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The methacholine challenge test is considered to be the gold standard bronchoprovocation test used to diagnose
asthma, and this test is always performed in pulmonary function labs or doctors’ offices. Methacholine (MCH)
acts by inducing airway tightening/bronchoconstriction, and more importantly, MCH is hydrolyzed by cholin-
esterase enzyme (ChE). Recently, the American Thoracic Society raised concerns about pulmonary function
testing during the COVID-19 pandemic due to recently reported correlation between cholinesterase and COVID-
19 pneumonia severity/mortality, and it was shown that cholinesterase levels are reduced in the acute phase of
severe COVID-19 pneumonia. This work describes the microfabrication of potentiometric sensors using copper as
the substrate and chemically polymerized graphene nanocomposites as the transducing layer for tracking the
kinetics of MCH enzymatic degradation in real blood samples. The in-vitro estimation of the characteristic pa-
rameters of the MCH metabolism [Michaelis-Menten constant (Ky,) and reaction velocity (Viax)] were found to
be 241.041 pM and 56.8 pM/min, respectively. The proposed sensor is designed to be used as a companion
diagnostic device that can (i) answer questions about patient eligibility to perform methacholine challenge tests,
(ii) individualize/personalize medical dosing of methacholine, (iii) provide portable and inexpensive devices
allowing automated readouts without the need for operator intervention (iv) recommend therapeutic in-
terventions including intensive care during early stages and reflecting the disease state of COVID-19 pneumonia.
We hope that this methacholine electrochemical sensor will help in assaying ChE activity in a “timely” manner
and predict the severity and prognosis of COVID-19 to improve treatment outcomes and decrease mortality.

1. Introduction most common bronchoprovocation test in the clinical arena (Birnbaum

and Barreiro, 2007; Cockcroft, 2007; Crapo, 2000; Popa et al., 2001).

In pneumonology, asthma is a common long-lasting airway disease
that is associated with a high social, economic, and personal toll (Lopez
et al., 2006; Omrani et al., 2016; Reddel et al., 2015). According to the
World Health Organization, asthma’s global prevalence is estimated to
be 300 million, with a quarter million deaths reported annually (Levy
et al., 2014). Ideally, asthma is suited for precision medicine due to its
dynamic complexity and heterogeneity. Asthma has several components
with nonlinear dynamic interactions that do not exist in all patients,
which rationalizes the requirement for a precision medicine approach
pointed towards enhancing the assessment and the treatment (Agusti
et al., 2016; Agusti et al., 2015; Woodruff et al., 2015). Bronchoprovo-
cation challenge testing is commonly used for assessing airflow limita-
tions and characterizing bronchial responsiveness pathophysiology
(Coates et al., 2017). Currently, the methacholine challenge test is the
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Methacholine chloride is a long-acting acetylcholine derivative that acts
on muscarinic receptors on airway smooth muscle, inducing airway
tightening and bronchoconstriction (National Center for Biotechnology
Information, 2004).

As the goal of methacholine testing is to substantially induce bron-
chial constriction, the absence of preventable harm to a patient during
this process is critical, so several contraindications are documented,
such as chest infections and cholinesterase inhibitor drugs. The test
presents a risk of cross-infection and spreading of nosocomial infections,
particularly in the current era of COVID-19. Cholinesterase inhibitors
either bind reversibly or non-reversibly to acetylcholinesterase and
inhibit the hydrolysis of methacholine, thus increasing the availability of
methacholine and aggravating its bronchoconstriction effect, which
might negatively influence COVID-19 pneumonia patients.
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The COVID-19 pandemic is considered to be the most challenging
issue we have confronted since World War II, with more than 159
million cases of COVID-19 reported globally, resulting in more than
3,314,197 deaths (Worldometer, 2021). The members of the Committee
of the American Thoracic Society recently raised concerns about pul-
monary function testing “as a potential avenue for COVID-19 because of
the potential for coughing and droplet formation” (McCormack and
Kaminsky, 2020). In addition to the risk of nosocomial infection
spreading, different recent studies have reported that cholinesterase
level is considered as one of the prognostic factors that might be used as
a useful measurement in the prediction of fatal COVID-19 (Nakajima
et al., 2020, 2021; Skevaki et al., 2020; Tschoellitsch et al., 2021; Xiang
et al., 2020; Zeng et al., 2021; Zhang and Guo, 2020). It was reported
that cholinesterase levels were significantly lower in the severe cases
than in the mild-to-moderate cases, and they were also significantly
lower in the death group than in the survival group. Although the
mechanism underlying cholinesterase reduction in sepsis has not yet
been determined, it is thought to be affected by acute phase infections
and inflammatory processes (Zivkovic et al., 2018).

Cholinesterase has been historically assayed by several techniques,
such as manometric (Humiston and Wright, 1967; Kalow and Lindsay,
1955; Witter, 1962), titrimetric (Schwartz and Myers, 1958; Wilson and
Cabib, 1956), photometric (Caraway, 1956; Ellman et al., 1961;
Pohanka et al., 2009), fluorometric methods (Guilbault and Kramer,
1965; He et al., 2015; Li et al., 2013) and electrochemical methods
(Cuartero et al., 2012, 2018; Du et al., 2011; Hart et al., 1997; Imato and
Ishibashi, 1995; Mousavi et al., 2018a; Panraksa et al., 2018). The uti-
lization of potentiometric methods presents some advantages over other
techniques, including simplicity, rapidness and minor sample prepara-
tions. Advances in molecular diagnostics and molecular medicine have
paved the way towards point-of-care companion diagnostic (CDx) assays
(Chen et al., 2021; Gubala et al., 2012; Nayak et al., 2017; Yager et al.,
2008). Parallel to these advancements in CDx, there is continuous in-
terest in employing electrochemical methods in the development of
sensors/biosensors for biomedical applications. This is driven by the
“rapid response” and high sensitivity of electrochemical methods, the
possibility of electrode miniaturization, the compatibility with current
microfabrication processes, the capability of mass production, the
availability of cost-effective microfabricated electrodes, the small vol-
ume sample (which is critical for dehydrated and pediatric patients) and
the simplicity of use by non-specialists due to the ease of interfacing with
portable readers with high cloud connectivity (Bell et al., 2019; Hassan
et al., 2020; Jung et al., 2006; Moety et al., 2020; Mousavi et al., 2018b;
Novell et al., 2014; Wang, 2006; Yu et al., 2018).

One of the major confrontations that should be addressed is the se-
lection of appropriate sensor materials for potentiometric electrodes.
Different ion-selective sensing membranes can be directly applied onto
metal substrates (such as copper or surface treated with gold, silver, or
palladium) on printed circuit boards (Anastasova et al., 2018; Moreira
et al., 2016; Pei et al., 2014). Copper (Cu) substrates have been recently
introduced, providing an attractive route to microscale patterns and
structures needed for applications in the electronics industry and
different analytical disciplines (can be patterned in a single photolith-
ographic step such as a presensitized printed circuit), and they have a
considerably lower cost than other metals. However, Cu electrodes
could not be used due to the drop in the recorded electromotive force
(emf) and the extensively unstable response. The loss of its optimal
function is most likely due to the sensitivity of Cu to oxygen and the
formation of a water layer at the interface between the ionically con-
ducting membrane and the electronically conducting substrate, which
disturbs the charge transfer process. Alternative ways for stabilizing the
electrode potential and therefore extending its lifetime have been
explored. One of the well-established approaches is the incorporation of
an ion-to-electron transducer intermediate layer between the
ion-selective membrane and the solid substrate having mixed ionic and
electronic conductivity. Several nanomaterials have been synthesized to
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be used as ion-to-electron transducers, such as carbon nanotubes, con-
ducting polymers, graphene and their nanocomposites (Brusic et al.,
1997; Jafari et al., 2016; Ozyllmaz et al., 2005; Tiiken et al., 2005).
Graphene (Gr), “the mother of all graphitic forms of carbon”, has gained
considerable attention in analytical chemistry, especially in the sensing
application field, due to its chemical stability, mechanical strength and
electrical conductivity. Recent progress has shown that graphene-based
polymer nanocomposites display superior graphene properties. There-
fore, modifying the Cu surface with graphene-based polymer nano-
composites in potentiometric measurements is expected to enhance both
the stability of the substrate in the long term and improve the potential
instability of solid-contact ISEs(Boeva and Lindfors, 2016; Liang et al.,
2015; Yan et al., 2016).

In this work, we have developed a MCH selective potentiometric
medical device based on graphene nanoparticles as a transducer and
CX4 as an ionophore for continuous monitoring of MCH in real blood
samples. In the first phase, the proposed sensor performance and mea-
surement reproducibility were compared with those of a free graphene-
based polymer electrode according to IUPAC recommendations. Then,
the efficiency of the selected microfabricated electrode to determine
MCH was tested in its pharmaceutical formulation. In the last phase, we
developed a potentiometric assay for AChE activity using the considered
sensor to continuously track the enzymatic hydrolysis of MCH, and a
comparative analysis was conducted comprising the monitoring of
acetylcholine (ACh) hydrolysis. The established approach has been used
to extract comparative results by calculating different kinetic parame-
ters, such as Ky, and Vpay. Finally, we have highlighted the development
of a companion diagnostic device that could be used to evaluate the
likelihood of asthma patients undergoing methacholine challenge tests.
Additionally, it could be one of the useful predictors of severity and
prognosis of COVID-19 pneumonia.

2. Experimental
2.1. Chemicals and electrochemical instrumentations

All the chemicals and electrochemical instrumentation details are
mentioned in the Supplementary information section S-1.

2.2. Copper electrode microfabrication using photolithography

The microfabricated sensors were fabricated as described in the
literature (La Belle et al., 2007). A photomask design with a specified
electrode pattern was performed using Computer-Aided Design software
and printed onto a transparent sheet, which was placed on a
photoresist-coated wafer. UV light (360 nm) struck the photoresist for
30 s, where exposure to UV radiation removed the uncovered positive
photoresist. The areas exposed to light became more soluble in the
developer. These areas were dissolved in the developer (0.25 M sodium
hydroxide), while the unexposed resist molecules remained on the
wafer. Then, Cu wet etching was performed using a 1.0 M solution of
NH4S205 at 40 °C under agitation. After a photoresist was no longer
needed, it was removed from the substrate using a liquid resist stripper
(acetone). Then, the designed electrodes were washed with isopropanol,
glacial acetic acid followed by water to remove any impurities on the
surface. A diagram presenting the steps of the fabrication procedure is
shown in Supplementary Information Schemes S-1.

2.3. Preparation of graphene-based polymer nanocomposites

Graphene/polyvinyl chloride (PVC) nanocomposites were synthe-
sized by the solution-blending method as reported in the literature
(Hasan and Lee, 2014); PVC (1.5 g) was completely dissolved in 50.0 mL
THF with the aid of 1-(2-Nitrophenoxy)octane (2-NPOE). Graphene
(0.015 g) was mixed with the above solution under continuous stirring
and occasional shaking in an ultrasonic bath for the appropriate
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dispersion of these nanomaterials inside the THF solution of PVC to
obtain a homogeneous PVC/graphene solution.

2.4. Fabrication of solid-state ion-selective electrodes

The microfabricated Cu electrodes were modified by casting 15.0 pL
of graphene/PVC nanocomposite dispersion and left for 24 h until the
solvent evaporated. Then, the ion-selective sensing membrane solution
was directly applied on the modified copper electrode and left to dry
overnight. The master PVC ion-selective membrane (ISM) containing
32.88% PVC, 65.67% 2-NPOE, potassium; tetrakis (4-chlorophenyl)
bromide (KTCPB) (5.0 mmol kg’l, 0.16%) and calix [4]arene (CX4) (10
mmol kg_l, 1.29%) was mixed in six mL of tetrahydrofuran (THF).
Before using the sensor for the first time, the sensor is immersed in a 0.1
mM solution of MCH for 3 h at 25 °C as preconditioning step. Similarly,
the ACh-selective electrode was obtained by drop-casting the previously
prepared ISM onto a separate microfabricated electrode and then pre-
conditioned in 0.1 mM ACh before its use.

To investigate the effect of the graphene/PVC nanocomposites on the
potential stability, MCH-ISE was prepared without the Gr layer, Cu/ISM.
Scheme 1 illustrates the structure of the Cu/ISM and Cu/Gr/ISM sensors.

2.5. Electrode measurements

The proposed ISE in conjugation with the reference electrode was
immersed in a 1.0 mM MCH solution (20 mM phosphate buffer, pH 7.4).
A photo presenting the whole potentiometric cell assembly is shown in
Supplementary Information Schemes S-2. A calibration curve was ob-
tained by successive dilution method through measuring the emf of the
prepared standard solution (1.0 mM MCH) with a repeated removal of
an aliquot of the MCH solution and addition of phosphate buffer solu-
tion. (pH = 7.4) with continuous emf measurements. The electrode
performance was validated in accordance with IUPAC recommendations
(Buck and Lindner, 1994).

2.6. Kinetic monitoring of substrate hydrolysis by blood cholinesterase

Aliquots of the pure AChE enzyme solutions, containing 5-25 U/mL,
were added to 10 mL of 1.0 mM MCH and ACh solution in buffer solution
(pH = 7.4). The enzyme activity was estimated by monitoring the
change in the potential within the reaction time. Then, real sample
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(extracted red blood cell acetylcholinesterase, RBCs-AChE) was pre-
pared as described in the literature by Hammond et al. (2003) with some
modifications. Briefly, 4 mL of blood samples were centrifuged at 3000
rpm for 15 min to separate plasma and buffy coat from the RBCs layer.
Then, RBCs were lysed using cold water, vortexed and placed at 4 °C for
10 min. Then, RBC membranes were isolated by repeating the centri-
fugation process (15,000 rpm, 20.0 min) for 8-10 cycles followed by
washing with phosphate-buffered saline (pH 7.4) until they were just
light pink and then suspended in phosphate buffer at the desired
concentration.

The hydrolytic reaction kinetics were determined according to the
following procedures: (i) In a thermostable vessel, the electrode poten-
tial was stabilized in buffer solution (pH = 7.4); (ii) a proper concen-
tration of the substrate was added; and (iii) after restabilization of the
potential, solubilized RBC ghosts were added, and the decline in emf
values was recorded continuously. (iv) The concentration-time curve
was constructed by conversion of the potential kinetic curve using the
corresponding regression equation. (v) Kinetic data analysis allows the
determination of different parameters, such as Vy,x and Ky,. With the
aim of evaluating the reliability of our analytical procedure, a side-by-
side comparison for monitoring the catalytic activity of AChE was per-
formed using ACh (natural substrate) and MCH (synthetic substrate).
Monitoring ACh hydrolysis was performed using the previously
described ACh-selective electrode.

3. Results and discussion
3.1. Ion-selective electrode sensing mechanism

Our proposed point-of-care companion diagnostic sensor is based on
potentiometric (voltage) measurements at open-circuit potential, which
consist of a reference electrode and an ion-selective electrode (micro-
fabricated working electrode) that are submerged in the analyte bulk
and are connected to a potentiometer with high input impedance. Under
virtually zero current conditions, the ISE potential is measured in rela-
tion to the reference electrode of a constant independent half-cell po-
tential. The potential generated is related to the activity of the analyte
ion. The phase boundary potential is produced at the ISM interface and
sample bulk by partitioning of the target ion between the two phases,
resulting in separation of charge. The magnitude of this potential is
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Printed circuit board e—————
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Printed circuit board e—————n—>

Scheme 1. A diagram for the final microfabricated (A) Cu/ISM and (B) Cu/Gr/ISM electrochemical sensor showing each layer separately.
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governed by the Nernst equation: emf = E° + (% )ln a.where a tenfold

change in activity with z charge results in a 59.2 mV/z change in the
measured emf.

3.2. Optimization of the sensing ion selective membrane

The ISM responsible for the sensing mechanism consists of a plasti-
cized polymeric membrane impregnated with a lipophilic ion exchanger
and an ionophore. The reason behind the selection of each component
and the preparation ratio in the ISM is explained briefly; (a) PVC was
used as the polymeric matrix which provides an inert solid support in
which the rest of membrane components are embedded, (b) 2-NPOE was
used as a plasticizer, in particular, it is a chemically inert liquefying
agent with a high dielectric constant (~24) which increases the diffusion
mobility of the ion pair inside the ISM allowing homogeneous dissolu-
tion. As well reported in the literature regarding the optimum me-
chanical properties of the membrane and the solubility of the active
sensing ingredients (Athavale et al., 2015; Bakker et al., 1999; Johnson
and Bachas, 2003; Zou et al., 2014), we have used a 1:2 mass ratio of
PVC and plasticizer, (c) the sensor was fabricated using KTCPB as ion
exchanger, the high degree of lipophilicity of KTCPB (log P ~ 10.42) will
decrease the co-extraction of the ion exchanger together with the target
ion to the aqueous sample phase and consequently the detection limit
and lifetime of the membrane sensor will be improved (Bakker et al.,
1999; Schaller et al., 1994; Telting-Diaz and Bakker, 2001), (d) CX4 was
selected as ionophore, the incorporation of CX4 into ISM increases signal
stability, which is attributed to the high binding affinity between CX4
and MCH. Accordingly, the activity of MCH was buffered to a low level
in the membrane, and the release of MCH into the sample bulk was
dramatically reduced. To the best of our best knowledge, no CX4 for
detecting MCH has been reported so far. However, it is interesting to
note that CX4 has been reported to have striking complexation proper-
ties towards linear quaternary ammonium organic cations (Danil de
Namor et al., 1998; Hong et al., 2007; Spath and Konig, 2010). In our
initial experiments, we have screened three commercially available
calixarenes; CX4, calix [6]arene and 4-tert-butylcalix [8]arene to iden-
tify a suitable MCH ionophore, full investigation is presented in Sup-
plementary information section S-2 (Fig. S-1). Based on the principle of
electroneutrality in the bulk of the ISM(Bakker et al., 1997; Biihlmann
et al., 1998; Jansod et al., 2016; Johnson and Bachas, 2003), we have
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used ionophore-to-ionic site molar ratio (2:1) which proved to exhibit
enhanced selectivity for the target ions. Taking all this into account, the
sensor containing 32.88% PVC, 65.67% 2-NPOE, 0.16% KTCPB and
1.29% CX4 was used.

3.3. Performance characteristics of Cu-based microfabricated sensors

Our experimental work was designed such that we compared the
analytical performance of the Cu/Gr/ISM with that of a blank Cu/ISM in
accordance with IUPAC protocols (Buck and Lindner, 1994). The
recorded emf values were plotted against logarithmic concentrations, as
presented in Fig. 1A. Cu/Gr/ISM had a wider linear dynamic range (1.0
x1073t02.0 x 1077 M versus 1.0 x 103 t0 2.0 x 10~° M) with a close
to Nernstian response (average slope) (55.253 mV/decade versus
50.529 mV/decade) compared to the transducer-free ISE. Moreover, the
detection limit was extended to 7.90 x 10~8 M for Cu/Gr/ISM, which
was approximately one order of magnitude lower than that of the blank
Cu/ISM. A comparison of the performance characteristics of the two
sensors is shown in Table 1. The time trace of the calibration curves is
presented in Fig. 1B. The response time for the Cu/Gr/ISM sensor was

Table 1
Metrological parameters (regression and validation data) of the two proposed
sensors for methacholine determination.

Parameter Cu/Gr/ISM Cu/ISM
Slope (mV/decade) + SD*  55.253 + 0.2 50.529 + 1.1
Intercept (mV) + SD 352.88 +1.2 243.03 £ 3.1
LOD (M)° 7.9 x 1078 8.9 x 1077
Response time (s) 7+2 20+5
Concentration range (M) 1.0 x 102 t0 2.0 x 1077 1.0 x 10°t0 2.0 x 10°°
Stability (months) 2.0 +£0.2 1.0 £ 0.4
Correlation coefficient 0.9997 0.9993
Accuracy + %RSD* 100.08 + 0.8 99.87 £1.3
Repeatability? 0.8 1.6
Intermediate precisiond 1.0 2.1

@ Average of three determinations.

b Limit of detection (measured by interception of the extrapolated arms of
nonresponsive and Nernstian segments of the calibration plot of Fig. 1.

¢ Accuracy (n = 3), average of three concentrations (5 x 10’3, 5x 10 *and 5
x 107> M).

4 The repeatability and intermediate precision (n = 3), RSD% of concentra-
tions (1.0 x 1073, 1.0 x 10~* and 1.0 x 107> M).

200

Cu/ISM

0 10 20 30 40 50
Time (min)

Fig. 1. (A) Profile of the measured potential in mV versus log concentrations of methacholine obtained with Cu/ISM and Cu/Gr/ISM. The emf values were recorded
in phosphate buffer (pH = 7.4) at room temperature (N = 3). (B) Potential—time curves of both sensors were recorded for decreasing concentrations of methacholine;

Logarithmic methacholine concentrations are indicated on the traces.
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less than 7 s. On the other hand, the Cu/ISM sensor exhibited a longer
time to obtain stable emf values (approximately 20 s).

Moreover, the sensor reproducibility was evaluated by carrying out
calibrations by three different Gr/PVC Cu-based sensors and three
different blank Cu-ISE sensors. Then, the slope and standard potential
(Eo) were calculated. The average slope values of the three Cu/Gr/ISM
electrodes were 56.2 + 0.4 mV decade ! with a standard potential of
353.5 + 4.0 mV, while the corresponding values between the three Cu/
ISM electrodes were 50.0 = 3.2 mV decade ™! and 240.0 + 10.2 mV. The
stability of the sensor signal was evaluated, as presented in Fig. 2A. In
the absence of the transducer layer, a fluctuation in the potential signal
was observed, and the signal drift was high at ~11.14 + 4.51 mV h™
which was reduced to 0.87 =+ 0.05 mV h™! with ISEs modified with a
graphene/PVC transducer layer. One possible explanation for solid-
contact ISE potential drift with time has been accredited to the devel-
opment of a water layer beneath the ISM, which exerts a remarkable
effect on the electrode potential. The water layer test is regarded as a
significant validation stage in solid contact ISE characterization. This
test was carried out by measuring the potential of 0.1 mM MCH for 1 h,
then in 10.0 mM ACh (interfering ion) for 1 h, and finally back to the
primary ion solution for another 1 h while emf values were recorded. As
presented in Fig. 2B, obvious potential drifts were observed in the case of
the Gr-free sensor. With the introduction of the Gr layer, the potential
drifts were dramatically diminished. This may be attributed to the
enhanced adhesion by the intermixed layer’s formation between the Gr
contact and the ISM due to its hydrophobicity, as has been pointed out
recently that hydrophobic effects play a crucial role in the minimization
of potential drift (He et al., 2017; Nayak et al., 2017; Rousseau and
Biithlmann, 2021). The surface characterization of both Cu/ISM and
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Fig. 2. (A) Short-term potential stability of Cu/ISM and Cu/Gr/ISM upon
measuring in 0.1 mM methacholine solution for 1 h. In the presence of the Gr
layer, the potential drift was reduced to 0.87 + 0.05 mV h™'. (B) Water layer
test of Cu/ISM and Cu/Gr/ISM. Potential drift is recorded when using Cu/ISM
indicating the accumulation of the water layer between the sensing membrane
and the Cu substrate.
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modified Cu/Gr/ISM interfaces was performed by electrochemical
impedance spectroscopy (Supplementary information section S-3,
Fig. S-2). Interestingly, the results show that the Cu/Gr/ISM sensor of-
fers favorable performance characteristics compared with Cu/ISM, such
as a Nernstian slope, linear range, sensitivity and stability of response,
which are important characteristics of all ion-selective electrodes. For
these reasons, Cu/Gr/ISM was effectively used for analyzing MCH in its
Povocholine® powder (Supplementary Information section S-4,
Tables S-1) and for enzymatic activity. Additionally, the pH and tem-
perature effects on the potentiometric measurements was carefully
investigated as presented in Supplementary information section S-5
(Fig. S-3). The obtained results showed no considerable change in the
calibration characteristics in the temperature range of 25 °C-40 °C and
in the pH range of 3.0-9.0 which enables emf recording while moni-
toring the enzymatic reaction.

3.4. A comparison between the proposed sensor and reported methods

Since MCH is an analytically challenging compound, a few analysis
methods have been reported for MCH quantification. Supplementary
Information Tables S-2 represents a comparison of the proposed
potentiometric method with other reported methods. The proposed
sensor offers several opportunities in reference to the other reported
ones in terms of linearity and LOD.

3.5. Graphene/PVC nanocomposite-based electrode selectivity study

A separate solution method was used to calculate the selectivity of
the Cu/Gr/ISM toward MCH versus MCH metabolite (-methylcholine),
MCH potential impurity (choline) and interfering ions that are present in
biological fluids. Fig. 3 shows the calibration curves for the selected
interferents, then the selectivity coefficient values, the log Khjp,, ; , were
calculated in Supplementary Information Tables S-3. The obtained
values indicate high Cu/Gr/ISM(CX4) selectivity towards MCH, an
explanation for the improved selectivity toward MCH and the non-
significant interference of MCH metabolites is credited to the higher
lipophilic character of MCH and hence the decreased partitioning of
metabolites into the ISM. This discrimination over the interferents al-
lows accurate monitoring of MCH during the initial enzymatic
hydrolysis.

3.6. Potentiometric monitoring of cholinesterase-catalyzed hydrolysis of
methacholine

To provide comparative information, we experimentally studied the
AChE-catalyzed enzymatic hydrolysis of MCH and ACh substrates
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Fig. 3. Calibration plots obtained for methacholine, potentially interfering ions
and some physiologically-relevant concentration of ions in blood using Cu/Gr/
ISM sensor. Calibration curves were obtained by successive dilution and
Nernstian response was confirmed in the concentration range where selectivity
was measured.
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monitored by ion-selective electrodes. The addition of AChE to each
substrate-buffer solution resulted in a decrease in emf readings, indi-
cating that the concentration of each substrate in the solution was
decreasing due to enzymatic hydrolysis. Under the optimized conditions
(pH = 7.4 and temperature = 25 °C), a calibration curve for AChE was
carried out by plotting the measured potential change after a fixed time
of enzyme addition against enzyme concentration in the range of
5.0-25.0 U/mL with a fixed concentration of substrate 1 mM. The
response showed a good linearity over the activity range 5-25 U/mL for
MCH and ACh, Fig. 4A. As a second step, the developed disposable
sensors were applied for assaying ChEs activity in the prepared RBCs
membrane ghosts. The AChE activity of the prepared solution was found
to be 7.65 + 0.3U/mL which is in a good agreement with the specifi-
cation of reported ones (Burman, 1961; Dafferner et al., 2017; J. Whit-
field, 2001). Then, Initial hydrolysis rates of the substrates ACh and
MCH catalyzed by the RBCs-AChE were experimentally obtained at
increasing substrate concentrations using a fixed amount of the enzyme.
Emf measurements were converted to represent MCH concentrations
utilizing the Nernst equation, and the quantified conversion concen-
trations decreased from 1.00 mM to 0.12 mM in a span of an hour
(Fig. 4B). The kinetic profile of methacholine was recorded three times
using three different Cu/Gr/ISM sensors, showing high reproducibility
(Fig. 4C). This enables kinetic constant estimation (K, and Vi,x), which
is descriptive for each substrate-enzyme system. The acceptable fittings
and reliable values of the kinetic constants are provided by the consid-
erable number of experimental points describing the Michaelis—-Menten
plot (Fig. 4D). The fit provided values of 241.041 pM and 56.8 pM/min
for MCH and 102.18 pM and 72.198 pM/min for ACh for Ky, and Vpax,
respectively. As expected, the Km value for MCH as the substrate was
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found to be higher with respect to the values obtained for ACh (natural
substrate), suggesting a higher preference for ACh to the corresponding
enzyme. These results are attributed to the introduction of a methyl
group on the beta position of acetylcholine relative to the quaternary
ammonium group, which provides a shielding effect that inhibits
nucleophilic attacks and decreases the dipole activity of the ester func-
tion and hence slows down the enzymatic hydrolysis process, leading to
substantial changes in the pharmacological profiling of the drug. In
contrast to ACh, MCH is hydrolyzed by acetylcholinesterase only, and its
hydrolysis rate is noticeably lower than that of ACh. Consequently, the
duration of MCH action is much longer than that of ACh. To prove that
the decline in the emf values was due to ChE enzymatic action and not
due to a drift in the sensor response, chlorpyrifos oxon (an AChE in-
hibitor) was spiked into RBC ghosts followed by the addition of sub-
strate, and the potential was stable, indicating complete blocking of
AChE and inhibiting its activity.

Considering the highly integrated real-time analyzers, the estab-
lished sensor can be used to track the enzyme activity through the ki-
netic curve, eliminating the constraints introduced by the multiple
sampling times, aliquots withdrawn for analysis and sample cleanup
considerations. Second, the enhanced convenience, signal reproduc-
ibility, portability and cost-effectiveness of the fabricated sensor assisted
the initial implementation of the CDx in hospitals; consequently, this
result could significantly contribute to the revolutionization of the
diagnostic kits by which apnea and COVID-19 pneumonia could be
predicted.
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Fig. 4. (A) The linearity range of Aemf versus AChE activity using 1 mM MCH and ACh as substrates. Inset: plot of the change in the potential versus the reaction
time using different AChE concentrations (5-25 U/mL). (B) Degradation of 1.0 mM methacholine and acetylcholine by blood cholinesterase monitored by Cu/
graphene/ISM sensor: as the RBCs-AChE (7.65 U/mL) was spiked into substrate solution, enzymatic hydrolysis rapidly started followed by decay in the substrate
concentration. The blue colored plot shows the corresponding kinetic curve obtained by transforming the potential data into concentration using the calibration
graph. Response curves shifted vertically relative to one another for the sake of improved clarity. (C) Superimposed kinetics profile of methacholine using three Cu/
Gr/ISM sensors that ensure the reproducibility of sensors. (D) Kinetic studies show the rate of enzymatic degradation of methacholine and acetylcholine in RBCs
ghost over a range of substrate concentrations (0-1000 pM). A nonlinear fit used to determine the Michaelis—-Menten V,,x and Ky,. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Conclusions

The utilization of microfabricated potentiometric sensors that are
able to “sense” and “monitor” has paved the way from discrete samples
and classical off-line methods to fully integrated real-time analyzers. In
this contribution, we have designed a microfabricated Cu-based poten-
tiometric sensor for the determination of MCH in pharmaceutical for-
mulations and blood samples. The proposed sensor was developed by
careful selection of ionophore doped membrane components and the
addition of a PVC/graphene nanocomposite as a transducing layer. This
modification added an enhanced potential stability to the emf signal
(0.87 £+ 0.05 mV h D compared to the transducer free sensor (drift
~11.14 + 4.51 mV h™!). Moreover, it had a wider linear dynamic range
(1.0 x 10730 2.0 x 1077 M versus 1.0 x 10730 2.0 x 107° M) with an
extended detection limit (7.9 x 108 M) and fast response time (7 +
2sec). Furthermore, the results show standard deviation of E° as low as
1.2 indicating excellent reproducibility for a solid contact system
compared to 3.1 standard deviation in E° of ion-to-electron transducer
free ISE. The proposed sensor can be used as pre-test for asthma patients
to indicate their eligibility to undergo challenge test. It is also considered
as a CDx analyzer for real time monitoring of the rate of enzymatic
hydrolysis of MCH in human blood. This last application can be used for
diagnosing the severity of COVID-19 cases by assaying AChE in blood. A
comparative study was performed comprising the use of ACh, and
valuable comparative results have been acquired through kinetic pa-
rameters estimation (241.041 pM and 56.8 pM/min for MCH and
102.18 pM and 72.198 pM/min for ACh for Ky, and Viay, respectively).
Such sensor was exceptionally helpful in providing diagnostic infor-
mation efficiently, timely and economically. The improved sensitivity of
our potentiometric analyzer enables personalizing MCH challenge test
for earlier diagnosis of asthma and could contribute to improve patient
life expectancies during the COVID-19 pandemic.
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