaches the typical value for TFPB sensors compared
to other phenyl borate derivatives. These results are also in
accordance with previously discussed lipophilicity and stability
of ion exchangers. The sensor displayed quite constant potential

Fig. 3 Potential profile of TIO using (a) phenyl borate salts as the ion
exchanger and (b) TFPB as the ion exchanger with or without ionophores.

Fig. 4 Radar chart representing the normalized values of computational
steric energy ( ) versus experimental detection limit ( ) for a given
sensor: (a) phenyl borate salts as the ion exchanger and (b) TFPB as the
ion exchanger with or without ionophores.

Fig. 5 (a) Sorted parameter estimates showing the significance of each
factor. (b) Surface plot showing effect of ion ionophores and exchangers
on the detection limit; star indicates the optimum levels.
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readings for day-to-day measurements over a period of 30 days.
The Nernstian slope changed about 1 mV decade�1 while the
drift in intercept was �20 mV. Low detection limits depicted
high sensitivity of the proposed sensor for the analysis of TIO
in dilute solutions down to 1.6 � 10�7 mol L�1. Successive
standards were added to 1 � 10�5 mol L�1 of the TIO standard
solution prepared in buffer of pH 7, in order to record the
dynamic response of the sensor. The sensor showed a short
response time (20 seconds on average) during about three-fold
increments in TIO concentration, Fig. 6b. Response characteristics
along with precision and robustness studies are summarised in
Table 2. Potential was monitored using the proposed sensor over
a pH range 2–11. Fig. 6c showed a stable response to two TIO
concentrations over a pH range of 4–8. This wide pH range of
stable response is attributed to the quaternary amino group of
primary ions, while the potential drift beyond this working range
is probably due to interference of hydronium ions at low pH
values or due to hydrolysis of drug esters at higher pH values.

Potential profiles of TIO degradation show sub-Nernstian
responses of TIO degradation from 10�2–10�4 mol L�1, Fig. 6a. This
response may be attributed to interference of N-methyl scopine
which possesses a positive quaternary amine. A degradation solution
of 10�3 mol L�1 was used for calculating a selectivity coefficient that
is independent of the ion concentration. This unbiased selectivity
coefficient was calculated from eqn (1). Values of log Kpot

IJ in
Table 3 show sufficient selectivity of the optimized sensor towards
the primary ion. That table also draws an analogy between
ionophore free and ionophore based sensors. Enhanced selectivity
is noticed for CX8 based sensors by about half an order of
magnitude for the degradation product and by more than one
order of magnitude for monovalent inorganic cations. Further
practical evaluation of TIO degradation interference was per-
formed using a mixed solution method. Fig. 6d shows calibration
plots of TIO in the presence of a fixed concentration of interfering
degradation. It is concluded that an intact drug could retain
a Nernstian response down to 10�4 mol L�1 in the presence of
10�2 mole L�1 of interfering degradation. The optimized sensor
was successfully used for determination of TIO in SPIRIVAs

without preliminary extraction. The mean recoveries and standard
deviation were calculated to be 100.13% � 1.277 (n = 5). Results
obtained by using the proposed and official method19 for bulk
powder analyses were statistically compared, Table 4.

The calculated student’s t and F-values revealed no significant
difference between the proposed and official method at 95%
confidence. However the proposed sensor utilized a smaller
sample size and a shorter analysis time.

Conclusions

Combining the realms of theoretical calculations and sensor
assembly facilitates the optimum use of potentiometric membrane

Fig. 6 Electrochemical response characteristics for the optimized sensor.
(a) Potential profile versus log concentrations of (1) TIO and (2) TIO
degradation; (b) plot of potential as a function of time in a dynamic
response plot; (c) effect of pH on the sensor response; (d) sensor response
as a function of log concentration of TIO in mixed solutions with constant
activity of TIO degradation: (1) 10�5, (2) 10�4, (3) 10�3, and (4) 10�2 mol L�1.

Table 2 Electrochemical response characteristics of the optimized TIO
sensor

Parameter TFPB-CX8

Slope (mV decade�1) 59.5
Intercept (mV) 397.2
LOD (mol L�1) 1.6 � 10�7

Correlation coefficient 0.9998
Response time (s) 20
Working pH range 4–8
Concentration range (mol L�1) 3.2 � 10�7–10�2

Stability (days) 30
Accuracy (mean � SD)a 100.03 � 1.027
Repeatabilityb 1.05
Intermediate precisionb 1.89
Robustnessc 0.792

a Average of six determinations. b RSD% of three determinations
(10�3, 10�4 and 10�5 mol L�1), repeated three times within a day for
repeatability and repeated on three successive days for intermediate
precision; n = 9. c RSD% of recoveries for the determination of two
concentrations (10�3 and 10�4 mol L�1) measured at three different
buffer pH values (6, 7 and 8); n = 6.

Table 3 Logarithmic selectivity coefficient (log Kpot
IJ ) for ionophore TFPB

sensors with or without ionophore

Interfering ion
(10�3 mol L�1)

Ionophore-based sensors

Ionophore freeCX8 HpbCD

Degradation �2.50 �1.91 �1.09
Na+ �3.58 �2.05 �2.51
K+ �3.50 �2.14 �2.60
NH4

+ �3.24 �2.01 �1.79

Table 4 Statistical comparison between the proposed sensor and official
titration for the determination of TIO in a pure powder

Parameter Proposed sensor Official method19 a

Mean 100.03 100.83
SD 1.027 0.882
RSD 1.020 0.875
Variance 1.055 0.778
n 6 4
Student’s t 1.315(2.306)b —
F 1.36(9.01)b —

a Potentiometric titration of 0.35 g pure powder dissolved in acidified
water with 0.1 M silver nitrate. b Tabulated values at a 0.05 probability.
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components. Molecular mechanics bear a comparison with experi-
mental data for TIO sensor optimization. Putting data into per-
spective revealed a close correlation between steric energies and
detection limits of different TIO systems. Systems comprising
different ion exchangers and ionophores revealed favourable
theoretical and experimental effects of TFPB and CX8. The
optimized sensor showed good response characteristics and
improved detection limits. Sufficient selectivity in the presence
of an official impurity was also concluded. The sensor was
successfully applied for pharmaceutical analysis. The simple
MM2 calculations provide a real insight into sensor assembly
using less exhaustive laboratory experiments and will thus
possibly reduce the environmental footprint.

Conflicts of interest

The authors have declared no conflicts of interest.

References

1 R. Yan, S. Qiu, L. Tong and Y. Qian, Review of progresses on
clinical applications of ion selective electrodes for electrolytic
ion tests: from conventional ISEs to graphene-based ISEs,
Chem. Speciation Bioavailability, 2016, 28, 72–77.

2 A. M. Yehia, R. M. Arafa, S. S. Abbas and S. M. Amer, Stability
Study and Kinetic Monitoring of Cefquinome Sulfate Using
Cyclodextrin-Based Ion-Selective Electrode: Application to
Biological Samples, J. AOAC Int., 2016, 99, 73–81.

3 M. R. El-Ghobashy, A. M. Yehia and A. A. Mostafa, Application
of membrane-selective electrodes for the determination of
pioglitazone hydrochloride in the presence of its acid degradant
or metformin hydrochloride in tablets and plasma, Anal. Lett.,
2009, 42, 123–140.

4 M. A. El-Sayed, Advantages of the incorporation of 2-hydroxyl
propyl beta cyclodextrin and calixarene as ionophores in
potentiometric ion-selective electrodes for rivastigmine with
a kinetic study of its alkaline degradation, Sens. Actuators, B,
2014, 190, 101–110.

5 K. A. Attia, N. M. El-Abasawi and A. H. Abdel-Azim, Experimental
design of membrane sensor for selective determination of
phenazopyridine hydrochloride based on computational calcula-
tions, Mater. Sci. Eng., C, 2016, 61, 773–781.

6 A. M. Yehia and H. H. Monir, An Umeclidinium membrane
sensor; two-step optimization strategy for improved
responses, Talanta, 2017, 172, 61–67.

7 T. Cowen, K. Karim and S. Piletsky, Computational approaches
in the design of synthetic receptors-a review, Anal. Chim. Acta,
2016, 936, 62–74.

8 Z. Altintas, B. France, J. O. Ortiz and I. E. Tothill, Computa-
tionally modelled receptors for drug monitoring using an
optical based biomimetic SPR sensor, Sens. Actuators, B,
2016, 224, 726–737.

9 M. B. Gholivand, M. Torkashvand and G. Malekzadeh,
Fabrication of an electrochemical sensor based on compu-
tationally designed molecularly imprinted polymers for

determination of cyanazine in food samples, Anal. Chim.
Acta, 2012, 713, 36–44.

10 A. Nezhadali and M. Mojarrab, Fabrication of an electro-
chemical molecularly imprinted polymer triamterene sensor
based on multivariate optimization using multi-walled carbon
nanotubes, J. Electroanal. Chem., 2015, 744, 85–94.

11 E. Roy, S. Patra, R. Madhuri and P. K. Sharma, Gold nano-
particle mediated designing of non-hydrolytic sol–gel cross-
linked metformin imprinted polymer network: a theoretical
and experimental study, Talanta, 2014, 120, 198–207.

12 A. Nezhadali and R. Shadmehri, Neuro-genetic multi-
objective optimization and computer-aided design of panto-
prazole molecularly imprinted polypyrrole sensor, Sens.
Actuators, B, 2014, 202, 240–251.

13 A. Nezhadali and M. Mojarrab, Computational study and
multivariate optimization of hydrochlorothiazide analysis
using molecularly imprinted polymer electrochemical sensor
based on carbon nanotube/polypyrrole film, Sens. Actuators, B,
2014, 190, 829–837.

14 R. J. Uzuriaga-Sánchez, S. Khan, A. Wong, G. Picasso, M. I.
Pividori and M. D. P. T. Sotomayor, Magnetically separable
polymer (Mag-MIP) for selective analysis of biotin in food
samples, Food Chem., 2016, 190, 460–467.

15 E. G. Lewars, Molecular Mechanics, Computational Chemistry,
Springer International Publishing, 2016, 51.

16 K. E. Belmonte, Cholinergic pathways in the lungs and
anticholinergic therapy for chronic obstructive pulmonary
disease, Proc. Am. Thorac. Soc., 2005, 2, 297–304.

17 H. A. Kerstjens, B. Disse, W. Schröder-Babo, T. A. Bantje,
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