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Methylene blue (MB)-doped polyimide-modified glassy carbon electrodes were first employed for the 

detection of ascorbic acid (AA). The fabricated electrode exhibited excellent electrochemical catalytic 

activities. The structure of the modified electrodes was evaluated by an advanced mineral identification 

and characterization system (AMICS), high-temperature confocal laser scanning microscopy (HLSM) 

and atomic force microscopy (AFM). The electrochemical behavior toward ascorbic acid was studied 

by amperometric i-t curve measurements and cyclic voltammetry. Moreover, the influences of the 

conditions such as the volume ratio of methylene blue and polyimide, buffer solution pH, applied 

potential were optimized in this paper. Under the optimized conditions, the sensitivity of the prepared 

electrode is 27.19 A-1·M-1·cm-2, with a wide linear range of 3 M to 3000 M and a detection limit of 

1.05 μM. The as-prepared sensor also shows good selectivity, fast response and long lifetime for the 

determination of AA. This study creates a new application for polyimides in the electrochemical field. 
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1. INTRODUCTION 

Ascorbic acid (AA) is a cyclic carbohydrate with a six-carbon backbone and is involved multiple 

functions in cell metabolism and survival [1]; its antioxidant properties are used for preventing the risk 

of cold and cancers. AA participates in many biological reactions and prevents scurvy and hepatic 

disease [2,3]. In addition, abnormal concentration levels of AA may lead to some diseases [4,5]. It is 
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clear that accurately and rapidly detecting AA is highly important in medical diagnosis [6]. However, 

uric acid (UA), dopamine (DA) and AA always coexist in real biological samples. These compounds 

show nearly the same electrochemical properties, complicating the selective determination of these 

compounds with traditional electrodes [7,8]. Therefore, it is increasingly imperative to exploit a highly 

selective and sensitive method for the detection of AA in mixtures [9]. Due to their high sensitivity, 

enzyme-based biosensors are usually prepared for the detection and determination of ascorbic acid 

[10,11]. However, enzymatic biosensors can easily be affected by environmental conditions such as pH, 

temperature and pollution. Therefore, various materials such as carbon nanomaterials [12-16], polymers 

[2,17], natural sulfide minerals [18], and nanometal materials [19-22] have been applied to the 

fabrication of AA-based nonenzymatic sensors. 

Methylene blue (MB) is usually used in photocatalyzed reactions because of its great absorptivity 

and redox properties [23,24]. Additionally, as a typical phenothiazine dye, MB has been widely used in 

some basic fields, such as solar cells [25], electrochemical enzyme-fuel cells and enzyme-based 

biosensors [26]. Zhang and coworkers reported a novel electrochemical nanostructure containing MB 

and graphene to illustrate the absorption characteristics between MB and graphene [27]. An original 

alkanethiol-modified electrode with MB was also fabricated to reveal the electrochemical properties of 

MB in electrochemical biosensors [28]. 

Polyimide (PI), a kind of amorphous structure, is a class of polymers with outstanding 

performance comparable to that of porphyrin-modified materials [29]. Due to its outstanding 

characteristics, such as dimensional stability, thermal stability, mechanical and electrical properties, PI 

has been widely used as an electronic material in mobile liquid crystal displays and other applications 

[30-32]. A Mo doped reduced graphene oxide/polyimide composite membrane (Mo-rGO/PI)-based 

sensor was constructed that showed excellent catalytic activity for DA [33]. Dongmei Li’s group 

reported the effects of a polyimide coating on metal insulator semiconductor (MIS) sensors, which was 

used to selectively detect H2 in a mixed-hydrocarbon environment [34]. These studies illustrate that PI 

is a promising material for the fabrication of efficient sensors. 

Due to the specific characteristics of MB and PI, we would like to combine the advantages of 

two materials to develop a new type of electrochemical sensor. In this paper, we fabricated a novel sensor 

based on the physical mixing of MB and PI that could quantitatively and qualitatively detect ascorbic 

acid. The surface morphology and electrochemical behavior of MB/PI were evaluated. In addition, the 

optimized conditions (the volume ratio of methylene blue and polyimide, buffer solution pH, applied 

potential) were examined to obtain the best performance. Because of the water solubility of MB, it cannot 

be immobilized on the electrode surface. This study provides a new combination methodology for 

methylene blue and polyimide. This approach can not only enhance the conductivity of PI but also 

prevent the MB from leaking to the solution. 

 

2. EXPERIMENTAL SECTION 

2.1 Reagents and materials 

Polyimide was synthesized in our laboratory, and the procedure was reported [35]. 4,4’-

(Hexafluoroisopropylidene)diphthalic dianhydride (6FDA) was purchased from ChinaTech (Tianjin) 
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Chemical Co., Ltd., and was recrystallized from acetic anhydride and vacuum-dried before use. 9,9’-

Bis(4-hydroxyphenyl) fluorene (BHF) was purchased from Sinosteel Anshan Research Institute of 

Thermo-energy Co., Ltd., China. N,N’-Dimethylacetamide (DMAc), ethanol, Pd/C (10%), hydrazine 

hydrate, acetone, nitric acid, pyridine, acetic anhydride, K2HPO4, KH2PO4, UA, DA, AA, glucose, 

fructose, hydrogen peroxide (H2O2), sodium hydroxide (NaOH), phosphoric acid, glacial acetic acid, 

boric acid and potassium chloride (KCl) were purchased from Sinopharm Chemical Reagent Co. Ltd., 

Beijing, China. Polishing powder (1.0, 0.3, 0.05 m Al2O3) was obtained from Xin Hui Electronic 

Technology Co., Ltd. Changsha, China. Before use, DMAc was dried by anhydrous molecular sieves. 

Methylene blue was purchased from FUJIFILM Wako Pure Chemical Corporation, Tokyo, Japan. 

Glassy carbon electrodes (GCEs, 3.0 mm in diameter) were purchased from Shanghai Chen Hua 

Instrument Co., Ltd., Shanghai, China. Britton-Robinson (BR) buffer was prepared for the pH-

dependence experiment. BR buffer was prepared by the following procedures: acid solution was 

prepared by mixing 0.1 mol/L phosphoric acid, 0.1 mol/L glacial acetic acid and 0.1 mol/L boric acid. 

The pH was adjusted by mixing the acid component and 0.1 mol/L NaOH. Additionally, 0.1 M phosphate 

buffer solution (PBS, made using K2HPO4 and KH2PO4) was used as the electrolyte. Deionized water 

was used throughout the experiments. 

 

2.2 Apparatus 

An advanced mineral identification and characterization system (AMICS, AMICS-

Mining/SIGMA 500, ZEISS/Bruker) was used to evaluate the morphology of the modified surface. 

High-temperature laser confocal scanning microscopy (HLSM, VL2000DX, Yonekura MFG Co. LTD) 

was performed to understand surface roughness. Atomic force microscopy (AFM) images were recorded 

with a multimode scanning probe microscope system operated in tapping mode using a Being Nano-

instruments CSPM-5500 (Ben Yuan Ltd., Beijing, China). CV and amperometric i-t curve measurements 

were performed on a CHI 660E electrochemical workstation (Shanghai, China). The conventional three-

electrode system was applied for all electrochemical experiments, which consisted of a 

Ag/AgCl/saturated KCl electrode as the reference electrode, a platinum wire electrode as the auxiliary 

electrode, and a glass carbon electrode modified with MB/PI as the working electrode. All measurements 

were carried out in an air atmosphere at room temperature (~20 °C). 

 

2.3 Preparation of the MB/PI-modified GCE 

To obtain a uniform PI solution, 30 mg PI was dissolved in 0.57 g DMAc and sonicated for 30 

min. The MB solution was prepared by adding 15 mg MB into 0.5 mL DMAc and was sonicated for 30 

min. After the two solutions were mixed in a volume ratio of 1:1, the mixture was sonicated for 30 min 

and denoted as MB/PI. Before electrode modification, the bare GCE was polished successively with 1.0, 

0.3, and 0.05 m α-alumina slurries to obtain a glossy surface. The cleaned electrode was immersed in 

and sonicated with deionized water and ethanol to remove any impurities and alumina adhered on the 
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electrode. Then, 10 L MB/PI solution was cast onto the GCE surface and maintained for 6 hours in air. 

The preparation procedure of the MB/PI-GCE is shown in Scheme 1. 

 

 
Scheme 1. Preparation scheme of the MB/PI-modified GCE 

 

 

3. RESULTS AND DISCUSSION 

3.1 Characterization of the modified electrode 

 
 

Figure 1. AMICS images of MB-GCE (A) and MB/PI-GCE (B). 

 

The AMICS was used to understand the morphologies of the modified electrode. Fig. 1 depicts 

the AMICS images of MB-GCE and MB/PI-GCE. As shown in Fig. 1A, MB-GCE shows a randomly 

distributed stick structure. When MB was combined with PI as Fig. 1B shows, the cuboid structure of 

MB was encapsulated by the PI film. The hybrid film of MB and PI not only prevented the leakage of 

MB from the electrode but also enhanced the lifetime of the MB/PI-GCE sensor. 
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Figure 2. HLSM images of MB-GCE (A), PI-GCE (B), and MB/PI-GCE (C). 

 

 

To further understand the surface information, we checked the surface roughness using HLSM. 

The image of MB-GCE in Fig. 2A also shows a cuboid structure similar to that in Fig. 1A. From the 

image in Fig. 2B, PI-GCE shows a compact ball-shaped structure. After hybridization of MB and PI, an 

uneven membrane structure can be observed (Fig. 2C). The surface roughness values of PI-GCE, MB-

GCE and MB/PI-GCE are 0.490, 0.168, and 0.691 m, respectively. The increasing roughness of the 

MB/PI-GCE is attributed to the hybridization of MB and PI. 

 

 
 

Figure 3. AFM images of MB-GCE (A), PI-GCE (B), and MB/PI-GCE (C). 

 

Fig. 3 shows the AFM images of three modified electrodes. As shown in Fig. 3A and 3B, the 

cuboid and spherical structures of MB and PI, respectively, were consistent with the HLSM images. The 

heights of MB-GCE, PI-GCE and MB/PI-GCE are 194.5, 192.5 and 186.0 nm, respectively. The 

adhesiveness of PI not only facilitates the combination with MB but also enhances the stability on the 

glassy carbon electrode [36]. Furthermore, the tight contact of MB/PI on the GCE surface would 

facilitate the electron transfer between MB/PI and the GCE. 

 

3.2 Electrocatalytic behavior of the MB/PI-GCE sensor 

The cyclic voltammograms (CVs) of PI-GCE and MB/PI-GCE toward 1.0 mM AA in PBS were 

evaluated (pH 7.0). As shown in Fig. 4, the MB/PI-GCE shows excellent electrocatalytic activity toward 

AA for a large potential range. In consideration of applicability, 0 V to 0.2 V was selected for further 
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experiments. The combination of MB and PI not only enhances the electrochemical activity of PI but 

also prevents the leakage of MB. 

 

 
 

Figure 4. CVs of PI-GCE (red line) and MB/PI-GCE (blue line) for the determination of 1.0 mM AA in 

0.1 M PBS (pH 7.0) at 50 mV/s vs. Ag/AgCl. 

 

 

 
 

Figure 5. CVs of no substrate (a), 10 mM AA (b), 10 mM DA (c) and 10 mM UA (d) in 0.1 mM PBS 

(pH 7.0) on MB/PI-GCE at 50 mV/s vs. Ag/AgCl. 

 

To evaluate the selectivity of MB/PI-GCE, the CVs of the electrode toward different substrates 

were determined, as shown in Fig. 5. It is clearly observed that the CV peaks are almost the same and 

hard to distinguish for the solution without substrate and for the oxidation for DA and UA. However, 

the prepared electrode displays a different CV curve for AA in the potential range from 0 V to 0.4 V. 

The difference can be easily observed for AA, which gives the MB/PI-GCE sensor a good selectivity. 
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Figure 6. (A) CVs of MB/PI-GCE at different scan rates (10, 20, 30, 40, 50, 60, 70, 80, and 90 mV/s). 

(B) CVs of MB/PI-GCE at different scan rates (100, 200, 300, 400, 500, 600, 700, 800, and 900 

mV/s vs. Ag/AgCl) in 5 mM [Fe(CN)6]3-/4- containing PBS (7.0) solution. The insets show I vs. 

v1/2 curves. 

 

Fig. 6 shows cyclic voltammograms at scan rates from 10 to 900 mV/s with the corresponding Ia 

(anodic peak current) vs. v1/2 (square root of scan rate) curves shown in the insets to evaluate the 

electrochemical behavior of the prepared sensor. The equations describing the linear behavior of inset 

Fig. 6A are Ipa (A) = 3.95×10-4 + 2.51×10-6 v1/2 (mv1/2s-1/2) and Ipc (A) = -4.34×10-4 + 2.10×10-5 v1/2 

(mv1/2s-1/2), with the R2=0.99971 and R2=0.99974, respectively. The equations describing the linear 

behavior of inset Fig. 6B are Ipa (B) = 3.28×10-4 + 2.63×10-5 v1/2 (mv1/2s-1/2) and Ipc (B) = -3.87×10-4 – 

1.50×10-5 v1/2 (mv1/2s-1/2), with the R2=0.9974 and R2=0.99972, respectively. These results showed a 

linear relationship between the square root of scan rate and peak current intensity, which indicated a 

typical diffusion-controlled process [37]. 

 

3.3 Optimization of the experimental variables 

3.3.1. Effect of volume ratio of MB and PI on the peak current responses 

 
 

Figure 7. Amperometric i-t currents toward AA in different volume ratios of MB: PI on MB/PI-GCE in 

PBS (pH 7.0) at an applied potential of 0.1 V vs. Ag/AgCl. 

(A) (B) 
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To obtain the best performance of the prepared sensor, the volume ratio of MB and PI was 

checked by an amperometric i-t curve in 0.1 M PBS (pH 7.0) with an applied potential of 0.1 V vs. 

Ag/AgCl. The oxidation currents of 1.0 mM AA in different volume ratios of MB:PI are presented in 

Fig. 7. From the curve of different volume ratios for sensing AA, the current increases first and then 

decreases with increasing volume ratio. When the volume ratio of MB and PI was 1:1, the best current 

was obtained. Accordingly, a volume ratio of 1:1 was selected for the following experiment. 

 

3.3.2. Effect of pH on the peak current responses 

 
 

Figure 8. Effect of pH on the oxidation current of AA at an applied potential of 0.2 V vs. Ag/AgCl. 

 

To explore the effect of pH on the peak current response toward AA, the amperometric i-t method 

was used in the pH range of 3.0 to 11.0. As shown in Fig. 8, the response clearly increased from pH 3.0 

to 9.0 and then decreased from pH 9.0 to 11.0. By considering the physiological pH [38] and the response 

of MB/PI-GCE toward AA, pH 8.0 is selected for the following electrochemical measurement. 

 

3.3.3. Effect of the applied potential on the peak current responses 

 
 

Figure 9. Effect of applied potential on the oxidation current of 1.0 mM AA in 0.1 M PBS (pH 8.0). 
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Under the optimized volume ratio and pH of the electrolyte, the applied potential (0.1 V~0.3 V) 

was varied to investigate the peak current responses to AA. Fig. 9 shows the applied potential 

dependence on the oxidation current of AA. The maximum result was obtained when the applied 

potential was 0.2 V. Therefore, an applied potential of 0.2 V is chosen for the following experiments, 

which is consistent with the CV results (Fig. 5). 

 

3.4 Analytical characteristic of the MB/PI-GCE sensor 

 
 

Figure 10. (A) Amperometric i-t curve of MB/PI-GCE to different concentrations of AA (3 μM, 10 μM, 

30 μM, 0.1 mM, 0.3 mM, 1 mM, 3 mM). (B) Calibration plot of MB/PI-GCE on the oxidation 

peak currents for AA. The applied potential is 0.2 V vs. Ag/AgCl (pH 8.0). 

 

Table 1. Comparison of parameters for the determination of AA with those of reported works 

 

Electrode Method Linear 

range/M 

Detection limit 

/M 

Ref 

Au-Ag/CTS/GCE Amperometric 5-2000 2 [39] 

GO/ImAS/GCE DPV 30-2000 10 [11] 

MnO2/SPE Amperometric 300-1500 1.172 [20] 

SC/CPE DPV 0.014-0.9 0.004 [40] 

GO/P(PDA)/AuNPs/GCE DPV 6-2400 1.764 [41] 

Film-1/ITO CV 10-1000 3.7 [42] 

RGO/TiO2 Amperometric 1-1500 0.512     [16] 

MB/PI-GCE Amperometric 0.3-3000 1.05 this 

study 

Au-Ag, gold-silver nanotubes; CTS, chitosan; GCE, glassy carbon electrode; GO, graphene oxide; RGO, 

reduced graphene; ImAS, imidazolium alkoxysilane; SPE, screen printed electrode; SC, sepiolite clay; 

CPE, carbon paste electrode; P(PDA), poly(2,6-pyridinedicarboxylic acid); AuNPs, gold nanoparticles; 

DPV, differential pulse voltammetry; Film-1, [{Pc(SC2H5)8}Eu{BiPc(SC2H5)12}Eu{Pc(SC2H5)8}], ITO, 

indium tin oxides.  

 

Under the optimized conditions, we subsequently evaluated the analytical properties of MB/PI-

GCE. Figure 10A shows the amperometric i-t curve for different concentrations of AA. We investigated 

an AA concentration range from 1.0 μM to 3.0 mM. The response current exhibited stepped increases, 

(A) (B) 
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which suggests a wide linear range for AA detection. The MB/PI-GCE sensor shows an extremely wide 

linear range for AA detection from 3.0 × 10-6 to 3.0 × 10-3 M, and the regression equation I (A)= 1.9219 

c (M)+ 0.1453, with a correlation coefficient of 0.9885. The limit of detection (LOD) is as low as 1.05 

μM (S/N=3). Compared with the AA sensors listed in Table 1, the MB/PI sensor shows excellent 

performance for both linear range and detection limit. 

 

3.5 Operational stability, reproducibility, selectivity and stability of MB/PI-GCE 

 
 

Figure 11. (A) Steady-state current of the MB/PI-GCE upon successive addition of 0.1 mM AA. (B) 

The reproducibility of five independent MB/PI-GCE sensors toward 0.1 mM AA detection. (The 

applied potential is 0.2 V, PBS pH 8.0) 

 

 

 
 

Figure 12. Amperometric responses of the MB/PI-GCE for the successive addition of 1.0 mM AA and 

same concentration of possible interferents (i.e., glucose, fructose, UA, DA and H2O2). All 

measurements were carried out at 0.2 V vs. Ag/AgCl in air-saturated 0.1 M BR buffer (pH 8). 

 

Fig. 11 A shows the oxidation current response on successive additions of AA under the 

optimized conditions. The response current increased to reach a stable plateau within 8 s after adding 

(A) (B) 
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AA into the electrolyte, indicating that the permeation and diffusion of AA within the MB/PI film was 

fast enough. To study the reproducibility of the electrode preparation, 5 electrodes were prepared under 

the same conditions. As shown in Fig. 11 B, it was found that the relative standard deviation is 2.83% 

for these electrodes. 

Selectivity is a significant factor to evaluate the performance of sensors, and it is necessary to 

test the potential interferential species [43]. To reveal the selectivity of the present sensor, the effects of 

various potentially interfering substances, such as DA, UA, glucose, fructose and H2O2, were evaluated. 

As shown in Figure 12, the current responses from interferents are negligible. 

 

 

 

4. CONCLUSION 

In summary, a highly sensitive and stable sensor based on a MB/PI film was fabricated through 

an inexpensive and easy route, and the sensor successfully displays high electrocatalytic activities toward 

the oxidation of AA. Both the surface morphology and the electrocatalytic behavior were evaluated. In 

addition, the volume ratio of MB and PI, buffer solution pH and applied potential were optimized to 

obtain the best performance. The modified electrode exhibited good analytical performance (sensitivity, 

27.190 A-1·M-1·cm-2; LOD, 1.05 μM; linear range, 3~3000 M; response time is 8 s). The novel 

MB/PI-GCE film indicates the wide applicability of polyimides for various electronic devices. 
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