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Abstract
A novel all-solid-state polyvinylchloride (PVC) membrane potentiometric dopamine-selective microsensor was constructed based upon dopamine-imprinted polymer used as the ionophore in the membrane structure. The optimum membrane composition was determined as 4% (w/w) MIP, 69% (w/w) bis(2-ethylhexyl) sebacate (DOS), 26% (w/w) PVC, and 1% (w/w) potassiumtetrakis(4-chlorophenyl) borate (KTpClPB). The detection limit of the microsensor was determined to be 3.71×10-7 mol.L-1. The microsensor exhibited a super-Nernstian response for dopamine over the concentration range of 10-1−10-6 mol.L-1, with a short response time (<15 s) and a slope of 60.3±1.3 mV per decade (R2: 0,9998) over seven weeks. The microsensor was effectively performed in a pH range of 4.0−8.0. The microsensor has been successfully demonstrated for the determination of dopamine in a pharmaceutical drug sample. The obtained results were in good harmony with the UV-Vis results at a confidence level of 95%.
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1. Introduction
Dopamine (Figure 1) is one of the most important neurotransmitters that play specific roles in various physiological and pathological processes in the central nervous, cardiovascular, hormonal and renal systems of the human body, modulated by their levels in various brain tissues.1-3 Determination of dopamine is important in the diagnosis, monitoring and prevention of certain diseases, such as Parkinson's, schizophrenia, HIV infections, hyperuricemia, and a type of arthritis.4 There are many instrumental methods for dopamine determination, such as chromatography,5 fluorimetry,6 colorimetry,7 spectrophotometry,8 and electrochemistry.9 These methods require both expensive equipment and complex sample preparation, and time. Electrochemical methods have several advantages compared to expensive instrumental methods. Especially, when evaluated in terms of ion-selective electrodes; electrochemical methods provide superiority such as short response time, low detection limit, simple design, low cost, wide operating range, high selectivity, minimum sample pretreatment, accuracy and precision, easy measurement process.10
The molecular imprinting method involves the polymerization of a functional monomer and crosslinker around a template which is removed using different solvents after the synthesis process.11 This technique is a very suitable method for polymeric material formation with molecular recognition cavities created by the addition of template molecules during the process.12 As a result, MIPs provide a wide range of binding sites with various affinities and selectivity that are interrelated to the template molecule in size, functionality, and shape.13 The imprinted polymers have several advantages such as good physical and chemical stability, high selectivity and low cost.14-16 MIPs are widely used in drug release,17 solid-phase extraction,18 enzyme mimics,19 chromatographic separation,20 cancer biomarkers,21 and sensors.22 Different potentiometric sensors based on MIP have been reported.23-25
In this work, a novel potentiometric dopamine-selective microsensor, that is all-solid-state PVC-membrane type, was designed using dopamine-imprinted polymer (DOP-IP) as an ionophore. The performance of the sensor was investigated in detail. The microsensor was successfully used for dopamine determination in the content of the commercial drug sample. The potentiometric results were compared with the UV-Vis spectroscopic results at 95% confidence level.



Figure 1. Molecular structure of dopamine (3,4-(dihydroxy phenyl) ethylamine)

2. Experimental
2. 1. Reagents
Dopamine (DOP), methacrylic acid (MA), azobisisobutyronitrile (AIBN), ethylene glycol dimethacrylate (EGDMA), ethanol (EtOH), methanol, acetic acid, tetrahydrofuran (THF), high molecular weight polyvinylchloride (PVC), o-nitrophenyl octyl ether (NPOE), bis(2-ethylhexyl) sebacate (DOS), dibutyl sebacate (DBS), potassium tetrakis (4-chlorophenyl) borate (KTpClPB), graphite, solvents and all other salts were purchased from Sigma-Aldrich. Epoxy resin (Ultrapure SU 2227) and hardener (Desmodur RFE) were supplied from Victor and Bayer AG, respectively.

2. 2. Apparatus
A multi-channel potentiometer supported by a computer program device and designed in our laboratory was used for the potentiometric measurements. Ag/AgCl electrode (Basi-MF-2079-RE-5B) was operated as a reference electrode. A Jenway 3040 model ion analyser was used for pH measurements. A Shimadzu AUX220 model analytical balance was used for measuring weight. A Kubota 4200 model centrifuge was used for centrifugation. Deionized water was supplied from a Sartorius Stedim Ariium 611UV model ultra-deionized water device. A Memmer (GmbH & Co. KG D.91126 Typ: WNB 14) shaker was used for the removal of dopamine molecules from the polymer. The solutions were homogenized using an Ultrasonic LC30 (Germany) stirrer. A Jeol JSM-6610 model instrument was used for scanning electron microscopy (SEM) analysis. A Thermo Scientific Evaluation Array UV-Vis spectrophotometer was used for the spectroscopic determination of dopamine.

2. 3. Synthesis of Dopamine-Imprinted Polymer
The dopamine-imprinted polymer (DOP-IP) was synthesized according to the method described in the literature.26 59 mg dopamine, 0.4 mL MA ve 1.24 mL EGDMA was dissolved in 6.2 mL EtOH in a 50 mL glass bottle. The mixture, pure nitrogen gas passed through for 20 min, was sonicated in a water bath for 30 min. Then 0.02 mg AIBN was added in the mixture. The mixture was heated to 60 °C in a thermostatically adjusted oil bath on a magnetic stirrer for 21 hours. A colorless translucent bulk of solid polymer was obtained. Polymer particles containing dopamine molecules (DOP-P) were washed with EtOH and filtered. Methanol/acetic acid (90/10; v/v) solution was repeatedly used for removal of the dopamine molecules until not detecting any dopamine in the filtered solution by UV-Vis method. Final polymer particles (DOP-IP) were then vacuum dried at 50 °C. The non-imprinted polymer (NIP) was synthesized by following the same procedure without dopamine.



Figure 2. Schematic representation of the DOP-IP preparation process

2. 4. Fabrication of All-Solid-State Dopamine-Selective Microsensor
The all-solid-state dopamine selective microsensor used was manufactured according to the method described in our previous study.27 The first stage of sensor production, which occurs in two steps; involves the preparation of 50 % graphite, 35 % epoxy and 15 % hardener in THF. On the second step; A copper wire of about 10 mm length and 2 mm radius is dipped into this mixture several times until a thickness of about 0.5 mm is obtained, and it is left to dry for a day under laboratory conditions. In the second stage; containing a selective membrane mixture. This cocktail mix prepared in 2.5 mL THF (4-6 (w/w) DOP-IP, 67−69% (w/w) NPOE, DOS or DBS, 26−27% (w/w) PVC and 1% (w/w)) KTpClPB) was dipped 4-5 times on the solid contact surface formed in the first stage and the prepared sensor was left to dry under laboratory conditions for 1 day. After these procedures, the performances of the microsensor were investigated in detail.

3. Results And Discussion
3. 1. SEM Analysis
Scanning Electron Microscopy (SEM) was used for the investigation of surface morphologies of the polymers (NIP, DOP-P and DOP-IP). Figure 2a-f shows the relevant SEM images with the structural differences of the particles. When the general surface morphology is examined; it is seen that the polymers have different particle sizes, however, have spherical shapes as similarities. The NIP particles (Figure 3e-f) are substantially larger in size than the MIP particles (Figure 3a-d). Moreover, it is seen that an enhanced surface area and pores were observed on the DOP-IP surface (Figure 3c-d) than the DOP-P surface (Figure 3a-b). This situation can be considered as a result of the imprinting process. Consequently, the relatively porous surfaces of DOP-IP possess the and specific cavities suitable interaction sites for the sorption of dopamine molecules.

3. 2. Optimum Membrane Composition
It is known that PVC-membrane sensors are significantly dependent not only on the structure of the ionophores but also on the ratio of membrane components, polymers, plasticizers and other additives. These effects on sensors; in addition to lowering the detection limit of the sensors, also increases the sensitivity and selectivity. The effects of PVC membrane components on the potentiometric response of the DOP-selective microsensor were investigated using different plasticizers (NPOE, DOS and DBS) and the results are summarized in Table 1. It can be seen that the best potentiometric performances (slope, detection limit, linear range) are for sensor number-II compared to the others. The potentiometric performance of the DOP-selective microsensor, which was prepared according to the optimum membrane composition, was investigated in more detail.
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Figure 3. SEM images of the DOP-P (a, b), DOP-IP (c, d), and NIP (e, f)

Table 1. Potentiometric performance characteristics of DOP-selective microsensors
	No
	Membrane Composition (%w/w)
	
	Potentiometric Behavior

	
	PVC
	NPOE
	DOS
	DBS
	KTpClPB
	MIP
	
	Slope, mV/decade*
	Linear range, mol/L-1
	Detection limit, mol.L-1

	I
	26
	69
	-
	-
	1
	4
	
	49.6±2.6
	10-1−10-5
	5.30×10-7

	II
	26
	-
	69
	-
	1
	4
	
	[bookmark: _Hlk75534589]60.3±1.3
	10-1−10-6
	3.71×10-7

	III
	26
	-
	-
	69
	1
	4
	
	45.3±2.5
	10-1−10-5
	5.72×10-6

	VI
	26
	67
	-
	-
	1
	6
	
	40.7±2.8
	10-1−10-4
	2.84×10-5

	V
	26
	-
	67
	-
	1
	6
	
	50.6±2.2
	10-1−10-4
	6.22×10-5

	VI
	26
	-
	-
	67
	1
	6
	
	42.1±3.0
	10-1−10-4
	4.87×10-5

	VII
	27
	69
	-
	-
	-
	4
	
	45.1±1.8
	10-1−10-5
	2.62×10-6

	VIII
	27
	-
	69
	-
	-
	4
	
	53.8±1.6
	10-1−10-6
	4.95×10-7

	IX
	27
	-
	-
	69
	-
	4
	
	44.3±2.1
	10-1−10-5
	1.36×10-6


*The average value of three determinations ± standard deviation
The potentiometric response of the DOP-selective microsensor was investigated in the standard dopamine solutions prepared in the concentration range of 10-8−10-1 mol.L-1 (Figure 4). It was determined that the sensor exhibited a linear response to dopamine as a super Nernst behaviour (60.3±1.3 mV) in the concentration range of 10-1–10-6 mol.L-1 with a lower detection limit of 3.71×10-7 mol.L-1 and a short response time (t95) of <15 s according to the IUPAC recommendations.28 The calibration graphs of microsensors prepared with DOP-IP and NIP are shown in Figure 5. The performance of the DOP-IP-based sensor is better than the NIP-based sensor, and it can be said that this situation in the NIP sensor is due to the non-specific interaction on the NIP surface.


Figure 4. Potentiometric responses and calibration plot of the DOP-selective microsensor
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Figure 5. Calibration curves of the DOP-selective sensors based on MIP (●) and NIP (▲)
3. 3. Repeatability and lifetime
The repeatability of the DOP-selective microsensor was investigated. For this purpose; the measurements were repeatedly taken in the concentration range of 10-6−10-1 mol.L-1 dopamine. The obtained potential-time graph is shown in Figure 6. It can be seen from Figure 6, the behaviour of the developed sensor is highly reproducible.

[image: ]
Figure 6. Reproducibility measurements of the DOP-selective microsensor

In order to determine the lifetime of the developed DOP-selective microsensor, the changes in the detection limit and slope values of the sensor have been monitored for two months. For this purpose, measurements were taken in standard dopamine solutions in the linear operating range of the DOP-selective microsensor on certain days and the obtained slope values against time are shown in Figure 7. As can be seen from Figure 7, especially after 42 days, a significant drift in the slopes indicates that the stability of the sensor has deteriorated (the initial slope value of 60.3 mV/decade decreased to 53.1 mV/decade). Therefore, the lifetime of the sensor was estimated to be about 6 weeks.




[image: ]
Figure 7. Slope values of the DOP-selective microsensor against time

3. 4. Selectivity
[bookmark: _Hlk66565924]The selectivity coefficients of the DOP-selective microsensor were calculated by using the separate solution method (SSM).28 The obtained logarithmic selectivity coefficients () for dopamine molecules over other ions and molecules (Xn+) are summarized in Table 2. The prepared sensor exhibited high selectivity for dopamine over the commonly encountered and tested different species.

Table 2. Selectivity coefficients of the DOP-selective microsensor
	[bookmark: _Hlk66566127]Types
	
	
	Types
	

	K+
	-2.08
	
	Zn2+
	-2.79

	Li+
	-1.74
	
	Ba2+
	-2.67

	Na+
	-2.52
	
	Ni2+
	-2.15

	NH4+
	-2.11
	
	Cd2+
	-3.03

	Ca2+
	-2.93
	
	Co2+
	-2.28

	Mg2+
	-2.33
	
	Cr3+
	-2.06

	Cu2+
	-2.49
	
	Fe3+
	-1.91

	Ag+
	-3.02
	
	Pb2+
	-3.05

	Fructose
	-3.25
	
	Glucose
	-3.18

	Urea
	-3.17
	
	Lactose
	-2.01

	Triethanolamine
	-2.05
	
	Thiourea
	-3.49

	Ascorbic acid
	-1.88
	
	Thioacetamide
	-3.18



3. 5. pH Effect
In order to examine the effect of pH on sensor responses, 1.0×10−3 mol.L-1 dopamine solutions were examined in the pH range of 3.0−11.0 (Figure 8). It can be seen from Figure 8, the sensor potential remained significantly unchanged in the pH range of 4.0−8.0. However, the increase in potential values at low pH values (< 4.0) can be explained by the interaction of hydronium ions on the sensor membrane, as interference, and the decrease in potential values at high pH values (> 8) can be explained by the interference of hydroxyl ions. Therefore, the pH: 4.0-8.0 range can be considered as the optimum operating range for the proposed sensor.

[image: ]
Figure 8. Effect of pH on the dopamine-selective sensor response

3. 6. Temperature Effect
Temperature is another important property for electrochemical sensors. To determine the optimum temperature range of the developed microsensor, the temperatures of the DOP solution were changed from 5 °C to 70 °C. The potential measurements for 10-2 mol.L-1 DOP solution are shown in Figure 9. As can be seen from Figure 9; the DOP-selective microsensor can be able to operate in the temperature range of 5−30 °C (± 2 mV) approximately without significant changes on the performance of the microsensor. The performance of the sensor is affected above 30 °C by the temperatures. In addition, it was determined that the sensor was deformed above 30 °C.29








[image: ]
Figure 9. Effect of temperature on the sensor performance
[bookmark: _Hlk502329195]
3. 7. Sample Analysis
The electroanalytical applicability of prepared DOP-selective microsensor, the dopamine content in the pharmaceutical drug sample was determined by the proposed microsensor. For this purpose, the drug sample was diluted with deionized water (1:100) before measurements. The obtained potentiometric results were compared with the results obtained with UV-Vis. The relative error, t-test and f-test values were calculated and summarized in Table 3. As can be seen from Table 3, the t-test and f-test values calculated at the 95% confidence level are lower than the tcritical (4.3) and fcritical (19.0) values, respectively. As a result, it can be concluded that there are no significant differences between the results of potentiometry and UV-Vis methods. It can be seen that the average value obtained by the proposed sensor was in satisfactory agreement with the labeled value (relative error less than 5%).

Table 3. Determination of DOP in the drug sample
	[bookmark: _Hlk73913162]Sample
	Label value
	Amounts of DOP (ppm) *
	
	
	

	
	
	Potentiometry
	UV-Vis
	Era (%)
	t-test
	f-test

	Dopasel®
	400.0
	417.2±4.6
	412.5±2.5
	4,25
	3,06
	3,39


* The average values (ppm) of three determinations ± standard deviation. Era is the relative error for the potentiometry versus label value. t-student’s and f-test level (critical) values are 4.30 and 19.00 at 95% confidence, respectively.

3. 8. Comparison of the proposed sensor with the other DOP-selective sensors
The comparison of the developed sensor with both MIP-based and traditional ionophore-based dopamine-selective sensors available in the literatüre (Table 4). The developed sensor is considered to be comparable to the previously reported sensors in most cases.

Table 4. Comparation of the DOP-selective microsensor in the literature
	[bookmark: _Hlk66696966]Ref
	Slope, mV/decade
	Linear range, mol/L
	Response time, s
	pH range
	Detection limit, mol/L

	30
	53.85
	1×10-5−1×10-1
	NR
	5.5−7.5
	5.8×10-6

	31
	NR
	5×10-6−8×10-5
	NR
	6.5
	2.1×10-6

	32
	54.00
	2×10-7−1×10-5
	<10
	7.0
	1.5×10-7

	33
	56.50
	3×10-4−1×10-2
	NR
	4.5
	8.0×10-5

	34
	43.80
	3×10-5−1×10-3
	<10
	4.0-8.5
	1.3×10-5

	35
	59.16
	3×10-5−3×10-3
	500
	5.0−7.7
	2.0×10-8

	36
	53.30
	7×10-5−3×10-1
	10-15
	2.0−10.0
	4.5×10-5

	37
	56.20
	6×10-4−1×10-1
	10
	3.5−6.0
	5.0×10-5

	This work
	60.28
	1×10-6−1×10-1
	<15
	4.0−8.0
	8.4×10-7



4. Conclusions 
In the current study, a novel all-solid-state type PVC membrane DOP-selective potentiometric microsensor was developed based on DOP-imprinted polymer. The DOP-selective microsensor was also successfully applied for the rapid, accurate, selective and reproducible determination of dopamine in the drug sample. The obtained potentiometric results were found to be compatible with the results obtained by UV-Vis. The developed sensor has the advantages of fast response time, low detection limit, wide linear range, ease to preparation and low cost. Therefore, the microsensor can be considered to be a notable addition to the list of dopamine selective sensors.
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