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Abstract 
The integration of the enzymes on the solid electrode surfaces is an indispensable step for the construction of the bioelec-
trochemical electrode. In the current work, the blend nanofibers consisting of poly (vinyl alcohol) and poly(ethyleneimine) 
were deposited by the electrospinning method on an  H2O2-sensitive modified glassy carbon electrode. Glucose oxidase was 
immobilized on the glutaraldehyde-activated blend nanofibers. Bioelectrochemical electrode displayed a good linear response 
to the glucose concentration ranges with two separate calibration curves, from 2 to 8 mmol  L−1 and from 10 to 30 mmol  L−1. 
Besides, it showed a high anti-interference performance against ascorbic and uric acids as well as long-term storage stabil-
ity over 63 days. Moreover, analysis results in a diluted human serum sample showed that the prepared bioelectrochemical 
electrode has the ability to measure glucose in real samples.

Graphic abstract
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1 Introduction

In recent years, much research has been conducted over 
bioelectrochemical electrodes (BEC), which are employed 
for the recognition of various target analytes [1–3]. These 
constructed electrodes often employ one or more enzymes 
to exploit the functions tendered by natural structures of 
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enzymes. Especially, reduction–oxidation enzymes have 
been considerably used in biosensor development due to 
their ability to catalyze reactions based on electron transfer 
[4–6]. There are two major challenges to the construction of 
the BECs: (i) assembly of the enzyme onto an electrode sur-
face [7, 8] and (ii) communication between the immobilized 
enzyme and the electrode [9–11].

Simple immobilization techniques are used to assemble 
an enzyme on the electrode surface and to provide the neces-
sary microenvironments for the protection of the sensitive 
structure of the enzymes [7, 12, 13]. Enzymes have been 
assembled on the electrode by different immobilization 
techniques such as physical attachment [14, 15], entrap-
ment [16], layer-by-layer assembly [17, 18], and covalent 
attachment [19]. Among these techniques, the advantage of 
covalent immobilization is minimized leakage of the immo-
bilized enzyme from the electrode surface, which leads to an 
increase in the stability of the BEC [20, 21].

Nanofibers are used as support materials because they 
have a high surface area to volume ratio. They also provide 
good chemical stability, and alterable porosity, facilitat-
ing the development of various sensing devices [22–24]. 
Enzymes are immobilized on nanofibers by using different 
immobilization techniques so that nanofibers can provide an 
interface between electrode and enzymes for the construc-
tion of the stable BEC [25–27].

Poly (vinyl alcohol) (PVA) is a biocompatible polymer 
that has been widely used for enzyme immobilization. 
Unlike many other polymers, PVA can be electrospun using 
water as a solvent to form nanofibers. These nanofibers 
are capable of providing mechanical support for enzyme 
immobilization [28, 29]. As a water-soluble polymer, poly 
(ethyleneimine) (PEI) has abundant primary amino groups 
that able to react with the glutaraldehyde molecule. It is 
possible to produce PVA-based nanofiber containing PEI by 
mixing PVA and PEI solutions by electrospinning technique 
[30, 31]. In this way, blend nanofiber bearing amine groups 

is obtained. Several support materials containing amine 
groups have been widely used for covalent immobilization 
of enzymes [32, 33].

Communication between the enzyme and electrode is a 
very important criterion for generating a measurable current 
[33–35]. This communication is possible in three different 
ways: (i) product-based communication resulting from the 
catalytic activity of enzymes. The products of this catalytic 
activity are exposed to electrochemical oxidation or reduc-
tion, which takes place on the electrode, generating a meas-
urable current [36–38], (ii) mediator-based communication 
[16, 39], and (iii) the direct electron transfer-based commu-
nication [34, 40]. Modification of the solid electrode surface 
is an important part of the electrochemical biosensor studies 
for obtaining a sensitive and selective BEC [41, 42].

The aim of this study was to design a stable and selective 
glucose biosensor with a measuring range that can be used 
for direct glucose measurement in blood samples of healthy 
people and diabetic patients requiring neither stirring nor 
dilution of the samples. In this work, an  H2O2-sensitive 
modified glassy carbon electrode (MGC) was prepared by 
the electrochemical treatment method [43]. Glucose oxidase 
(GOx) was chosen as a model enzyme to construct BEC 
on MGC. The reason why GOx was used is that the cata-
lytic activity of GOx generates  H2O2 and also it has a low 
cost [44–46]. The PEI/PVA blend nanofibers were used as 
a biocompatible platform for enzyme immobilization in the 
development of enzyme-based biosensor. PEI/PVA blend 
nanofibers were employed on the electrode surface as fixa-
tion material to obtain stabilized GOx molecules. To fabri-
cate BEC, the surface of MGC was coated with PEI/PVA 
blend nanofibers via electrospinning technique. After the 
activation of the amine groups of PEI with glutaraldehyde, 
the GOx was immobilized on the blend nanofiber [47]. The 
whole fabrication strategy of the BEC is shown in Scheme 1. 
The prepared BEC performs glucose detection depending on 
two basic reactions. The first is that GOx, immobilized on 

Scheme 1  Schematic descrip-
tion of the GOx-based BEC 
construction
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the PEI/PVA blend nanofibers, converts the glucose into glu-
conic acid. In the meantime, a second product of the enzy-
matic reaction, electroactive  H2O2 is also formed [44]. The 
PEI/PVA blend nanofibers on the surface of the MGC are 
permeable to diffusible species and are nonconducting. The 
 H2O2 formed as a result of the oxidation of glucose moves 
along this permeable nanofiber structure and reaches the 
MGC surface. The electrocatalytic decomposition of  H2O2 
under oxidative electrode voltage causes electron transfer 
from  H2O2 to the MGC. This electrocatalytic decomposition 
results in the generation of a measurable electrical signal 
that represents the glucose concentration. The constructed 
BEC was used for specific glucose measurements in the 
solution under non-stirred conditions. It was also tested for 
reusability, storage stability, and anti-interference ability. 
Finally, the BEC was used for glucose analysis in a diluted 
human blood serum sample.

The most important result of this study is that the pre-
pared BEC exhibited a suitable linear range for glucose 
detection without dilution from blood samples of healthy 
and diabetic patients under non-stirred media. The prepared 
BEC also demonstrated high performance in reuse and stor-
age stability as well as in selectivity.

2  Materials and methods

2.1  Materials

Glucose oxidase (from Aspergillus niger, type X-S), PEI 
aqueous solution (50 wt%), and fructose were purchased 
from Sigma. PVA  (Mw is 145.000 g mol−1), glutaraldehyde 
(25 wt%), sodium hydroxide, sodium dihydrogen phosphate, 
glucose, mannose, galactose, and sucrose were purchased 
from Merck. All aqueous solutions were prepared with 
deionized water from an Elga Purelab Classic water puri-
fication system.

2.2  Instruments

Phywe HV-power supply (Germany) was used to produce a 
high voltage for the preparation of the nanofiber. The poly-
mer solution feed rate was controlled by a syringe pump 
(New Era, USA). Bruker Vertex 70 V FT-IR spectropho-
tometer (Bruker, Ettlingen, Germany) was used to obtain 
infrared spectra. Scanning electron microscope (SEM) 
photograph was taken by Zeiss EVO LS10 (Germany) for 
the observation of the form and diameter of the nanofibers 
(working voltage: 25 kV). UV–Visible (UV–Vis) absorption 
spectra of the GOx solution, and the films were recorded 
with a Perkin Elmer Lambda 35 (USA) spectrophotometer. 
Electrochemical experiments were performed on a CHI 
660B electrochemical workstation (CH instrument, USA). 

Electrochemical experiments were carried out at room tem-
perature (23 ± 2 °C) with a glassy carbon electrode (GC) 
(3.0 mm diameter, CHI) as the working electrode, a com-
mercial Ag/AgCl (3 M KCl) electrode (CHI) as the refer-
ence, and a Pt wire as the counter electrode.

2.3  Preparation of  H2O2‑sensitive MGC

The GC was cleaned with 0.3 and then 0.05 µm alumina 
slurry and finally washed in an ultrasonic deionized water 
bath for 3 min. The MGC was prepared by the cyclic voltam-
metry technique in a 0.5 mol  L−1 sodium hydroxide solution. 
The electrical potential was changed from 0.0 to 1.0 V with a 
scan rate of 30 mV s−1. The MGC was rinsed with deionized 
water and then stored in a phosphate buffer (PB) solution 
(50 mmol  L−1, pH 7.1).

2.4  Preparation of the nanofiber‑coated MGC

The PVA solution (0.12 g mL−1) was prepared by dissolving 
the PVA granules in boiling deionized water. After cooling 
the PVA solution to 25 °C, the PVA solution was mixed with 
adequate amount of PEI solution (50% w/w) and deionized 
water under magnetic stirring for 2 h to achieve a homo-
geneous solution (final concentrations of PVA and PEI are 
0.1 g mL−1 and 0.02 g mL−1, respectively). The PEI/PVA 
solution was loaded into a plastic syringe equipped with a 
stainless-steel needle. The PEI/PVA blend nanofibers were 
deposited on the MGC by electrospinning technique. The 
nanofibers were deposited by applying a high voltage of 
20 kV to the needle tip and MGC with 8 cm spacing between 
them. The mixed polymer solution was fed at a rate of 10 µL 
 min−1 using a syringe pump. The nanofibers on MGC were 
dried for 2 h at room temperature.

2.5  Enzyme loading on PEI/PVA nanofiber‑coated 
MGC

The nanofiber-coated MGC was incubated for 5 h in gluta-
raldehyde solution (1%w/w) for activation of amine groups 
of PEI in nanofibers structure [48]. Following the activation 
step, the electrode was washed in deionized water to remove 
the unattached glutaraldehyde. A 20 µL of the GOx solution 
(10 mg mL−1, pH 7.1) was dropped onto the glutaraldehyde-
activated PEI/PVA nanofiber-coated MGC and kept at room 
temperature for 1 h for covalent binding of the enzyme. 
Then a 10 µL of the glutaraldehyde solution (0.1%w/w) was 
dropped onto the enzyme-immobilized electrode surface 
for crosslinking of GOx molecules and kept at room tem-
perature for 1 h [49, 50]. Then the electrode was washed in 
deionized water to remove the loosely bound molecules. The 
prepared BEC was stored at + 4 °C in PB solution (pH 7.1).
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2.6  UV–Visible spectroscopic measurements

For UV–Visible absorption measurement, the PEI/PVA film 
(about 1 mm thickness) was prepared by drying the PEI/PVA 
solution (PVA and PEI were 0.1 g mL−1 and 0.02 g mL−1, 
respectively) in a petri dish for 48 h at 40 °C. Then the PEI/
PVA film was cut into test sections in appropriate sizes 
(about 1 × 2 cm). The GOx was immobilized on the PEI/
PVA blend structure after the activation of the film with 
glutaraldehyde. The PEI/PVA film was rinsed three times in 
the PB solution after each step. The film was dried at room 
temperature before UV–visible absorption measurement.

2.7  Electrochemical measurements

Differential pulse voltammetry (DPV) parameters were 
adjusted to a scan rate of 0.025 V s−1, 0.05 V pulse ampli-
tude, and 0.05 s pulse width. Electrochemical measurements 
were carried out in a 1 mL solution under non-stirred condi-
tions. The electrochemical measurements were performed 
immediately after the electrode was immersed in the solu-
tion. The current value was calculated as the average of three 
different measurements.

3  Results and discussion

3.1  H2O2 sensitivity of the MGC

In order to improve the  H2O2 sensitivity of the GC, the GC 
was modified by electrochemical treatment method in a basic 
solution. The electrochemical modification of the GC was 
performed under the potentiodynamic conditions where the 
potentials were cycled between 0.0 V and + 1.0 V for 20 
cycles (Fig. S1 in the Supporting Information shows the 
cyclic voltammograms for this experiment). The current 
increases were measured during the 1st and 20th potential 
cycles of the electrochemical treatment. These changes in 
current values demonstrate that the surface properties of the 
GC were improved for electrocatalytic oxidation of some 

biomolecules [43]. The electrocatalytic properties of the 
GC and MGC were investigated using the DPV technique 
in the 5 mmol  L−1  H2O2 solutions (pH 7.1). As shown in 
Fig. 1A, a relatively broad and weak peak was observed at 
about + 1.20 V at the GC. However, the MGC, changing the 
peak potential to + 0.92 V, produced more clear peak shape 
and pretty high peak current. The changing peak potential 
and increasing peak current indicate that the MGC has an 
electrocatalytic effect on the  H2O2 oxidation. Figure 1B 
illustrates the response of MGC on different  H2O2 concen-
trations. The DPV voltammograms clearly show that the 
oxidation peak currents were gradually increased with the 
increase in concentrations of the  H2O2. These results suggest 
that the MGC has the ability of product-based electrochem-
ical communication with  H2O2 produced by the catalytic 
activities of the enzymes.

3.2  Characterization of the nanofibers 
and immobilized enzyme

PEI/PVA nanofibers were used as an immobilization plat-
form for GOx. To this end, the MGC was coated with PEI/
PVA nanofibers. The surface morphology of PEI/PVA 
nanofibers was characterized by SEM. Figure 2A shows 
the formation of uniform PEI/PVA nanofibers stacked ran-
domly on each other with a web appearance. The diameters 
of nanofibers are ranged from 350 to 500 nm. As revealed 
by the SEM image, the nanofiber structure of PEI/PVA was 
formed on the MGC.

After activation of the nanofibers with glutaraldehyde, 
the GOx was immobilized on nanofibers. The immobilized 
GOx molecules were crosslinked with glutaraldehyde to pre-
vent the enzyme leakage from the surface and to improve 
the enzyme stability. To verify the successful preparation of 
the GOx-immobilized nanofiber, FT-IR spectra of the PVA 
nanofibers, PEI/PVA nanofibers, glutaraldehyde-activated 
PEI/PVA nanofibers, and GOx-immobilized nanofibers were 
obtained for structural characterization (Fig. 2B). As shown 
in (a) section of Figure that represents the FT-IR spectrum 
of PVA nanofibers, the broadband at 3300 cm−1 indicates 

Fig. 1  A DPV voltammograms 
of GC (  ), MGC (  )  
in the presence of 5 mmol  L−1 
 H2O2 and MGC (  ) in only 
PB (PB solution: 50 mmol  L−1, 
pH 7.1). B DPV voltammo-
grams of MGC in PB solutions 
(50 mmol  L−1, pH: 7.1) contain-
ing various concentrations of 
 H2O2 (  1,  0.5, 

 0.2,  0.1 mmol 
 L−1,  only PB). (Color 
figure online)
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the OH stretching peak. The peak at about 2900 cm−1 is 
stretching vibrations (CH). The peaks at 1420 cm−1 and 
1320 cm−1 can be attributed to bending vibrations (OH and 
CH). In (b) section of Figure, the new peaks at 2840 cm−1, 
1580 cm−1, and 1140 cm−1 correspond to stretching and 
bending vibration peaks of amine groups of PEI. These 
results confirm that PEI is involved in the PVA nanofiber 
structure. As shown in (c) section of Figure, the broad peak 
at 3350 cm−1 can be related to the aldehyde groups of the 
glutaraldehyde on nanofibers. The peak at 1712 cm−1 (C=O) 
was ascribed to carbonyl groups (free) of the glutaraldehyde, 
and the peak at 1640 cm−1 (C=N) was attributed to the imine 
bond formed by reaction between aldehyde and amine of 
PEI. These findings show that glutaraldehyde is bound to 

the nanofibers, and this nanofiber structure contains the free 
aldehyde groups for enzyme immobilization. The spectrum 
in the (d) section of Fig. 2B shows some remarkable changes 
resulting from the reaction of the glutaraldehyde with the 
amino group of GOx. The peak shape at 3300 cm−1 changed 
and the intensity of peaks at 1630 cm−1 and 1530 cm−1 
increased. These changes can be attributed to the formation 
of the new imine groups by the reaction of the aldehyde 
groups with the amine groups of the enzyme. Furthermore, 
the peptide bonds of the GOx give rise to several amide 
vibrations. The findings confirm the immobilization of GOx 
molecules on PEI/PVA nanofibers.

The UV–Visible spectroscopic measurements could 
provide information about confirmation for the GOx 

Fig. 2  A SEM image of PEI/PVA blend nanofiber. B FT-IR spectra 
of nanofibers. PVA nanofibers (a), PEI/PVA nanofibers (b), glutar-
aldehyde-activated nanofibers (c), and GOx-immobilized nanofibers 
(d). C UV–visible absorption spectra. PEI/PVA film (a), glutaralde-
hyde-activated PEI/PVA film (b), GOx-immobilized PEI/PVA film 

(c), and GOx solution (d). D DPV voltammograms in PB solutions. 
GC (  ), BEC (  ) in the presence of 5 mmol  L−1 glucose, 
and BEC (  ) in only PB (PB solution: 50 mmol  L−1, pH 7.1). 
(Color figure online)
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immobilization on the PEI/PVA blend structure. Figure 2C 
shows the spectra of the PEI/PVA film, the glutaraldehyde-
activated PEI/PVA film, and the GOx-immobilized PEI/PVA 
film. The spectrum of the GOx solution was also taken for 
comparison. As shown from the figure, the PEI/PVA film 
(curve a) did not show any absorption peak in the examined 
spectral region. However, the glutaraldehyde-activated PEI/
PVA film (curve b) showed a weak absorption peak around 
538 nm. This peak can be attributed to the imine bond 
formed by the reaction between aldehyde and amine of PEI. 
The spectrum of the GOx-immobilized PEI/PVA film (curve 
c) showed a more intense peak at the same wavelength. This 
increase in peak intensity can be attributed to more imine 
bonds formed by the crosslinking of the GOx with glutar-
aldehyde on the film surface. This difference shows that the 
GOx was immobilized on the PEI/PVA blend structure. The 
examination of the spectrum of the GOx solution (curve d) 
revealed an increase in the absorbance values of the spec-
trum between 510 and 450 nm wavelength. The spectrum 
of the GOx-immobilized PEI/PVA film showed a similar 
increase to the spectrum of the GOx solution in the same 
region. (The starting points of the increase are marked on 
the figure with a double arrow.) The results indicated that 
the GOx was immobilized on the PEI/PVA blend structure.

To provide more definitive evidence for the immobiliza-
tion of GOx on the MGC, the responses of the GC and the 
BEC to the glucose solution (5 mmol  L−1) were compared 
using the DPV technique. The DPV voltammograms of the 
GC and the BEC were given in Fig. 2D. As seen in the fig-
ure, no response of the GC to glucose was obtained. In con-
trast, the BEC showed a defining peak dependent on glucose, 
which indicates that the GOx was immobilized on the MGC 
surface by nanofibers and continues its activity.

Besides, the cyclic voltammetry technique was used to 
produce new evidence for the GOx immobilization. To this 
end, the cyclic voltammograms of GC, PVA nanofiber-
coated MGC, PEI/PVA nanofiber-coated MGC, glutaral-
dehyde-activated PEI/PVA nanofiber-coated MGC, and 
the GOx immobilized on MGC by nanofibers were taken 
in glucose solution (Fig. S2 in the Supporting Information 
shows the cyclic voltammograms for this experiment). The 
voltammogram of the GOx-immobilized MGC was the only 
one that showed the peak defining the glucose molecule (at 
about + 1.0 V). The other four voltammograms exhibited a 
similar shape. No peak representing glucose occurred on 
these voltammograms, thus indicating that the GOx was 
immobilized on the MGC surface by nanofibers and showed 
its activity for glucose detection.

3.3  The response of the BEC to glucose solutions

The analysis performing skill of the prepared BEC was 
measured with various glucose concentrations (pH 7.1) 

from 1 to 30 mmol  L−1. In Fig. 3A, DPV voltammograms 
display the response of the BEC to different glucose concen-
trations. The peak currents of the voltammograms rose as 
the amount of glucose in solutions was increased. Figure 3B 
shows the peak current values corresponding to the glucose 
concentrations. The peak current of DPV voltammograms 
was calculated using the software of CHI 660 B electro-
chemical workstation as depicted in the inset of Fig. 3B. 
As can be seen from the figure, the concentration-depend-
ent current increase rate did not show the same tendency 
throughout the studied glucose concentration values. This 
can be attributed to the limited number of enzymes immo-
bilized on the electrode surface [51, 52]. The peak current 

Fig. 3  A DPV voltammograms of BEC in PB solutions (50  mmol 
 L−1, pH: 7.1) with different glucose concentrations (  30, 

 20,  15,  12,  10,  8,  6, 
 5,  4,  2,  1 mmol  L−1,  only PB). 

B Peak current values of BEC for different concentrations of glu-
cose. Inset: Method of determining peak current value. (Color figure 
online)



289Journal of Applied Electrochemistry (2021) 51:283–293 

1 3

values and glucose concentrations can exhibit significantly 
good linear relationships in two sections. Figure 4A and 
B shows the calibration curves of these sections. The first 
section spans from 1 to 8 mmol  L−1 of glucose concentra-
tions. The second section includes the glucose concentra-
tion range from 10 to 30 mmol  L−1. The sensitivities were 
11.79 µA mmol  L−1 cm−2 for the first linear range and 
3.19 µA mmol L−1 cm−2 for the second linear range with a 
detection limit of 0.3 mmol  L−1. These calibration curves of 
the BEC are good enough to compute glucose concentrations 
of both healthy and diabetic patients [53]. 

3.4  Interference study

Coexisting with glucose in real samples, such electrochemi-
cal interfering agents as ascorbic acid, uric acid, and sugar 

forms cause one major problem in glucose analysis. The 
interference effect causes an increase or decrease in the sig-
nal generated by the target molecule, which affects the accu-
racy of the biosensor [54–56]. Thus, the anti-interference 
performance of the constructed BEC was also tested towards 
some biomolecules such as ascorbic acid, uric acid, fructose, 
galactose, mannose, and sucrose (Figs. S3, S4, S5, S6, S7, 
and S8 in the Supporting Information show the DPV voltam-
mograms for the anti-interference performance of the BEC, 
respectively). In the presence of interfering substances, there 
is no significant change in the peak current and peak appear-
ance of the glucose, which indicates the good and excellent 
selectivity of the built BEC. Although the BEC has a high 
working potential for oxidation of the hydrogen peroxide, 
the interference effects of the electroactive ascorbic and uric 
acid molecules were eliminated. The most important rea-
son for this is that the MGC can oxidize ascorbic acid and 
uric acid molecules at low working potentials (− 0.05 V for 
ascorbic acid and + 0.25 V for uric acid) [43]. In addition, 
the high specificity of the GOx to glucose has eliminated the 
interference effect of sugars [57].

3.5  Stability of the BEC

One important parameter in the assessment of the effi-
ciency of the electrochemical biosensor is stability [58, 59]. 
The stability of the BEC was determined by three differ-
ent approaches. First, the operational stability of the BEC 
was examined in 5 mmol  L−1 glucose solution. To this end, 
ten consecutive measurements were performed, each time 
using a fresh glucose solution. The DPV voltammograms 
of operational stability are given in Fig. 5A. As can be seen 
from the figure, there is little fluctuation in the peak current 
values of voltammograms. The concentrations of glucose 
from voltammograms were calculated as 5.12 ± 0.3 mmol 
 L−1. These voltammograms indicate that the BEC has good 
operational stability. As the second step for the determina-
tion of the stability, the BEC was used for glucose measure-
ments in five consecutive days. The responses of the BEC to 
the solutions (pH 7.1) containing 2, 5, and 10 mmol  L−1 of 
glucose were measured every day (Fig. S9, S10, and S11 in 
the Supporting Information show the DPV voltammograms 
for these experiments, respectively). Then BEC was stored 
in PB solution + 4 °C. The peak current values in Fig. 5B 
indicated that the BEC showed very good stability for the 
measurement of various concentrations of glucose for suc-
cessive five days.

The long-term stability of enzyme-based biosensors is 
a challenging issue due to the instability of enzymes [60, 
61]. Finally, for the stability test, the BEC was stored in 
PB solution over 63 days at + 4 °C. The glucose responses 
of the BEC were recorded by the DPV technique at spe-
cific time intervals using glucose solutions having the 

Fig. 4  A Calibration curve of the peak current vs. the concentration 
of glucose: Ip vs [Glucose] = 2, 4, 5, 6, 8 mmol  L−1, equation: I (µA) = 
4.686 ± 0.459 + 0.846Cglucose ± 0.085(mmol  L−1) (R2 = 0.971), B Cali-
bration curve of the peak current vs. the concentration of glucose: Ip 
vs [Glucose] = 10, 12, 15, 20, 30 mmol  L−1, equation: I (µA) = 9.912 
± 0.399 + 0.222Cglucose ± 0.021(mmol  L−1) (R2 = 0.973)
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same concentration. (DPV voltammograms are shown in 
Fig. S12 in the Supporting Information). Figure 6 shows 
the current values obtained from voltammograms during 
the storage period. They displayed a maximum decrease 
of 5.2% and an increase of 3.4% compared to the initial 
value. These results are indicating that the BEC has excel-
lent long-term stability, which can be ascribed to excel-
lent protection for GOx by the two-step immobilization 
application. The crosslinking of the GOx provides a 
robust enzyme-nanofiber network, yielding a compatible 
microenvironment for preserving the enzyme activity and 
effectively suppressing enzyme leakage from the nanofiber 
surface in the storage and glucose analysis conditions [60, 
62].

The reproducibility of the analytic signal is among 
the desired features of biosensors [63, 64]. For this rea-
son, three individual BECs were prepared and used for 
the detection of glucose in 5 mmol  L−1 glucose solutions 
(Figs. S13, S14, and S15 in the Supporting Information 
show DPV voltammograms of each individual BEC). 
The relative standard deviation of glucose concentrations 
calculated by consecutive measurements was found to be 
7.5%, indicating that the BECs produced glucose analysis 
results, which were pretty acceptable in reproducibility. 
The slight inaccuracy in the results of the analysis might 
have resulted from the small differences in the level of 
 H2O2 sensitivities of the MGCs. Furthermore, the different 
orientation of the enzyme during immobilization on the 
electrode surface from the electrode to the electrode can 
cause different results of glucose analysis.

3.6  Real sample analysis

To demonstrate the usefulness of the prepared BEC in a 
complex sample, the BEC was used to measure the con-
centrations of glucose in a human blood serum, which was 
diluted fifteen times with a PB (50 mmol  L−1, pH 7.1) 
solution (Selected DPV voltammograms are shown in Fig. 
S16 in the Supporting Information). As shown in Table 1, 
the results obtained by the BEC are in good agreement 

Fig. 5  Stability tests of BEC A DPV voltammograms of BEC for 
ten consecutive glucose (5 mmol  L−1) measurements in PB solutions 
(50  mmol  L−1, pH 7.1). B The current response of BEC in various 
concentrations of glucose solutions (  2,  5 and  10 mmol  L−1) for 
successive five days. (Color figure online)

Fig. 6  Storage stability of BEC and the current response of BEC was 
measured in glucose solution (5 mmol  L−1) as a function of storage 
time

Table 1  Recovery results of the constructed BEC to glucose in a 
diluted human blood serum sample (n = 3)

Glucose concentration (mmol 
 L−1)

Recovery (%) RSD (%)

Added Found

2 1.92 96.0 6.4
4 4.28 107.0 6.3
6 6.45 107.5 2.8
10 9.59 95.9 8.5
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with the amount of glucose added. The recoveries were 
in the range of 95.9%-107.5%, and the relative standard 
deviations were less than 9.0%. Experimental results con-
firmed that the constructed BEC has a practical application 
for glucose detection in real samples.

4  Conclusions

In this study, a bioelectrochemical electrode was con-
structed for the assay of glucose in non-stirred samples 
based on the immobilization of GOx on nanofiber-coated 
MGC sensitive to  H2O2. Nanofibers were characterized by 
SEM film and FT-IR spectra. Covalent immobilization of 
GOx was also confirmed by FT-IR and UV–Visible spec-
tra. Two-step immobilization method with glutaraldehyde 
increased the reuse and storage stability of the BEC. The 
BEC showed a good selective ability for the detection of 
glucose, and it also eliminated the interference effects of 
ascorbic and uric acids. In addition, the constructed BEC 
has an acceptable reproducibility and repeatability of the 
glucose signal. It has also been tested for the detection 
of glucose in a human blood serum sample with enough 
accuracy. To sum up, the BEC constructed for this study 
showed that nanofiber-coated MGC can be used to fab-
ricate different biosensors based on the use of different 
enzymes (such as galactose oxidase), the product of which 
is  H2O2.
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