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 Abstract 

A comparison of the analytical performances of two xanthine biosensors, based on the use of 

different metal oxide nanoparticles (MONPs: Co3O4 or Fe3O4)-modified carboxylated 

multiwalled carbon nanotubes (c-MWCNTs)-7,7′,8,8′-tetracyanoquinodimethane (TCNQ)-

chitosan (CHIT) composite, is discussed. Xanthine oxidase (XOD) enzyme was covalently 

attached to c-MWCNTs/MONPs/TCNQ/CHIT/GCE via N-ethyl-N'-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-hydroxy succinimide (NHS) chemistry and the electrode surface 

was further modified with Nafion in order to minimize the effect of possible interfering 

substances. The results showed that analytical performance of the Fe3O4 based biosensor was 

better than the Co3O4 based biosensor. The linear working range range, limit of detection and 

sensitivity were found to be 1.9×10
−6

  2.3×10
−4

 M,  0.20 μM (S/N=3), 25.07 μAmM
-1

cm
-2

 

for the Fe3O4 based biosensor and 1.9×10
-6
1.2×10

-4
 M, 0.36 μM (S/N=3), 13.24 μAmM

−1
cm

-

2
 for the Co3O4 based biosensor, respectively. The purposed biosensors were applied in the 

determination of xanthine in coffee samples, and satisfactory results were obtained. 
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 1. Introduction 

 

Electrochemical biosensors combine the sensitivity of electroanalytical methods with the 

bioselectivity of the biological component [1]. These devices have found promising 

applications in various fields such as biotechnology, food industry, health care, medicine and 

enviromental monitoring due to their favourable characteristics like high sensitivity, 

specificity, speed, portability, independence of sample turbidity and low cost [2, 3]. Carbon 

nanotubes (CNTs) represents an important group of nanomaterials which have attracted a 

huge attention in biosensor construction due to their unique electronic, metallic, and structural 

characteristics. They have large surface area, good mechanical strength, high electrical 

conductivity, fine biocompatibility, functional surface and good chemical stability [4]. Carbon 

nanotubes based biosensors have been found to be superior to traditional carbon electrode 

based biosensors in terms of detection limit, sensitivity and selectivity [3]. 

 

The use of metal oxide nanoparticles in the fabrication of biosensors is also of great interest as 

they exhibit unique physical, chemical and catalytic properties [5]. It is well known that metal 

oxide nanoparticles not only have high surface area, good biocompatibility, strong adsorption 

ability and chemical stability, but also display rapid electron transfer kinetics [6]. Fe3O4-NPs 

have been widely used in biosensing applications because of their favorable characteristics 

i.e., strong superparamagnetic property,  high electron communication and low toxicity [7]. 

On the other hand, another popular metal oxide, Co3O4-NPs continue to attract significant 

interest due to their  wide availability, high chemical stability and excellent electrocatalytic 

activity [8, 9]. 

 

MWCNTs and MONPs have been proven to be good a material combination for preparing 

high performance nanocomposites [10]. Previous studies have shown that MWCNTs and 

MONPs nanocomposite resulted in large electrochemical surface area and fast electron 
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transfer for biosensor applications [11, 12]. Up to now, various MONPs-CNTs composites 

such as Fe3O4–MWCNTs [13], ZnO–MWCNTs [14], Co3O4–MWCNTs [8], TiO2–MWCNTs 

[15], NiO–MWCNTs [16], Bi2O3–MWCNTs [11], Fe3O4–c-MWCNTs [17] have been used in 

biosensor construction. These nanocomposites have been reported to improve the analytical 

characteristics of the biosensors. 

 

Xanthine (3,7-dihydro-1H-purine-2,6-dione) is a purine base generated from guanine by 

guanine deaminase and from hypoxanthine by xanthine oxidase [18]. Xanthine concentration 

in human body fluids is used as a marker of pathological conditions such as xanthinuria, renal 

insufficiency or gout [19]. Coffee is a soft beverage widely and frequently consumed in the 

world. The xanthine alkoloids including caffeine, theophylline and theobromine are present in 

coffee, tea and cocoa and known as mild stimulants [20]. Moreover, the monitoring of 

xanthine concentration can be used as an index for estimating the degree of meat freshness or 

spoilage [21]. Therefore, development of fast and reliable methods for xanthine determination 

is of great significance in clinical diagnostics and food industry. Different methods have been 

reported to determine xanthine e.g. gas chromatography [22], capillary electrophoresis [23], 

HPLC [24, 25] and spectrophotometry [26]. Common drawbacks of these techniques are the 

cumbersome procedure for sample preparation, requiring expert handling and costly 

equipment. Nowadays electrochemical biosensors, have become a encouraging alternative of 

the conventional analytical methods because a low detection limit, good selectivity, high 

sensitivity and real time monitoring can be achieved with this technique. Many amperometric 

biosensors for xanthine determination have been developed [8, 27-29]. These biosensors are 

generally based on the determination of enzymatically generated H2O2 and/or uric acid [28,  

30] or consumption of O2 during the enzymatic reaction [31]. Artificial mediators (second 

generation type) are widely used in biosensor construction in order to improve the selectivity 

and sensitivity of amperometric biosensing. The function of artificial mediator is to shuttle 

electrons between the active site of the enzyme and the electrode to allow detection at low 

potentials. This strategy can minimize interference with coexisting electroactive species [32]. 

Various mediators including ferrocene or its derivatives [19, 33] 1,4-benzoquinone [19] 

Prussian Blue [34] and cobalt phthalocyanine-ferricyanide [35] have been utilized for the 
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fabrication of xanthine biosensors. TCNQ has being used as mediator in the fabrication of 

biosensors, because it has great number of properties, as high electric conductivity [36]. 

 

This study describes, for the first time, the use of the combination of MONPs (Co3O4 or 

Fe3O4), c-MWCNTs and TCNQ in a matrix of CHIT to develop new xanthine biosensors. 

Analytical performances of the Co3O4 and Fe3O4 based biosensors in terms of detection limit, 

sensitivity, selectivity, repeatability, and long term stability were compared. Furthermore, the 

applicability of the biosensors for the analysis of xanthine in coffee was investigated. 

 

 2. Experimental 

 

2.1. Reagents and Solutions 

 

XOD (E.C. 1.17.3.2 from Microbial source with a specific activity of ≥7 Units/mg solid),  

Co3O4 nanoparticles (<50 nm particle size (TEM), 99.5% trace metals basis), Fe3O4 

nanoparticles (50-100 nm particle size (TEM), 97% trace metals basis), K3Fe(CN)6, 

K4Fe(CN)6.3H2O, uric acid, ascorbic acid, sodium dihydrogen phosphate dihydrate and 

disodium hydrogen phosphate dihydrate, EDC, NHS and Nafion (perfluorinated resin 

solution, 5 wt% in lower aliphatic alcohol and water mixture) were purchased from Sigma (St. 

Louis, MO, USA). Xanthine and glucose were purchased from Fluka (Buchs, Switzerland). c-

MWCNTs (O.D.<8 nm; I.D. 2-5nm; length 10–30 μm) were bought from Cheaptubes Inc. 

(Brattleboro, USA). Chitosan (90% deacetylation, medium molecular weight) and 7,7,8,8-

tetracyanoquinodimethane were obtained from Aldrich. Standard xanthine solutions were 

prepared by dissolving xanthine in 0.10 M NaOH. All aqueous solutions were prepared using 

double distilled water.  

 

2.2. Apparatus and Measurements 
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A computerized IVIUM electrochemical analyzer (Ivium Technologies, Netherlands) was 

used for the electrochemical measurements. A glassy carbon electrode  (3 mm in diameter), a 

platinum wire (BAS MW 1034) and Ag/AgCl electrode (BAS MF 2052) were used as 

working, auxiliary and reference electrodes, respectively. Scanning electron microscopy 

(SEM) was performed using Carl Zeiss AG, EVO® 50 Series. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) measurements were recorded in a solution of 

5.0 mM K3[(Fe(CN)6], 5.0 mM K4[(Fe(CN)6] with 0.5 M KCl.  CVs were recorded between 

(‒1.0)V ‒ (+1.0)V at a scan rate of 50 mV s
-1

. Impedance experiments were performed at 0.2 

V with a frequency range of 10
6
 Hz-0.5 Hz and plotted in the form of complex plane diagrams 

(Nyquist plots). HPLC measurements were conducted on a system consisting of a Shimadzu 

LC-20AT pump, a Shimadzu SPD-20A UV detector and a Inertsil ODS-3 (250 × 4.6 mm, 5 

µm) column, Shimadzu CTO-20A oven. The supporting electrolyte used for the 

electrochemical studies was 0.05 M pH 7.0 phosphate buffer solution (PBS). The test solution 

was deoxygenated with high purity N2 gas for 15 min before each experiment, and N2 blanket 

was kept over the solution to maintain an inert atmosphere during the measurements. All 

measurements were performed at room temperature.  

 

2.3. Biosensor Preparation 

 

GCE surface was polished with 0.05 μm alumina powder and was consecutively sonicated 

with ethanol and double distilled water for 5 min. CHIT solution was prepared by adding 

0.025 g of CHIT flakes in 5.0 mL of acetate buffer solution (pH 5.0) and stirring at room 

temperature until complete dissolution was achieved. The c-MWCNTs, Co3O4-NPs and 

TCNQ were ultrasonicated in CHIT solution for 4 h to give a final concentration of                

1 mg mL
-1

 c-MWCNTs, 0.5 mg mL
-1

 Co3O4-NPs and 9 mg mL
-1

 TCNQ, respectively. For 

comparison, Fe3O4-NPs modified biosensor was also prepared with the same method: c-

MWCNTs, Fe3O4-NPs and TCNQ were sonicated for 4 h, until a homogenous dispersion 

containing 1 mg mL
-1

 c-MWCNTs, 1 mg mL
-1

 Fe3O4-NPs and 6 mg mL
-1

 TCNQ was 

obtained. c-MWCNTs/MONPs/TCNQ/CHIT suspension showed good stability  for up to one 
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month. Therefore, the c-MWCNTs/MONPs/TCNQ/CHIT suspension was prepared once a 

month. This suspension was sonicated for 10 min before every use. In both cases, 10 µL of 

the c-MWCNTs/MONPs/TCNQ/CHIT suspension was casted onto the surface of the pre-

cleaned GCE and allowed to dry slowly. XOD solution (0.025 Units μL
−1

) prepared in 

0.05 M pH 7.0 PBS was immobilized onto c-MWCNTs/MONPs/TCNQ/CHIT/GCE using 

EDC−NHS coupling chemistry. 5 μL of 50 mM EDC–200 mM NHS solution (in 0.05 M pH 

7.0 PBS) was dropped on the c-MWCNTs/MONPs/TCNQ/CHIT modified electrode surface 

and dried in air. 10 µL of XOD was casted onto the electrode surface and left to dry. Finally, 

7.5 μL (0.25%) of Nafion was casted on the enzyme electrode and dried. The biosensor was 

then washed in PBS (pH 7.0) to remove all the unbound components. The prepared biosensors 

were stored in a refrigerator, when not in use. The biosensor fabrication procedure is shown in 

Scheme 1.  

 

Scheme 1. The fabrication procedure for the XOD/c-MWCNTs/MONPs/TCNQ/CHIT/GCE. 

3. Results and discussion 

 

3.1. Surface morphological characterization studies using SEM 

 

The surface morphologies of CHIT, c-MWCNTs/CHIT, c-MWCNTs/Co3O4/CHIT, c-

MWCNTs/Fe3O4/CHIT, c-MWCNT/Co3O4/TCNQ/CHIT, c-MWCNT/Fe3O4/TCNQ/CHIT 

and XOD/c-MWCNTs/Co3O4/TCNQ/CHIT modified GCEs were studied by SEM as shown 

in Figure 1. The SEM image of CHIT modified GCE (image a) shows a featureless 

morphology. Image b shows that the c-MWCNTs were uniformly dispersed in chitosan 

matrix. Image c and d shows that the MONPs were also dispersed in the c-MWCNTs/CHIT 

matrix without obvious aggregation. The porous structure of the c-MWCNTs/MONPs/CHIT 

composite can increase the effective surface area of the electrode and thus facilitate the 

diffusion of xanthine into the composite. On the other hand, image e and f shows well defined 

different structures indicating that TCNQ molecules were incorporated into the c-
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MWCNT/MONPs/CHIT matrix. The large surface area of MWCNT and MONPs and porous 

nature of the c-MWCNT/MONPs/TCNQ/CHIT composite offers a good platform for 

immobilizing XOD molecules. After the immobilization of XOD onto c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE, the porous morphology changed to a regular form with  

bright structures (image g). This indicates that XOD was immobilized onto the c-

MWCNTs/MONPs/TCNQ/CHIT/GCE.  

 

Fig. 1. SEM images of  (a) CHIT/GCE, (b) c-MWCNTs/CHIT/GCE,  

(c) c-MWCNT/Co3O4/CHIT/GCE, (d) c-MWCNT/Fe3O4/CHIT/GCE,  

(e) c-MWCNT/Co3O4/TCNQ/CHIT/GCE (f) c-MWCNT/Fe3O4/TCNQ/CHIT/GCE 

(g) XOD/c-MWCNT/Co3O4/TCNQ/CHIT/GCE. 

 

3.2. Electrochemical behaviour of modified electrodes 

 

CV was performed using the redox couple [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 in order to investigate the 

electrochemical behavior of different modified GCEs and the results are depicted in Fig. 2. 

Well-defined redox peaks were observed at the bare GCE (curve b). The modification of GCE 

by CHIT film resulted in a marked decrease in the peak current signal (curve a). This decrease 

can be attributed to the barrier effect of the CHIT film towards the redox probe. This effect 

leads to a decrease of the [Fe(CN)6]
3-/4-

 current signal. Meanwhile, an increase in the peak 

potential separation (Ep) due to a decrease of the electrochemical reversibility of the redox 

couple at the CHIT/GCE was observed. In contrast, with MONPs/CHIT/GCE a remarkable 

current increase and Ep decrease were observed (curves c and d). This indicates that the 

MONPs/CHIT composite exhibited better conductivity than the CHIT film and facilitated the 

electron transfer. When c-MWCNTs were introduced into CHIT matrix, the peak separation 

decreased and both the anodic and cathodic peak currents (Ip) increased significantly. 

suggesting enhanced electron transfer, facilitated by the large surface area provided by the c-

MWCNTs (curve e). For the c-MWCNTs/Co3O4/CHIT/GCE (curve f) (Ep:125 mV, ipa:175 

μA), and c-MWCNTs/Fe3O4/CHIT/GCE (curve g) (Ep:150 mV, ipa:200 μA) the peak 
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currents increased more and Ep became smaller compared with the CHIT/GCE (Ep:500 

mV, ipa:35 μA) or MONPs/CHIT (Co3O4/CHIT/GCE; Ep:275 mV, ipa:95 μA) modified 

electrodes. Moreover, the highest current response was obtained with the c-

MWCNTs/Fe3O4/CHIT/GCE. The possible reason for this enhanced response is the large 

surface area and high conductivity of c-MWCNTsMONPs composite offered by the 

synergistic effect of two highly conducting materials MONPs and c-MWCNTs. The 

synergistic effects can be attributed to the excellent electron transfer ability of c-MWCNTs 

and MONPs. 

 

The electroactive surface area of the modified electrodes was estimated with CV according to 

the Randles–Sevick equation [37] that is, ip=2.69×10
-5

AD
1/2

n
3/2

v
½
C. In this equation n is the 

number of electrons transferred (n=1), A refers to the effective surface area of the electrode 

(cm
2
), D is the diffusion coefficient for [Fe(CN)6]

3-
 (7.6×10

−6 
cm

2
s

−1
), v refers to the scan rate 

(V s
−1

) and C is the concentration of [Fe(CN)6]
3-

. By applying the Randles–Sevcik equation 

the calculated effective surface area was 0.071 cm
2
, 0.055 cm

2
, 0.109 cm

2
, 0.125 cm

2
, 0.190 

cm
2
, 0.210 cm

2 
and 0.240 cm

2 
for GCE, CHIT/GCE, Co3O4/CHIT/GCE, Fe3O4/CHIT/GCE, c-

MWCNTs/CHIT/GCE, c-MWCNTs/Co3O4/CHIT/GCE and c-MWCNTs/Fe3O4/CHIT/GCE, 

respectively. In comparison with the bare GCE, the effective surface areas of the 

Co3O4/CHIT/GCE, Fe3O4/CHIT/GCE, c-MWCNTs/CHIT/GCE, c-

MWCNTs/Co3O4/CHIT/GCE and c-MWCNTs/Fe3O4/CHIT/GCE were increased by about 

1.5, 1.8, 2.8, 3.0 and 3.4 times, respectively. The results show that c-

MWCNTs/Fe3O4/CHIT/GCE can provide facile electron transfer and more binding sites for 

electroactive substance than other modified electrodes. 

 

Fig.  2. (A) Cyclic voltammograms of (a) CHIT/GCE,  (b) GCE, (c) Co3O4/CHIT/GCE, 

(d) Fe3O4/CHIT/GCE, (e) c-MWCNTs/CHIT/GCE,  (f) c-MWCNTs/Co3O4/CHIT/GCE, and 

(g) c-MWCNTs/Fe3O4/CHIT/GCE at 50 mVs
-1

 (B) The Nyquist curves of in (a) CHIT/GCE,  

(b) GCE, (c) Co3O4/CHIT/GCE, (d) Fe3O4/CHIT/GCE, (e) c-MWCNTs/CHIT/GCE,   

(f) c-MWCNTs/Co3O4/CHIT/GCE, and (g) c-MWCNTs/Fe3O4/CHIT/GCE 0.50 M KCl 

solution containing 5.0 mM Fe(CN)6
3-/4-
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Impedance spectroscopy is an effective tool for probing the features of a surface-modified 

electrodes. Figure 2B shows the real and imaginary part (Z
ʹʹ
 vs. Z

ʹ
) of the EIS spectra 

represented as Nyquist plots for (a) c-MWCNTs/Fe3O4/CHIT/GCE,  (b) c-

MWCNTs/Co3O4/CHIT/GCE, (c) c-MWCNTs/CHIT/GCE, (d) Fe3O4/CHIT/GCE, (e) 

Co3O4/CHIT/GCE, (f) GCE, and (g) CHIT/GCE  using 5.0 mM Fe(CN)6
3-/4-

 as the electrolyte.  

The electron transfer resistance (Rct) value for the 5.0 mM Fe(CN)6
3−/4−

 redox probe was 

evaluated as the diameter of the high-frequency semicircle in the Nyquist plots [38]. It can be 

seen from the figure that the Rct value of bare GCE (1250 ) (curve b) remarkably increased 

when the electrode was modified with CHIT (1600 ) (curve a).  This result reveals that the 

CHIT layer limited the diffusion of the redox probe to the electrode surface. The Rct of 5 mM 

[Fe(CN)6]
3−/4−

 at the Co3O4/CHIT/GCE (240 ) (curve c), Fe3O4/CHIT/GCE (200 ) (curve 

d) and c-MWCNTs/CHIT/GCE (65 ) (curve e) is much smaller than that at bare GCE (curve 

b) and CHIT/GCE (curve a).This result shows that MONPs and c-MWCNTs significantly 

increased the electron transfer properties of the modified electrode. For the c-

MWCNTs/Co3O4/CHIT/GCE (25 ) (curve f), almost a straight line with a very low Rct was 

observed indicating that the c-MWCNTs/Co3O4/CHIT composite had high electrical 

conductivity and thereby improved electron transfer. The smallest Rct was observed with c-

MWCNTs/Fe3O4/CHIT/GCE (20 ) (curve g) which attributed to synergistic action of the 

MONPs and c-MWCNTs that promoted electron transfer.  

 

CV was performed in order to investigate the electrochemical behaviour of TCNQ at c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE and the corresponding voltammogram in 0.05 M PBS 

(pH 7.0) is shown in Figure 3. The CV exhibit two anodic peaks  (Epa1=+0.25 and Epa2=-0.05 

V) at forward scan of potential and two cathodic peaks (Epc1=+0.10 and Epc2=-0.10 V) in 

backward scan of the potential. The observed CVs were quite similar to those reported earlier 

for different electrodes. Quite similar voltammograms for TCNQ were observed at different 

electrode surfaces [39] The differences in peak shape and position may be attributed to the 

surface modifications. The anodic peaks and cathodic peaks correspond to the following 

electrochemical processes: TCNQ          TCNQ
- 
 and TCNQ

-
          TCNQ

2-
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 c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE provided a stable electrochemical response during 

continous potential cycling between -1.01.0 V in 0.05 M PBS at 50 mVs
-1

 (data not shown), 

indicated that the CHIT matrix could prevent mediator from leakage efficiently. Figure 3 

(inset) depicts the CVs of c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE obtained at different scan 

rates ranging from 10 to 100 mVs
−1

. This figure clearly shows that the peak currents increased 

with the increasing scan rate, while peak potential separation was nearly independent of the 

scan rates which indicated that the electron transfer of TCNQ on the surface of the electrode 

was quite reversible. Furthermore, the ratio of the oxidation peak current to reduction peak 

current (ipa/ipc) is close to unity which is the other evidence to demostrate the reversibility [40, 

41]. CVs of the c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE at different scan rates show that both 

anodic and cathodic peak currents are proportional to the square root of scan rate (ν
1/2

) for the 

scan rates changed from 10 to 100 mVs
−1

. Figure 3 (inset) showed a linear increase in peak 

current with square root of potential scan rate (ν
1/2

) with a slope of 7.17 mV
1/2 

s
−1/2

 μA
−1

 for 

the oxidation peak and a slope of −7.02 mV
1/2 

s
−1/2

 μA
−1

 for the reduction peak. These results 

reveal that the redox behaviour of the c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE is controlled by 

diffusion where electron transferred to and from the redox centers of the TCNQ involved 

diffusion. Similar results with different mediator based electrodes were also reported [42, 43]. 

 

Fig.  3. Cyclic voltammogram of c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE (inset) CVs of c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE in 0.05 M PBS containing 0.1 M KCl at 10, 25, 50, 75, 

100 mVs
−1

 (from internal to external). (inset) plots of peak currents vs. square root of scan 

rate. 

 

3.3. Optimization of electrode composition and working conditions 

 

To determine the optimum composition of the composite, effects of c-MWCNTs, MONPs and 

TCNQ concentration and enzyme loading were investigated. Moreover, the experimental 

parameters affecting the sensitivity of the biosensors were optimized in terms of pH and 
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applied potential. All optimization studies were performed in 0.05 M PBS (pH 7.0) containing 

0.1 mM xanthine and response currents of the biosensor were measured.  

 

Different c-MWCNT concentrations (0.5 mg mL
-1

; 1.0 mg mL
-1

; 1.5 mg mL
-1

; 2.0 mg mL
-1

; 

2.5 mg mL
-1

) were tested to detect the optimum c-MWCNT amount. The highest current 

response was obtained by using 1.0 mg mL
−1

 c-MWCNT. Higher c-MWCNT concentrations 

did not improve the biosensor response. This optimum concentration (1 mg mL
-1

) was used in 

the construction of all XOD/c-MWCNTs/MONPs/TCNQ/CHIT/GCEs. A study was carried 

out to investigate the effect of metal oxide nanoparticle amount on the biosensor response. 

Fe3O4
 
or Co3O4 amount was varied as 0.25 mg mL

-1
; 0.5 mg mL

-1
; 1.0 mg mL

-1
; 2.0 mg mL

-1
 

and 3.0 mg mL
-1

 while the c-MWCNT, TCNQ and enzyme amounts kept constant. The 

experiment was performed by injecting 0.1 mM xanthine into 0.05 M PBS (pH 7.0). The 

highest biosensor response was obtained with 1.0 mg mL
-1

 Fe3O4 and 0.5 mg mL
-1

 Co3O4 and 

these amounts were used for all further experiments.The amount of TCNQ, which plays the 

role of electron transfer mediator has a strong effect on response current [44]. Therefore, the 

amount of TCNQ used was optimized for both biosensors. TCNQ amount was varied between 

1 mg mL
-1

 and 12 mg mL
-1

. The response of the XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE 

increased with the mediator amount up to 6 mg mL
-1

 and then the biosensor response 

decreased with increasing TCNQ amount. For the XOD/c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE the highest response was achieved with 9 mg mL
-1 

TCNQ.  

 

The effect of enzyme loading into c-MWCNTs/MONPs/TCNQ/CHIT/GCE composite was 

examined in order to enhance the sensitivity of the xanthine biosensors. Various amounts of 

XOD within the biosensor matrix were investigated, namely, 0.062; 0.12; 0.25; 0.33 and 0.50 

U. The amperometric responses of the c-MWCNTs/MONPs/TCNQ/CHIT/GCEs in 0.05 M 

PBS containing 0.1 mM
 

xanthine were measured. The xanthine responses of various 

compositions of XOD on the c-MWCNTs/MONPs/TCNQ/CHIT composite modified 

electrodes are shown in Figure 4A. The biosensor response increased by raising the loading of 

XOD from 0.062 to 0.25 U and then decreased with enzyme loading of 0.33 and 0.50 units of 
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XOD with both biosensors. This decrease in response current is due to the thickness of the 

enzyme layer blocking diffusion of xanthine to the electrode surface. Thus, 0.25 units of XOD 

was used for all further experiments. 

 

The operating potential is one of the most important parameters for biosensor response and 

selectivity. The response of XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE and XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE to 0.1 mM xanthine was measured at different working 

potentials between (+0.15)(+0.40) V. The highest biosensor response was obtained at +0.30 

V. Thus, all further studies were carried out at +0.30 V.  

 

In this study, in order to minmize the effects of potentially interfering substances exist in real 

samples, TCNQ, which is electrochemically oxidized at a lower potential, was selected as a 

mediator. The principle of operation of the xanthine biosensors follows the typical mechanism 

of the second generation amperometric biosensors  and can be schematized as follows:  

 

oxXOD

2Xanthine+H O Uric acid   

(red) (ox) (ox) (red)XOD TCNQ XOD +TCNQ    

Electrode(+0.30V

(red) (oxTCNQ TCNQ   

 

In the response mechanism of the biosensor TCNQ(ox) accepts electrons from the reduced 

xanthine oxidase and TCNQ(red) is produced. Then TCNQ(red) is reoxidized on the surface of 

the electrode at +0.30 V. The resulting current is directly proportional to xanthine 

concentration. 
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The pH of the medium is an other critical parameter for the sensitivity of the biosensors, 

because the activity of enzymes are pH dependent [45]. The effect of pH of PBS on the 

current response of the biosensors was studied over the pH range 6.08.0 in 0.05 M PBS at an 

interval of 0.5 pH unit. Fig. 4B depicts the amperometric responses of XOD/c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE and XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE at 

different pH values with the presence of the 0.1 mM xanthine. The response of the biosensors 

increased with the increase of pH from 6.0 to 7.0 and reached a maximum response at pH 7.0 

and then decreased. Thus, the optimum pH for the detection of xanthine was considered to be 

pH 7.0, and used in further studies. The optimal pH value of the free XOD was reported as pH 

77.5, it can be concluded that the immobilization procedure used in this study and c-

MWCNTs/MONPs/TCNQ/CHIT composite almost did not affect the optimum pH of XOD. 

 

Fig. 4. Effect of (A) enzyme amount (B) pH on the response of the biosensors  (a) XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE (b) XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE (in 

0.05 M PBS at +0.30 V, error bars show the standard deviation of three measurements) 

 

3.4. Analytical characteristics of the biosensors 

 

Figure 5 depicts the calibration curves and amperometric responses at (a) XOD/c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE and (b) XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE for 

the addition of varying amounts of xanthine in a 0.05 M pH 7.0 PBS. The calibration curve 

for XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE shows a linear response to the concentration 

of xanthine in the range of 1.9×10
-6
1.2×10

-4
 M (R

2
=0.9887). The detection limit was 

estimated to be 3.6×10
−7

 M when the signal-to-noise ratio is 3 and the sensitiviy of the 

biosensor was calculated to be 13.24 μA/mMcm
2
. On the other hand, the linear response 

range of the XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE for xanthine was 1.9×10
−6
2.3×10

−4
 

M (R
2
=0.9887). The linear working ranges of the presented biosensors are wider than most of 

the xanthine biosensors [19, 33, 35, 41, 46, 47]. The sensitiviy of the XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE was calculated to be 25.07 μA/mMcm
2 

which was about 

1.9 fold higher than that of XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE. The detection limit 
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of the Fe3O4 based biosensor was 2.0×10
−7

 M (S/N=3), lower than that of Co3O4 based 

biosensor. These detection limits are much lower than the detection limits obtained in 

previously reported xanthine biosensors [33, 48-52] and is comparable to the value obtained 

in the PB modified screen printed electrode [34]. Both biosensors responded rapidly to 

changes in xanthine concentration, reaching 95% of the steady-state currents in less than 10 s 

which can be attributed to the existence of TCNQ as mediator of electron transfer and the 

high conductivity of the c-MWNTs and MONPs. 

 

The apparent Michaelis–Menten constant (KM
app

), a reflection of the enzymatic affinity, is 

calculated to be 0.60 mM for XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE and 0.20 mM for 

XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE according to the Lineweaver–Burk equation 

[53]. The KM
app

 value of Fe3O4 based biosensor is lower than that of Co3O4 based biosensor 

suggesting a higher affinity towards xanthine and a good bioactivity. These values are lower 

than those reported with polypyrrole modified platinum electrode [33], polyvinylferrocenium 

modified platinium electrode [51], cobalt phthalocyanine modified carbon paste electrode [35] 

but higher than those reported with Fe3O4@APTES modified carbon paste electrode [52] and 

Ag-NPs/cysteine modified Au electrode [21] (Table 2). 

 

Fig. 5. Calibration graphs and amperometric responses of (A) XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE and (B) XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE in 

a stirred 0.05 M PBS (pH 7.0) after successive xanthine additions at +0.30 V.  

 

To evaluate the repeatability of the xanthine biosensors successive calibration curves (n=5) 

were plotted by the use of the same biosensor. The relative standard deviation of the 

sensitivity values were found to be 3.0% for XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE and 

3.5% for XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE. These results demonstrated the good 

repeatability of the biosensors. Although, the Co3O4 based biosensor offered a better 

repeatability, no significant differences were observed for the purposed biosensors. The long 

term stability was studied by periodical measurements of the biosensor responses to 0.1 mM 
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xanthine in 0.05 M PBS (pH 7.0) at +0.30 V. The biosensors were stored at 4 
◦
C in 0.05 M pH 

7.0 PBS between the measurements. It was found that the current response at XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE decreased about 15% in 15 days, and 30% in 30 days. 

The loss of the response current may be attributed to the xanthine oxidase enzymes which 

partly lose their bioactivity during storage. The response current at the XOD/c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE decreased to about 30% of its initial response current 

after 15 days. This indicates that XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE showed a better 

long term stability. 

 

The effect of common interfering species on the XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE 

and XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE response was investigated. The interference 

experiment was carried out by the successive injection of xanthine (5.0×10
-6

 M) and 

interfering species (2.0×10
-6

 M) in 0.05 M PBS. When a stable baseline current was reached, 

xanthine was added and response was measured. Then the interfering substances was added 

and after that amperometric response was measured again. The biosensor response obtained 

for xanthine was accepted as 100% and compared with the biosensor responses obtained for 

the other possible interfering substances. Table 1 shows the results of the selectivity study. 

Compared to xanthine response, the interfering species yielded current response ranging from 

-1.0% (glucose) to 6.0% (ascorbic acid) at +0.30 V with both biosensors. These small 

responses for glucose, uric acid, ascorbic acid and sodium benzoate can be neglected. It can 

be concluded that, the presented xanthine biosensors shows high selectivity towards xanthine 

detection and this result can mainly be ascribed to the low operating potential of +0.30 V and 

presence of Nafion layer that can efficiently avoid interference. Moreover, no significant 

differences in selectivity were found for both biosensors. 

 

Table 1. Results of interference experiments on the current response of 0.1 mM xanthine on 

(a) c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE and (b) c-MWCNTs/Co3O4/TCNQ/CHIT/GCE 

Interference 

substances 

Concentration
a    

(mM) 

Interference(%) 

(a) 

Interference(%) 

(b) 

Glucose 0.002 -1 -1 
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Uric acid  0.002 4 3 

Ascorbic acid  0.002 6 2 

Sodium 

benzoat 

0.002 -2 -2 

Xanthine 0.005   

a 
Concentrations of interference substances in aqueous media. 

To evaluate the performance of the developed xanthine biosensors, a comparison of different 

parameters obtained by various biosensors for xanthine detection was summarized in Table 2. 

It can be found that the XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE and XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE exhibited wider linear working ranges, lower detection 

limits and better sensitivities than most of the previous xanthine biosensors [33, 35, 46, 47, 

54]  The favorable analytical performance of the biosensors can be ascribed to the following 

aspects: (i) covalent immobilization of enzyme into c-MWCNTs/Co3O4/TCNQ/CHIT 

composite is likely to minimize the problem of  enzyme leakage and thus increase its long-

term stability, (ii) chitosan provides a biocompatible microenvironment around XOD to 

maintain its enzymatic activity, (iii) c-MWNTs and MONPs provided a conduction pathway 

to accelerate electron transfer due to their high conductivity, (iv) relatively low working 

potential of TCNQ minimizes the oxidation of electrochemically active compounds. 

 

Table 2. Characteristics of various amperometric xanthine biosensors reported in recent years 

Enzyme 

/Working 

potential 

Electrode 

composition/Immobilization 

technique 

Linearity/Detecti

on limit 

Km 

mM 

Respons

e time 

Storag

e 

stabilit

y 

Referenc

e 

XO/+0.30 

V vs. 

Ag/AgCl  

Au/poly(mercapto-p-

benzoquinone/GCE/Electropolymeriz

ation 

1×10–
6
−8×10–

5
 

M 

0.08 − 8 days 

(30% 

loss)  

[46] 

XO/+0.35 

V vs. 

Ag/AgCl 

Cobalt 

phthalocyanine/carbon+mineral 

oil/CPE 

1×10–
3
−1.5×10–

2
 

M  

− − 60 

days 

(60% 

loss)  

[35] 
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XO/+0.7 

V 

vs.Ag/Ag

Cl 

CuPtCl6/GCE/Covalent 

immobilization 

 

6×10
−7

–2×10
−4

 

M/0.10 µM 

1.11 <15 s 

 

7 days 

(30% 

loss) 

[45] 

 

XO/+0.1 

V 

vs.Ag/Ag

Cl 

PB/PPy/Au- colloid/Au 

electrode/Adsorption 

1.0×10
-6

−2.0×10
-

5
 M 

0.04 

 

− − [47] 

XO/+0.7 

V vs. SCE 

Platinium-PPy/Ferrocenium/Pt 

electrode/Cross-linking 

1×10
-5

−4×10
-4

 

M/1 µM 

1.33 4 min. 45 

days 

[33] 

XO/0.05 

V 

vs. 

Ag/AgCl 

PB/SPTE/Cross-linking 1×10–
7
−4.98×10–

6
 M /0.10 µM 

0.00

4 

 

− − [34] 

XO/+0.4 

V 

vs. 

Ag/AgCl 

Au-NPs/PVF/Pt 

 

Pt-NPs/PVF/Pt/Electro deposition 

2.5×10−
6
−5.6 10

-4 

M/0.75 µM 

 

2.0×10−
6
−6.6 10

-4 

M /0.60 µM 

0.39

3  

 

0.28

6 

− 18 

days 

(40% 

loss) 

23 

days 

(40% 

loss) 

[49] 

XO/+0.5 

V 

vs. 

Ag/AgCl 

PVF-perchlorate matrix/Pt 

electrode/Electro deposition 
4.3×10−

7
−2.84×10−

3 
 

M/0.13 µM 

3.45

4  

15 s 25 

days 

(42% 

loss) 

[54] 

XO/+0.05 

V vs. 

Ag/AgCl 

Phenazine methosulfate as mediator/ 
Edge-plane pyrolytic graphite/ 

Adsorpsion 

1.0×10−
5
−1.8×10

−3
 M/0.25 nM 

1.0 

± 

0.1 

− 4 

weeks 

(22% 

loss) 

[55] 

XO/+0.25 

V 

vs. 

Ag/AgCl 

 

XO/+0.30 

V 

vs. 

Ag/AgCl 

1,4-benzoquinone/CPE 

  

 

PVF/CPE/Cross-linking 

1.9×10–
7 

−5.5×10–
6 
M and 

5.2×10–

5
−8.2×10–

4
 M/0.1 

µM 

1.9×10–

7
−2.1×10–

6 
M; 

1.9×10–
6 

−1.0×10–
5
 M and 

5.2×10–
5 

− 100 s 

 

 

50 s 

14 

days 

 

 

7 days 

[19] 



18 

 

−8.2×10–
4
 M/0.1 

µM 

XO/+0.50 

V 

vs. 

Ag/AgCl 

CHIT/Fe-NPs@Au/PGE/Electro 

deposition 
1×10–

7 
−3×10–

4 

M/0.1 µM 

− 3s 100 

days 

(25% 

loss) 

[21] 

XO/+0.35 

V vs. 

Ag/AgCl 

Poly(glycidyl methacrylate-co-

vinylferrocene)/MWCNT/PGE/Coval

ent immobilization 

2×10–
6 
−2.8×10–

5 

M;  

2.8×10–
5 

−4.6×10–
5
; 

4.6×10–
5 

−8.6×10–
5
/0.12 

µM 

− 4 s 25 

days 

(30% 

loss) 

[41] 

XO/+0.30 

V vs. 

Ag/AgCl 

c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE 

 

c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE 

Covalent immobilization 

1.9×10
−6
2.3×10

−4
 M/0.20 μM 

 

1.9×10
-6
1.2×10

-

4
 M/0.36 μM 

0.20 

 

0.60 

 

‹10 s 

30 

days 

(30% 

loss) 

 

15 

days 

(30% 

loss) 

This 

work 

CPE: Carbon paste electrode; PB: Prussian blue; SPTE:Screen printed electrode; PGE: Pencil graphite electrode; 

PPy: Polypyrrole; PVF: Polyvinylferrocenium 

3.5. Analysis of coffee sample 

 

The practical application of the developed biosensors was evaluated by means of the xanthine 

analysis in coffee sample. Roasted coffee sample was supplied from a local market. The 

coffee sample (1.0 g) was boiled in 100 mL of 0.1 M NaOH for 30 min and filtered through a 

Whatman 41 filter paper. The filtrate was cooled to room temperature and diluted to 150 mL. 

Xanthine level in coffee sample was determined by standard addition method. For this 

purpose, additions of standard xanthine solution were made to several portions of the coffee 

extract, and a multiple addition calibration curve was obtained. The xanthine concentration in 

coffee sample was found to be 1.44±0.09 mg L
-1

 (n=3) with XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE and 1.49±0.05 mg L
-1

 (n=3) with XOD/c-
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MWCNTs/Co3O4/TCNQ/CHIT/GCE. The recovery studies were performed to provide further 

support for the applicability of the method (Table 3). The mean recoveries ranged between 99 

and 103 %. These results indicated that the biosensors suffered from little interference from 

sample matrix and thus can be used to determine xanthine in coffee samples. 

 

The results were also compared with those obtained by the HPLC method. A comparison of 

two methods for xanthine determination in coffee sample is presented in Table 4. The 

accuracy of the presented method was also checked by t-test. The t value is 1.53 for XOD/c-

MWCNTs/Fe3O4/TCNQ/CHIT/GCE and 0.41 for XOD/c-

MWCNTs/Co3O4/TCNQ/CHIT/GCE at 95% confidence level, for which tcritic is 2.78. It 

shows that there is no significant difference between the results obtained for the coffee sample 

by the proposed biosensors and those obtained by the HPLC method. It can be concluded that 

the xanthine biosensors could be applied in real samples satisfactorily and efficiently. 

 

Table 3. The result of the recovery studies of standard additions to coffee samples obtained 

with two xanthine biosensors. 

XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE
*
 XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE 

Xanthine added 

(mg L
-1

) 

Xanthine found 

 (mg L
-1

) 

Recovery 

% 

Xanthine added 

 (mg L
-1

)** 

Xanthine found 

(mg L
-1

) 

Recovery 

% 

− 1.44±0.09 − − 1.49±0.05 − 

1.48 2.89±0.07 101.5±8.1 1.48 2.96±0.06 99.5±7.9 

4.35 5.82±0.14 101.3±3.9 4.35 5.87±0.19 100.5±4.2 

7.11 8.82±0.60 103.4±7.1 7.11 8.71±0.75 103.0±6.9 

 *Results are expressed as   ̅     √  (n= 3). 

Table 4. Comparison between the results obtained by the proposed biosensors and by HPLC 

method for the determination of xanthine in coffee sample 
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Experiment No  HPLC XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE*  XOD/c-MWCNTs/Co3O4/TCNQ/CHIT/GCE 

1 

2 

3 

1.48 

1.46 

1.50 

1.47±0.04 

1.50 

1.48 

1.47 

1.49±0.05 

1.40 

1.46 

1.47 

1.44±0.09 

 *Results are expressed as   ̅     √  (n= 3). 

4. Conclusions 

 

Two xanthine biosensors were successfully developed using c-MWCNTs, MONPs, TCNQ 

and CHIT composites. In these composites c-MWNTs and MONPs act as efficient pathways 

for electron transfer, CHIT is an biocompatible polymeric binder as backbone, and TCNQ is 

an electron transfer mediator that minimizes the effect of interferences by lowering the 

operating potential. From the comparison of the analytical characteristics of the purposed 

biosensors, it can be concluded that both of them can be used for the determination of 

xanthine. However, XOD/c-MWCNTs/Fe3O4/TCNQ/CHIT/GCE showed a rather good long 

term stability, higher sensitivity, lower detection limit and wider linear working range. 

Furthermore, the developed biosensors have favorable analytical performance than most of 

the other xanthine biosensors reported in the literature and the proposed method is a good 

alternative to previously described methods because of its high selectivity and good 

sensitivity. 
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Highlights 

 Xanthine biosensors based on Co3O4-MWCNT-TCNQ and Fe3O4-MWCNT-TCNQ 

were fabricated 

 The analytical characteristics of the biosensors were compared 

 The Fe3O4 based biosensor exhibited lower detection limit and higher sensitivity 

 The presented biosensors were successfully applied to real sample analysis 
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