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Abstract 

 A novel glucose biosensor was developed by immobilizing glucose oxidase (GOD) on a 

three-dimensional (3D) porous kenaf stem-derived carbon (3D-KSC) which was firstly proposed as 

novel supporting materials to load biomolecules for electrochemical biosensing. Here, an integrated 

3D-KSC electrode was prepared by using a whole piece of 3D-KSC to load the GOD molecules for 

glucose biosensing. The morphologies of integrated 3D-KSC and 3D-KSC/GOD electrode were 

characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 

The SEM results revealed 3D honeycomb macroporous structure of integrated 3D-KSC electrode. 

The TEM results showed some microporosities and defects in the 3D-KSC electrode. The 

electrochemical behaviors and electrocatalytic performance of integrated 3D-KSC/GOD electrode 

were evaluated by cyclic voltammetry and electrochemical impedance spectroscopy. The effects of 

pH and scan rate on the electrochemical response of biosensor have been studied in detail. The 

glucose biosensor showed a wide linear range from 0.1 mM to 14.0 mM with a high sensitivity of 

1.73 μA mM-1 and a low detection limit of 50.75 μM. Furthermore, the glucose biosensor exhibited 

high selectivity, good repeatability and reproducibility, and nice stability. 
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1. Introduction 

The development of glucose detection technique has attracted great interest in recent years due to 

its expanding practical applications in food and fermentation analysis, textile industry, 

environmental monitoring, medical diagnosis, etc1-5. Many techniques have been used for 

monitoring glucose level, such as surface plasmon resonance6, near-infrared spectrum7, 

electrochemiluminescene8, fluorescence9,10, colorimetry11, electrochemistry12-14, etc. 

Electrochemical biosensors based on biomolecules immobilized on an electrode surface are 

promising tool owing to their high sensitivity, good selectivity, compatibility for miniaturization, 

easy operation and low cost. Great efforts have been devoted to immobilization of glucose oxidase 

(GOD) on an electrode surface, which is one of the main factors that affect the performance of 

glucose biosensors12,15,16.  

Over the past few years, nanomaterials with high electrical conductivity, large specific surface 

area and good catalytic activity have been introduced as supporting materials for immobilizing 

GOD molecules17-20. Among various nanomaterials, graphene has shown enormous potential for 

immobilization of GOD owing to its large specific surface area, two-dimensional honeycomb lattice 

and excellent electrical conductivities21,22. For example, Liu et al. reported a novel highly efficient 

glucose biosensor by covalently attaching amines of GOD to carboxyl groups of graphene oxide 

sheets23. Shan et al. also constructed a graphene-based electrochemical glucose biosensor with low 

detection limit24. However, graphene nanosheets were apt to aggregate after they were dropped on 

electrode surface due to strong van der Waals' forces and π– π interactions between individual 

sheets20. Accordingly, the performance of graphene-based electrochemical glucose biosensor could 

only be improved to some extent. Carbon nanotubes (CNT), showing some good properties similar 

to graphene, have also been extensively employed for immobilization of GOD25-28. Although the 
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close-packed structures could be suppressed appropriately, it still could not meet the present 

demand to construct glucose biosensor with high-performance. 

Biomass-derived three-dimensional (3D) porous carbon (PC) has attracted special attention 

because it could be cheaply prepared from a wide variety of low cost precursors29-36. As commented 

in our previous work36, the 3D kenaf stem-derived (KS) PC (3D-KSC) electrodes showed potential 

for applications in electrocatalysis, energy storage, electrochemical sensor and capacitor devices 

because of their large specific surface area, 3D porous structure, low-cost and environmental 

friendliness. Although the 3D-KSC electrodes have been used as a supporting material to construct 

a series of 3D-KSC/inorganic nanocomposites for electrochemical sensing platform36, they have not 

been explored to load biomolecules for electrochemical biosensing. It is well known that the 

development of new supporting materials to effectively load a large number of biomolecules on the 

electrode is very important for electrochemical biosensors. 

Herein, a novel electrochemical glucose biosensor was developed by employing low-cost, 

renewable and environmentally friendly integrated 3D-KSC electrode as a new supporting material 

to effectively load GOD molecules. As shown in Fig.S1 (ESI+), a whole piece of 3D-KSC was used 

to prepare an integrated 3D-KSC electrode and accordingly the complete 3D macroporous structure 

was kept, which provided a large specific surface area to immobilize a large number of GOD 

molecules effectively and improved mass transfer greatly. Some microporosities and defects in the 

3D-KSC electrodes enhanced the immobilization of GOD molecules greatly. Therefore, the 

3D-KSC electrodes could be used to immobilize GOD molecules better and the resulted biosensor 

showed superior electrochemical performance with good stability and reproducibility. It is first time 

that the 3D-KSC electrodes were used to immobilize biomolecules (eg. GOD molecules) for 

electrochemical biosensing.  
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2 Experimental 

2.1 Reagents and materials 

   Kenaf (hibiscus cannabinus) stems (KS) were obtained from a local farm (Futian, China) 

directly. Glucose oxidase (GOD, EC 1.1.3.4, 140 U mg−1) and nafion (5 wt.%) were obtained from 

Sigma. Graphite powder (99.95%, 325 mesh) was purchased from Aladdin Ltd. (Shanghai, China). 

Potassium ferricyanide (K3Fe(CN)6), potassium chloride (KCl), ascorbic acid (AA), uric acid (UA), 

mannose, fructose, lactose, glucose, etc, were obtained from Beijing Chemical Reagent Factory 

(Beijing, China). All reagents were of analytical grade and used as received. Phosphate buffer 

solutions (PBS, 0.2 M, pH 7.0) were prepared with 0.2 M NaH2PO4 and 0.2 M Na2HPO4. GOD 

solution (65 μM) was prepared in 0.2 M PBS (pH 7.0). All solutions were prepared with ultra-pure 

water purified by a Millipore-Q System (18.2 MΩ cm).  

2.2 Preparation of integrated 3D-KSC/GOD electrodes 

  The 3D-KSC was prepared by carbonization of dried KS at a high-temperature furnace according 

to our previous work36. The carbonization process was conducted in a tubular quartz reactor under 

N2 atmosphere with a heating rate of 5 °C min-1 and annealing for 2 h at 900 °C. The 3D-KSC was 

cut into cylinder with the outside diameter almost equal to the inside diameter of treated pipette tip 

and accordingly the cylindrical 3D-KSC could be immobilized in treated pipette tip firmly. The 

processed 3D-KSC was washed with ethanol and ultra-pure water alternately, dried naturally, and 

inserted into the treated pipette tip leaving about 0.2 mm long part outside. Then 1.0 g graphite 

powder and 0.25 g liquid paraffin were mixed and homogenized carefully in an agate mortar for 20 

min. After that, the homogenized mixture was packed into the upper part of pipette tip to contact the 

end of 3D-KSC. Here, about 0.2-0.3 mm long bottom of the pipette tip have no homogenized 

mixture and accordingly the pasty mixture did not flow out. And then, a copper wire was inserted 

into the pipette tip to electrically connect with the end of 3D-KSC via the graphite powder. After the 

homogenized mixture paste was naturally dried at room temperature, the copper wire was further 

immobilized by using parafilm or epikote as shown in Fig. S1 (ESI+). Finally, a thin layer of 
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transparent nail polish was coated on the gap between the treated pipette tip and the 3D-KSC in 

order to avoid the solution into the treated pipette tip. The schematic structure of the 3D-KSC 

electrode was illustrated in detail in Fig. S1 (ESI+). The 3D-KSC electrode was immersed into 65 

μM GOD solution at 4 ºC for 12 h. Finally, the modified electrode was rinsed by ultra-pure water to 

remove weakly bound molecules and stored at 4 ºC for further use. The resulted electrode was 

referred as 3D-KSC/GOD electrode. The preparation procedure was also illustrated in Fig. S1 

(ESI+). 

2.3 Apparatus   

  Cyclic voltammograms (CVs) and electrochemical impedance spectroscopy (EIS) were carried 

out with a CHI750D electrochemical workstation (CHI, China). A three-electrode configuration was 

used with a platinum wire as the auxiliary electrode, a saturated calomel electrode (SCE) as the 

reference electrode, and a 3D-KSC/GOD electrode as the working electrode. The effective surface 

areas (Aeff) of various 3D-KSC were estimated before use based on the CVs in 0.1 M KCl solution 

containing 5.0 mM Fe(CN)6
3−/4- at 50 mV s-1 according to Randles-Sevcik equation as shown in Fig. 

S2 (ESI+). The currents have been normalized based on the Aeff. Other CVs was carried out in 10.0 

mL of 0.2 M PBS (pH 7.0) at room temperature. EIS was characterized at open circuit potential in 

the frequency range from 0.01 Hz to 105 Hz with the amplitude 5 mV. The scanning electron 

microscopy (SEM) analysis was taken using a XL30 ESEM-FEG SEM at an accelerating voltage of 

20 kV equipped with a Phoenix energy dispersive X-ray analyzer (EDXA). Transmission electron 

microscopy (TEM) images were taken on JEOL JEM-2100 microscopes operated at an acceleration 

voltage of 200 KV. 

3 Results and discussion 

3.1 Characterization of 3D-KSC/GOD electrodes 

The SEM was firstly employed to investigate the morphology of 3D-KSC and 3D-KSC/GOD 

electrode. As shown in Fig. 1A-C, many macropores appeared in the 3D-KSC electrode, revealing 
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the hollow structure inside. Their diameters were estimated to be about 10 μm. The TEM image 

clearly revealed many black and white spots on the 3D-KSC (Fig. S3, ESI+), which indicated 

microporous structures and some defects in the graphite nanosheets. Magnified SEM images (Fig. 

1B and C) showed that the inner wall of pores was smooth. When GOD molecules were assembled 

on the 3D-KSC electrode, the inner wall of pores in the 3D-KSC/GOD electrode became rough and 

uneven with an opaque layer of fuzzy-like substance which might result from the adsorption of 

GOD molecules on inner wall of pores (Fig. 1E and F). Moreover, the structure of GOD molecules 

might be destroyed when electron beam pierced the protein and accordingly the pore surfaces of 

3D-KSC/GOD electrode became fuzzy. The results clearly demonstrated the successful 

immobilization of GOD molecules on the 3D-KSC electrode. 

“Here in Fig. 1” 

3.2 Electrochemical behaviors of 3D-KSC/GOD electrodes 

The EIS has been a popular tool to monitor the electrode assembly process due to its immediate 

and sensitive response to the electrode surface changes37. Fig. 2 showed the EIS of 3D-KSC/GOD 

electrode (curve a) and 3D-KSC electrode (curve b) in 5 mM Fe(CN)6
3-/4- containing 0.1 KCl as 

supporting electrolyte. The inset showed a Randles equivalence circuit model which was chosen to 

fit the impedance data38. In the Randles circuit, the resistance to charge transfer (Rct) and the 

diffusion impedance (W) were both assumed in parallel to the interfacial capacity (Cdl). The parallel 

structure of Rct and Cdl gave rise to a semicircle in the complex plane plot of Zim against Zre. The Rct 

of 3D-KSC electrode (25 , curve b) was extremely small. After the GOD was coated on the 

3D-KSC electrode surface, an obvious increase of Rct (75 , curve a) was observed. It might be 

ascribed not only to hindrance of GOD molecule layer to Fe(CN)6
3−/4− but also to electrostatic 

repulsion between Fe(CN)6
3−/4− and negatively charged GOD molecules39. Therefore, the increase 

of Rct also indicated that the successful immobilization of GOD molecules on the surface of 
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3D-KSC electrode. 

“Here in Fig. 2” 

  Fig. 3A showed the CVs of 3D-KSC/GOD electrode in 0.2 M N2-saturated PBS with pH from 6.0 

to 8.0 at a scan rate of 100 mV s−1. The formal potential (E0 = (Epa + Epc)/2) displayed a linear 

relativity to pH with slope of -58.64 mV/pH (R = −0.999) (inset of Fig. 3A). This value was very 

close to the theoretical value of −58.6 mV/pH for the two-electron and two-proton transportation 

process of FAD/FADH2 redox couples in the GOD40. The effect of the potential scan rate on the 

electrochemical performance of 3D-KSC/GOD electrode was shown in Fig. 3B. The redox peak 

current increased linearly as the potential scan rate increased from 50 to 1000 mV s−1 (inset of Fig. 

3B), indicating a quasi-reversible surface-controlled electrochemical process41. The surface 

coverage (Γ, in mol cm-2) of GOD on the 3D-KSC electrode could be determined based on 

Faraday’s law:41 

RT

AFn

RT

nFQ
I P

44

*22  
                                         (1) 

This equation could be transferred as the following expression: 

nFA

Q
*                                                     (2) 

where Q is the charge consumed in the CVs, n is the electron transfer number (n=2 for direct 

electron transfer of GOD which has been proven by above result), F is Faraday constant (F = 96493 

C mol−1 41) and Aeff is the effective surface areas of the electrode. The Γ value of 3D-KSC/GOD 

electrode was calculated to be 3.99×10-10 mol cm-2 which was much higher than the theoretical 

molecular monolayer surface coverage (1.4×10-12 mol cm-2). The large Γ might be ascribed to the 

3D porous structure of integrated 3D-KSC electrode which provided a large specific surface area to 

effectively immobilize a large number of GOD molecules. Moreover, some microporosities and 
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defects in the integrated 3D-KSC electrode might also enhance the immobilization of GOD 

molecules.  

  At scan rate of 100 mV s−1, the ΔEp=33 mV and nΔEp=66 mV < 200 mV, the electron transfer 

coefficient (αs) was determined to be 0.5. The electron-transfer rate constant (ks) could be estimated 

based on Laviron theory42:  

ks = mnFυ/RT                                           (3) 

where n is the electron transfer number (n=2), F is Faraday constant (F = 96493 C mol−1), υ is the 

scan rate, R is the gas constant (R = 8.314 J mol−1 K−1), T is the temperature in Kelvin (T = 298 K) 

and m is a constant which relates to ΔEp. The ks was calculated to be 3.45 s-1 for the 3D-KSC/GOD 

electrode, larger than that of previous reported gelatin-multi-walled carbon nanotube 

/GOD/glutaraldehyde/GCE of 1.08 s-1 25 and GOD/PDDA/multi-walled carbon nanotube 

(MWCNT)-AuNPs/GCE of 1.01 s-1 43. The results indicated that the 3D-KSC electrode did promote 

the electron transfer of GOD molecules. The fast electron transfer might be attributed to the 3D 

porous structure of 3D-KSC electrode which improved the diffusion of electrolyte between GOD 

and electrode surface to help for the electron transfer. The good electrical conductivity of 3D-KSC 

electrode36 and uniform distribution of GOD molecules on the 3D-KSC electrode further enhanced 

the electron transfer. 

“Here in Fig. 3” 

3.3 Electrocatalytic properties of 3D-KSC /GOD electrodes 

As shown by the pink curve in Fig. 4A, the CVs of 3D-KSC/GOD electrode exhibited an obvious 

cathodic peak and a disappeared anodic peak in the presence of O2, indicating a typical 

electrocatalytic reduction of O2
44. The cathodic current decreased gradually with the increase of 

glucose concentration, indicating the consumption of O2. Thus, the glucose could be catalytically 

oxidized into gluconolactone by GOD on the 3D-KSC/GOD electrode and the generated 
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GOD(FADH2) could be oxidized into GOD(FAD) by O2. The possible mechanism could be shown 

by following equations45,46. 

Glucose + GOD (FAD)         Gluconolactone + GOD (FADH2)    (4) 

GOD (FADH2) + O2         GOD (FAD) + H2O2                 (5) 

In total: 

Glucose + O2      GOD    gluconolactone + H2O2                  (6) 

The 3D-KSC/GOD electrode could be used to detect glucose based on the changes of O2 

reduction peak current47. Fig. 4A and (Fig. S4, ESI+) showed the CVs of 3D-KSC/GOD electrode in 

O2-saturated 0.2 M PBS (pH 7.0) with various concentrations of glucose at a scan rate of 50 mV s-1. 

As shown in Fig. 4B, the cathodic peak current decreased linearly with the increase of glucose 

concentration from 0.1 to 14.0 mM with a sensitivity of 1.73 μA mM-1. The detection limit was 

estimated to be about 50.75 μM based on the criterion of signal-to-noise ratio of 3. A large number 

of GOD molecules immobilized on the porous structure of 3D-KSC electrode might result in the 

wide linear range and the low detection limit.  

To exhibit the advantages of proposed biosensor, the analytical performances of developed 

biosensor were compared with other glucose sensors in Table 1. Results illustrated that the designed 

biosensor exhibited a wide linear range and a high sensitivity toward glucose detection. As 

discussed above, some defects and microporosities in the 3D-KSC electrode resulted in a good 

adsorption for GOD molecules. The 3D porous structure of 3D-KSC might improve the mass 

transfer and provide a large specific surface area to effectively load a large number of GOD 

molecules. The good electrical conductivity of 3D-KSC electrode36 and uniform distribution of 

GOD molecules further enhanced the electron transfer. As a consequence, the developed biosensor 

has a good performance. Furthermore, the synthesis of other carbon materials was always complex, 

and the 3D-KSC was a kind of natural and simple-fabricated material. As could be seen, the 
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comparison of analytical performance of our proposed glucose biosensors with selected ones that 

have been proposed by others in earlier publications in Table 1 perhaps don’t have a very clearly 

significant advancement. However, it is possible that further treatment by N-doping or fabricating a 

lot of porosities or defects in the 3D-KSC electrode should improve the performance of our 

developed biosensor.  

“Here in Fig. 4” 

“Here in Table 1” 

3.4 Repeatability, reproducibility and stability of the biosensor 

Electrochemical experiments have been repeated for 6 times to ensure the reliability of data. 

Here, the KSC-GOD electrodes were made not only by using one batch of pyrolyzed KS but also by 

using different batches of pyrolyzed KS. The electrochemical results indicated that these 

3D-KSC/GOD electrodes had no obvious difference (Fig. S5, ESI+). And the relative standard 

deviation (RSD) was about 4.68 %. The repeatability of biosensor was investigated by successively 

detecting 5.0 mM glucose for 6 times, and the RSD was about 3.68 %, indicating a good 

repeatability. The current responses were checked daily up to 10 days, and the current response was 

still retained 97.4 % value of the initial response. The results indicated that the 3D-KSC/GOD 

electrode showed good repeatability, reproducibility and stability. 

3.5 Interference and glucose detection in human blood serum 

Some possibly coexisting materials such as some carbohydrates, AA and UA were used to test 

the selectivity of the glucose biosensor. The 3D-KSC/GOD electrode was first kept in a stirred 0.2 

M O2-saturated PBS (pH 7.0) at scan rate of 100 mV s-1 and then a 2.0 mM glucose solution was 

added. After that, 6.0 mM UA, 6.0 mM AA, 6.0 mM fructose, 6.0 sucrose and 6.0 mM mannose 

were added sequentially. The results indicated that the possibly coexisted materials have no obvious 

interference for the detection of glucose as shown in Fig 5 and Fig. S6 (ESI+). Hence, a highly 

Page 11 of 24 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

na
ly

st
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 0
9 

Ju
ne

 2
01

5.
 D

ow
nl

oa
de

d 
by

 N
or

th
 D

ak
ot

a 
St

at
e 

U
ni

ve
rs

ity
 o

n 
21

/0
6/

20
15

 1
4:

43
:1

0.
 

View Article Online
DOI: 10.1039/C5AN00200A

http://dx.doi.org/10.1039/c5an00200a


12 
 

selective response to glucose was obtained without the use of a perm-selective membrane or 

enzymatic preoxidation.  

In order to evaluate the practical application of developed biosensor in clinical analysis, the 

3D-KSC/GOD electrode was utilized to detect glucose in human serum samples without any 

pretreatment except a dilution step (2-fold with PBS). The concentration of glucose in a serum 

sample was determined to be 2.76 mM which was close to the standard value of 2.69 mM 

determined by colorimetric enzymatic method. To evaluate the accuracy of developed glucose 

biosensor, different amounts of glucose were added into human serum samples for recovery tests. 

The test results from four repeated experiments were listed in Table S1 and Fig. S7 (ESI+), which 

showed acceptable recoveries between 97.7% and 109% and the RSD lower than 4.47%. The 

results indicated that the method we developed was reliable and applicable in real human sample 

analysis. 

“Here in Fig. 5” 

4. Conclusion 

In summary, a promising glucose biosensor based on GOD molecules immobilized on the 

3D-KSC electrode was successfully achieved. The results proved that the integrated 3D-KSC 

electrode could be used to effectively load a large number of biomolecules for electrochemical 

biosensing. The 3D porous structure obviously improved the mass transfer. The excellent 

conductivity was favorable for electron transfer between biomolecules and electrode surface. Some 

defects and microporosities formed in the 3D-KSC electrode resulted in a good adsorption of GOD 

molecules. The CVs results showed a pair of well-defined redox peaks corresponding to the 

electron transfer of GOD, which indicated that the direct electron transfer between GOD and the 

3D-KSC electrode could be achieved. With wide linear range, high sensitivity and good selectivity, 

the new designed biosensor might be used for the detection of glucose concentrations in practical 
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samples. Moreover, it is possible to fabricate other analogous enzyme electrode based on the 

integrated 3D-KSC electrode.  
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Table 1 Comparison of analytical performance of some GOD-based glucose biosensors. 

 

 

Glucose biosensors Detecting limit 

(μM) 

Linear range 

(mM) 

Reference 

GOD/MWCNT-chitosan 20 1.0-10.0 [48] 

GOD/graphene-CdS 700 2.0-16.0 [49] 

Nafion-mesocellular graphene foam-GOD/GCE 250 1.0-12 [50] 

GOD-graphene-AuNPs-chitosan 180 2-10 [51] 

GOD– carbon nanotubes paste electrodes 600 0-25 [52] 

GOD/cysteame/AuNPs/ITO 15 0.04-4.80 [53] 

GOD/BSA/ AuNPs -Pb NWs/Pt 2 0.05-2.2 [54] 

GOD-Sol-Gel-CNTs electrode 50 0.2-20 [55] 

Graphene/AuNPs/chitosan/Au electrode 180 2-14 [51] 

GOD/KSC electrode 50.75 0.1 -14.0 In this work 
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Figure captions 

Fig. 1. SEM images of (A-C) 3D-KSC and (D-F) 3D-KSC/GOD electrode. 

Fig. 2. EIS of 3D-KSC/GOD electrode (curve a) and 3D-KSC electrode (curve b) in 5.0 mM 

Fe(CN)6
3-/4- containing 0.1 KCl. Inset is the equivalent circuit. 

Fig. 3. (A) CVs of 3D-KSC/GOD modified electrode in 0.2 N2-saturated PBS with pH from 6.0 to 

8.0 at a scan rate of 50 mV s-1 (from left to right: pH 8.0, 7.5, 7.0, 6.5 and 6.0). Inset: plot of pH 

versus Eθ′. (B) CVs of 3D-KSC/GOD electrode in 0.1 M N2-saturated PBS (pH 7.0) at different 

scan rates (from inner to outer: 50, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV s-1). 

Inset: linear dependence of Ipa and Ipc on scan rates.  

Fig. 4. (A) CVs of 3D-KSC/GOD electrode and (B) calibration curve in 0.2 M O2-saturated PBS 

(pH 7.0) at scan rate of 50 mV s-1 in the presence of glucose with various concentrations. The 

potential chosen reading done for calibration curve construction was -0.5 V. 

Fig. 5. Comparison of CVs response of 3D-KSC/GOD in 0.2 M O2-saturated PBS in the presence 

of glucose and other interfering substances. 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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