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A novel glucose oxidase/chitosan/a-zirconium phosphate (GOD/chitosan/a-ZrP) ternary biocomposite
was prepared by co-intercalating glucose oxidase (GOD) and chitosan into the interlayers of a-zirconium
phosphate (a-ZrP) via a delamination–reassembly procedure. The results of X-ray diffraction, infrared
spectroscopy, circular dichroism, and ultraviolet spectrum characterizations indicated not only the
layered and hybrid structure of the GOD/chitosan/a-ZrP ternary biocomposite but also the recovered
activity of the intercalated GOD improved by the co-intercalated chitosan. By depositing the GOD/chito-
san/a-ZrP biocomposite film onto a glassy carbon electrode, the direct electrochemistry of the
intercalated GOD was achieved with a fast electron transfer rate constant, ks, of 7.48 ± 3.52 s�1. Moreover,
this GOD/chitosan/a-ZrP biocomposite modified electrode exhibited a sensitive response to glucose in
the linear range of 0.25–8.0 mM (R = 0.9994, n = 14), with a determination limit of 0.076 mM.

� 2013 Elsevier Inc. All rights reserved.
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Over the past two decades, the functional biocomposites
formed by intercalating of biomolecules into the interlayers of
layered inorganic solids have attracted special attention. First,
the expandable interlayer space of layered materials is suitable
for accommodating different-sized biomolecules [1]. Second, the
high thermal stability of inorganic materials is advantageous for
protecting the entrapped biomolecules from the environmental
disturbances [2,3]. Third, the good biocompatibility of inorganic
materials is considerably favorable for maintaining the activity of
incorporated biomolecules [4,5]. So, this kind of bioinorganic
hybrids displays the potential applications in biomimic engineer-
ing [6,7], drug delivery [8,9], and biocatalytic system [10,11].

On the other hand, the direct electron transfer of electroactive
biomolecules on solid electrode has attracted more and more
attention recently because the third-generation biosensors can
overcome the drawbacks of high applied potential and various
interfering reactions [12,13]. However, it is difficult for the
roteins to exchange electrons directly with the bare solid elec-
trodes. One of the reasons is the deep burying of the electroactive
center by a protein’s shell, which causes a long distance between
the redox center of protein and the electrode surface [14,15]. To
achieve the direct electron transfer between the redox proteins
and the based electrode, biomembrane-like materials [16,17],
polymers [18,19], sol–gel [20,21], and inorganic nanoparticles
[22–25] acting as matrices to immobilize protein were investi-
gated. Recently, some biocomposites formed by intercalating the
redox proteins into the layered inorganic materials demonstrated
the direct electrochemical performance on solid electrodes, sug-
gesting that it is a simple but efficient strategy to construct the
third-generation biosensors [26–29].

Compared with the intercalation of a single type of biomolecule
into the layered solids [1–11,26–29], the co-immobilization of
multiple components into the layered clay demonstrated the
advantages to improving the performance of resulting composites.
For example, the co-intercalated DNA enhanced the activity of pro-
tein immobilized in an a-zirconium phosphate (a-ZrP)1 matrix
[30], and the co-intercalated polymer exhibited significant influence
on the drug release from aminopropyl-functionalized magnesium
phyllosilicate [31]. We have also reported a DNA/chitosan/a-ZrP ter-
nary composite in which the co-intercalated chitosan acted as an
intermediary to modulate the reversible immobilization and release
of DNA from the interlayers of a-ZrP [32].

In this work, the synergistic effect of co-intercalated glucose
oxidase (GOD) and chitosan on the electrochemical performance
of GOD/chitosan/a-ZrP ternary composite modified electrode was
investigated in order to obtain a novel mediator-free biosensor.
GOD has been widely used in glucose biosensor construction for
monitoring the glucose levels in diabetics [33], but the direct
trabutyl-
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electron transfer between GOD and the based electrode cannot be
achieved easily because of the rigid structure and the larger molec-
ular weight (152,000–186,000 Da) of GOD. As confirmed by previ-
ous works, the nanomaterial films such as gold colloidal [34],
carbon nanotubes [35], and mesoporous silica [36] were good pro-
moters for the direct electrochemistry of GOD. However, the direct
electron transfer of GOD intercalated into layered a-ZrP has not
been reported. Considering the isoelectric point (pI) 4.9 of GOD
and the pKa 6.3 of chitosan, the reassembly of GOD, chitosan, and
exfoliated a-ZrP nanosheets was operated in a 0.1% acetic acid
(HAc) buffer solution with a pH of 5.5. On this pH, the positive
charged chitosan and the negative charged GOD were co-interca-
lated successfully into the interlayers of a-ZrP, producing the
GOD/chitosan/a-ZrP ternary composite with an inorganic–organic
hybrid structure. The fast and direct electron transfer of the
intercalated GOD was achieved by depositing the GOD/chitosan/
a-ZrP composite film onto a glassy carbon electrode (GCE).
Moreover, this GOD/chitosan/a-ZrP ternary composite modified
electrode exhibited an enhanced response to glucose larger than
that of corresponding GOD/a-ZrP binary composite modified
electrode because of the presence of the co-intercalated chitosan
(Scheme 1).

Materials and methods

Materials

GOD was purchased from Sigma Chemical. Chitosan (deacetyla-
tion) was obtained from Nanjing Debao Biochemical Equipment.
Tetrabutylammonium hydroxide (TBAOH) aqueous solution
(10 wt%) was purchased from Shanghai Chemical Reagent. The
human serum sample was offered by Ji’an Central Hospital. All
other reagents were of analytical grade, and the water used in
the experiments was deionized.

Synthesis and delamination of a-ZrP

The a-ZrP was prepared according to the procedure as follows.
First, 4.79 g of phosphoric acid in 75 ml of water was added to
75 ml of ZrOCl2 solution containing 2.42 g of ZrOCl2�8H2O under
stirring dropwise. Then, the mixture was heated and kept at
90 �C for 48 h. The white solid obtained via centrifuging was
washed with deionized water and acetone, respectively. The
a-ZrP solid was then dried overnight at 60 �C.

The delamination of a-ZrP was performed by sonicating 5 ml of
aqueous suspension containing a-ZrP (0.1 g) and TBAOH (0.17 g)
for 1 h. The final concentration of the exfoliated a-ZrP was approx-
imately 20 mg ml�1.

Preparation of GOD/chitosan/a-ZrP and GOD/a-ZrP composites

First, 30 ll of 5.0 mg ml�1 GOD stock solution (0.1% HAc, pH
5.5), 90 ll of 2.0 mg ml�1 chitosan (0.1% HAc, pH 5.5), and 30 ll
Scheme 1. GOD and chitosan co-intercalated into a-ZrP to form the GOD/chi
of 20 mg ml�1 exfoliated a-ZrP suspension were added into
2.85 ml of 0.1% HAc buffer solution (pH 5.5) with shaking in se-
quence. After equilibrating for 24 h at room temperature, the sam-
ple was separated by centrifugation and the precipitate was
washed by 0.1% HAc buffer (pH 5.5) twice. Then, the solid was
lyophilized for X-ray diffraction (XRD) and Fourier transform infra-
red (FTIR) studies. For preparing the GOD/chitosan/a-ZrP modified
electrode, the lyophilized solid was dispersed thoroughly in 100 ll
of 0.1% HAc (pH 5.5) again.

Construction of biosensors

GCEs that were 3 mm in diameter were sequentially polished
with 1, 0.3, and 0.05 lm alumina powder, followed by sonication
in acetone and then doubly distilled water. Then, the electrodes
were dried under a stream of nitrogen gas. The prepared GOD/
chitosan/a-ZrP suspension was shaken for 5 min before use, and
then 5 ll of the mixture was dropped onto the surface of a GCE
and dried at room temperature.

Measurements

Powder XRD patterns were collected on a Philips X’pert X-ray
diffractometer. Infrared (IR) spectroscopy measurements were re-
corded on a Bruker Fourier transform spectrometer (Vector 22).
Circular dichroism (CD) spectra were detected on a Jasco 810 spec-
tropolarimeter. Ultraviolet–visible (UV) absorption spectra were
measured with a PerkinElmer Lambda 35 spectrophotometer.

Electrochemical measurements were conducted on a CHI660B
workstation (Shanghai Chenhua). All electrochemical experiments
were performed with a conventional three-electrode system using
a saturated calomel electrode (SCE) as the reference, a platinum
wire as the counter electrode, and the modified GCE as the working
electrode. Buffer solutions were purged with highly purified nitro-
gen for 30 min before the electrochemical experiments, and a
nitrogen environment was maintained in the cell by continuously
bubbling N2 during the course of the experiments.
Results and discussion

Characterization of GOD/chitosan/a-ZrP composite

The FTIR and UV absorption spectra confirmed the formation of
the GOD/chitosan/a-ZrP ternary composite. After both GOD and
chitosan were incubated with the exfoliated a-ZrP in a 0.1% HAc
buffer solution at pH 5.5, the flocculent precipitates were pro-
duced. As shown in Fig. 1, the FTIR spectra of these lyophilized pre-
cipitates display all of the characteristic absorbance bands of GOD,
chitosan, and a-ZrP. The absorbance band at 1541 cm�1 comes
from the stretch of the polypeptide amide II of the intercalated
GOD. The band at 1639 cm�1 is attributed to both the polypeptide
amide I stretch of the intercalated GOD and the carbonyl vibration
tosan/a-ZrP ternary composite. TBAOH, tetrabutylammonium hydroxide.



Fig.1. FTIR spectrograms of GOD/chitosan/a-ZrP composite (a), native GOD (b),
native chitosan (c), and a-ZrP (d).
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of the intercalated chitosan. Compared with that of the native GOD,
the slight shift of polypeptide amide II stretch from 1530 to
1541 cm�1 suggests the electrostatic interaction among GOD,
chitosan, and a-ZrP. The broad band from 3700 to 3000 cm�1

should be attributed to the vibrations of both N-H and O-H in
the co-intercalated GOD and chitosan. The hydrogen bonding and
the electrostatic interaction among the intercalated GOD, chitosan,
and a-ZrP may be the origin for the minor deviation from the
bands of the native GOD and chitosan. Moreover, the intense and
broad band from 1280 to 850 cm�1 can be primarily attributed to
the vibration of P-O in the a-ZrP.

The XRD pattern of the GOD/chitosan/a-ZrP ternary composite
shown in Fig. 2 demonstrates that the layered structure of a-ZrP
is considerably retainable after the delamination and reassembly
procedures. The interlayer distance of pristine a-ZrP is 0.76 nm, cal-
culated according to the diffraction peak at 2h of 11.749� shown in
the inset of Fig. 2. As for the GOD/chitosan/a-ZrP ternary composite,
a new diffraction peak at lower angle range was observed at 2h of
0.835�, indicating that the interlayer distance of the ternary hybrid
is 10.57 nm. Moreover, the diffraction peak at 2h of 11.749 disap-
peared for the GOD/chitosan/a-ZrP ternary composite. The increase
of the interlayer distance from pristine a-ZrP is 9.81 nm, which is
larger than both the dimensions (3.7 � 5.2 � 6.0 nm) of a GOD mol-
ecule [37] and the thickness (0.38 nm) of a chitosan monolayer [38],
indicating that GOD and chitosan were co-intercalated successfully
into the interlayer galleries of a-ZrP.

The possible change in protein conformation after both GOD
and chitosan bound with a-ZrP was monitored by CD spectra. In
Fig. 3, the native GOD exhibits the strong negative bands at 207
Fig.2. Powder XRD diffraction spectrograms of GOD/chitosan/a-ZrP composite and
pristine a-ZrP (inset).
and 218 nm that are characteristic of the a-helical structure of pro-
tein. After GOD was bound with a-ZrP to form the GOD/a-ZrP bin-
ary composite, the intensities of the dual bands decreased
remarkably. This result indicated that the protein secondary struc-
ture was influenced to a large extent after GOD was combined with
a-ZrP alone. However, in the GOD/chitosan/a-ZrP ternary compos-
ite, the intensities of the dual bands are almost comparable to that
of native GOD, with only the wavelengths shifting slightly to 213
and 219 nm, respectively. These results suggested that the protein
secondary structure of the entrapped GOD in the interlayers of a-
ZrP was recovered, attributed to the presence of the co-intercalated
chitosan.

The results of UV characterization further confirmed that the
secondary structure of the intercalated protein can be recovered
through co-intercalating GOD and chitosan into the interlayer
galleries of a-ZrP. As shown in Fig. S1 of the online supplementary
material, the characteristic band of native GOD is located at
274 nm. After GOD was combined with a-ZrP alone, not only was
the absorbance intensity obviously weakened but also the
characteristic wavelength of the incorporated GOD in the GOD/a-
ZrP binary composite was almost unidentifiable. However, in the
case of both GOD and chitosan reacted with a-ZrP, the characteris-
tic wavelength of intercalated GOD in the GOD/chitosan/a-ZrP
ternary composite is almost unchanged compared with that of
the native GOD, with only the absorbance intensity being slightly
weakened.

Direct electrochemistry of GOD/chitosan/a-ZrP modified electrode

Fig. 4 shows the cyclic voltammograms (CVs) of GOD/chitosan/
a-ZrP composite electrode in a 0.1% HAc buffer solution at pH 5.5.
A couple of reversible and well-defined redox peaks at �370 and
�408 mV were observed, with an apparent formal peak potential
(Ep) of �389 mV and a peak-to-peak separation (DEp) of 38 mV
at a scan rate of 100 mV s�1. The results clearly demonstrated that
the GOD direct electrochemistry was achieved by co-intercalating
GOD and chitosan into the interlayer galleries of a-ZrP.

The effect of the scan rate on the response of the GOD/chitosan/
a-ZrP electrode is shown in Fig. 5. With the increase of scan rate
from 0.1 to 1.0 V s�1, both the reduction and oxidation peak
currents (Ip) increased linearly, suggesting a surface-controlled
process. The small peak-to-peak separation indicated a fast elec-
tron transfer rate. According to Laviron’s theory [39], when the
peak-to-peak separation is less than 200 mV, the electron transfer
rate constant, ks, can be estimated according to the formula
ks = mnFv/RT, where m is a parameter related to the peak-to-peak
separation, n is the number of transferred electrons, F is the
Fig.3. CD spectrograms of native GOD (a), GOD/a-ZrP (b), and GOD/chitosan/a-ZrP
(c) composite.



Fig.4. CVs of pre-exfoliated a-ZrP, GOD/a-ZrP, and GOD/chitosan/a-ZrP composite
modified electrode in 0.1% HAc buffer solution (pH 5.5) at a scan rate of 100 mV s�1.

Fig.5. Plots of cathodic and anodic peak current versus scan rate and CVs (inset) of
GOD/chitosan/a-ZrP composite modified electrode at scan rates from 0.1 to
1.0 V s�1 in 0.1% HAc buffer solution at pH 5.5.
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Faraday’s constant, v is the scan rate, R is the universal gas con-
stant, and T is the temperature. The peak-to-peak separations were
38, 40, 43, and 48 mV at 100, 200, 300, and 400 mV s�1, respec-
tively. The average ks value was calculated to be 7.37 ± 3.9 s�1,
which is similar to that of GOD immobilized on carbon nano-
tubes/chitosan matrix [35] and manganese oxide/polymer com-
posite film [40] but larger than the value of GOD incorporated
into gold nanoparticles/carbon nanotubes composite film [41]
Fig.6. CVs of a GOD/chitosan/a-ZrP composite modified electrode in nitrogen-
saturated (a), air-saturated (b), and air-saturated with 5 mM glucose (c) 0.1% HAc
buffer solution at pH 5.5.
and GOD assembled in the zinc oxide nanoparticles/carbon nano-
tubes multilayers structure [42].

The direct electrochemistry of the GOD/chitosan/a-ZrP compos-
ite exhibited a strong dependence on the medium pH. The increase
of pH caused a negative shift for the reduction and oxidation peaks,
as shown in Fig. S2 of the supplementary material. Furthermore, all
changes in peak potentials with pH were reversible. In the range of
pH values from 4.0 to 9.0, the relationship between the apparent
formal peak potential (Ep) and pH was linear with a slope of
�57 mV pH�1. This value was close to the theoretical value of
�58 mV pH�1 at 25 �C [43], indicating a reversible two-proton cou-
pled with two-electron transfer during the electrochemical redox
reaction process Eq. (1):

GOD� FADþ 2e� þ 2Hþ $ GOD� FADH2 ð1Þ
Electrocatalytic properties of GOD/chitosan/a-ZrP modified electrode
and glucose detection

Fig. 6 demonstrates the CVs of the GOD/chitosan/a-ZrP compos-
ite modified electrode in the nitrogen- and air-saturated 0.1% HAc
buffer solution at pH 5.5. A couple of well-defined redox peaks
were observed in both air- and nitrogen-saturated buffer solutions.
However, the cathodic peak current is higher and the anodic peak
current is lower in the air-saturated solution as compared with the
corresponding peaks in the nitrogen-saturated solution, indicating
that the intercalated GOD in the GOD/chitosan/a-ZrP composite ni-
cely catalyzed the oxygen reduction Eqs. (2) and (3). When glucose
was added to this air-saturated HAc buffer solution, the cathodic
peak current decreased due to the oxidation of glucose catalyzed
by GOD Eq. (4). Based on the decrease of the electrocatalytic re-
sponse to dissolved oxygen, this GOD/chitosan/a-ZrP modified
electrode was applied as a glucose biosensor:

GOD� FADþ 2e� þ 2Hþ ! GOD� FADH2 ð2Þ

GOD� FADH2 þ O2 ! GOD� FADþH2O2 ð3Þ

Glucoseþ O2 !
GOD

gluconolactoneþH2O2: ð4Þ

Fig. 7 displays the amperometric response of the GOD/chitosan/
a-ZrP ternary composite modified electrode to the successive addi-
tions of glucose in the air-saturated and stirred 0.1% HAc buffer
solutions (pH 5.5) at �435 mV. Each successive addition of glucose
caused a decrease in the steady-state current. The linear
calibration range for glucose is 0.25–8.0 mM (R = 0.9994, n = 14),
Fig.7. Amperometric response of a GOD/a-ZrP (a) and GOD/chitosan/a-ZrP (b)
composite modified electrode in 0.1% HAc buffer solutions (pH 5.5) after the
successive addition of glucose.



Table 1
Comparison of analytical parameters of GOD/chitosan/a-ZrP electrode with some other glucose biosensors.

Structure of biosensor Linear range (mM) Detection limit (mM) Detection potential (V) Reference

GOD/CNTs/chitosan/GCE 0–7.8 – +0.4 [35]
MSCF/GOD/Nafion/GCE 0.05–5 0.034 �0.4 [36]
GOD/{PDDA/MnO2}/graphite electrode 0.02–2.8 0.0098 – [40]
AuNPs–GOD–MWCNTs–PVA/GCE 0.5–8 0.2 �0.4 [41]
GOD/ZnO/GOD/MWCNTs/GCE 0.00667–1.29 0.00222 �0.3 [42]
GOD–PEI–PGE 0.5–8.9 0.05 – [44]
PDDA–GOD/Au/MWCNTs/GCE 0.5–5 – �0.3 [45]
GOD/chitosan/a-ZrP/GCE 0.25�8.0 0.076 �0.435 This work

Note: CNTs, carbon nanotubes; MSCF, mesocellular silica–carbon nanocomposite foam; PDDA, poly(diallyldimethylammonium); MnO2, manganese dioxide; AuNPs, gold
nanoparticles; MWCNTs, multiwalled carbon nanotubes; PVA, polyvinyl alcohol; ZnO, zinc oxide; PEI, polyethylenimine; PGE, polyethylene glycol; Au, gold.
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with a detection limit of 0.076 mM. However, for the GOD/a-ZrP
binary composite modified electrode, the steady-state current
was almost unchanged along the successive addition of glucose.
The phenomenon accords well with the result obtained by CD
and UV characterizations, indicating the remarkable loss of enzy-
matic activity of the intercalated GOD in the GOD/a-ZrP binary
composite. The reason may be due to the intensity interaction be-
tween GOD and a-ZrP leading to the denaturation of secondary for-
mation of protein. As for the GOD/chitosan/a-ZrP ternary
composite, the presence of the co-intercalated chitosan expanded
the interlayer distance of a-ZrP to facilitate GOD intercalating.
The intercalation of GOD into a-ZrP on a suitable interlayer space
caused the recovery of the activity of GOD. Table 1 gives a compar-
ison of analytical parameters of the GOD/chitosan/a-ZrP /GCE elec-
trode with some other glucose biosensors. It was found that the
linear range of this electrode is comparable to GOD immobilized
in gold nanoparticles/carbon nanotubes/polyvinyl alcohol, carbon
nanotubes/gold colloid/poly(diallyldimethyl–ammonium chloride
composite, and polyethylenimine film, but is not as good as GOD
immobilized in carbon nanotubes/chitosan and mesocellular sil-
ica–carbon nanocomposite foam/Nafion composite film.

For the electrochemical determination of glucose, the interfer-
ences of some electroactive species that coexist with glucose in hu-
man serum must be considered. In an air-saturated and stirred
0.1% HAc buffer solution (pH 5.5) containing 1.0 mM glucose, the
response arising from 0.15 mM ascorbic acid (AA), 0.5 mM urea,
and 0.125 mM uric acid (UA) is negligible.

The application of this GOD/chitosan/a-ZrP modified electrode
for biological sample estimation of glucose was explored. For a hu-
man serum sample of diabetics, the glucose level was determined
by cyclic voltammetry and the results are shown in Table 2 and
Fig. S3 of the supplementary material.

In summary, a GOD/chitosan/a-ZrP ternary composite was pre-
pared by co-intercalating GOD and chitosan into the interlayers of
a-ZrP. The good performances—including the fast and direct
electron transfer of GOD, the good electrocatalytic response to dis-
solved oxygen, and the detection of glucose in real biological sam-
ples—indicated that this GOD/chitosan/a-ZrP ternary composite
may be a promising candidate for constructing the third-genera-
tion glucose biosensor. To improve the application of this GOD/
Table 2
Glucose levels of human serum samples of diabetics estimated by GOD/chitosan/
a-ZrP modified electrode.

Sample
number

Detected value by this
method (mM)

Detected value by
hospital (mM)

Relative
error (%)

1 18.80 18.28 2.85
2 19.38 6.02
3 15.74 �13.9

Average 17.97 1.68
chitosan/a-ZrP electrode on human serum samples without dia-
betics, the influence of co-intercalated chitosan amount on the
detection limit and linear range should be investigated in the
future.
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