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Four types of nanozeolite (NZ) particles (Silicalite S-1, BEA, Silicalite S-1–DT, and BEA–DT) with different
physicochemical properties have been used for preparation of the new glucose oxidase (GOD) biosensor.
Cyclic voltammetric studies were carried out with four different Pt/NZ electrodes, and it was found that
the electrode prepared with BEA–DT NZ showed the highest electroactivity. These cyclic voltammograms
(CVs) were compared with the CVs of four Pt/NZ–GOD electrodes. The presence of the oxidoreductase
(GOD) on the electrode surface was the reason for the shifting of the potential peaks and corresponding
currents. The magnitudes of the cathodic peak of Pt/NZ–S-1–GOD and Pt/NZ–S-1–DT–GOD electrodes had
the highest values. The surface concentration (I⁄) of the adsorbed electroactive species (NZ–GOD) on the
electrode was estimated according to the Brown–Anson model. The pH effect on the cathodic peak poten-
tial of Pt/NZ–GOD electrodes was investigated. The influence of different nanozeolites on sensitivity of
GOD biosensors was studied. The most sensitive biosensor was obtained with NZ–S-1–DT, which had a
porous surface, a higher degree of hydrophobicity, and a relatively high negative charge. The sensitivity
of this electrode was 1.8044 lA L mmol�1, the concentration limit was 0.8 mmol L�1 glucose, and the lin-
ear correlation was from 2 to 18 mmol L�1 glucose.

� 2013 Elsevier Inc. All rights reserved.
The glucose biosensor has been widely used as a clinical indica-
tor of diabetes and in the food industry for quality control [1–5].
Indeed, glucose biosensors account for approximately 85% of the
entire biosensor market. The tremendous economic prospects
associated with glucose biosensors have led to a considerable
amount of fascinating research and innovative detection strategies.
Amperometric glucose oxidase (GOD)1 electrodes have played a
leading role in the glucose monitoring.

The most important aspects to consider in the development of
electrochemical sensors are sensitivity, selectivity, long-term sta-
bility, response time, portability and low cost. So far, great efforts
have been made to meet these needs through research in the
development of new materials. Recently, the nanoparticle-enhanc-
ing enzyme immobilization technique has become widespread.
Many kinds of nanoscale particles, such as Au [6,7], Pt [8], ZnO
[9], and SiO2 [10–12], have been used to construct nanobiosensors.
A variety of glucose biosensors with high sensitivity and excellent
reproducibility based on nanotechnology have been reported
[13–18]. Nanomaterials provide high surface areas for enzyme
loading and also afford a favorable microenvironment, helping
the enzyme to retain its bioactivity. It is known that the perfor-
mance of nanomaterials in any application is strongly dependent
on their physicochemical characteristics. Zeolites, hydrated crys-
talline aluminosilicate minerals (natural or synthetic), are widely
used as enzyme carriers [18]. Zeolites offer a friendly microenvi-
ronment for enzyme immobilization. Nanozeolites (NZs), which
display good interaction with biomolecules, possess excellent
characteristics such as a large clean surface, plentiful and tunable
surface properties (e.g., adjustable surface charge and hydrophilic-
ity/hydrophobicity), and high dispersibility in both aqueous and
organic solutions [19]. These characteristics give them very high
adsorption capability and a facile self-assembly character [20],
making them promising candidates for the immobilization of
enzymes and the construction of enzyme electrodes.

Different glucose biosensors fabricated with zeolite have been
reported—zeolite dispersed in carbon paste [21], mesoporous silica
MCM-41 modified glassy carbon electrode [22], and modified car-
bon paste electrode by incorporating ferricinium cation exchanged
zeolite [23]. The development of simple and reliable procedures to
immobilize and stabilize reactive enzymes on the electrode is a key
issue. Ultimately, one would like to develop a reagentless glucose
biosensor with a low operating potential, close to that of the redox
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potential of the enzyme. In this case, the electron is transferred di-
rectly from glucose to the electrode via the active site of the
enzyme.

In this article, we report a simple approach to fabrication of a
reagentless biosensor based on adsorption of GOD on different
NZ surfaces. The method is suitable to choose the best type of zeo-
lite for preparation of the glucose biosensor. This study aimed to
investigate the influence of different NZ particles on glucose bio-
sensor sensitivity.

Materials and methods

Apparatus and reagents

Cyclic voltammetry was performed on a PalmSens electrochem-
ical instrument (Palm Instruments, The Netherlands). A conven-
tional three-electrode system comprising the modified Pt disk
electrode as a working electrode (surface = 0.7838 cm2), a Pt wire
as an auxiliary electrode, and an Ag/AgCl as a reference electrode
was employed for all electrochemical experiments.

Tetraethylorthosilicate (TEOS, P99%, Shanghai Reagent Fac-
tory), fumed silica (Aerosil 400, Shanghai Chlorine Alkali Industry),
tetrapropylammonium (TPAOH, 25 wt%, Aldrich), tetraethylammo-
nium (TEAOH, 20 wt%, Sinopharm Chemical Reagent), aluminum
foil (P99.5%, Sinopharm Chemical Reagent), and distilled water
were employed for the preparation of NZ.

NZs S-1 (silicalite-1) and BEA (zeolite beta), both before and
after detemplation (DT), were used as enzyme carriers. Cross-link-
ing of GOD from Aspergillus niger with specific activity of
119.3 U mg�1 (Fluka) and albumin from chicken egg (Sigma) was
carried out with 0.7% glutaraldehyde (Fluka). All of the other re-
agents used for analyses were reagent grade (Fluka). Glucose stock
solutions were allowed to rotate at room temperature overnight
before use. Phosphate buffer solution (0.05 M, pH 5.8) was used
as the supporting electrolyte in all measurements, and distilled
water was used throughout.

Methods

Preparation of zeolite nanoparticles
Four NZs with different physicochemical and pore-opening

properties (S-1, BEA, S-1–DT, and BEA–DT) were used as enzyme
carriers. To study the micropore effects of NZs for the enzyme
immobilization, S-1 and BEA were partially detemplated (S-1–DT
and BEA–DT) to remove structure-directing agents of the external
surface by a microwave-assisted Fenton-like oxidation method de-
scribed by Hu and coworkers [24], which exposes the surface
micropores of NZs. NZ S-1 was hydrothermally synthesized in
the precursor solution of 1.0 SiO2/0.39 TPAOH/21.0 H2O in the
presence of microwave irradiation, according to Ref. [25]. NZ BEA
with an SiO2/Al2O3 molar ratio of 60 was hydrothermally synthe-
sized in the precursor solution of 1.0 SiO2/0.016 Al2O3/0.4 TEA-
OH/13.09 H2O, aged for 1 day, and the obtained mixture was
then transferred into a Teflon-lined autoclave at 140 �C for 14 days
to get the colloidal solution of NZ BEA. The resulting nanocrystals
were cooled to room temperature and then rinsed with distilled
water five times by centrifugation at 16,000 rpm.

Preparation of Pt/NZ electrode
After thorough rinsing with distilled water followed by ethanol,

the electrode was cleaned electrochemically by cycling it between
�0.2 and 1.45 V in aqua solution of 0.1 M H2SO4 at a scan rate of
0.075 V s�1 for 10 min or until the cyclic voltammetric characteris-
tics for a clean Pt electrode were obtained. Four different zeolite
nanoparticles (0.0025 g) were immersed in 50 ll of 0.1% albumin
solution in 0.05 M phosphate buffer (pH 7.0) for 2 h. Then the
mixture was centrifuged at 10,000g for 10 min. The supernatant
was removed, and 50 ll of 0.05 M phosphate buffer without albu-
min (pH 7.0) was added to the zeolite nanoparticles with adsorbed
albumin. A mixture of 0.7% glutaraldehyde (25 ll) and NZ with ad-
sorbed albumin dispersed in the phosphate buffer (50 ll, pH 7.0)
was applied to the electrode surface and was dried overnight at
4 �C. Cross-linking albumin kept the zeolite particles strongly ad-
sorbed to the electrode surface. The electrochemical measure-
ments were not influenced by the presence of albumin because it
was not electroactive.

The dried Pt/NZ modified electrodes were then characterized in
0.05 M phosphate buffer (pH 5.8) using cyclic voltammetry.

Preparation of enzyme electrode
Pt electrode was cleaned electrochemically according to the

procedure reported in the previous subsection. Four different zeo-
lite nanoparticles (0.0025 g) were immersed in 0.4% GOD solution
in 0.05 M phosphate buffer (pH 5.8) for 2 h. Then the mixture was
centrifuged at 10,000g for 10 min. The supernatant was removed,
and 50 ll of 0.05 M phosphate buffer without GOD (pH 7.0) was
added to the zeolite nanoparticles with adsorbed enzyme. A mix-
ture of 0.7% glutaraldehyde (25 ll) and NZ with adsorbed enzyme
dispersed in the phosphate buffer (50 ll, pH 7.0) was applied to the
electrode surface and was dried overnight at 4 �C. The dried Pt/NZ–
GOD modified electrodes were then characterized in 0.05 M phos-
phate buffer (pH 5.8) at different scan rates using cyclic
voltammetry.

Cyclic voltammetric and amperometric measurements with Pt/NZ and
Pt/NZ–GOD electrodes

Cyclic voltammetric studies of Pt/NZ and Pt/NZ–GOD electrodes
were carried out in an electrochemical cell containing 11 ml of
phosphate buffer solution (0.05 M, pH 5.8) at 25 �C. The experi-
ments were performed at potentials from 0.3 to 1 V at a scan rate
of 0.1 V s�1. Kinetic studies were carried out on Pt/NZ–GOD elec-
trodes by cyclic voltammograms (CVs) as a function of scan rates
varying from 0.01 to 0.2 V s�1. CVs of Pt/NZ–GOD electrodes were
obtained by adding glucose solution to final concentrations of 2,
7, 13, and 18 mM in the electrochemical cell, and the resulting cur-
rent was recorded.

The amperometric measurements of the Pt/NZ–S-1–DT–GOD
electrode were carried out by successive additions of glucose to
11 ml of 0.05 M phosphate buffer solution (pH 5.8) to a final con-
centration from 2 to 110 mmol L�1 and an applied potential of
�0.1 V.

Instruments

Micropore volumes were measured by nitrogen adsorption and
desorption isotherms using a Micromeritics ASAP-2010 sorptome-
ter at liquid N2 temperature. Scanning electron microscope (SEM)
images were obtained on a Philips XL 30 microscope. Zeta poten-
tials of NZs were detected at 25 �C by a MALVERN Zetasizer Nano
ZS90. The water contact angle was measured by a DataPhysics
OCA 20 instrument. A Fourier transform infrared (FTIR) spectro-
photometer (Tensor 27) was used to characterize NZ particles
and their interaction with the enzyme (GOD).

Results and discussion

Basic characteristics of NZ particles

The basic characteristics of the four types of NZ particles are
presented in Table 1. The different types of NZ particles have differ-
ent hydrophilic–hydrophobic balances and different surface
charges. Both S-1–DT and BEA–DT particles have higher negative



Table 1
Basic characteristics of NZ particles.

Sample Sizea (nm) Component of framework Micropore volume (cm3/g) Zeta potential (mV) Water contact angle (�)

S-1 90 All Si 0 �1.7 23.5
S-1–DT 90 0.044 �18.4 34.2
BEA 100 Si, Al 0 �26.2 14.6
BEA–DT 100 Si/Al = 28 0.094 �42.6 19.5

a The size of the particles was determined by SEM analysis.

Fig.1. SEM images of two major types of NZ particles: (A) S-1–DT; (B) BEA–DT.

Fig.2. (A) FTIR transmission spectra of BEA–DT (1), BEA–DT–GOD (2), and GOD (3). (B) FTIR transmission spectra of S-1–DT (1), S-1–DT–GOD (2), and GOD (3).
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Table 2
Basic character bands of FTIR transmission spectra of NZ particles.

Sample Wavenumber (cm�1)

NZs before detemplation: S-1, BEA Vibration from framework of NZs:
800 cm�1: symmetric vibration of Si–O–Si
1000–1250 cm�1: asymmetric vibration of T–O–T
550 cm�1: vibration of five-membered rings in S-1
570 cm�1: vibration of double six-membered rings in BEA
C–H vibration (attributed to organic template TEAOH):
2987, 2942, and 2880 cm�1: C–H stretching
1483, 1459, and 1396 cm�1: C–H bending

NZs after detemplation: S-1–DT, BEA–DT Vibrations from framework remain unchanged while C–H bending and stretching vibrations weaken, and the vibration of
H2O (1640 cm�1) becomes stronger due to more adsorbed water in their empty channels

BEA–DT–GOD New bands: 3288 – OH and NH stretching; 2874 – C–H symmetric stretching for CH2; 1726 – C@O for carboxylic acid;
1652 – C@O and C–N stretching amide I; 1536 – C–N stretch and N–H bend amide II; 1220 – C–N stretching

S-1–DT–GOD New bands: 3288 – OH and NH stretching; 2874 – C–H symmetric stretching for CH2; 1726 – C@O for carboxylic acid;
1652 – C@O and C–N stretching amide I; 1536 – C–N stretch and N–H bend amide II; 1220 – C–N stretching

Table 3
Cathodic peak potentials and corresponding currents of Pt/NZ and Pt/NZ–GOD
electrodes.

NZ Pt/NZ electrodes Pt/NZ–GOD electrodes

E (V) DI (lA) E (V) DI (lA)

BEA 0.034 56.2 0.044 95.0
BEA–DT 0.048 114.7 0.054 104.8
S-1 0.044 15.30 0.049 130.39
S-1–DT 0.064 71.72 0.049 135.55
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charge in comparison with S-1 and BEA and are characterized with
open pores. The pore sizes of S-1–DT and BEA–DT are 5.5 and 7.5 Å,
respectively. The water contact angles of S-1 and S-1–DT NZs are
higher than the water contact angles of the other two types of
NZ particles. Consequently, S-1 and S-1–DT NZs are more hydro-
phobic than BEA and BEA–DT NZs (Table 1). SEM images of two
typical types of NZ particles (S-1–DT and BEA–DT) are presented
in Fig. 1. They have spherical morphology and uniform sizes of
100 and 90 nm, respectively.

FTIR transmission spectra of NZs without and with immobilized GOD

The functional groups of the pure NZ particles and NZs with
adsorbed GOD were demonstrated by the FTIR spectra (Fig. 2 and
Table 2). The FTIR spectra of BEA and BEA–DT nanoparticles, as well
as the spectra of S-1 and S-1–DT nanoparticles, were similar.
Therefore, only the spectra of BEA–DT and S-1–DT nanoparticles
are presented. The vibrations of the framework of BEA–DT and
S-1–DT remained unchanged, whereas the C–H bending and
stretching vibrations weakened, but the vibration of H2O
(1640 cm�1) became stronger due to the larger amount of adsorbed
water in their empty channels. The FTIR spectra of the two types of
nanoparticles (BEA–DT and S-1–DT) with adsorbed GOD are
presented in order to demonstrate the presence of the enzyme on
the surface of the nanoparticles (Fig. 2A and B, curve 2). The appear-
Fig.3. CVs of Pt/NZ–S-1 (a), Pt/NZ–S-1–DT (b), Pt/NZ–BEA (c), and Pt/NZ–BEA–DT (d) elec
�0.3 to 1 V and a scan rate of 0.1 V s�1.
ance of new bands showed the presence of the adsorbed enzyme.
The most important were the bands 1652 and 1536 cm�1 corre-
sponding to the presence of –C@O and –C–N stretching amide I
and –C–N stretch and N–H bend amide II groups, indicative of the
peptide backbone. The spectrum of GOD (Fig. 2A and B, curve 3)
is presented for comparison. The strong absorption bands of amide
I and amide II, as well as NH and NH2 bands (typical of the enzyme),
indicated that GOD was successfully immobilized on the NZ
surface.

CV characterization of Pt/NZ electrodes and Pt/NZ–GOD electrodes

The CVs of the four different Pt/NZ electrodes (Pt/NZ–S-1,
Pt/NZ–S-1–DT, Pt/NZ–BEA, and Pt/NZ–BEA–DT) are presented in
trodes and Pt electrode (e) in a 0.05 M phosphate buffer (pH 5.8) at a potential from



Fig.5. CVs of Pt/NZ–S-1–GOD (A), Pt/NZ–S-1–DT–GOD (B), Pt/NZ–BEA–GOD (C), and Pt/NZ–BEA–DT–GOD (D) electrodes in a 0.05 M phosphate buffer (pH 5.8) at scan rates
from 0.01 to 0.2 V s�1 (a–g). Insets show the plots of peak currents of the same electrodes versus scan rates.

Fig.4. CVs of Pt/NZ–BEA–GOD (a), Pt/NZ–BEA–DT–GOD (b), Pt/NZ–S-1–GOD (c), and Pt/NZ–S-1–DT–GOD (d) electrodes in a 0.05 M phosphate buffer (pH 5.8) at a potential
from �0.3 to 1 V and a scan rate of 0.1 V s�1.
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Fig.6. Influence of pH on CVs of Pt/NZ–S-1–GOD (A) and Pt/NZ–BEA–DT–GOD (B)
electrodes at a scan rate of 0.1 V s�1.
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Fig. 3. It is noteworthy that in comparison with the bare Pt elec-
trode (Fig. 3, curve e), using different NZ particles in preparation
of the electrodes resulted in different CVs. They exhibited one
cathodic peak at 0.05 V and a strong shift of the anodic curve at
0.8 V. The CVs showed that the peak potentials and corresponding
peak currents varied depending on the type of zeolite nanoparti-
cles. The magnitude of the cathodic peak of the Pt/NZ–BEA–DT
electrode had the highest value (DI = 114.7 lA), whereas the low-
est value corresponded to the Pt/NZ–S-1 electrode (DI = 15.3 lA)
(Table 3). Obviously, the electrode with BEA–DT NZs was more
electroactive. The open micropores of the BEA–DT NZs in the
detemplating process can transfer cations by an ion exchange pro-
cess between the micropores and the solution, thereby favoring the
electroactivity of the electrode. The CVs of these four Pt/NZ elec-
trodes were compared with the CVs of four Pt/NZ–GOD electrodes
(Pt/NZ–S-1–GOD, Pt/NZ–S-1–DT–GOD, Pt/NZ–BEA–GOD, and Pt/
NZ–BEA–DT–GOD) (Fig. 4). The presence of the oxidoreductase
(GOD) on the electrode surface was the reason for the shifting of
the peak potentials (E, V) and the change of peak magnitudes
(DI, lA) (Table 3). In this case, the magnitude of the cathodic peaks
of Pt/NZ–S-1–GOD (Fig. 4, curve c) and Pt/NZ–S-1–DT–GOD (Fig. 4,
curve d) electrodes had the highest values, DI = 130.39 and
135.55 lA, respectively (Table 3). The better electroactivity of
these electrodes is probably due to the greater amount of the
immobilized enzyme and the good enzyme conformation on the
NZ particles S-1 and S-1–DT. The two types of NZs have the lowest
negative electric charge. These results are completely consistent
because it is known that the pI of GOD is 4.2. At a pH below the va-
lue of the pI, the proteins carry a net positive charge; above their
pI, they carry a net negative charge. In our case, the GOD adsorp-
tion on the NZs was carried out at pH 5.8. Therefore, the charge
of the enzyme molecules was negative. This means that fewer en-
zyme molecules are adsorbed on the negatively charged NZ parti-
cles BEA and BEA–DT and vice versa. Hence, the amount of the
immobilized enzyme reflected on the values of the cathodic peak
magnitude of the enzyme electrodes.

Furthermore, the results were also in accordance with the
hydrophilicity of the NZ particles. It is known that the hydrophobic
surfaces adsorb more proteins than the hydrophilic surfaces. S-1
and S-1–DT NZs were estimated to be the most hydrophobic NZ
particles because their water contact angles had the highest values
(Table 1). Consequently, the electrodes prepared with these two
types of NZs adsorbed more enzyme molecules and showed higher
electroactivity.

Kinetic studies of Pt/NZ–GOD electrodes

Determination of surface concentration of absorbed electroac-
tive species

The effect of the scan rates on the currents of the four Pt/NZ–
GOD electrodes (Pt/NZ–S-1–GOD, Pt/NZ–S-1–DT–GOD, Pt/NZ–
BEA–GOD, and Pt/NZ–BEA–DT–GOD) was studied. The scan rates
Table 4
Mathematical dependences of kinetic studies of Pt/NZ–GOD electrodes.

Type of electrodes Linear equation between cathodic peak current (y) and
potential scan rate (x)

Pt/NZ–S-1–GOD y = �1700x � 56.911
R2 = 0.947

Pt/NZ–S-1–DT–GOD y = �1764x � 51.763
R2 = 0.9657

Pt/NZ–BEA–GOD y = �1687.3x � 46.851
R2 = 0.9668

Pt/NZ–BEA–DT–GOD y = �1579.7x � 48.442
R2 = 0.9613
varied from 0.01 to 0.2 V s�1 (Fig. 5A–D). The cathodic and anodic
peak currents increased linearly with the increase of the scan rates
in that range (Fig. 5A–D, insets). The response was stable, with no
changes observed, after 20 potential cycles. The equations of these
linear dependences are presented in Table 4. As can be seen, the
electrodes prepared with S-1–DT and S-1 NZs have the greatest
slope of the cathodic linear dependence and are the most sensitive.

The number of electrons transferred was estimated from the
CVs of Pt/NZ–GOD electrodes and was calculated using the
equation

=Ep� Ep1=2= ¼ 2:20 RT=nF ¼ 56:5=n; ð1Þ

where Ep is the maximum cathodic peak potential, Ep1/2 is half of
the maximum cathodic peak potential, R is the gas constant
(8.314 J (mol K)�1), T is the absolute temperature (298 K) of the
system, F is the Faraday constant (96.584 C mol�1), and n represents
I⁄ (mol cm�2) Linear equation between cathodic peak current (y) and
glucose concentrations (x)

0.566 y = �1.2075x � 1.4253
R2 = 0.9963

0.597 y = �1.8044x � 5.7
R2 = 0.9923

0.522 y = �0.787x � 0.5449
R2 = 0.9890

0.535 y = �1.4623x � 0.6233
R2 = 0.9991



Fig.7. Linear correlation between current and glucose concentration, obtained on
basis of CVs of biosensors with different types of NZs: Pt/NZ–S-1–DT-GOD (x), Pt/
NZ–BEA–DT–GOD (N), Pt/NZ–S-1–GOD (j), and Pt/NZ–BEA–GOD (�) electrodes in
0.05 M phosphate buffer (pH 5.8) at a scan rate of 0.1 V s�1.
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the number of electrons transferred. It was found to be a two-elec-
tron transfer system for Pt/NZ–GOD electrodes.

The surface concentration (I⁄) of the absorbed electroactive spe-
cies (NZ–GOD), therefore, could be estimated from the plot of Ip

versus m, in accordance with the Brown–Anson model [26], using
the equation

Ip ¼ n2F2I�Av=4RT; ð2Þ

where Ip represents the cathodic peak current at a different scan
rate, A is the surface area of the electrode (0.7838 cm2), m is the scan
rate (V s�1), I⁄ is the surface concentration of the absorbed electro-
active species, and F, R, and T are the same as in Eq. (1). The surface
concentration of electroactive species was calculated on the base of
the CVs of the Pt/NZ–GOD electrodes and Eq. (2) and are presented
in Table 4. The highest concentration (I⁄) of the enzyme on the elec-
trode surface corresponded to the electrodes prepared by NZ–S-1
and NZ–S-1–DT (i.e., the nanoparticles with higher hydrophobicity
and lower negative charge). The values of I⁄ correlate completely
with the above-discussed results concerning the relation between
Fig.8. Calibration curve for glucose using Pt/NZ–S-1–DT–GOD electrode. Insets: (a) c
phosphate buffer solution (pH 5.8) at applied potential of �0.1 V; (b) linear correlation
correlation between current and concentration of glucose from 18 to 90 mmol L�1.
the main characteristics of the NZ particles and the electroactivity
of the Pt/NZ and Pt/NZ–GOD electrodes.

pH effect on CVs of Pt/NZ–GOD electrodes
The pH effect of the solution on the voltammetric response of

the four Pt/NZ–GOD electrodes was studied (Fig. 6). The results
showed that with the increase of pH, the cathodic peak of the Pt/
NZ–GOD electrodes shifted to negative potential values. The CVs
of only the Pt/NZ–S-1–GOD and Pt/NZ–BEA–DT–GOD electrodes
are presented in Fig. 6 because they have the lowest and highest
negative charges, respectively. The pH effect on the value of the
cathodic peak magnitude was also observed (Fig. 6). The electrodes
Pt/NZ–S-1–GOD and Pt/NZ–S-1–DT–GOD with a higher amount of
immobilized enzyme showed greater pH influence.

Amperometric response of biosensor
The linear dependence on glucose concentration (2–

18 mmol L�1) of the CV curves of all four Pt/NZ–GOD electrodes
is presented in Fig. 7. The derived equations of the linear correla-
tion are presented in Table 4. Obviously, the Pt/NZ–BEA–GOD
electrode had the lowest response current and sensitivity,
0.787 lA L mmol�1. That was indicative that the modified surface
contained a small amount of immobilized enzyme (I⁄ = 0.522
mol cm�2); thus, the amount of H2O2 gained in the reaction with
glucose was also small. The obtained results indicated that the
Pt/NZ–S-1–DT–GOD electrode, prepared with NZ particles with
porous surface with the highest degree of hydrophobicity and rel-
atively small negative charge, was the most sensitive. The sensitiv-
ity of this electrode was 1.8044 lA L mmol�1. This type of NZ
might create a suitable microenvironment that benefits the expo-
sition of the enzyme active center and increases the response cur-
rent. This study proves that the enzyme immobilized on different
zeolite surfaces has distinct effectiveness.

An amperometric study of the most sensitive glucose Pt/NZ–S-
1–DT–GOD electrode was carried out. Fig. 8, inset a, shows the
current–time responses on Pt/NZ–S-1–DT–GOD electrode on suc-
cessive additions of glucose to 0.05 M phosphate buffer solution
(pH 5.8) at an applied potential of �0.1 V. With the increase of
the glucose concentration, the amperometric responses increased
linearly in two ranges: first range from 2 to 18 mmol L�1 with
urrent–time response of the Pt/NZ–S-1–DT–GOD electrode to glucose in 0.05 M
between current and concentration of glucose from 2 to 18 mmol L�1; (c) linear



Table 5
Performance of Pt/NZ–S-1–DT–GOD biosensor compared with biosensors previously reported in literature.

Material Linearity Sensitivity Reference

Fe3O4/SPCE 0–33.3 mM 1.74 lA mM�1 Lu and Chen [27]
Au–CH/Pt 0.5–16 mM 0.555 lA mM�1 Wu et al. [28]
CNT–CH 0–7.8 mM 0.52 lA mM�1 Liu et al. [17]
CH–ZrO2 1.25 � 10�2 to 9.5 mM 0.028 lA mM�1 Yang et al. [29]
Nafion–SWCNHs 0–6.0 mM 1.06 lA mM�1 Liu et al. [30]
Pt/NZ–S-1–DT–GOD 2–18 mmol L�1 1.8044 lA L mmol�1 Current work

Note: SPCE, screen-printed carbon electrode; CH, chitosan; CNT, carbon nanotube; SWCNHs, single-walled carbon nanohorns.
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linear equation I = 1.8044�Cglucose � 5.7 (lA, mmol L�1, R2 = 0.9923)
(Fig. 8, inset b); second range from 18 to 90 mmol L�1 with linear
equation I = 0.1746�Cglucose + 22.61 (lA, mmol L�1, R2 = 0.9925)
(Fig. 8, inset c). The detection limit was 0.8 mmol L�1 at a signal-
to-noise ratio of 3. The remarkable sensitivity would couple with
very high selectivity (e.g., negligible interferences from ascorbic
and uric acids, acetaminophen, and cysteine at +0.10 V vs. Ag/
AgCl). It is known that the detection of H2O2 by its oxidation at a
platinum electrode requires a potential of +0.5 to +0.6 V (vs. Ag/
AgCl) and, hence, is subject to interference by ascorbic and uric
acids [18].

The obtained results were compared with the results reported in
other similar articles (Table 5). Obviously, our results are compara-
ble to the results published by other authors. The reproducibility
and storage stability of the Pt/NZ–S-1–DT–GOD electrode were
examined to prove the precision and practicability of this method.
The relative standard deviation (RSD) of the biosensor response to
9 mmol L�1 glucose was 4.0% (n = 6). The RSD for the detection of
9 mmol L�1 glucose on the five newly fabricated biosensors was
5.3%. Those results showed that the biosensor exhibited good repro-
ducibility. When the enzyme electrode was not used, it was wrapped
with a piece of thin plastic film and stored at 4 �C. After 40 days, the
biosensor kept 80% of its initial current response to glucose.

Conclusion

The obtained results showed that the performance of the Pt/
NZ–GOD electrode was influenced by the type of NZs included in
the enzyme composition. The most sensitive electrode was ob-
tained with NZ–S-1–DT particles with a porous surface, a higher
degree of hydrophobicity, and a relatively small negative charge.
The greater enzyme loading may be the main reason for the high
enzyme activity of GOD. It still requires more efforts to further ex-
plore the mechanism underlying the interaction between NZs and
enzymes so as to make clear which factor plays a more important
role for enzyme loading, conformation, and activity.
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