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Graphical abstract 

 

 

Schematic representation of the proposed sensing system based on laser-scribed graphene modified 

molecularly imprinted polymer for Bisphenol A 

 

 

Highlights 

 Simple, mask-free, low-cost sensor based on LSG technology combined to MIPs for BPA 

determination 

 Fabrication of LSG electrodes by CO2 laser with low resistivity 58 Ω/square on flexible 

polyimide sheet 

 Sensitive electrochemical detection of BPA with a LOD of 8 nM 

 Accurate detection of BPA in tap, mineral water and in plastic samples 
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Abstract 

Bisphenol A (BPA) is a toxic chemical used by industries for production of containers for storage of food 

and beverages leading to possible health risks.  In this work, we present a simple, mask-free, low-cost 

imprinted sensor based on laser scribed graphene (LSG) technology combined to molecularly imprinted 

polymers (MIPs) for BPA determination. CO2 laser was used in production of LSG electrodes with high 

conductivity and multilayer structure by using less laser speed/ power (2.8 cm/s /3.2 W) and low 

resistivity 58 Ω/square on flexible polyimide sheet leading to the high active surface area of the sensor. 

LSG device was functionalized with imprinted polypyrrole with a known amount of BPA as template 

molecule to develop the sensor. The bare LSG, LSG-MIP, LSG-NIP sensors were characterized using 

Raman spectroscopy, SEM, XRD, AFM.  The electrochemical measurements were carried out using cyclic 

voltammetry and differential pulse voltammetry. Experimental conditions were optimized, including the 

concentration of pyrrole monomer, the number of polymerization cycles, the concentration of BPA as 

template and the incubation time.  We evaluated the sensitivity of the LSG-MIP sensor in the concentration 

range between 0.05 µM and 20 µM with a limit of detection of 8 nM. The proposed sensor exhibits high 

selectivity towards BPA compared to its structural analogs and good reusability. The developed sensor was 

successfully applied for the detection of BPA in tap, mineral water and in plastic samples. The developed 

sensor was integrated into a PMMA case connected to the potentiostat to achieve complete isolation and a 

practical measurement system. 

 

Keywords: Molecularly imprinted polymers, Electrochemical devices, Laser scribed graphene, 

Electropolymerization, Bisphenol A, Water samples 
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1. Introduction  

Bisphenol A (BPA) is known to be a major household component [1] . It is considered as the main 

ingredient in the production of epoxy and polycarbonate plastic products, such as containers of 

both food and liquids [2-4]. The exposure to BPA had been proven in various age groups 

worldwide [5, 6]. BPA with its chemical structure similar to hormone estrogen is considered as an 

important xenoestrogen [7]. It has the ability to interact with the production of hormones; Different 

studies carried out in vitro and in vivo have shown the binding affinity between BPA and various 

hormone receptors, including nuclear estrogen, thyroid and androgen [8]. This could link BPA to 

major health concerns, such as breast and prostates cancer, development problem (growth and 

puberty) and heart disease [9, 10]. Hence, it is important to develop reliable sensing systems to 

detect BPA in both industrial fields and aquatic environment [11, 12]. Different detecting 

techniques have been used for the detection of BPA in water samples such as fluoriphometry, gas 

chromatography, high performance liquid chromatography (HPLC), HPLC-mass spectrometry 

(HPLC-MS), enzyme-linked immunosorbent assay (ELISA), flow injection chemiluminescence. 

[13-18]. However, more sensitive, practical, cheaper and less demanding electrochemical 

biosensor method with faster production and detection are needed. In the last decade, the 

development of electrochemical sensors boomed tremendously due to their high performance, 

flexibility and mobility, in addition to their low cost [19, 20]. Carbonaceous nanostructured 

materials have been utilized excessively for the development of electrochemical biosensors [21-

24]. Graphene is known for its excellent electron conductivity, high surface area and thermal 

conductivity [25, 26], super-low density [27], mechanical flexibility, tunable bandgap and self-
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assembly behavior [28-31]. One way to produce graphene is scribing the flexible commercially 

available polyimide (PI) sheet by using CO2 laser [25, 32]. Indeed, it was previously reported that 

laser-scribed graphene (LSG) enables the modification of the substrate based on PI into a 2D 

structure graphene in one-step with an excellent electrical conductivity [32-34]. LSG sensors have 

several applications, not only for gas sensors (e.g. NO2) [35], also for clinical diagnosis purposes, 

detection of biomolecules [36], neurotransmitters [37], proteins[36] and biomarkers [38]. Other 

studies showed that LSG based sensors have the possibility to be functionalized for blood serum 

analysis (e.g. thrombin) [39]. Along with that, LSG sensors can be combined with molecularly 

imprinted polymers (MIPs) to detect contaminants in water (e.g. chloramphenicol), or in human 

serum ( L-Tryptophane) [40].  MIPs have high molecular recognition capabilities due to the 

presence of a target analyte during their synthesis [41-43].  Therefore, the MIPs can selectively 

recognize the template molecule such as natural biological receptors, antibodies and enzymes [44, 

45]. In the process of electrochemical sensors preparation, MIPs could be a suitable candidate to 

be combined to LSG. This combination will take advantage of both the rapid multilayer graphene 

production and the excellent conductivity. MIPs based electrochemical sensors exhibits various 

advantages such as robustness, high stability and selectivity towards the target analyte with a good 

recognition ability, along with its low‐ cost and reusability [46-48]. These advantages indicate that 

electrochemical sensors based on MIPs-LSG have the great potential to produce practical, new 

generation of electrochemical sensors with a good quality, stability and sensitivity, compared to 

the traditional instrument techniques and other types of sensors with complex, expensive and time 

consuming fabrication steps. As far as we know, it can be noted that the artificial receptors based 

on MIP combined with the LSG technology are still not well explored. Indeed, Cardoso et al. 

reported, the only paper that explored the use of MIP with the LSG showing a proof a concept for 
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acetaminophen molecule. However, the proposed sensing strategy requires higher quality of LSG 

in terms of laser speed and laser power as well as the electrosynthesis of MIP that requires three 

steps using three different  of monomers, which could limit its  use for practical applications [33]. 

Herein, we present a simple, fast, and low-cost strategy for the fabrication of high quality LSG 

electrode combined with the electro synthesized MIPs for highly sensitive and selective on-site 

detection of BPA in water and plastic samples. To the best of our knowledge, this is the first report 

on the combination of electro synthesized MIPs technology and 3-electrode LSG system for BPA 

detection. The first part of this study consists of the optimization of experimental conditions of the 

LSG sensor fabrication (CO2 laser power and laser speed), structural and morphological 

characterization using Raman, XRD and SEM. In parallel, we focused on the electrochemical 

characterization of the fabricated LSG sensors using electrochemical analysis techniques such as 

cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Under the optimal 

experimental conditions, the developed sensor was successfully applied to detect BPA in water 

and plastic samples. 

 

 

 

2. Experimental Section 

2.1. Chemicals and reagents 

Methanol was obtained from VWR company (certified ACS; 99.9%). Acetic Acid (CH₃ COOH; 

≥99%), Gallic acid (C7H6O5; ≥97-102.5%), pyrrole (C4H4NH; ≥98%), caffeic acid (C9H8O4; 

≥98%), β-estradiol (C18H24O2;≥98%), epinephrine (C9H13NO3), 4-Chlorophenol (ClC6H4OH), 
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Bisphenol A (C15H16O2; certified ACS; ≥99.9%), dibuthyl phthalate (C16H22O4; ≥99%) and 

Bisphenol F (C13H11O2; certified ACS; ≥98%) were purchased from Sigma-Aldrich. The 

phosphate-buffered saline (PBS) tablets containing 0.0027 M potassium chloride (KCl) and 0.137 

M sodium chloride (NaCl) with pH 7.4 ( (certified ACS; 99.0-100.5%) were purchased from Fisher 

BioReagents. Dimethyl sulfoxide ((CH3)2SO) was purchased from SupraSolv, Merc. The ultrapure 

water (resistivity, 18.2 MΩ·cm) from a Milli-Q® integral water purification system (Merck KGaA, 

Darmstadt, Germany) was used in all aqueous solution experiments. All the chemicals were of 

analytical grade and used as received without any prior treatment. 

2.2. Apparatus 

A CO2 laser (Universal Laser Systems® PLS6.75) was used to pattern conductive and multilayer 

graphene directly on commercial PI sheet (Kapton Width:12”, Utech Products, USA). Laser spot 

diameter and wavelength is ~150 μm and10.6 μm respectively. Electrode surface morphology was 

investigated by field emission scanning electron microscopy (FESEM, Carl Zeiss, Merlin). The 

X-ray diffraction data were recorded using X-ray diffractometer (Bruker Corporation, D8 

ADVANCE, and Karlsruhe, Germany) with Cu Kα radiation (1.5406 Angstrom) and 2θ range of 

20–80°. A  LabRAM  ARAMIS  Raman  spectrometer   was used to obtain Raman spectra with  a  

473  nm  cobalt  laser  source  excitation at room temperature (Horiba  Scientific). The 

electrochemical tests were performed using an electrochemical measurement workstation 

(Palmsens, 4) connected to a computer and controlled by PSTrace 5.5 software. All the 

measurements were performed at room temperature in PBS (pH 7.4) with LSG reference and 

counter electrodes (0.05 M, pH 7.4). 

2.3. Preparation of LSG 
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LSG materials were prepared as shown in Fig 1. A pre-cleaned flexible polyimide sheet was used 

as a substrate for the fabrication of three electrode sensing system (2.8 cm × 1.2 cm).  The optimal 

laser parameters were recorded as 3.2 W power, 2.8 cm/s speed, 1000 pulses per inch, and 2.5 mm 

z distance to achieve the best form of the multilayer graphene with a high surface area. A PDMS 

(Polydimethylsiloxane) well was prepared to isolate the sensing area and to passivate the 

connection areas. Finally, the developed sensor was integrated in a Poly(methyl methacrylate) 

(PMMA) case connected to the potentiostat to achieve a practical measurement system (Fig. 1f).  

By doing so, active surface area of the electrode is kept constant following a complete isolation of 

the connections and the working area from each other. The case was designed using Tanner 

software and built by CO2 Laser.  

2.4. Preparation of MIP/PPy@LSG 

For the preparation of NIP/PPy@LSG, the surface of working electrode was modified with 

electropolymerization of 0.2M pyrrole monomer by running 10 CV cycles between -0.7 V and 

+0.5 V in a solution of 50 mM PBS (pH 7.4) with 50 mV/s scan rate. Fig. 1 shows the preparation 

of MIP/PPy@LSG. The sensor was fabricated through the electropolymerization of 70µL pyrrole 

monomer (0.2 M) and 1 mM of BPA in a solution of 50 mM PBS (pH 7.4) using 10 cycles and 50 

mV/s as scan rate. The number of moles used for Bisphenol A template molecule was calculated 

as 0.01 mmoL. In addition, the Pyrrole monomer concentration was calculated as 2 mmol. Thus, 

the ratio BPA:Pyrrole used for the preparation of MIP/PPy@LSG is 1:200. Then, the attached 

BPA were removed from the surface of working electrode by immersing the solution into acetic 

acid/methanol (3:7) solution followed by a rebinding process of 70µL of BPA in different 

concentrations for 10 min. 
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Please insert Fig.1 here 

 

    

2.5. Electrochemical Measurements 

CV measurements  were carried out  by applying a potential from −0.6V to +0.5V in 5mM of 

ferricyanide, 0.1M KCl with a scan rate of 100 mV/s and from -0.7V to +0.5V for the 

electropolymerization experiment with a scan rate of 50 mV/s. DPV technique was  used by 

applying a potential from -0.7V to +0.4V at pulse amplitude of 50mV and pulse width 0.1s with a 

scan rate of 100 mV/s.  

 

 

2.6. Solutions Preparation 

A stock solution of BPA (10 mM) was prepared in (3:7, v/v) dimethyl sulfoxide:50 mM PBS (pH 

7.4) . 10 mL of 0.2M Pyrrole was mixed with 1 mM BPA to perform electrropolymerization of 

MIP@PPy/LSG by diluting the stock solution with PBS (50 mM). The electropolymerization onto 

the surface of LSG electrode was performed using 70 µL of the pyrrole monomer solution. 

Selectivity test was performed by using 1 µM portions of epinephrine, Gallic acid, caffeic acid, 

estradiol, 4-chlorophenol, dibutyl phthalate, Bisphenol F. All dilutions were made by using 50 mM 

PBS (pH 7.4). Similarly, 70 µL of each interference compound was placed onto the working 

electrode at rebinding step. 

2.7. Preparation of Real Samples 

Different bottled water brands, tap water and polycarbonate (PC) cup and polyethylene 

terephthalate (PET) water bottle samples were used to test the performance of the MIP@PPy/LSG 
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sensor. 5 mL of the sample solution and 5 mL PBS (pH 7.4, 0.1 M) were mixed then analyzed 

using the proposed sensor under the optimal experimental conditions. Due to the absence of BPA 

in the water samples, they were spiked with 0.1 μM and 1μM of BPA.  The measurement of PC 

and PET samples were performed by using standard addition method. Plastic samples were 

smashed into small pieces and washed with DI water. 1 g of  plastic pieces was mixed with 30 mL 

of deionized water inside of glass container and kept on a hot plate at 70 °C for 8 hr. Aluminum 

foil was used to seal the containers. After filtering with a 0.2 μm cellulose acetate membrane, 5 

mL of the filtrated solution was mixed with 5 mL of PBS (pH 7.4, 0.1 M) for analysis. The prepared 

solution was measured before and after spiking with 0.1 and 1 μM of BPA.  

 
 

 

3. Results and Discussion 
 

3.1. Optimization of the LSG fabrication conditions 

 

A CO2 laser was used to produce graphene from a PI substrate with a photothermal process. In 

addition, surface cross is caused by photothermal effects due to the long wavelength (~10.6 μm) 

and relatively long pulses (~14 μs) of the CO2 laser. The energy from laser irradiation results in 

lattice vibrations leading to extremely high-localized temperatures up to 2500 °C. The scribing 

process is defined as the rearrangement of aromatic compounds on the surface to form graphitic 

structures and strongly depends on the chemical structure of the polymeric material used as 

substrate. This high temperature is the reason of C—O, C=O and N—C bond breakage in the 

surface of polyimide sheet during scribing process [32]. These atoms are most likely to recombine 

and get released as gases. We use airflow during the process to keep the surface clean and to 

remove the possible evolved gasses. Previous reports showed that the optimization conditions and 

the laser sensitivity are crucial for the graphene formation. Nayak et al. optimized laser conditions 
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as 15 W power and 10 cm/s scan speed [38]. Cardoso et al. recorded the resistivity as 102.4 ± 

7.3Ω/square by fixing laser power and scan speed as 25 W and 10.22 cm/s respectively [33].  In 

this study, different laser conditions were tested, in terms of power and speed, to obtain the optimal 

patterning conditions. Different power values from 2 to 10 W and laser speed from 2.8 to 5 cm/s 

were tested to pattern 5.0 mm2 squares on PI substrate as indicated in Table S1. Graphene 

formation was not observed at 5 cm/s laser speed for the selected powers. Thus, at 3.2 and 2.8 cm/s 

speeds, a complete formation of graphene was achieved for 3.2 and 3.5 W. However, at high power 

values (4, 5 and 10 W), PI sheets were damaged and burned and no graphene formation was 

observed. Hence, the samples with 2.8 and 3.2 cm/s scan speeds at 3.2 and 3.5 W were found 

visually eligible for electrode preparation. In addition, resistivity of graphene samples was 

calculated to select the best laser parameters for graphene formation. Hence, the best conductivity 

was achieved with 2.8 cm/s /3.2 W of laser speed/power parameters proving that the graphene 

formation with lower power and scan speed parameters is possible with 58 Ω/square of resistivity 

(Table S2).  

 

3.2. Characterization of the LSG, LSG/NIP and LSG/MIP 
 

To confirm the existence of laser scribed graphene flakes and polymer formation, FESEM images 

were recorded following the EDX analysis. Fig 2a, 2b and Fig S2 represent the elemental 

identification of the surface before and after the pyrrole electropolymerization evidenced by the 

existence of 6.94% Nitrogen in addition to carbon and oxygen. FESEM images in Fig. 2 proves 

the presence of polymeric matrix on LSG surface. Polypyrole is adsorbed on the LSG porous 

surface due to the physical interactions such as  π-π interactions, electrostatic interactions, etc. [49, 

50]. As a result, conductivity of the LSG surface is enhanced with the surface coverage with 

electropolymerization of pyrrole [49]. Fig. 2 also shows FESEM images after removal and after 
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rebinding of BPA onto the MIP/PPy@LSG electrode surface proving the presence of polypyrrole 

and roughness of the surface.’ After the removal of BPA template from the polymeric network, a 

porous material has formed as shown in Fig. 2 l and m. However, related to Fig. 2 n and o, the 

rebinding of BPA template leads to the occupation of cavities. Thus, probably, the surface of the 

polymer changed. As a result, the porosity of the polymer has been reduced. Topographical 

analysis using AFM shows LSG surface has ∼3 µm height (Fig. 2c) while PPy@LSG surface has 

the height of ∼6 µm, proving the height change after the electrodeposition process of polypyrrole 

(Fig. 2d). In addition, surface cross section profile of bare LSG and PPy@LSG working electrode 

surfaces were presented in Fig S3. AFM images of MIP/PPy@LSG of adduct, after removal and 

rebinding BPA steps show the difference in height and roughness of the surface. It can be seen in 

Fig. S4 that the created cavities onto the polymeric network as well as the BPA rebinding could 

not be observed. However, as expected, the surface height is increased after removal of BPA (Fig. 

S4b) due the vacant recognition sites leading to a higher surface area. Those results are in good 

correlation with the ones obtained using CV where higher oxidation current were obtained 

compared to that of adduct, and rebinding steps where BPA is attached on the surface (Fig. S4a, 

c). The crystallinity of the laser scribed graphene before and after polypyrrole 

electropolymerization was investigated by using XRD. The results show two clear peaks centred 

at 2θ=21.9° and 25.5°, indicating (002) plane and the high degree of graphitization. The small peak 

around 2θ=36.5° belongs to (100) reflections which are associated with an in-plane structure [32]. 

The surface modification of the LSG by electropolymerization of pyrrole did not affect the 

crystallinity of the LSG but changed the peak intensities in XRD. The intensity of the crystallinity 

peaks of the graphene flakes decreases after the polymer formation onto the working electrode 

surface (Fig. 2e). 
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 Please insert Fig.2 here 

 

 

 

In addition, the chemical composition of the LSG electrode before and after electroplymerization 

of pyrrole was investigated by Raman spectrometer to confirm the presence of the polymer layer. 

It is observed in Fig. 2f that after polypyrrole electropolymerization, small peaks were found  

(between 1380 cm−1 and 1600 cm−1 ) due to the ring-stretching mode of PPy and the C=C backbone 

stretching proving the presence of Pyrrole on the LSG surface. The broad double peaks around 

1060 and 1080 cm-1 is attributed to the C-H in-plane mode. In this spectrum, the intensity of D and 

G bands of graphene decreased with the polypyrrole coverage on the surface [51]. For the graphene 

layer, we observed three main peaks in the Raman spectrum, G (1581 cm-1), 2D (2725 cm-1) and 

D (D (1359 cm-1) evidences the graphene formation [52] (Fig. 2f).  D and 2D peaks represents the 

primary in plane and the second-order in plane vibrations respectively. The G band has a more 

intense value compared to the intensity of D band in this spectrum. The molecular difference of 

the LSG surface between before and after the electrodeposition process proves the formation of 

the polypyrrole layer. Previous studies showed that the I2D/IG  peak intensity ratio correlates with 

the number of graphene layers. In our case, this ration is around 0.73 which correlates the 

formation of multilayer graphene [53].   The cross-section of the bare LSG electrode is recorded 

as 50 µm thick approximately (Fig. 2g). It is also visually observed that the surface of the LSG 

electrode was covered by polypyrrole after the electropolymerization in the FESEM images.. A 

large number of graphene layers and bulky polypyrrole film formation after the 

electropolymerization onto the graphene surface is observed in Fig. 2h, 2i and 2j, 2k respectively.  
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The electrochemical characterization of MIP/PPy@LSG sensor was carried out in a 

solution of 5 mM of [Fe (CN)6]3- in 0.1 M KCl using CV measurements and a scan rate of 100 

mV/s. 71.3% and 75% increase in oxidation and reduction current was recorded respectively after 

electropolymerization of Pyrrole on the LSG electrode surface comparing with the bare LSG 

electrode (Fig. 3a).  On the other hand, electropolymerization of pyrrole in presence of BPA 

decreases the oxidation current by 51.1% compared to the oxidation current of NIP/PPy@LSG 

due to the blockage of active surface area. This can be attributed to the occupation of cavities by 

BPA by blocking the electron transfer across the conducting MIP network.   Removing BPA from 

these cavities increases the oxidation current by 89.2%. Accordingly, removing the BPA from the 

cavities of MIP/PPy@LSG leads to an increase in current. It can be observed that the oxidation 

current of MIP/PPy@LSG after rebinding BPA decreases by 36.7%, compared with 

NIP/PPy@LSG in the absence of BPA (Fig. 3b). This behavior leads a high sensitivity resulting 

the regeneration of the cavities. The difference between oxidation currents of the bare LSG, 

NIP/PPy@LSG and MIP/PPy@LSG is presented in Fig S5 and Table S3. The sensing system 

showed the highest current intensity, which is similar to the current intensity value for LSG-PPy, 

after removing BPA. These results confirmed clearly the total removal of BPA template from the 

polymer network. Thus, the MIP/PPy@LSG sensing system could have a high sensitivity response 

towards BPA by enhancing the affinity of the sensing system towards the template molecule 

(BPA). 

 The effect of scan rate ranging from 20-100 mV/s on the electrochemical performance of 

the LSG bare electrode and the MIP/PPy@LSG was also studied as presented in Fig S6. The 

magnitudes of the current intensity responses (shown in Fig S6a and S6b) and a gradual increment 

with the increase in the scan rate for both electrodes. The MIP/PPy@LSG sensor showed higher 
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increment in current intensity values due to its high specific surface area. The active surface area 

of the MIP/PPy/LSG and the bare LSG sensor was estimated as 0.279 cm2 and 0.168 cm2 

respectively based on Randles-Sevick equation proving the sensitivity increase of the sensor. 

   

Please insert Fig.3 here 

 

 

 

3.3. Optimization of LSG/NIP and LSG/MIP conditions 

 

 
The optimization of pyrrole monomer concentration is one of the most crucial parameters to obtain 

the best efficiency of molecularly imprinted polymer. Different concentrations of pyrrole 

monomer were used to perform electropolymerization for NIP/PPy@LSG preparation. CV method 

was performed in PBS solution (pH 7.4) containing varying concentration of Pyrrole (0.05, 0.1, 

0.2 and 0.3M). Fig. 3c and Fig. 3e showed that the NIP/PPy@LSG prepared using 0.3 M did not 

exhibit any increase compared to the bare LSG due to the high current background. Therefore, the 

obtained voltammograms indicated that using 0.2 M of monomer for electropolymerization 

corresponds to 33% increase in the oxidation current compared to the bare LSG. It was then chosen 

as the optimized value of the monomer concentration. Moreover, the optimization of the number 

of cycles needed for electropolymerization of Pyrrole was studied by performing 5, 10 and 15 

cycles of CV in 5 mM of [Fe (CN)6]3- suspended in 0.1 M KCl at a scan rate of 50 mV/s and 0.2M 

Pyrrole (Fig S7). The NIP/PPy@LSG prepared by performing 10 cycles of CV showed the best 

electrochemical response following the 24.4% oxidation current decrease after 15 cycles of 

polymerization. It was observed Fig. 3d and Fig. 3f that 5 cycles of electropolymerization are not 

enough to complete the polymerization process. On the other hand, 15 CV cycles may lead to the 
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formation of thick polymer layer, which blocks the LSG electrode. Therefore, the optimum number 

of cycles was selected as 10 for the pyrrole electropolymerization step on the LSG working 

electrode surface. 

 

 

The effect of the template (BPA) concentration used to create cavities in the polymeric network of 

the MIP/PPy@LSG was tested in a range of concentrations between 0.5–5 mM. The maximum 

current response is achieved by using 1 mM BPA, as shown in Fig. 3g. The electrochemical 

response started to decrease when high concentration of BPA was selected. Therefore, 1 mM was 

selected as the optimal concentration due to the highest ΔIox value for further experiments. 

Different removal times of template (BPA) from MIP/PPy@LSG surface were studied to find the 

optimized time of removal of the template. The prepared cavities of MIP Polymer surfaces were 

emptied by immersing the electrode in Acetic acid/Methanol (3:7) solution for 5, 10, 15 and 20 

min while stirring. The increase in current response in cyclic voltammetry measurements of the 

MIP/PPy@LSG with different removal durations showed that washing the electrode surface for 

15 min with the removal solution cleans the cavities on the surface (Fig. 3h). It can be seen clearly 

that the maximum of BPA has been removed from the imprinted polymer leading to the maximum 

current intensity. After 15 mins, we proceeded with 20 mins as a removal time. The obtained 

results showed that taking into account the error bars, 15 and 20 minutes are considered as 

equivalent in term of oxidation current intensity attributed to occupation of some cavities by the 

rebinded BPA. The results were obtained by using optimized concentration of Pyrrole (0.2M) and 

BPA template (1 mM). In addition to the removal time of template, the BPA incubation time of 

the MIP/PPy@LSG was selected as 5, 10 and 20 mins to find the optimum incubation duration. 
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Incubating the MIP/PPy@LSG for 10 mins in the BPA solution gave the highest ΔIox in terms of 

the current difference between the response of sensor in 5 mM of [Fe (CN)6]3- suspended in 0.1 M 

KCl in the presence and absence of BPA (Fig. 3i).  We concluded that 10 mins is enough to achieve 

the maximum binding between BPA and the recognition cavities onto the imprinted working 

electrode surface. 

 

 

3.4. Reusability and Stability of the MIP/PPy@LSG sensor  

 
 

The removal-rebinding cycles were repeated five times using the same MIP/PPy@LSG sensor. 

During this process, it was possible to recover molecularly imprinted sensor by washing it with 

acetic acid/methanol (3:7) solvent mixture to remove BPA from the previously created cavities. 

Fig. 4a shows that first four cycles of removal-rebinding processes were completed successfully 

by using previously optimized parameters.  The electrochemical response of the sensor decayed 

by 23% of its initial current at the fifth cycle. As a result, it is concluded that the proposed sensor 

has intermediate reusability due to the losing accuracy after the first four usage. In addition, 

stability over time was studied by recording ΔIox values of the sensor every five days (Fig 4c). The 

stability measurements were performed by using optimized values and three different electrodes. 

In the first 15 days, the MIP/PPy@LSG sensor preserved its stability, while the electrochemical 

response reduced by 10.3% of its initial value after 20 days. 

 

3.5. Selectivity studies  

 

To test the selectivity of MIP/PPy@LSG, the electrochemical responses to the other interferences 

such as estradiol, epinephrine, dibutyphtalate, gallic acid, caffeic acid, 4-chlorophenol, Bisphenol 

F were examined by the same procedure with the previously optimized parameters for BPA. The 
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concentration of template analogues were fixed as 1 μM. The interferences had a slight effect on 

the current response of BPA due to the similarity in chemical structure of the tested compounds 

with BPA structure (Fig. 4b). However, this result does not seem serious since BPA is the only 

phenol compound used in industrial plastic production. Thus, 4b shows that MIP/PPy@LSG 

sensor has 40% higher selectivity towards BPA compared to the other interferences. 

 

 

Please insert Fig.4 here 

 

 

3.6. The Sensitivity of MIP/PPy@LSG 

 

Under the optimal conditions, the sensitivity of the MIP/PPy@LSG sensor towards the BPA was 

tested by incubating one sensor device in the presence of different BPA concentrations. The range 

between 0.05µM to 20 µM of BPA was selected for molecularly imprinted sensor by using DPV 

measurement method. (Fig. 4c). A linear calibration curve (shown in Fig. 4d) was obtained in the 

range of 0.05 to 5 µM of BPA. The limit of detection (LOD) was calculated as 8 nM (S/N = 3). As 

a result, the LSG electrodes are excellent candidates, compared to the commercially available 

electrodes or other types of carbon-based electrodes due to the high practicality and efficiency of 

fabrication method combined with highly sensitive MIP technology. Previously reported 

molecularly imprinted BPA sensors with different materials and modifications are mentioned in 

Table 1 to compare the characteristics and analytical performances of the fabricated BPA based 

molecularly imprinted sensors. The easiness and feasibility of mass production of these flexible 

electrodes as well the fast process for their functionalization with the imprinted polymers makes 

the proposed sensor more sensitive for practical detection of BPA. However, soft nature of the 

Jo
ur

na
l P

re
-p

ro
of



19 
 

graphene material may cause scratching on the surface leading to the loss of durability and 

deterioration of electrical performance. In addition, the proposed sensor provided moderate 

reusability and the oxidation current decayed after measuring four times. Despite of the minor 

drawbacks, the proposed sensing system based on LSG-MIPs could be a good alternative to the 

conventional electrochemical sensors with a desired design and accurate detection. 

Please insert Table 1 here 

 

 

 
3.7. Analytical application in real samples 

 

The applicability of MIP/PPy@LSG sensor was evaluated by conducting recovery studies from 

real samples to determine BPA concentration. As plastic samples, two commercial plastics 

(polycarbonate (PC) and drinking bottle (PET)) were used. As water samples, tap water and three 

different water brands  were used to test the purposed sensor performance (Table 2). The samples 

were prepared by following the method mentioned in Section 2.7. The water and plastic samples 

were spiked with 0.1 µM and 1 µM of BPA solutions. The electrochemical responses were detected 

by DPV under optimal experimental conditions. The recovery values of spiked samples indicate 

that our method was convenient for real sample applications.  

 

Please insert Table 2 here 

 
 

4. Conclusions 

We have developed a novel, low-cost and flexible molecularly imprinted sensor for the sensitive 

and selective BPA detection. We have successfully combined the LSG technology with the MIPs 

in a very practical design. The proposed system showed high multilayer graphene quality with 
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excellent conductivity and less laser power, a high sensitivity and good binding capacity towards 

BPA compared to other endocrine disrupting chemicals (Estradiol, Dibutylphtalate) and other 

structural analogues (Epinephrine, Gallic acid and 4-Chlorophenol). The straightforward and fast 

fabrication by CO2 laser provides an easy and mask-free mass production of the flexible three-

electrode system with a high reproducibility and active surface area. The electropolymerization of 

pyrrole combined with MIPs onto the LSG sensor allowed an easy formation of biorecognition 

layer, leading to a highly sensitive and selective electrochemical device. We believe that LSG 

electrodes have great potential to pave the way for different applications of MIP based sensors 

with an ability to design the sensor with a good conductivity in many different ways according to 

the desired applications.  

 

Credit author statements 

 
Tutku Beduk: Investigation, Methodology, Validation, Writing 

Abdellatif Ait Lahcen: Writing, Methodology, Validation, Investigation 

Nouran Tashkandi: Methodology, Validation, Writing 

Khaled N. Salama: Conceptualization, Supervision, Investigation, Review and Editing  

 

Declaration of interests 

The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

Acknowledgments 

The authors would like to thank Ulrich Buttner for his contributions regarding the fabrication of 

the design, Dr Sakandar Rauf, Dr Sandeep G. Surya and Dr Veerappan Mani for their suggestions 

and comments. In addition, the authors would like to express their acknowledgments to the 

Jo
ur

na
l P

re
-p

ro
of



21 
 

financial support of funding from King Abdullah University of Science and Technology (KAUST), 

Saudi Arabia.  

 

References 

[1] L.N. Vandenberg, G.S. Prins, Clarity in the face of confusion: new studies tip the scales on bisphenol A 
(BPA), Andrology-Us, 4(2016) 561-4. 
[2] T. Geens, D. Aerts, C. Berthot, J.P. Bourguignon, L. Goeyens, P. Lecomte, et al., A review of dietary 
and non-dietary exposure to bisphenol-A, Food Chem Toxicol, 50(2012) 3725-40. 
[3] H. Sambe, K. Hoshina, K. Hosoya, J. Haginaka, Simultaneous determination of bisphenol A and its 
halogenated derivatives in river water by combination of isotope imprinting and liquid chromatography-
mass spectrometry, J Chromatogr A, 1134(2006) 16-23. 
[4] N. Zehani, P. Fortgang, M.S. Lachgar, A. Baraket, M. Arab, S.V. Dzyadevych, et al., Highly sensitive 
electrochemical biosensor for bisphenol A detection based on a diazonium-functionalized boron-doped 
diamond electrode modified with a multi-walled carbon nanotube-tyrosinase hybrid film (vol 74, pg 830, 
2015), Biosens Bioelectron, 77(2016) 1222-. 
[5] Y.Q. Huang, C.K.C. Wong, J.S. Zheng, H. Bouwman, R. Barra, B. Wahlstrom, et al., Bisphenol A (BPA) in 
China: A review of sources, environmental levels, and potential human health impacts, Environ Int, 
42(2012) 91-9. 
[6] Y. Li, J.Y. Xu, L.K. Wang, Y.J. Huang, J.J. Guo, X.Y. Cao, et al., Aptamer-based fluorescent detection of 
bisphenol A using nonconjugated gold nanoparticles and CdTe quantum dots, Sensor Actuat B-Chem, 
222(2016) 815-22. 
[7] A. Stolz, G. Schonfelder, M.R. Schneider, Endocrine Disruptors: Adverse Health Effects Mediated by 
EGFR?, Trends Endocrin Met, 29(2018) 69-71. 
[8] D. Chen, K. Kannan, H.L. Tan, Z.G. Zheng, Y.L. Feng, Y. Wu, et al., Bisphenol Analogues Other Than 
BPA: Environmental Occurrence, Human Exposure, and Toxicity-A Review, Environ Sci Technol, 50(2016) 
5438-53. 
[9] M. Pupo, A. Pisano, R. Lappano, M.F. Santolla, E.M. De Francesco, S. Abonante, et al., Bisphenol A 
Induces Gene Expression Changes and Proliferative Effects through GPER in Breast Cancer Cells and 
Cancer-Associated Fibroblasts, Environ Health Persp, 120(2012) 1177-82. 
[10] H. Mielke, U. Gundert-Remy, Bisphenol A levels in blood depend on age and exposure, Toxicol Lett, 
190(2009) 32-40. 
[11] W.T. Tsai, Human health risk on environmental exposure to bisphenol-A: A review, J Environ Sci 
Heal C, 24(2006) 225-55. 
[12] L.K. Lin, L.A. Stanciu, Bisphenol A detection using gold nanostars in a SERS improved lateral flow 
immunochromatographic assay, Sensor Actuat B-Chem, 276(2018) 222-9. 
[13] D.P. Li, X.G. Ma, R. Wang, Y.M. Yu, Determination of trace bisphenol A in environmental water by 
high-performance liquid chromatography using magnetic reduced graphene oxide based solid-phase 
extraction coupled with dispersive liquid-liquid microextraction, Anal Bioanal Chem, 409(2017) 1165-72. 
[14] Y.J. Yang, L.B. Lu, J. Zhang, Y. Yang, Y.N. Wu, B. Shao, Simultaneous determination of seven 
bisphenols in environmental water and solid samples by liquid chromatography-electrospray tandem 
mass spectrometry, J Chromatogr A, 1328(2014) 26-34. 

Jo
ur

na
l P

re
-p

ro
of



22 
 

[15] X. Wang, H.L. Zeng, L.X. Zhao, J.M. Lin, Selective determination of bisphenol A (BPA) in water by a 
reversible fluorescence sensor using pyrene/dimethyl beta-cyclodextrin complex, Anal Chim Acta, 
556(2006) 313-8. 
[16] E.M. Malone, C.T. Elliott, D.G. Kennedy, L. Regan, Rapid confirmatory method for the determination 
of sixteen synthetic growth promoters and bisphenol A in bovine milk using dispersive solid-phase 
extraction and liquid chromatography-tandem mass spectrometry, J Chromatogr B, 878(2010) 1077-84. 
[17] M.J. Moreno, P. D'Arienzo, J.J. Manclus, A. Montoya, Development of monoclonal antibody-based 
immunoassays for the analysis of bisphenol A in canned vegetables, J Environ Sci Heal B, 46(2011) 509-
17. 
[18] S.H. Wang, X.T. Wei, L.Y. Du, H.S. Zhuang, Determination of bisphenol A using a flow injection 
inhibitory chemiluminescence method, Luminescence, 20(2005) 46-50. 
[19] F. Arduini, L. Micheli, D. Moscone, G. Palleschi, S. Piermarini, F. Ricci, et al., Electrochemical 
biosensors based on nanomodified screen-printed electrodes: Recent applications in clinical analysis, 
Trac-Trend Anal Chem, 79(2016) 114-26. 
[20] Z.Z. Guo, A. Florea, M.J. Jiang, Y. Mei, W.Y. Zhang, A.D. Zhang, et al., Molecularly Imprinted 
Polymer/Metal Organic Framework Based Chemical Sensors, Coatings, 6(2016). 
[21] E.N. Primo, S. Bollo, M.D. Rubianes, G.A. Rivas, Immobilization of graphene-derived materials at 
gold surfaces: Towards a rational design of protein-based platforms for electrochemical and plasmonic 
applications, Electrochim Acta, 259(2018) 723-32. 
[22] E.N. Primo, M.J. Kogan, H.E. Verdejo, S. Bollo, M.D. Rubianes, G.A. Rivas, Label-Free Graphene 
Oxide-Based Surface Plasmon Resonance Immunosensor for the Quantification of Galectin-3, a Novel 
Cardiac Biomarker, Acs Appl Mater Inter, 10(2018) 23501-8. 
[23] D.Z. Zhang, H.Y. Chang, P. Li, R.H. Liu, Q.Z. Xue, Fabrication and characterization of an ultrasensitive 
humidity sensor based on metal oxide/graphene hybrid nanocomposite, Sensor Actuat B-Chem, 
225(2016) 233-40. 
[24] L. Tian, X.R. Wang, K.X. Wu, Y. Hu, Y. Wang, J. Lu, Ultrasensitive electrochemiluminescence 
biosensor for dopamine based on ZnSe, graphene oxide@multi walled carbon nanotube and 
Ru(bpy)(3)(2+), Sensor Actuat B-Chem, 286(2019) 266-71. 
[25] M.F. El-Kady, V. Strong, S. Dubin, R.B. Kaner, Laser Scribing of High-Performance and Flexible 
Graphene-Based Electrochemical Capacitors, Science, 335(2012) 1326-30. 
[26] A.A. Balandin, S. Ghosh, W.Z. Bao, I. Calizo, D. Teweldebrhan, F. Miao, et al., Superior thermal 
conductivity of single-layer graphene, Nano Lett, 8(2008) 902-7. 
[27] H.Y. Sun, Z. Xu, C. Gao, Multifunctional, Ultra-Flyweight, Synergistically Assembled Carbon Aerogels, 
Adv Mater, 25(2013) 2554-60. 
[28] Z. Xu, C. Gao, Graphene fiber: a new trend in carbon fibers, Mater Today, 18(2015) 480-92. 
[29] Y.W. Zhu, S. Murali, W.W. Cai, X.S. Li, J.W. Suk, J.R. Potts, et al., Graphene and Graphene Oxide: 
Synthesis, Properties, and Applications, Adv Mater, 22(2010) 3906-24. 
[30] Y.Q. Yang, A.M. Asiri, Z.W. Tang, D. Du, Y.H. Lin, Graphene based materials for biomedical 
applications, Mater Today, 16(2013) 365-73. 
[31] G.Q. Sun, L.N. Zhang, Y. Zhang, H.M. Yang, C. Ma, S.G. Ge, et al., Multiplexed enzyme-free 
electrochemical immunosensor based on ZnO nanorods modified reduced graphene oxide-paper 
electrode and silver deposition-induced signal amplification strategy, Biosens Bioelectron, 71(2015) 30-
6. 
[32] J. Lin, Z.W. Peng, Y.Y. Liu, F. Ruiz-Zepeda, R.Q. Ye, E.L.G. Samuel, et al., Laser-induced porous 
graphene films from commercial polymers, Nat Commun, 5(2014). 
[33] A.R. Cardoso, A.C. Marques, L. Santos, A.F. Carvalho, F.M. Costa, R. Martins, et al., Molecularly-
imprinted chloramphenicol sensor with laser-induced graphene electrodes, Biosens Bioelectron, 
124(2019) 167-75. 

Jo
ur

na
l P

re
-p

ro
of



23 
 

[34] P. Nayak, Q. Jiang, N. Kurra, X.B. Wang, U. Buttner, H.N. Alshareef, Monolithic laser scribed 
graphene scaffolds with atomic layer deposited platinum for the hydrogen evolution reaction, J Mater 
Chem A, 5(2017) 20422-7. 
[35] V. Strong, S. Dubin, M.F. El-Kady, A. Lech, Y. Wang, B.H. Weiller, et al., Patterning and Electronic 
Tuning of Laser Scribed Graphene for Flexible All-Carbon Devices, Acs Nano, 6(2012) 1395-403. 
[36] R.K. Gupta, R. Pandya, T. Sieffert, M. Meyyappan, J.E. Koehne, Multiplexed electrochemical 
immunosensor for label-free detection of cardiac markers using a carbon nanofiber array chip, J 
Electroanal Chem, 773(2016) 53-62. 
[37] B.J. Sanghavi, O.S. Wolfbeis, T. Hirsch, N.S. Swami, Nanomaterial-based electrochemical sensing of 
neurological drugs and neurotransmitters, Microchim Acta, 182(2015) 1-41. 
[38] P. Nayak, N. Kurra, C. Xia, H.N. Alshareef, Highly Efficient Laser Scribed Graphene Electrodes for On-
Chip Electrochemical Sensing Applications, Adv Electron Mater, 2(2016). 
[39] C. Fenzl, P. Nayak, T. Hirsch, O.S. Wolfbeis, H.N. Alshareef, A.J. Baeumner, Laser-Scribed Graphene 
Electrodes for Aptamer-Based Biosensing, Acs Sensors, 2(2017) 616-20. 
[40] Y.Y. Xia, P.Q. Zhao, B.Z. Zeng, A molecularly imprinted copolymer based electrochemical sensor for 
the highly sensitive detection of L-Tryptophan, Talanta, 206(2020). 
[41] A.A. Lahcen, F. Arduini, F. Lista, A. Amine, Label-free electrochemical sensor based on spore-
imprinted polymer for Bacillus cereus spore detection, Sensor Actuat B-Chem, 276(2018) 114-20. 
[42] S.C. Ding, Z.Y. Lyu, X.H. Niu, Y. Zhou, D. Liu, M. Falahati, et al., Integrating ionic liquids with 
molecular imprinting technology for biorecognition and biosensing: A review, Biosens Bioelectron, 
149(2020). 
[43] A.A. Lahcen, J.J. Garcia-Guzman, J.M. Palacios-Santander, L. Cubillana-Aguilera, A. Amine, Fast route 
for the synthesis of decorated nanostructured magnetic molecularly imprinted polymers using an 
ultrasound probe, Ultrason Sonochem, 53(2019) 226-36. 
[44] J.P. Li, Y.P. Li, Y. Zhang, G. Wei, Highly Sensitive Molecularly Imprinted Electrochemical Sensor Based 
on the Double Amplification by an Inorganic Prussian Blue Catalytic Polymer and the Enzymatic Effect of 
Glucose Oxidase, Anal Chem, 84(2012) 1888-93. 
[45] P. Karami, H. Bagheri, M. Johari-Ahar, H. Khoshsafar, F. Arduini, A. Afkhami, Dual-modality 
impedimetric immunosensor for early detection of prostate-specific antigen and myoglobin markers 
based on antibody-molecularly imprinted polymer, Talanta, 202(2019) 111-22. 
[46] R.J. Gui, H. Jin, H.J. Guo, Z.H. Wang, Recent advances and future prospects in molecularly imprinted 
polymers-based electrochemical biosensors, Biosens Bioelectron, 100(2018) 56-70. 
[47] A.A. Lahcen, A. Amine, Recent Advances in Electrochemical Sensors Based on Molecularly Imprinted 
Polymers and Nanomaterials, Electroanal, 31(2019) 188-201. 
[48] A. Lamaoui, A.A. Lahcen, J.J. Garcia-Guzman, J.M. Palacios-Santander, L. Cubillana-Aguiler, A. 
Amine, Study of solvent effect on the synthesis of magnetic molecularly imprinted polymers based on 
ultrasound probe: Application for sulfonamide detection, Ultrason Sonochem, 58(2019). 
[49] K.W. Xue, S.H. Zhou, H.Y. Shi, X. Feng, H. Xin, W.B. Song, A novel amperometric glucose biosensor 
based on ternary gold nanoparticles/polypyrrole/reduced graphene oxide nanocomposite, Sensor 
Actuat B-Chem, 203(2014) 412-6. 
[50] J. Molina, J. Bonastre, J. Fernandez, A.I. del Rio, F. Cases, Electrochemical synthesis of polypyrrole 
doped with graphene oxide and its electrochemical characterization as membrane material, Synthetic 
Met, 220(2016) 300-10. 
[51] V. Varade, G.V. Honnavar, P. Anjaneyulu, K.P. Ramesh, R. Menon, Probing disorder and transport 
properties in polypyrrole thin-film devices by impedance and Raman spectroscopy, J Phys D Appl Phys, 
46(2013). 

Jo
ur

na
l P

re
-p

ro
of



24 
 

[52] C.X. Cong, T. Yu, R. Saito, G.F. Dresselhaus, M.S. Dresselhaus, Second-Order Overtone and 
Combination Raman Modes of Graphene Layers in the Range of 1690-2150 cm(-1), Acs Nano, 5(2011) 
1600-5. 
[53] K.S. Subrahmanyam, L.S. Panchakarla, A. Govindaraj, C.N.R. Rao, Simple Method of Preparing 
Graphene Flakes by an Arc-Discharge Method, J Phys Chem C, 113(2009) 4257-9. 

 

  

Jo
ur

na
l P

re
-p

ro
of



25 
 

 

Tutku Bedük received her bachelor degree from Middle East Technical University in Chemistry 

with a High Honor Degree, Turkey in 2016. She also competed her MSc degree in Bilkent 

University in the field of Chemistry, Turkey in 2018. She is currently a PhD candidate in the 

Sensor Lab Group under the direction of Prof. Khaled Nabil Salama at King Abdullah University 

of Science in Saudi Arabia. Her professional interests focus on developing non-enzymatic 

electrochemical sensing platforms.  

 

 

 

 

 

 

Abdellatif Ait Lahcen received his Ph.D. in Analytical Chemistry from Hassan II University of 

Casablanca-Morocco (2018). Currently, he is a Postdoctoral Fellow at King Abdullah University 

of Science and Technology (KAUST)-Saudi Arabia. His research interests deal with the 

development of electrochemical sensors based on nanomaterials for environmental monitoring, 

food safety and clinical diagnosis, the synthesis, characterization, and applications of 

Molecularly Imprinted Polymers (MIPs), He authored and co-authored 14 scientific papers in 

highly rated journals and more than 26 oral/poster communications in national and international 

conferences. Recently, he was awarded a Young Scientist Elsevier Award in the XX 

Euroanalysis Conference in Istanbul-Turkey (2019). He is also a member of Society for 

Molecular Imprinting (SMI) . 

Jo
ur

na
l P

re
-p

ro
of



26 
 

 

Nouran A Tashkandi did her Master thesis in Bio Medical Sciences Yale University of  (2014). 

Currently, she is a research scientist and lab manager at King Abdullah University of Science 

and Technology (KAUST)-Saudi Arabia. Her research interests deal with understanding the 

pathway of cell cancer using inflammation agents. her current research is focused on the 

development of electrochemical sensors based on nanomaterials and microfluidic techniques for 

environmental monitoring, food safety and clinical diagnosis, the synthesis, characterization, and 

applications of Molecularly Imprinted Polymers (MIPs). 

 

 

 

 

 

 

 

Khaled N. Salama is a full professor in the CEMSE division at King Abdullah University of 

science and technology. He received the B.S. degree from the Department Electronics and 

Communications, Cairo University, Cairo, Egypt, in 1997, and the M.S. and Ph.D. degrees from 

the Department of Electrical Engineering, Stanford University, Stanford, CA, USA, in 2000 and 

2005, respectively. He was an Assistant Professor at Rensselaer Polytechnic Institute, NY, USA, 

between 2005 and 2009. He joined King Abdullah University of Science and Technology 

(KAUST) in January 2009 and was the founding Program Chair until August 2011. Currently, he 

Jo
ur

na
l P

re
-p

ro
of



27 
 

is the director of the sensors initiative a consortium of 9 universities (KAUST, MIT, UCLA, 

GATECH, UCLA, Brown University, Georgia Tech, TU Delft, Swansea University, the 

University of Regensburg and the Australian Institute of Marine Science (AIMS). In addition, he 

is the chair of winter enrichment program (WEP) for two consecutive years (2019-2020) at 

KAUST. His work on CMOS sensors for the National Institutes of Health (NIH) and the Defense 

Advanced Research Projects Agency (DARPA) have funded molecular detection, which was 

awarded the Stanford–Berkeley Innovators Challenge Award in biological sciences and was 

acquired by Ilumina Inc. He is the author of 250 publications and the inventor/co-inventor of 20 

issued US patents on low-power mixed-signal circuits for intelligent fully integrated sensors and 

neuromorphic circuits using memristor devices. 

 

 

 

 

  

Jo
ur

na
l P

re
-p

ro
of



28 
 

 

 

Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of



29 
 

 

 

 

Figure 2 

 

 

 

Jo
ur

na
l P

re
-p

ro
of



30 
 

 

 

 

Figure 3 

 

 

 

 

 

 

 

 

 

Jo
ur

na
l P

re
-p

ro
of



31 
 

 

 

 

 

Figure 4 

 

 

 

 

Legends to Figures 

Figure 1. Schematic illustration of the preparation of LSG sensor and molecularly imprinted polymer. 

Representing (a) Polyimide substrate, (b) laser scribing process by C02 Laser, (c) surface passivation by 

PDMS well, (d) electropolymerization of Pyrrole performed by running 10 cycles of CV from -0.7V to 

0.5V in presence of 0.2M Pyrrole and 1 µM BPA in 0.05M PBS solution (Scan rate: 50 mV/s.), (e) working 

electrode surface after removal of BPA. The cavities on working electrode surface were created by 

removing the BPA from the surface. (f) The pictures of the device integrated in the PMMA case. 
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Figure 2. Scanning Electrode microscopy (SEM) and Energy Dispersive X-Ray Analyzer (EDX) atomic 

percentage results of LSG electrode (a) before pyrrole electropolymerization, (e) after the polymerization. 

The presence of N proves the electropolymerization of pyrrole. AFM spectra of (c) Bare LSG and (d) 

PPy@LSG  and (e) XRD Spectra, (f) Raman Spectra of Bare LSG and PPy@LSG (g) Cross-sectional 

FESEM image of LSG electrode showing the thickness of the graphene layer. Top view of the sensing area 

of LSG electrode (h), (i) before and (j), (k) after pyrrole polymerization. FESEM images of the 

MIP/PPy@LSG working electrode surface l), m) after removing BPA, n),o) after rebinding 1 µM 

BPA with magnification of 1µm. MIP/PPy@LSG was prepared under the optimal conditions 

(prepared by 10 cycles of electropolymerization with 0.2M pyrrole). 

Figure 3. Cyclic voltammograms obtained using 0.05 M [Fe(CN)6]
3−in 0.1 M KCl for (a) NIP/PPy@LSG 

before and after binding 5 µm BPA,  (b) MIP /PPy@LSG (prepared by 10 cycles of electropolymerizations 

with 0.2 M Pyrrole and 1 µM BPA) adduct, after removal of BPA, rebinding of 5 µm BPA.,  (c) 

NIP/PPy@LSG using 10 cycles of electropolymerizations with different concentrations (0.05, 0.1, 0.2, 0.3 

M) of Pyrrole,  (d) NIP/PPy@LSG prepared with 5,10 and 15 cycles of electropolymerization in presence 

of 0.2 M Pyrrole. Iox values obtained from CV results of NIP/PPy@LSG (e) with different 

electropolymerizations concentrations (0.05, 0.1, 0.2, 0.3 M) of Pyrrole, (f) prepared with 5, 10 and 15 

cycles of electropolymerization in presence of 0.2M Pyrrole. ΔIox values obtained from DPV results of 

MIP/PPy@LSG representing  (g) effect of BPA concentration for electropolymerization, (h) effect of 

removal time, (i) effect of incubation time. (Prepared by 10 cycles of electropolymerization with 0.2 M 

Pyrrole and 1 µM BPA). Scan rate: 100 mV/s. 

Figure 4. ΔIox values obtained from DPV results of MIP/Pyr@LSG representing  (a) the reusability test, 

(b) selectivitytest buy using 1 µM of BPA and other interferences ( EPI: Epinephrine GAA: Gallic acid, 

CAA: Caffeic acid, E2:Estradiol, CP: chlorophenol, DBP: Dibuthyl phatalathe, BPF: Bisphenol F) (c) 

Stability up to 25 days. The measurements were done by using optimal conditions (1 mM BPA, 0.2 M 

Pyrrole, 15 minutes of removal time and 10 minutes of incubation time of 1 µM of BPA. Differential Pulse 

voltammogram    response of MIP/PPy@LSG for different concentrations of BPA in 0.05 M [Fe(CN)6]
3− 

and 0.1 M KCl . Range of concentration 0.05 μM −20 μM, (d) calibration curve obtained in the range 0 .05-

5 μM. 
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Table 1. Comparison of the developed sensing system with other previously reported sensors 

 

 

Table 1 

Abbreviations: CV- Cyclic Voltammetry; LSV - Linear Sweep Voltammetry; DPV- Differential Pulse Voltammetry; 

GCE- glassy carbon electrode; PANINR-polyaniline nanorod; PGE -Pencil graphite electrode; GrN-graphene 

nanosheets; Gr- graphere; SPE-screen printed electrode; Cu- Copper; MWCNT-multiwalled carbon nanotubes; 

MIPPy- molecularly imprinted polypyrrole; ZnO- Zinc Oxide; GO- Graphene Oxide; APTES- 3 

aminopropyltriethoxysilane; PGA- polyglutamic acid; SGrNF - Stacked graphene nanofibers;CBNPs- carbon black 

nanoparticles;  PPy- Polypyrrole. AuPdNP- Gold Paladium nanoparticles; SWCNT- single-walled carbon nanotubes; 

 

 

 

 

 

 

 

 

 

Electrode configuration Technique Linear range/μM Detection 

limit/nM 

Real Sample Ref. 

MWCNT/AuNP/Paper LSV 0.876 - 87.6 131 plastic [50] 

PANINR/MWCNT/PGE CV 1.0 - 400 10 - [51] 

AuPdNP/GrN/GCE DPV 0.05 - 10.0 8 - [52] 

PtNP/GO–MWCNT/GCE DPV 0.06 - 10.0 42 - [53] 

PGA/MWCNT/GCE DPV 0.1 - 10.0 20 - [54] 

ZnO/MWCNT/CPE SWV 0.002 - 700 9 - [55] 

AuNP/SGrNF/GCE LSV 0.08 - 250 35 - [56] 

AuNP/MWCNT/GCE DPV 0.02 - 20.0 7.5 - [57] 

MIP/PPy/GQDs CV 0.1 - 50 40 tap and sea water  

MIP/GO/APTES CV-DPV 0.006 - 0.1   

 0.2 - 20  

3 milk and mineral 

water 

[58] 

MIP/CNTs-Au 

NPs/BOMC/GCE 

DPV 0.01- 10 5 milk [59] 

MIP/AuNPs/CBNPs/SPCE DPV 0.07–10 8.8 tap and mineral 

water 

[60] 

MIP/PPy@LSG DPV 0.05 - 5 8 Tap, mineral 

water and 

plastic 

This 
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Table 2. Determination of different concentrations of BPA in real samples using the developed sensor 

(n = 3). 

 

Table 2 

Sample Initial 

Concentration (µM) 

Added (µM) Measured 

(µM) 

Recovery (%) RSD 

Mineral water 

1 

0 0.1 0.093 93 6.43 

0 1 1.062 106 6.55 

Mineral water 

2 

0 0.1 0.101 101 8.78 

0 1 0.944 94.4 6.28 

Mineral water 

3 

0 0.1 0.088 88 9.49 

0 1 0.944 94 3.07 

Tap Water 0 0.1 0.11 110 3.7 

0 1 1.011 101 8.82 

PET plastic 

samples 

0.207 1.5 1.627 94.6 2.59 

0.207 4 4.187 99.5 1.63 

PC plastic 

samples 

0.346 1.5 1.773 95.1 7.97 

0.346 4 4.309 99.1 2.84 
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