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In this paper, we first report the construction of Nafion/glucose oxidase (GOD)/xylose dehydrogenase

displayed bacteria (XDH-bacteria)/multiwalled carbon nanotubes (MWNTs) modified electrode for

simultaneous voltammetric determination of D-glucose and D-xylose. The optimal conditions for the

immobilized enzymes were established. Both enzymes retained their good stability and activities.

In the mixture solution of D-glucose and D-xylose containing coenzyme NADþ (the oxidized form of

nicotinamide adenine dinucleotide), the Nafion/GOD/XDH-bacteria/MWNTs modified electrode

exhibited quasi-reversible oxidation-reduction peak at �0.5 V (vs. saturated calomel electrode, SCE)

originating from the catalytic oxidation of D-glucose, and oxidation peak at þ0.55 V(vs. SCE)

responding to the oxidation of NADH (the reduced form of nicotinamide adenine dinucleotide) by

the carbon nanotubes, where NADH is the resultant product of coenzyme NADþ involved in the

catalysis of D-xylose by XDH-displayed bacteria. For the proposed biosensor, cathodic peak current at

�0.5 V was linear with the concentration of D-glucose within the range of 0.25–6 mM with a low

detection limit of 0.1 mM D-glucose (S/N¼3), and the anodic peak current at þ0.55 V was linear with

the concentration of D-xylose in the range of 0.25�4 mM with a low detection limit of 0.1 mM D-xylose

(S/N¼3). Further, D-xylose and D-glucose did not interfere with each other. 300-fold excess saccharides

including D-maltose, D-galactose, D-mannose, D-sucrose, D-fructose, D-cellobiose, and 60-fold excess

L-arabinose, and common interfering substances (100-fold excess ascorbic acid, dopamine, uric acid) as

well as 300-fold excess D-xylitol did not affect the detection of D-glucose and D-xylose (both 1 mM).

Therefore, the proposed biosensor is stable, specific, reproducible, simple, rapid and cost-effective,

which holds great potential in real applications.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

D-glucose and D-xylose are the two most important mono-
saccharides in nature, which are involved in life activities as main
carbon resource and energy (Matsushika et al., 2009). Glucose and
xylose have been recognized as the ideal sweeteners and nutri-
tional agents. Their related products also have a high functional
value, which have been widely applied to the efficacy of food and
other health effects of food. On the other hand, xylose and glucose
are abundant in plants and agricultural residues, which are
ll rights reserved.

@qibebt.ac.cn (A. Liu).
important biomass in bioenergy industry (Agblevor et al., 2007),
because the fermentation of both xylose and glucose could enhance
the utilization efficiency and the yields of fuel ethanol (Elkins et al.,
2010). Thus, both fermentability and conversion efficiency of xylose
and glucose are important factors in selecting superior engineering
strains and increase bioethanol production in bioenergy industry.
Therefore, D-glucose and D-xylose are the most parameters during in
food industry, medical and biochemical process.

To date, many analytical methods including high performance
liquid chromatography (HPLC) (Agblevor et al., 2007; Lloyd and
Wyman, 2005; Ohgren et al., 2007), UV–visible spectrophotometry
(Cara et al., 2008), capillary electrophoresis (Huber et al., 1994), gas
chromatography/mass spectrometry (Kamm et al., 2006) and electro-
chemical methods (Tatsumi and Katano, 2004) have been developed
to analyze monosaccharides. In general, Raman spectra have
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narrower peak widths for aqueous samples and cover a wide
spectral range, making it a better technique over UV–visible
spectrophotometry for quantitative analysis with complex
matrices, for example, the measurement of biomass conversion
in a number of species, including poplar (Gierlinger and
Schwanninger, 2006), black spruce (Agarwal, 2006), switchgrass
(Li et al., 2010), corn stover (Shih and Smith, 2009) and eucalyptus
globules (Sun et al., 2011). On the other hand, enzyme-based
biosensor such as glucose oxidase (GOD) or glucose dehydrogen-
ase (GDH)-based electrochemical sensor is widely used for
glucose analysis (Flexer et al., 2011; Lim et al., 2005; Tsai et al.,
2005; Wang et al., 2012; Yu et al., 2011; Zafar et al., 2011). We
previously reported that a novel xylose dehydrogenase (XDH)
cell-surface-displayed bacteria (XDH-bacteria) using a newly
identified ice nucleation protein from Pseudomonas borealis DL7
as an anchoring motif (Liang et al., 2012). With coenzyme NADþ ,
the XDH-displayed bacteria facilitates the catalysis of the oxidiza-
tion of xylose and the resultant NADH can be detected (Li et al.,
2012; Liang et al., 2012).

The detection of two or more monosaccharides at the same
time through simple, cheap and portable method holds great
importance in food and biomedical analysis. Techniques such as
13C-NMR (Rossi et al., 1995), HPLC (Bastianoni et al., 1999) and
Raman spectroscopy (Shih et al., 2011) have been applied for
simultaneous determination of glucose and xylose; however, these
methods are either expensive or difficult in sample pretreatment,
which limited their applications in real world analysis. Recently,
co-immobilization of two or more enzymes for biosensing has
received great attention. For instance, the co-immobilization of
three cellulases on the gold nanoparticles was reported for the
hydrolytic degradation of cellulose (Cho et al., 2012). The
co-immobilization of two or more enzymes was widely reported
in electrochemical sequential enzyme biosensors (Cosnier et al.,
2006; Eguilaz et al., 2011; Kim et al., 2010; Okuma and Watanabe,
2002) and the detection of maltose using alpha-glucosidase and
pyranose oxidase (Odaci et al., 2010). However, in above cases,
only one ingredient can be measured. The co-immobilization of
GOD and cholesterol oxidase was reported for the amperometric
detection of glucose and cholesterol in diabetic mice for the
evaluation of the possible diabetes-accelerated atherosclerosis
risk, however, the preparation of the modified electrode is too
complicated to extend to wide use (Huang et al., 2011). Moreover,
the thus-fabricated bienzyme-electrode was actually used sepa-
rately as glucose sensor and cholesterol sensor because of the
amperometric measurement at the same potential of �0.2 V
(Huang et al., 2011). Oxidase/sweet-potato-peroxidase bienzyme
system-based amperometric biosensors for glucose, ethanol and
biogenic amines were also developed, unfortunately, the simulta-
neous determination of the substrates could not be realized
(Castillo et al., 2003). The amperometric detection of glucose and
fructose was developed by using GOD, fructose dehydrogenase
and tetrathiafulvalene-modified electrode (Campuzano et al.,
2004). However, the simultaneous determination of glucose and
fructose in the same sample cannot be performed without a HPLC
separation step (Campuzano et al., 2004). The probable reason for
the common limitation is that amperometric method is not
capable of the detection of several substrates simultaneously.
Fortunately, voltammetric method may be practical which enables
to distinguish peaks well-separated from each other at the same
time. On the other hand, it is vital to develop biosensors using two
or more enzymes which are specific and sensitive to their
respective substrates. Nevertheless, great issues exist such as the
difficulty to obtain the necessary enzymes with high activities and
stability, especially with higher specificity for real applications.

In present paper, we developed a novel electrochemical
biosensor using both GOD and XDH-bacteria co-immobilized on
MWNTs-modified electrode. The proposed microbial biosensor is
capable of simultaneous determination of glucose and xylose,
which is of high specificity, sensitivity, stability, rapidness and
low-cost. To the best of our knowledge, this is the first report
to address the combination of commercial enzyme and
enzyme-displayed whole cell with nanotechnology to construct
electrochemical biosensor for simultaneous determination of two
important monosaccharides.
2. Materials and methods

2.1. Chemicals and reagents

Nafion (perfluorinated ion-exchange resin, 5 wt% solution in a
mixture of lower aliphatic alcohols and water) was purchased
from Aldrich and used as received. 0.05 wt% Nafion solution was
prepared from 5 wt% Nafion. Multiwalled carbon nanotubes
(MWNTs) were kindly gifted by Prof. Gebo Pan in Suzhou Institute
of Nan-Tech and Nano-Biomics, Chinese Academy of Sciences.
Phosphate buffer saline (PBS, 0.1 M, pH 7.4) was used as the
supporting electrolyte. Xylose dehydrogenase (XDH) displayed
whole cell from Escherichia coli BL21 (XDH-bacteria) was devel-
oped in our laboratory, whose concentration was estimated to be
1.4�108 cfu/mL with XDH activity of 1.8970.03 U/OD600 (Liang
et al., 2012). Glucose oxidase (GOD, EC 1.1.3.4 from Aspergillus

niger, type X-S, lyophilized powder, with activity of 297 units/mg)
was purchased from Sigma. The stock GOD solution was prepared
in the 0.1 M PBS buffer and stored at 4 1C. D-(þ)-glucose was
bought from Sinopharm Chemical Reagent Co., Ltd. Glucose stock
solutions were mutarotated overnight at room temperature
before use. All other chemicals and reagents are of analytical
grade and were prepared using ultrapure water.

2.2. Preparation of modified glassy carbon electrodes

The glassy carbon electrode (GCE, diameter of 3 mm) was
successively polished to a mirror finish using 0.3 and 0.05 mm
alumina slurry followed by rinsing thoroughly with deionized
water. After successive sonication in anhydrous ethanol and
ultrapure water, the electrode was rinsed with ultrapure water
and allowed to dry at room temperature. In preparation of Nafion/
XDH-bacteria/MWNTs/GCE, 10 mL of Nafion-MWNTs suspension
(2 mg MWNTs dispersed in 1 mL 0.05 wt% Nafion solution with
ultrasonication) was cast onto the inverted GCE surface and dried
in air. Next, different volume of XDH-bacteria aqueous dispersion
was syringed onto the GCE and dried overnight at 4 1C in
refrigerator. At last, 5 mL of Nafion solution (0.05 wt%) was
syringed to the electrode surface. The fabrication of Nafion/GOD/
MWNTs/GCE is similar to that of Nafion/XDH-bacteria/MWNTs/GCE.
For the construction of Nafion/GOD/XDH-bacteria/MWNTs/GCE,
10 mL of Nafion-MWNTs suspension was dropped on the inverted
GCE surface and dried in air, followed 5 mL of XDH-bacteria aqueous
dispersion and 5 mL of GOD solution mixed together on the inverted
GCE and dried overnight at 4 1C in refrigerator. Finally, 5 mL of Nafion
solution (0.05 wt%) was syringed to the electrode surface. All the
thus-prepared modified electrodes were immersed in PBS buffer to
remove any loosely adsorbed enzymes and were stored at 4 1C under
dry conditions when not in use.

2.3. Apparatus and electrochemical Measurements

Electrochemical measurements were performed using a
CHI660D potentiostat (CH Instruments, Chenhua, Shanghai,
China). The electrochemical response was measured in a conven-
tional three-electrode system using a bare GCE, or a chemically
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modified GCE as working electrode, a Pt wire auxiliary electrode
and a saturated calomel electrode (SCE) as reference electrode. All
potentials were reported in this context with respect to this
reference. All measurements were performed at room tempera-
ture (�23 1C).
3. Results and discussions

3.1. Voltammetric study of D-xylose and D- glucose based on

Nafion/GOD/XDH-bacteria/MWNTs modified GCE

Fig. 1 shows the cyclic voltammograms (CVs) of different
modified GC electrodes in 0.1 M PBS (pH 7.4) buffer containing
D-glucose or D-xylose, or mixture of both D-glucose and D-xylose.
No peak appeared when the Nafion/XDH-bacteria/MWNTs/GCE
was in the PBS buffer containing only D-glucose (Fig. 1A, curve b).
Clearly, an oxidation peak at 0.55 V in the potential window was
observed at Nafion/XDH-bacteria/MWNTs/GCE (Fig. 1A, curve c),
which responded to the oxidation of NADH, the resultant product
of coenzyme of NADþ involved in the oxidation of D-xylose by
XDH (Li et al., 2012). On the other hand, at Nafion/GOD/MWNTs/
GCE, the direct electrochemistry of GOD was observed (Fig. 1B,
curve a) in bare PBS buffer. The CV response of the Nafion/GOD/
MWNTs/GCE in the presence of D-xylose and NADþ(Fig. 1B, curve
b) is actually the same as the case in the absence of any substrates
(Fig. 1B, curve a). However, the reduction peak at about �0.5 V
was decreased when the Nafion/GOD/MWNTs/GCE was measured
in 1 mM glucose, which correlated to the glucose’s response by the
Fig. 1. (A) CVs of Nafion/XDH-bacteria/MWNTs/GCE in ambient-air 0.1 M PBS (pH 7.4

D-xyloseþ1 mM NADþ(c); (B) CVs of Nafion/GOD/MWNTs/GCE in ambient-air 0.1 M PB

presence of 1 mM D-glucose(c); (C) CVs of Nafion/ GOD/XDH-bacteria/MWNTs/GCE in

1 mM D-xyloseþ1 mM NADþ þ1 mM D-glucose(c); (D) CVs of Nafion/GOD/XDH-bacteri

of 1 mM D-glucoseþ1 mM D-xyloseþ1 mM NADþ (c). Scan rate, 50 mV s�1.
catalytic role of GOD (Kang et al., 2009; Shan et al., 2009).
Meanwhile, the Nafion/GOD/XDH-bacteria/MWNTs/GCE showed
the same voltammetric response at þ0.55 V in 1 mM xylose
(Fig. 1C, curve b) and in the mixture of glucose and xylose (each
1 mM) (Fig. 1C, curve c), suggesting that glucose will not affect the
voltammetric detection of xylose. Furthermore, the direct electro-
chemistry of GOD for the Nafion/GOD/XDH-bacteria/MWNTs/GCE
was essentially the same as the case in the absence of xylose
(Fig. 1C, line a) and in the presence of xylose (Fig. 1C, curve b),
suggesting that xylose will not affect the voltammetric detection
of glucose. Similarly, the direct electrochemistry of GOD for the
Nafion/GOD/XDH-bacteria/MWNTs/GCE was essentially the same
as the case in the presence of 1 mM glucose (Fig. 1D, curve b) and
in the mixture of glucose and xylose (each 1 mM) (Fig. 1D, curve c),
further suggesting that xylose would not affect the voltammetric
detection of glucose. The Nafion/GOD/XDH-bacteria/MWNTs/GCE
exhibited no voltammetric peak at 0.55 V in bare PBS buffer
(Fig. 1D, curve a) and in the presence of glucose (Fig. 1D, curve b).
On the other hand, Nafion/GOD/XDH-bacteria/MWNTs/GCE showed
no voltammetric response at about 0.55 V in 1 mM glucose (Fig. 1D,
curve b); the further addition of 1 mM xylose induced the same peak
at about 0.55 V (Fig. 1D, curve c) as that of 1 mM xylose (Fig. 1C,
curve b), suggesting that glucose would not affect the voltammetric
detection of xylose. Therefore, there is no cross interference between
xylose and glucose, which enables to simultaneously detect xylose
and glucose in the same solution.

Additionally, the CVs of Nafion/GOD/XDH-bacteria/MWNTs nano-
composite modified GCE at various scan rates were investigated too
(Supplementary Information, Fig. S1A). As for the oxidation process
) in the absence (a) and presence of 1 mM D-glucose (b) and presence of 1 mM

S (pH 7.4) in the absence (a) and presence of 1 mM D-xyloseþ1 mM NADþ (b) and

the absence (a) and presence of 1 mM D-xyloseþ1 mM NADþ(b) and presence of

a/MWNTs/GCE in the absence (a) and presence of 1 mM D-glucose (b) and presence



Fig. 2. Effect of enzyme loading for the Nafion/GOD/XDH-bacteria/MWNTs/GCE

on the oxidation of both 1 mM xylose (in the presence of 1 mM NADþ) and 1 mM

glucose. (A) The dependence of oxidation current at þ0.55V on the loading

amount of XDH-bacteria, and (B) the dependence of cathodic current at �0.5V on

the loading amount of GOD at the modified electrode. Scan rate, 50 mV s�1.
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of NADH in this composite film, the peak current increased with the
increase of the square root of the scan rate (Supporting Information,
Fig. S1B), suggesting a diffusion-confined electrochemical process
(Eguı́laz and Villalonga, 2011). To the contrary, the peak current was
linear with the scan rate from 20 mV/s to 300 mV/s (Supporting
Information, Fig. S1C) indicated that the redox process of GOD in this
composite film was a quasi-reversible and surface-confined electro-
chemical process (Zhao et al., 2008).

3.2. Optimization of GOD and XDH-bacteria loading on the

Nafion/GOD/XDH-bacteria/MWNTs nanocomposite modified GCE

The enzyme loading on the electrode could affect the perfor-
mance of the as-prepared biosensor. On the other hand, the
enzyme utilization rate is very important to reduce the cost of
enzyme-based biosensors for practical applications. In the pre-
sent research, the voltammetric response of the Nafion/GOD/
XDH-bacteria/MWNTs nanocomposite modified GCE was inves-
tigated by varying GOD (in mg) and XDH-bacteria(in cfu) loading
in the film, and their CV responses of the prepared biosensors
toward the oxidation of either 1 mM D-glucose or 1 mM xylose
(in the presence of NADþ) were recorded. Three separate
electrodes were prepared and measured for each enzyme load-
ing. First, effect of the XDH-bacteria loading in the cast film on
the electrode on the sensitivity of the microbial biosensor was
studied. By doing so, different Nafion/GOD/XDH-bacteria/
MWNTs/GCE electrodes were prepared by varying loading
amount of the XDH-bacteria (in cfu ) and a fixed GOD (10 mg)
loading in the cast film on the electrode, and their responses
toward the oxidation of 1 mM D-xyloseþ1 mM NADþ and 1 mM
D-glucose were recorded. The voltammetric response of the
modified electrode as a function of XDH-bacteria loading
is depicted in Fig. 2A. Obviously, there was no peak at about
þ0.55 V in the absence of XDH-bacteria on the electrode. A
current of 1.47 mA at Nafion/GOD/XDH-bacteria/MWNTs/GCE
was observed when 3.5�105 cfu of XDH-bacteria was loaded
on the electrode. Further, the anodic current increased with the
increasing XDH-bacteria loading amount up to 7.0�105 cfu
(Fig. 2A). That is, the oxidation current response increased with
the XDH-bacteria amount in the cast film on the electrode from
3.5�105 cfu to 7.0�105 cfu. Thereafter, the further increase in
the XDH-bacteria loading made the current decrease. For
instance, the peak current at þ0.55 V was 3.33 mA when the
XDH-bacteria loading amount was increased to 1.05�106 cfu,
which was lower than that value for 7.0�105 cfu XDH-bacteria,
but higher than that value for 3.5�105 cfu XDH-bacteria. There
was only 0.87 mA when the XDH-bacteria loading increased to
1.4�106 cfu. The velum thickness is proposed to increase
with loading of the XDH-bacteria solution (Li et al., 2012).
When the XDH-bacteria loading amount was higher than
1.05�105 cfu, the velum may be thick enough to block electron
transfer between buffer solution and electrode surface. The highest
peak current was obtained when a 7.0�105 cfu of XDH-bacteria
solution was used to modify the electrode. The voltammetric
response of the prepared biosensor toward the oxidation of 1 mM
D-glucose was 2.2 mA at about �0.5 V (data not shown), which is
essentially unchanged with the loading amount of XDH-bacteria
in the cast film. So a 7.0�105 cfu of XDH-bacteria solution was
loaded on the electrode for co-immobilization in the subsequent
experiments.

On the other hand, the Nafion/GOD/XDH-bacteria/MWNTs/
GCE based biosensor was fabricated with 7.0�105 cfu of XDH-
bacteria loading and varying GOD amount, and the responses
of the prepared biosensors toward the oxidation of both 1 mM
D-glucose and 1 mM D-xylose (1 mM NADþ) were recorded
separately. Observed from Fig. 2B, at a very low level of GOD
loading (2.5–10 mg), the increase in the enzyme loading led to an
enhancement in the response signal for the oxidation of D-glucose
and then reached a plateau at higher loadings of GOD (10–20 mg),
but there was an unobvious decrease of response current was
found at loading of higher than 20 mg, which is in accordance with
the literature (Si et al., 2011). The exact reason for the plateau is
unclear for the moment. It is well known that the redox center,
flavin adenine dinucleotide (FAD) is buried inside the GOD. When
the GOD loading amount was increased on the electrode, the FAD
electron transfer for additional GOD molecules is probably
spatially hindered gradually, thereafter, no more increase in
electron transfer with further increasing GOD loading. The oxida-
tion current response was 4.3 mA at þ0.55 V for the prepared
biosensor toward the oxidation of 1 mM D-xylose (in the presence
of 1 mM NADþ) (data not shown), which was actually the
same value with the varying of GOD loading. In order to retain
the performance of biosensor for glucose and reduce GOD
amount, a quantity of 10 mg of GOD was therefore used for
co-immobilization in the later experiment. Taken together, a
loading amount of 7.0�105 cfu of XDH-bacteria and 10 mg of
GOD was applied for the preparation of the Nafion/GOD/XDH-
bacteria/MWNTs/GCE.



Fig. 3. (A) CVs of Nafion/GOD/XDH-bacteria/MWNTs/GCE in ambient-air 0.1 M PBS

(pH 7.4) containing 6 mM NADþ in the presence of different concentrations of glucose

and xylose. (a) in the absence of glucose and xylose, and (b–g) in the presence of both

glucose and xylose: each 0.25 mM (b), each 0.5 mM (c), each 1.0 mM (d), each 2.0 mM

(e), each 4.0 mM (f) and each 6 mM (g). (B) Typical calibration graph of the biosensor

for xylose, the relative standard deviations of the error bars are within 3.2%. (C) Typical

calibration graph of the biosensor for glucose. Scan rate, 50 mV s�1.
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3.3. Simultaneous voltammetric detection of glucose and xylose

based on Nafion/GOD/XDH-bacteria/MWNTs modified GCE

The CVs of the Nafion/GOD/XDH-bacteria/MWNTs/GCE elec-
trode in 0.1 M PBS (pH 7.4) containing different concentrations of
D-glucose and D-xylose were performed under the ambient-air
condition (Fig. 3A). The oxidation peak current at 0.55 V linearly
increased with the increasing concentration of D-xylose ranged
from 0.25 to 4 mM (Fig. 3B). The linear regression equation is
y¼1.2436þ2.0509x with a correlation coefficient (R) of 0.999.
The limit of detection (LOD) is 0.1 mM xylose (S/N¼3). Clearly,
the reduction peak around �0.5 V decreased with the increase of
glucose concentration due to the oxygen consumption (Fig. 3A).
On the other hand, it was found that the decrease in cathodic
current was linearly increased with the increase in glucose
concentration ranging from 0.25 mM to 6 mM (Fig. 3C). The linear
regression equation is y¼4.7692�0.1721x with R of 0.999. The
detection limit of the biosensor was estimated to be 0.1 mM for
glucose at a signal-to-noise ratio of 3. The summary of the
analytical features of the biosensor for D-xylose and D-glucose is
shown in Table S1. Our LOD value for D-xylose is lower than those
obtained from field effect transistor-based sensor utilizing
G. oxydan whole cells (LOD, 0.5 mM) (Reshetilov et al., 1996),
and HPLC with electrochemical detection using a thin-layer cell
housing a custom manufactured copper working electrode (LOD,
0.19 mM) (Wring et al., 1998). Although the LOD of 0.1 mM for
glucose rather high than those values reported by other electro-
chemical methods, it is still favorably good for food and biomass
analysis, usually the concentration of glucose in these samples are
higher than 0.1 mM. Till date, other techniques such as 13C –NMR
(0–25 mM glucose; 12–30 mM xylose) (Rossi et al., 1995),
HPLC(0–27.8 mM glucose, 5.33–32 mM xylose) (Bastianoni et al.,
1999), Raman spectroscopy (177.78 mM glucose;46.67 mM
xylose) (Shih et al., 2011) have been applied for simultaneous
determination of glucose and xylose, which showed wider linear
range. However, these methods are either expensive or difficult in
sample pretreatment, which will limit their applications in real
world analysis. Therefore, this Nafion/GOD/XDH-bacteria/MWNTs
nanocomposite modified electrode can be served as a biosensor
for glucose and xylose.

3.4. Selectivity of the biosensor

The Nafion/GOD/XDH-bacteria/MWNTs/GCE exhibited good
activity to D-glucose and D-xylose. Here we further investigated
the substrate (saccharides) specificity of the biosensor. The CV
responses of this sensor to the addition of mixture of D-glucose
and D-xylose (each 1 mM) and a series of other saccharides
including D-maltose, D-galactose, D-mannose, D-glucose, D-sucrose,
D-fructose, D-cellobiose, D-xylitol (each 300 mM) and L-arabinose
(60 mM) were measured. The Dip is defined as the difference of
the peak current from CVs of the Nafion/GOD/XDH-bacteria/
MWNTs/GCE in the presence of saccharide and in the presence
of bare buffer solution, which are shown (Supplementary Infor-
mation, Table S2). Compared with the peak current in the
presence of D-glucose and D-xylose (each 1 mM), these sugars or
analogs exhibited no peak currents, suggesting that there is no
interference in the presence of 300-fold excess these substrates.
In the case of L-arabinose (300 mM) as a substrate, small oxida-
tion current was observed due to the catalysis of the sensor (data
not shown), which meant 300-fold excess L-arabinose would
affect the detection of D-xylose (Li et al., 2012). However, when
the concentration of L-arabinose was 60 mM, no current was
detectable though the concentration of L-arabinose was 60-fold
higher than D-xylose. Common interfering substances such as
ascorbic acid, dopamine and uric acid (each 0.1 M) exhibited no
interference to the measurement of D-glucose and D-xylose (each
1 mM) (Supplementary Information, Table S2). Therefore, this
sensor can be used to selectively detect D-glucose and D-xylose
without interference from other sugars and common interfering
species.



Fig. 4. CVs of the Nafion/GOD/XDH-bacteria/MWNTs/GCE in 0.1 M PBS (pH 7.4)

containing 1 mM NADþ , 1mM glucose and 1 mM xylose for 80 cycles. Scan rate,

100 mV s–1.

Table 1
Recovery analysis of samples quantified with the calibration graph using the

proposed method.

Sample Conc. (mM) a Found (mM)a Recovery (%) RSD (%)

1# b Glucose 0.3770.01 1.3470.03 96.6 5.2

Xylose 3.3870.03 4.3970.07 101.5 8.0

2# c Glucose 3.8570.05 4.8470.08 98.5 2.9

Xylose 2.0270.02 2.9370.02 95.7 3.3

3# d Glucose 3.1570.02 4.1370.06 97.5 6.8

Xylose 3.3770.04 4.3770.07 99.5 4.7

a All values were obtained as the average of three repetitive measurements

plus-minus standard deviation.
b 1# represents local beer.
c 2 # represents local peach juice.
d 3# represents the fermentation liquor of degradation bacteria, which could

utilize microcrystalline cellulose and xylan as the carbon source for growth.
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3.5. Reproducibility and stability of the biosensor

Three different electrodes were fabricated using the
same procedure, and their CV responses were measured in the
same glucose and xylose solution. The corresponding currents
were compared at the same peak potential. A continuous mea-
surement of CV had been carried out in a 0.1 M PBS (pH 7.4) to
evaluate the operational stability of this biosensor. It was found
that both peak currents for xylose and glucose retained 95% their
initial values and no obvious potential shifts were observed after
80 scans (Fig. 4), which showed that the modified electrode had
good operational stability. The long-term stability of the Nafion/
GOD/XDH-bacteria/MWNTs/GCE was examined. The current
response of the modified electrode was measured daily in a PBS
buffer containing 1 mM NADþ , 1 mM glucose and 1 mM xylose.
The biosensor was stored under 4 1C when it was not used. During
one-month test, there was no apparent decrease in the current
response in the first continuous 5 days’ measurements (Supple-
mentary Information, Fig. S2). After that, the current responses
gradually decreased. However, the current values still remained
83% initial response for glucose and 61% initial response for
xylose after 1 month. To verify the reproducibility of this method,
5 modified electrodes were fabricated with the same procedure.
The relative standard deviation (RSD) of the peak currents were
1.9% for 1 mM glucose and 2.5% for 1 mM xylose, which were
calculated from the CVs when measuring 5 modified electrodes,
indicating that the sensor displayed a better reproducibility. The
analytical features of the biosensor are also collected in Table S1.

3.6. Analysis of real samples

The Nafion/GOD/XDH-bacteria/MWNTs/GCE bioelectrode was
used to detect D-glucose and D-xylose in real samples such as
beer, peach juice and product of lignocellulose degradation
samples collected from actual degradation process. The sample
solutions were first filtered through a 0.22-mm membrane, and
the filtrate was collected. Before measurement, the filtrate was
diluted successively with PBS buffer, which was further aliquoted
into 5.000 ml containing 5 mM NADþ . For each sample solution,
three repetitive measurements were performed. The concentra-
tions of the real samples were calculated based on the calibration
graph multiplying the dilution ratios (Table 1). To estimate the
recovery of the method over the spiked standard concentration,
5 mL standard solution containing both D-glucose and D-xylose
(each 1.000 M) was spiked into above diluted real sample solution
and stirred well before CV measurements were performed again.
The RSD values are within 8%, demonstrating that the precision
and stability of the calibration graph were suitable for measuring
D-glucose and D-xylose in real samples. The recoveries of the
D-glucose and D-xylose standards added are 96.6–98.5% and
95.7–101.5%, respectively, which indicate good accuracy of the
proposed method.
4. Conclusions

In conclusion, we successfully established a novel method for
the simultaneous voltammetric detection of D-glucose and
D-xylose using the Nafion/GOD/XDH-bacteria/MWNTs modified
electrode. The proposed biosensor is stable, specific, reproducible,
simple, rapid and cost-effective. Therefore, it is envisioned that
this bienzyme based electrochemical biosensor will be found
promising applications.
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