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In this paper, a graphite oxide-Nafion-glassy carbon electrode (GO-Nafion-GCE) by coating method 

was fabricated and used for study the electrochemical behavior and measurement of methotrexate 

(MTX) by cycle voltammetry (CV). The influence factors, such as volume of modifier, type of 

supporting electrolyte, concentration of electrolyte, scan rate, preconcentration time, and 

preconcentration potential on the anodic peak current of MTX were examined. The experimental 

results indicated that the electrode process is an adsorption-diffusion mixed controlled process. Under 

the experimental conditions of research, the anodic peak current of MTX shows a linear relationship 

within concentration range of 4.0 × 10–7‒2.0 × 10–5 mol L–1. The linear relationship can be expressed 

with the equation of Ip,a(μA) = (0.4739 ± 0.0086)C(μM) + (0.2885 ± 0.0434). Under the optimum 

electrochemical experimental conditions, the limit of detection (LOD) can be calculated to be 9.0 × 10–

9 mol L–1 (S/N=3). The proposed method has been used for the detection of MTX in methotrexate 

injection and urine samples successfully. 
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1. INTRODUCTION 

Methotrexate (MTX), also named amethopterin or methylamineopterin, is a yellow anticancer 

drugs, which belongs to the category of folic acid and has analogy structure with folic acid [1–3]. It 

can inhibit the synthesis of tumour cells and inhibit the growth and reproduction of tumour cells by 

inhibiting the production of dihydrofolate reductase. Therefore, MTX is widely used for the remedy of 

some cancers, such as breast cancer [4], acute lymphoblastic leukemia [5], head and neck cancer [6], 
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lung cancer [7], malignant lymphoma [8], etc. However, due to its great toxic effect on cell rapid 

divisions, it can repress the growth and proliferation of noncancerous cells and lead to serious side 

effects containing myelosuppression [9], pulmonary fibrosis [10], interstitial pneumonia, small 

vasculitis and high teratogenicity [11,12]. Accordingly, the development of a simple, reliable, rapid, 

cheap and sensitive detection method for MTX is of great significance. 

Several analytical strategies have been used for the determination of MTX, containing 

spectrophotometric [13], fluorimetry [14‒16], capillary electrophoresis (CE) [17,18], ion 

chromatography (IC) [19], high performance liquid chromatography (HPLC) [20,21], and liquid 

chromatograph-mass spectrometer [22,23]. Although these methods have the superiorities in high 

sensitivity and high accuracy, they usually require cumbersome pretreatment or complex pre-

separation procedures and lead to increase of the cost and time of detection [24]. However, 

electrochemical detection methods have been paid close attention in virtue of their advantages of 

cheapness, sensitivity, simplicity, accuracy and potential of on-spot application [25]. Based on this, 

electrochemical methods can provide rapid and sensitive analytical performance due to their relatively 

inexpensive of instruments and the potential of miniaturization for MTX determination [26]. 

Electrochemical behavior and the measurement of MTX were researched employing different sensors, 

including hanging mercury drop electrode (HMDE) [27,28] and silver solid amalgam electrode [26]. 

However, with the increasing awareness of environmental protection, the applications of mercury 

electrode were reduced due to its high toxicity. The determination of MTX were reported using various 

modified electrodes [29–38] by cyclic voltammetry (CV) [24,29], chronoamperometry (CA) [32], 

square wave voltammetry (SWV) [29,30,36,37], or differential pulse voltammetry (DPV) [24‒

26,31,32,34, 35,38] for MTX determination. Patel et al. [39] reviewed the determination of MTX 

based on bioanalytical methods. 

Graphite oxide (GO), also called graphite acid, belongs to a part of carbon-based nanomaterials 

with layered structure. It has wide applications for adsorption materials [40], supercapacitor 41], 

sensors [42‒44], and so on. GO is usually prepared by treated with strong acid and then oxidized by 

strong oxidant, for instance potassium permanganate [40,45]. The treated process enables GO to obtain 

hydroxyl, carboxyl and epoxides, and link to its layers by covalent bonding, which makes GO can 

extensively disperse in water [42]. The existence of these oxygen-containing functional groups can 

result in different polar substances be easily embedded between their layers, thus forming a graphite 

oxide intercalated composite [46]. 

Sulfonated tetrafluoroethylene (Nafion) is a fine ion exchange fluoropolymer, which has high 

chemical, electrochemical, thermal stability, and favourable biocompatibility of unique ionic properties 

[47], which has received a considerable attentions due to its application to fuel cells [48], 

electrochemical sensors [49‒51], and so on.  

In the present study, GO-Nafion-GCE was prepared and applied to the detection of MTX by 

CV method. The electrochemical analytical conditions were optimized. The interference experiment, 

repeatability experiment, and real sample analysis were also carried out using the developed modified 

electrode. The developed method has been applied to measure MTX in methotrexate injection and 

urine samples. 
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2. EXPERIMENTAL 

2.1. Apparatus and reagents 

The electrochemical experiment was performed with a CHI 660D electrochemical workstation 

(Chenhua Instruments in Shanghai, PR China). The conventional three-electrode system was employed 

for the whole electrochemical determination experiment, including a GO-Nafion-GCE or a bare GCE 

(d=3 mm), a platinum wire auxiliary electrode (PWAE) and a saturated calomel reference electrode 

(SCE) [52], respectively. HPLC (Waters 1525, USA) with a UV/Vis detector (Waters 2489, USA) and 

a chromatographic column (WATERS 4.6×150 mm, 5 μm) at a wavelength of 306 nm was used for the 

determination of MTX.  Other conditions were used as ref. [31]. 

MTX (Aladdin reagent Co., Ltd., Shanghai, P.R. China) was prepared daily by dissolving of 

MTX in 0.1 mol L‒1 sodium hydroxide, and stocked at 4 ˚C of refrigerator. Methotrexate injection was 

obtained from Pfizer. NYSE: PFE. Other reagents (Shanghai Chemicals Co., Ltd., Shanghai, P.R. 

China) were at least of analytical reagent and used as received unless otherwise stated. All solutions 

were prepared in double deionized water. The whole experiments were in progress at approximately 25 

˚C. 

 

2.2. Fabrication of graphite oxide 

The preparation of GO was in accordance with the approach of reference [45]. The detailed 

procedures are as follows: 23 mL of concentrated sulphuric acid was cooled to about zero using ice 

water mixed bath, then 1 g of graphite powder and 3 g of potassium permanganate was added slowly 

under the condition of intense stirring and kept the temperature is not more than 20 ℃. After mixing 

and homogenization, the mixture was put in the 35 ℃ water baths to react for 2 h, then 46 mL of 

double deionized water was added and maintained the system temperature was ≤ 98 ℃ and agitated 

for 15 min. After this, 140 milliliters of double deionized water and 10 milliliters of 30% H2O2 were 

added in turn and filtered when it is still hot. The filter cake was washed until SO4
2‒ was not detected 

in the filtrate using 1 mol L‒1 of HCl, and then washed to neutral with double deionized water, 

afterwards the sample was desiccated under conditions of vacuum for 12 hours. 

 

2.3. Fabrication of GO-Nafion-GCE  

1.0 milligram of GO was dispersed into 1 milliliter of 10% Nafion-ethanol (v/v) solution with 

the assist of ultrasonic for 1 h until a 1 mg mL−1 homogeneous mixed solution was obtained. 

Beforehand of modification, the bare GCE was finished on a polishing cloth utilizing 0.05 µm alumina 

slurry, then rinsed completely using double deionized water and sonicated in a mixture solution of 

ethanol and water of 1:1 (v/v) for 5 min. After this, the homogeneous mixed solution of GO-Nafion 

was dropped onto GCE surface and dried in air. Afterwards the GO-Nafion-GCE was scanned at the 

scan rate of 100 mV s–1 from 0.5 to 1.2 V in 0.03 mol L–1 perchloric acid until a stable cyclic 

voltammetric curve obtained. The fabrication of GO-Nafion-GCE and the determination procedure for 

MTX are illustrated with Scheme 1. 
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Scheme 1. Schematic diagram of GO-Nafion-GCE preparation process and determination of MTX. 

 

2.4. Procedure 

10 milliliter of supporting electrolyte and a given volume of MTX standard solution or real 

samples were mixed uniformly an electrolyte cell, and the cyclic voltammograms were recorded in the 

range of 0.5‒1.2 V under the conditions of concentration. The concentration of MTX was calculated 

through the Ip of MTX in the absence and presence of MTX. The data was processed with Excel 2010 

and Origin 6.0 software. 

 

 

3. RESULTS AND DISCUSSION 

3.1 The electrochemical behavior of MTX 

The CV behavior of MTX was researched using bare GCE and GO-Nafion-GCE. It can be seen 

(Fig. 1) that there is an anodic peak both at a bare GCE and at GO-Nafion-GCE surface between 0.5 V 

and 1.2 V. There is no corresponding cathode peak at the reverse scan, which indicates that the 

electrochemical react-ion of MTX is an irreversible electrode process at both the bare electrode and 

GO-Nafion-GCE. The anodic peak current is significantly improved at the GO-Nafion-GCE in 

comparison with that at a bare GCE. Furthermore, the peak potential of MTX is negative shifted about 

80 mV at the GO-Nafion-GCE (1.044V) surface compared with that at a bare GCE (0.964V) surface. 

Obviously the transfer rate of electron is increased at the GO-Nafion-GCE, which is mainly attributed 

to the catalytic effect of GO-Nafion toward MTX [36]. The electrochemical response mechanism of 

MTX at the GO-Nafion-GCE is proposed as shown in scheme 2. 
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Figure 1. CV plots of methotrexate (5.0 × 10–5 mol L–1) at a bare GCE surface (a) and a GO-Nafion-

GCE (b) in 0.03 mol L–1 perchloric acid at scan rate of 0.1 V s–1. Preconcentration time: 120 s.  
 

 
 

Scheme 2. Schematic illustration of electrochemical reaction mechanism of MTX at GO-Nafion-GCE 

surface. 

 

 3.2 Influence of supporting electrolyte  

Several supporting electrolytes such as 0.1 mol L−1 perchloric acid, sulphuric acid, phosphate, 

and sodium hydroxide aqueous solution were investigated at GO-Nafion-GCE by CV method. It can 

be seen that well-defined CV responses of MTX were observed in 0.1 mol L−1 perchloric acid and 

sulphuric acid aqueous solutions, however, a higher CV peak current and well CV peak shape were 

obtained in 0.1 mol L−1 perchloric acid (Fig. 2). Thus, perchloric acid is selected as supporting 

electrolyte. 
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Figure 2. CV curves of MTX (5.0 × 10–5 mol L–1) in different supporting electrolytes. Inset: Bar graph 

between peak currents of MTX and the type of supporting electrolytes. 

 

3.3 Influence of supporting electrolyte concentration 

The effect of perchloric acid concentration on the CV peak current of MTX was researched. It 

can be seen clearly (Fig. 3) that the CV peak current is increased obviously with the addition of 

perchloric acid concentration, and the electrochemical response of MTX is maximizing as the 

concentration of perchloric acid is 0.03 mol L‒1. Therefore, the followed experiments were performed 

in 0.03 mol L–1 perchloric acid solution. 
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Figure 3. CV curves of MTX (5.0 × 10–5 mol L–1) in different concentrations of perchloric acid. 

𝑐HClO4: 0.01, 0.03, 0.05, 0.1, and 0.2 mol L–1. Inset: The Plot of IpMTX-𝑐HClO4. 
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3.4. Influence of scan rate 

In order to make further efforts to inspect the electrochemical reaction mechanism of MTX at 

the GO-Nafion-GCE surface, the impact of scan rate was investigated. Fig. 4 indicates the CV 

superposition graphs of MTX at different scan rates within 0.025‒0.25 V s–1. Obviously, the oxidation 

peak currents are increased with enhancing of scan rates. However, the oxidation peak currents of 

MTX are neither increased linearly with scan rates nor with the square root of scan rates, which 

indicated that the electrode process is neither a diffusion-controlled process nor an adsorption-

controlled process but by some kinetic reaction [25]. Fig.4A and inset indicate that the logarithm of 

anodic peak currents is linearly proportional to the logarithm of the scan rates between 0.025 and 0.25 

V s‒1, and the linear regression equation is log(Ipa/μA) = 0.333log(v/V s‒1) + 1.40 (r=0.9980). 

According to the slope of regression equation, the result shows that the electrode process is a kinetic-

controlled process by diffusion, which agreed with the result that at the boron-doped diamond 

electrode [25]. If the electrode process is an adsorption-diffusion mixed controlled process, the 

relationship between peak currents of MTX and scan rates can be presented with equation (1): 

Ip/µA = k1(v/V s–1)1/2 + k2(v/V s–1) + k3     (1) 
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Figure 4. CV curves of MTX (5.0 × 10–5 mol L–1) at different scan rates (A), and the plot between Ep 

and lnv (B). Scan rate: 0.025, 0.05, 0.1, 0.15, 0.2, 0.25 V s–1. Buffer: 0.03 mol L–1 perchloric 

acid. Inset A: The plot between logIp of MTX and logv.  
 

Through the regression analysis of Excel, k1 = 44.2 (P=0.00048), k2 =‒ 30.2 (P=0.000045) and 

k3 = 1.07 (P=0.0096) can be obtained with a correlation coefficient of 0.9999, respectively. By 

substituting the above coefficient into equation (1), the regression equation Ip/µA=44.2(v/V s‒1)1/2 ‒ 

30.2(v/V s‒1) + 1.07 can be obtained, which further demonstrates that the oxide process is an 

adsorption-diffusion mixed controlled process [53].  

           The effect of scan rates on the peak potentials of MTX was also considered using GO-Nafion-

GCE. It is clearly (Fig. 4B) that the Ep shows a linear relationship with lnv as the scan rates between 

0.025 V s–1 and 0.25 V s–1. The linear regression equation is Epa = 0.0146lnv + 0.995, r=0.9957, which 

affirms that the electrode process is an irreversible electrode process. For an irreversible electrode 
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processes controlled by adsorption, the relationship between Epa and v can be expressed by Laviron’s 

equation.  

v
nF

RT

nF

RTk

nF

RT
EE lnln sο

pa


+−=
     (2) 

Where Eo is formal standard potential, α is charge transfer coefficient, n is electron transfer 

numbers, and ks is standard electron transfer rate constant. R, T and F have their common meaning. on 

the basis of the slope and the intercept of Ep=0.046lnv + 0.995, the straight line of peak potential (Ep) 

against lnv of equation (2), αn = 1.60 can be gained. The number of electrons involved in the electrode 

process can be counted according to the equation (3).  

RT

nFQv

RT

ΓAvFn
I

44

22

p ==
      (3) 

Ip, Γ, A, and Q are peak current (amperes) of MTX, the total concentration of reaction 

substance (mol·cm‒2), the electrode area (cm2), and the peak area of cyclic voltammogram (coulomb), 

respectively. F is the Faraday constant, and n is the number of electrons transferred. R and T have the 

same meanings as equation (2). The equation (3) demonstrates that the electron transfer numbers n can 

be computed provided Q is gained at a certain scan rate. The relationship between Ip and v is in accord 

with equation (1) within 0.025‒0.25 V s‒1, meaning that the peak currents of MTX is not only related 

with scan rate but also the square root if scan rate. However, the electron transfer number (n) was 

calculated as 1.63, 1.53, 1.59 1.54, 1.51 and 1.70 as the scan rates are 0.025, 0.05, 0.1, 0.15, 0.2 and 

0.25 V s‒1, respectively, indicating that 2e was involved. Hence, α=0.88 can be obtained. Identically, 

E0=0.937 V can be gained from the intercept of Ep versus v plot on longitudinal coordinates by 

extrapolating the line to be v = 0 [37], and the value of ks of 1.29 s–1 was counted accordance with the 

intercept of the straight line of Ep‒lnv. 

 

3.5. Influence of concentration potential 

The effect of accumulation potential on the oxidation peak current of MTX (5.0 × 10‒5 mol L‒1) 

was performed. The results demonstrated that the accumulation potential has a little effect as the 

accumulation potentials between ‒0.2 and 0.2 V. At more positive or negative potentials, a decrease of 

anodic peak current was observed. Thus, the determination of MTX was accumulated under the 

condition of open circuit. 

 

3.6. Influence of concentration time  

Accumulation is generally an effective means to augment the peak current of determination. 

The impact of concentration time on the Ip of MTX (5.0 × 10‒5 mol L‒1) was investigated. The peak 

current of MTX is enhanced gradually with increasing of concentration time, and it reached maximum 

as the concentration time is 120 s. Thus, 120 s was adopted for subsequent determination of MTX. 
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3.7. Repeatability and detection limit 

For the sake of inspecting the repeatability of the GO-Nafion-GCE, the experiments of 

repeatability were performed in 0.03 mol L–1 perchloric acid. The RSD (n=8) is 0.8 % for 5.0 × 10–5 

mol L–1 of MTX, which indicates that the GO-Nafion-GCE exhibits good repeatability. The limit of 

detection (LOD) is 9.0 × 10–9 mol L–1 (LOD=3S/N). 

 

3.8. Interference experiment 

For the potential analytical application of the GO-nafion-GCE, the influence of various 

interfere species that possible existence in biological samples were assessed for 50 µmol L‒1 of MTX. 

The tolerance times of foreign species were considered as interference provided the electrochemical 

signal (Ip) of MTX arising a relative error ˃ ± 5%. The results of the interference test are shown in 

Table 1. All the results suggested that the GO-Nafion-GCE has high selectivity for determination of 

MTX. 

 

Table 1. Maximum tolerable times for 5.0 ×10−5 MTX of some interferents. 

 

Interferents Tolerable interference times 

Na+, K+, Zn2+, Mg2+, Ca2+, Fe3+ 500 

Fe2+ 120 

Cl–, SO4
2‒, NO3

‒, CO3
2‒, Ac‒ 500 

Oxalic acid, glucose, sucrose, citric acid, tartaric acid, uric acid 400 

Ascorbic acid 50 

 

3.9. Calibration curve 

Fig. 5 shows the CV superposition figures of different concentrations of MTX. Obviously, the 

anodic peak current of MTX is enhanced gradually with increasing of MTX concentration. The anodic 

peak current shows a linear relationship with MTX concentration from 4.0 × 10–7 to 2.0 × 10–5 mol L–1 

with a linear regression equation of Ip,a(μA) = (0.4739 ± 0.0086)C (μM) + (0.2885 ± 0.0434) (r = 

0.9985). The limit of detection (LOD) can be calculated as 9.0 × 10−9 mol L−1 according to LOD = 

3sb/N defined by IUPAC [7], which is more lower than that at some of modified electrodes as indicated 

in Table 2, similar to that at DNA Langmuir–Blodgett modified GCE [29], DNA/SWCNT/Nafion 

GCE [37], and higher than at AgSAE [26] and bismuth film modified electrode [34] and. But, 

compared with other modified electrode, the proposed electrochemical method in our work owns the 

advantages of cheap, high sensitivity, simplicity, and good stability. 
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3.10. Determination of MTX in methotrexate injection and urine 

Under the selected conditions, the GO-Nafion-GCE was used to measure MTX in methotrexate 

injection and urine by standard addition method. The determination steps are as follows: a given 

volume of methotrexate injection or urine was transferred using a microinjector and added into 10 mL 

0.03 mol L−1 perchloric acid solution. After the solution was mixed, the CV curves were recorded, and 

then different volumes MTX standard solution was added. The total MTX concentration detected in 

methotrexate injection is 24.86 ± 0.23 mg mL‒1, and in accordance with the nominal content of 50 mg 

2 mL‒1. The results were compared with that obtained by HPLC (α=0.05) in the case described in 

Apparatus and reagents section (Table 3), which indicated that the proposed method is reliable in the 

determination of MTX in methotrexate injection and urine. 

1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 0.4

-12

-10

-8

-6

-4

-2

0

2

4

k

a

0 5 10 15 20

0

2

4

6

8

10

 

 

I p
/

A

C
MTX

/mol L
-1

 

 

I/

A

E/V vs SCE
 

Figure 5. CV curves changed with MTX concentration. Buffer: 0.03 mol L–1 perchloric acid. Scan 

rate: 0.1 V s–1. Inset: The linear relationship between current responses and MTX 

concentration. a→k: 0.4, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 12.5, 15, 17, and 20 µmol L–1. 

 

Table 2. Comparison of GO-Nafion-GCE with other sensors for the determination of MTX.  

 

Modified electrode Methods Linear range (mol L–1) LOD (mol L–1) Ref. 

3DPG-CNT/GCE CV, DPV 7.0 × 10−7–1.0 × 10−4 7.0 × 10−8 [24] 

BDDE DPV 5.0 × 10−8‒2.0 × 10−5 1.0 × 10−8 [25] 

AgSAE DPV 2.0 × 10−9–1.0 × 10−6 1.8 × 10−9 [26] 

DNA /GCE(OX) SWV 2.0 × 10−8–4.0 × 10−6 5.0 × 10−9 [29] 

Activated-GCE SWV 2.0 × 10−6–3.6 × 10−6 1.0 × 10−8 [30] 

MWCNTs-DHP/GCE DPAdSV 5.0 × 10‒8‒5.0 × 10‒6 3.3 × 10−8 [31] 

WP/N-CNT-SPE DPV, CV, CA 1.0 × 10−8–5.4 × 10−4 4.5 × 10−8 [32] 

BiFE DPAdSV 1.2 × 10−8–1.65 × 10−6 9.0 × 10−10 [34] 

CD-GNs/GCE DPV 1.0 × 10−7–1.0 × 10−6 2.0 × 10−8 [35] 

nano-Au/MWNTs-ZnO-SPE SWASV 2.0 × 10−8–1.0 × 10−6 5.63 × 10−9 [36]  

DNA/SWCNT/Nafion GCE SWASV 2.0 × 10−8–1.5 × 10−6 8.0 × 10−9 [37] 

PABSA/Q-MWNTs/GCE DPV 1.0 × 10−7–8.0 × 10−6 1.5 × 10−8 [38] 
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GO-Nafion-GCE CV 4.0 × 10–7–1.5 × 10–5 9.0 × 10−9 This work 

SPE: screen·printed electrode; 3DPG-CNT: 3D porous graphene-carbon nanotube; BDDE: boron-

doped diamond electrode; m-AgSAE: silver solid amalgam electrode; DHP: dihexadecyl hydrogen 

phosphate; BiFE: Bismuth film modified electrode; CD-GNs: Cyclodextrin-graphene hybrid 

nanosheets; nano-Au/LC: Nano-Au/L-cysteine; PABSA/Q: p-aminobenzene sulfonic·acid/ 

quaternary amine; PSA: Potentiometric stripping analysis; ABSA: p-aminobenzene sulfonic acid. 

 

Table 3. Determination results of MTX in methotrexate injection and urine (n=3). 

 

Sample 
Detected 

(μmol L−1) 

Comparative method 

(µmol L‒1) 

Added 

(μmol L−1) 

Found 

(μmol L−1) 

Recovery 

(%) 

Injection 1 10.23 10.16 5.00 15.41 103.6 

Injection 2 10.18 10.13 10.00 20.36 101.8 

Injection 3 10.06 10.11 15.00 24.84 98.5 

Urine 1 ‒ ‒ 5.00 5.13 102.6 

Urine 2 ‒ ‒ 10.00 10.38 103.8 

Urine 3 ‒ ‒ 15.00 14.55 97.0 

‒No found 

4.  CONCLUSIONS 

In the present work, GO-Nafion-GCE was prepared and applied to determine MTX in 

methotrexate injection and urine successfully. The GO-Nafion modified GCE was extremely 

appropriate and effective for MTX determination in real samples. The recoveries are from 97.0 % to 

103.8 % using the proposed method. Since GO-Nafion-GCE provides a cheap and appreciable 

repeatability, it may offer a potential on-spot application for clinical diagnosis. 
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