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Abstract: Protoporphyrin IX-based all-solid-state choline (Ch) ion-selective electrodes (ISEs) were
fabricated and characterized. Poly (3,4-ethylene dioxythiophene) doped with poly (styrene sulfonate)
(PEDOT/PSS) functioning as an ion-to-electron transducer was electropolymerized on the gold wire
(0.5 mm diameter). The conductive polymer was covered with a Ch selective membrane containing
protoporphyrin IX as an ionophore, which exhibited a lower detection limit of 0.49 uM with the
potentiometric method. The Ch sensor performed a wide linear range from 1 uM to 1 mM, a fast
response time of less than 5 s, and a decent selectivity of common inorganic and organic ions in the
human body. Characteristics such as pH and temperature stability, life span, reproducibility and
repeatability were also investigated to be satisfied. With the background of artificial cerebrospinal
fluid, the recovery rate in 10~° M of Ch solution was measured by the standard addition method,
revealing the potential for biological application.

Keywords: choline determination; all-solid-state; protoporphyrin IX; potentiometric; artificial cere-
brospinal fluid

1. Introduction

The neurotransmitter choline (Ch) plays a crucial role in brain and body functions.
As the crucial precursor of acetylcholine, it is directly involved in the synthesis of acetyl-
choline in the brain, with the function of modulating attentional capacities, memory,
learning and normal cognition. The cholinergic system dysfunction increases disease risk
and age-related cognitive degradation such as Alzheimer’s disease [1-4]. The brain Ch
concentration is also a quantitative marker of ischemia and infarct expansion, which can be
applied to predict tissue prognosis better [5]. In addition, the Ch in plasma is associated
with organ protection, as well as cardiovascular and cerebrovascular conditions. The
growing concentration of Ch in plasma may lead to a detrimental cardiometabolic risk
factor, while Ch deficiency increases the risk of several cancers [6]. In addition, Ch is
essential for fetal development as a critical source of nutrition. Under a higher maternal
status of Ch and other nutrition, immunity to the effects of maternal immune activation is
strengthened, which is increasingly recognized as a latent risk factor for various neurologi-
cal disorders [7,8]. However, the physiological concentrations of Ch are close to micromole,
for example, 0.5-4.0 uM in human cerebrospinal fluid. When stimulated, the Ch concen-
tration could increase to more than 30 uM [9,10]. Therefore, a rapid and sensitive method
for Ch determination in biological fluids is vital and necessary to promote fundamental
neuroscience research and monitor early-stage diagnoses.

Recently, various Ch measurement strategies have been reported, including fluores-
cence and colorimetric methods [11,12], chemiluminescence [13,14], liquid chromatog-
raphy [15], and capillary electrophoresis [16]. Although these methods have significant
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sensitivity and selectivity, the requirement of complicated procedures and devices, pro-
fessional operations, and pre-treatments of samples restrict their application in real-time
detection [17]. In comparison with those above techniques, electrochemical analysis has
been rapidly developed in recent years with the advantages of fast response time, less sam-
ple consumption, portability, convenient operation, and good sensitivity [18]. As one of the
most popular methods in electrochemical analysis, the amperometric sensors provide qual-
ity characteristics such as relatively wide linear range, low detection limit, high sensitivity
and selectivity. However, they suffer from the significant interference of redox products
due to the requirement of redox reactions to generate current characteristics [19,20]. More-
over, the lack of an electroactive group in Ch causes insensitivity to electric potential.
Therefore, enzymes for catalyzation in amperometric detection are necessary [21]. As a
result, the immobilization of enzymes on the substrate and maintaining enzyme activities
are also non-negligible barriers for solving the problems of storage and long-term stability
of the sensors [22].

With their advantages including easy storage, low power consumption, and no need
for enzymes and redox potential, several potentiometric ion-selective electrodes (ISEs)
for analyses in actual samples have been developed in recent years [23,24]. However,
the amount of Ch ISEs is still inadequate. An ion-selective Ch electrode based on a
membrane containing a valinomycin derivative for the determination of a cholinergic
agent showed excellent sensitivity from 2 x 1078-10~* M [25], and a novel Ch ISE for
concentration analyses in milk powder and infant formulas exhibited a low detection
limit of 0.061 uM [26]. Nevertheless, the excellent properties relied on the internal filling
solution containing a high concentration of Ch bromide or hydrophilic (water-soluble)
p-sulfonated calixarene, increasing the difficulty to miniaturize and store. Another solid-
contact ISE for Ch and derivatives determination based on octa amide cavitand and carbon
nanotubes dealt with the problem of inner filling solution in conventional electrodes,
however, the linear range of 107°-10~! M and selectivity over common ions such as
ammonium and sodium were not yet satisfactory [27]. The ionophore plays a central role
in the selective binding with the compounds. As a macrocycle aromatic compound with
tetrapyrrole, protoporphyrin IX shown in Figure 1 can bind Ch via cation-7t bonding [28,29].
The porphyrin core and hydrogen of the O-H group in Ch can also form the hydrogen
bonds [30]. Moreover, the hydrophobic property of protoporphyrin is more suitable for
lipophilic polymer membranes. It minimizes the leakage from the membrane into the
aqueous solutions [31], seemingly a proper ionophore for Ch.
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Figure 1. Molecular structure of protoporphyrin IX.

In recent years, solid-state ISEs draw increasing attention, rather than classical liquid-
contact ISEs in potentiometric methods. Between the ion-selective membrane and electron-
conducting substrate, a solid conductive layer replacing the conventional internal filling
solution makes the most difference. It acts as an ion-to-electron transducer to transfer



Appl. Sci. 2021, 11, 5549

30f11

the ionic conductivity in the selective polymer membrane into the electronic signal in the
electron-conducting substrate [32]. Various solid conductive polymers have been tested
and applied. Poly (3,4-ethylene dioxythiophene) doped with poly (styrene sulfonate)
(PEDOT/PSS), one of the most well-known organic conductors, is commonly applied in
electrodes due to low redox potential, high conductivity, good electrochemical stability and
biocompatibility [33,34]. During electropolymerization, the hydrophobic EDOT interacts
with the hydrophilic PSS to form PEDOT /PSS hybrid fibers. Electrostatic forces of attraction
between 7mt-conjugated PEDOT chains and negatively charged PSS chains dominate the
conductivity [35,36]. As a redox pair, PEDOT /PSS transmits the ions to electrons.

In this paper, an all-solid-state ISE for Ch determination was fabricated. By electropoly-
merization, the PEDOT /PSS layer performing as an ion-to-electron transducer was coated
on the gold wire. Furthermore, the PVC selective membrane containing protoporphyrin IX
as a specific ionophore for Ch determination was covered on the solid conductive layer.
The fabricated Ch ISE showed a detection limit of 0.49 uM and a fast response time of less
than 5 s. The characteristics such as stability, selectivity, reproducibility and repeatability
were also investigated. Moreover, the performance in artificial cerebrospinal fluid was
studied as well.

2. Materials and Methods
2.1. Reagents

Protoporphyrin IX, 2-nitrophenyl octyl ether (NPOE), high molecular weight
poly(vinyl chloride) (PVC), potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(KTFEPB), 3,4-ethylenedioxythiophene (EDOT), poly(styrene sulfonic acid sodium salt)
(NaPsS), choline chloride (ChCl), histamine (HA), dopamine hydrochloride (DA), D-(+)-
glucose (GC), and L-ascorbic acid (AA) were purchased from Sigma Aldrich (Shanghai,
China). Gold wires (diameter 0.5 mm, 99.999% metals basis) were purchased from Alfa
Aesar (Shanghai, China). Tetrahydrofuran (THF), sodium chloride, potassium chloride,
calcium chloride, hydrochloric acid, sodium acetate, acetate acid and sodium hydrox-
ide were purchased from Sinopharm Chemical Reagent (Shanghai, China). The artificial
cerebrospinal fluid was obtained from Coolaber Technology Co., Ltd. (Beijing, China).
All of the chemicals were of analytical grade and were used without further purification.
Deionized water was used throughout.

2.2. Preparation of Ch ISEs

One gold wire was sealed in a capillary tube with resin, leaving both ends open. After
polishing with alumina slurries, one side of the gold wire was successively immersed in
ethanol solution (50.0 vol%), sulfuric acid (8.0 wt.%) and deionized water for ultrasonic
cleaning lasting 10 min. Then, the gold wire was rinsed with deionized water and dried
with nitrogen.

The PEDOT /PSS layer was developed in an aqueous solution containing 0.01 M EDOT
and 0.05 M NaPSS. Before electropolymerized, the mixture of monomer EDOT and NaPSS
was stirred for 12 h until homogeneous and transparent electrolyte was received. Nitrogen
was inlet for 10 min to eliminate the air in the electrolyte. After preparation, 6 mm length
of the gold wire was immersed in the electrolyte and formed a three-electrode system with
an Ag/AgCl electrode as a reference electrode and a Pt electrode as a counter electrode.
With the method of chronopotentiometry, a constant current of 18.84 pA with a density of
0.2 mA/cm? was provided for 1800 s. After this step, the PEDOT /PSS layer was rinsed
with deionized water and dried in a closet for 24 h.

A protoporphyrin IX-based membrane cocktail solution was prepared by dissolving
32.3 mg of PVC as a membrane matrix, 62.2 pL of NPOE as a plasticizer, 2.5 mg of
protoporphyrin IX as an ionophore and 0.5 mg of KTFPB as an ion exchanger in 370 uL of
THEF as a solvent. The solution was vibrated until homogeneous and then stored in 4 °C
for four hours before used. The gold wire modified with PEDOT /PSS was dipped in the
polymer membrane solution for 3 s and then taken out to dry. After repeating for five times,
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the electrode was covered with the selective membrane and then dried overnight. Before
use, the electrodes were conditioned in 10> M of ChCl solution for one hour.

2.3. Electrochemical Instrumentation and Measurements

The potentiometric measurements were operated with a Chl660 Electrochemical Work
Station (Shanghai Chenhua Instrument Corporation, Shanghai, China) and an Ag/AgCl
reference electrode (Tianjin Aida Hengsheng Technology, Tianjin, China). A pH electrode
(Mettler Toledo, Shanghai, China) was used to prepare ChCl solutions with different pH
values. A shaking water bath (Shanghai Lichen Instrument Corporation, Shanghai, China)
was applied in the experiment of temperature stability.

2.4. Evaluation of Potentiometric Performance

The acetate buffers with different pH were prepared as the background. We added
0.6981 g of ChCl to 50 mL of acetate buffer to obtain 0.1 M of ChCl stock solution. By diluting
ChCl stock solution in acetate buffers, other solutions with different concentrations were
acquired. Freshly prepared solutions were used during each experiment.

The CHI660 Electrochemical Work Station was used to measure the potentiometric
response with a two-electrode system, including a reference and a working electrode,
as shown in Figure 2A. The structure and photograph of Ch ISE are shown in Figure 2B,C,
respectively. All potentiometric measurements were carried out at a pH of 7.4 and 25 °C
except for the pH and temperature experiments, respectively. During the test of the
temperature effect, a shaking water bath was used. The fixed interference method (FIM)
was used to calculate the selective coefficients [37]. The recovery rate of Ch sensors was
investigated and calculated, referring to the standard addition method, by diluting ChCl
stock solution with a high concentration in the background of artificial cerebrospinal
fluid [38].

Gold wire(0.5mm diameter)  Capillary glass tube  PEDOT:PSS conductive layer
|
—O— |

Insulating layer Ch selective membrane

ch ISE Reference
electrode (B)

//

o = =
= = =

Ch electrolyte

©

(A

Figure 2. (A) Potentiometric detection system in Ch solutions; and (B) structure of the Ch all-solid-
state ISE; (C) photograph of the Ch ISE with a centimeter ruler as a reference.

3. Results and Discussion
3.1. Dynamic Responses and Calibration Curve

The potentiometric response of the Ch sensor was evaluated by diluting 0.1 M of ChCl
solution with a continuous stir at 400 rpm in the background of acetate buffers at pH 7.4.
The Ch ISE was calibrated from 107 M to 3 x 1073 M, and a typical stepwise trace is
shown in Figure 3A. With the addition of ChCl stock solution each time, the sensor reaches
a stable state in 5 s. The results demonstrated that the Ch ISE would be the perspective to
be used in real-time Ch monitoring.
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Figure 3. (A) Dynamic responses with the addition of ChCl stock solutions every 50 s (1: 10~/ M;
2:3x1077 M;3: 1070 M;4: 3x 1070 M;5: 10 5 M; 6: 3x 1075 M; 7: 1074 M; 8: 3x 1074 M; 9: 1073 M;
10: 3 x 1073 M); and (B) calibration curve of ChCl solutions with a concentration in the range from
1077 Mto3 x 1073 M.

The calibration curve was plotted in Figure 3B. The sensitivity of the sensor was in
the linear range of 107°-3 x 1073 M is 52.71 + 0.95 mV /decade. According to the TUPAC
recommendation, the detection limit is 0.49 uM, where the linear response and nonrespon-
sive segment in the calibration curve intersect [37]. Compared with the ionophore of octa
amide cavitand, the cation-7r bonding between Ch and tetrapyrrole of protoporphyrin IX,
as well as hydrogen bonds formed between the O-H group in Ch and the porphyrin core
enhanced the interaction, which improves the performance of Ch sensor [28,30].

3.2. Selective Coefficients to Common Cations

The selectivity of the Ch sensor was tested and the common inorganic and organic
ions, including K™, Na™, Ca?t, GC, DA, AA, and HA, were taken into account as possible
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interferences in biological fluid. The selective coefficients were determined by FIM with
constant concentrations of these interferences [37]. According to Table 1, the negative
coefficients demonstrating that the Ch sensor is more sensitive to Ch rather than the inter-
ferences. Although the selective coefficients to DA and HA are relative higher than other
ions, the selectivity to Ch is close to being 100 times higher. Moreover, the physiological
concentrations of these ions, such as KT less than 5 mM, Na™ less than 150 mM, Ca%™ less
than 3 mM, GC less than 7.1 mM, AA less than 0.1 mM and a lower concentration of DA and
HA in plasma and cerebrospinal fluid are far less than that set in the experiments [39,40],
demonstrating that the interference of these ions could be neglected.

Table 1. Selective coefficients to K+, Nat, Ca2t, GC, DA, AA, HA.

Interference Constant Concentration (M) Selective Coefficient (Log)
K+ 0.1 —2.93
Na* 0.1 —4.54
Ca?* 0.1 —4.50
GC 0.1 —4.00
DA 0.01 —2.00
AA 0.01 —-3.50
HA 0.01 —1.93

3.3. pH and Temperature Stability

The stability of the Ch ISE at various pH levels was investigated. The pH range
of 7.0-8.0 was selected in coordination with the human body’s physiological condition.
The influence of the pH was studied in 107°~10~2 M of ChCl solutions at different pH.
Figure 4A shows the basically stable response, and the results indicated that the Ch sensor
was not sensitive to pH in the range of 7.0-8.0. The pKa of Ch is 13.9, so the Ch cation is
protonated in the environment of pH less than 13.9 [41].

The effect of temperature was also tested in a range that is close to the human body
temperature. The potentiometric response was examined in 10~7-10~2 M of ChCl solutions.
As shown in Figure 4B, the sensitivities of Ch sensors within the range of 3442 °C are
54.47 + 0.73 mV /decade. The result illustrated that the temperature range located in the
human body made no difference in the performance of Ch ISEs.

3.4. Reproducibility and Repeatability

To investigate the reproducibility, four Ch sensors were randomly selected to detect
the ChCl solutions with concentrations of 3 uM, 10 uM, and 100 uM. The means of the
concentrations (Mean), standard deviations (S. D.) and relative standard deviations (R.S. D.)
were calculated. As shown in Table 2, the detected concentrations of four sensors were both
close to the actual concentrations, with the R. S. D. less than 10%. The results demonstrated
that the reproducibility of the Ch sensors was acceptable.

The repeatability was evaluated with five Ch electrodes. By testing the response of
five sensors in 10~7-10~2M of ChCl solutions, the sensitivities were calculated according
to the calibration curves. As shown in Figure 5, the sensitivities of 51.63 + 0.88 mV /decade
reveal that the repeatability is satisfied.

3.5. Life Span

The long-term stability of Ch sensors was examined by the potentiometric response
in 35 days. The experiments were carried out every five days in freshly prepared ChCl
solutions, with a concentration range of 10~7-10—2 M. After each experiment, the sen-
sor was rinsed with deionized water and stored in a dark closet. The sensitivities of
54.40 £ 0.79 mV /decade in Figure 6 illustrates that Ch sensor could perform stably for at
least one month.
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Figure 4. (A) Potentiometric response (10~°~10~2 M of ChCl solutions) within a pH range of 7.0-8.0
in the background of acetate buffers; and (B) the effect of temperature on the sensitivities of the Ch
ISE within the range of 3442 °C.
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Table 2. Reproducibility of four Ch sensors.
C(Ch) (uM)
Number of Ch ISE
3 10 100
Mean (uM) 2.92 10.15 108.11
No. 1 S.D. (uM) 0.16 0.29 1.99
R.S.D (%) 7.57 148 8.11
Mean (uM) 2.9 9.93 105.75
No. 2 S.D. (uM) 0.02 0.1 251
R.S.D (%) 8.1 0.71 5.75
Mean (uM) 297 9.98 107.46
No. 3 S. D. (uM) 0.06 0.19 0.59
R.S.D (%) 5.86 0.24 7.46
Mean (uM) 2.86 9.78 109.59
No. 4 S.D. (uM) 0.25 0.52 4.29
R.S.D (%) 9.35 2.16 9.58
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Figure 5. Repeatability of five Ch sensors.
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Figure 6. Sensitivities of the Ch sensor during 35 days.
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3.6. Performance in Artificial Cerebrospinal Fluid

Considering the complicated interferences in samples, the recovery rate of the Ch
sensor was detected and calculated in artificial cerebrospinal fluid. The 107> M of the
ChCl standard solution with the background of artificial cerebrospinal fluid was prepared.
According to the standard addition method, certain amounts of 10~3 M ChCl solution were
added to the samples. After repeating for three times, the predicted concentration was
tested to be 1.02 x 10~° M. The recovery rate of 102.02% in 10> M actual ChCl solution
indicated that the existence of common cations such as K*, Na*, Ca?*, Mg+, GC, AA
would hardly affect the performance of the Ch sensor. Referring to the Ch concentration of
more than 30 uM in cerebrospinal fluid when stimulated [42,43], the results in coordination
with the selective coefficients provided the possible usage for Ch determination in clinical
conditions. Moreover, the relatively higher concentration of more than 1.5 mM in breast
lesions and 1 mg/100 g in Ch-rich food suggested that the Ch sensors were also suitable
for monitoring tumor signals and nutrition [44—46].

4. Conclusions

All-solid-state Ch ISEs were presented with an excellent detection limit of 0.49 uM and
high selectivity toward common cations. The PEDOT /PSS was electropolymerized on the
gold wire as a solid conductive layer, to provide ion-to-electron transfer. The PVC selective
membrane covered on the conductive layer contained protoporphyrin IX as an ionophore,
and showed specific interaction with Ch. The experimental results demonstrated the
stability to pH and temperature within the physiological range. The reproducibility,
repeatability and life span were also investigated to be satisfactory. Moreover, the recovery
rate close to 100% in artificial cerebrospinal fluid revealed the possibility to determine
Ch in biological fluid and some Ch-rich nutrition. With further miniaturization, the low
detection limit provided the potential application of Ch sensors in the clinical field.
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