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Abstract In this work, an enzyme biosensor based on the immobilization of horseradish
peroxidase (HRP) on SiO,/BSA/Au/thionine/nafion-modified gold electrode was fabricated
successfully. Firstly, nafion was dropped on the surface of the gold electrode to form a
nafion film followed by chemisorption of thionine (Thi) as an electron mediator via the ion-
exchange interaction between the Thi and nafion. Subsequently, the SiO,/BSA/Au
composite nanoparticles were assembled onto Thi film through the covalent bounding
with the amino groups of Thi. Finally, HRP was immobilized on the SiO,/BSA/Au
composite nanoparticles due to the covalent conjugation to construct an enzyme biosensor.
The surface topographies of the SiO,/BSA/Au composite nanoparticles were investigated
by using scanning electronic microscopy. The stepwise self-assemble procedure of the
biosensor was further characterized by means of cyclic voltammetry and chronoamperom-
etry. The enzyme biosensor showed high sensitivity, good stability and selectivity, a wide
linear response to hydrogen peroxide (H,0,) in the range of 8.0x10°~3.72x10 mol/L,
with a detection limit of 2.0x10°® mol/L. The Michaelies-Menten constant K, value was
estimated to be 2.3 mM.

Keywords SiO,/BSA/Au composite nanoparticles - Nafion (Nf) - Thionine (Thi) - HRP-
Hydrogen peroxide (H,0,)
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Introduction

The development of highly sensitive and selective methods for H,O, determination is a very
important analytical task in both clinical and environmental fields. Biosensors based on
horseradish peroxidase (HRP) have emerged as the most convenient tools for hydrogen
peroxide determination [1-4]. It is well-known that immobilizing a biomolecule on the sensing
electrode surface, and maintaining the enzyme activity is a crucial step in enzyme biosensor
design [4—7]. Therefore, new materials have been researched for getting more sensitive and
stable biosensors [8, 9]. Up until now, a lot of materials have been used as electrode-modified
matrices for immobilization of HRP, such as polymers, sol-gel, and nanoparticles [10, 11].

Nanoparticles have often been used in constructing electrochemical biosensors due to their
special features including their large surface area, high surface free energy, and good
biocompatibility [12, 13]. For example, metal nanoparticles can be used to promote electron
transfer between proteins and electrodes. Particularly, Au nanoparticles (nano-Au) have been
extensively used as an immobilized matrix to promote the direct electron transfer of the
immobilized redox proteins [10-16]. Xiao et al. developed a biosensor based on HRP
immobilized on nano-Au. However, the lifetime of the biosensor was not satisfied [17].
Additionally, SiO, nanoparticles have also been found to be a good biocompatible solid
support for biomolecule immobilization to construct biosensor [11, 12]. Although the lifetime
of the biosensor based on HRP immobilized on SiO, nanoparticles was in the range of several
months, the conductivity was poor, which resulted in the low sensitivity [17]. Actually, the
composite nanomaterials have a synergistic effect of each component [18]. In comparison to
the individual components, the composites could exhibit better physical, chemical properties,
and performance characteristics [19, 20]. Therefore, the SiO,/Au composite nanoparticles were
hopeful to obtain good conductivity and favorable environment to retain the enzyme activity.

Recently, the composite nanoparticles of SiO,/Au were used for immobilization of proteins
[21-24]. In this work, an inert protein with many reactive amino groups, bovine serum
albumin (BSA) [25], was chosen to functionalize silica nanoparticles. BSA was easily
absorbed on SiO, surface through the hydrogen bonding between -NH group of BSA and -
OH group of SiO, [26]. In comparison with the PEI-functionalized silica and APTMS-
functionalized silica [27], BSA-functionalized silica could possess better biocompatibility to
retain the enzyme activity. Furthermore, the BSA-covered SiO, could load gold nanoparticles
by the reactive amino groups of BSA, the resulting SiO,/BSA/Au composite nanoparticles
could be used to immobilize the enzyme and efficiently avoid the inactive of the enzyme.

Thus, the enzyme biosensor based on the composite nanoparticles of SiO,/BSA/Au was
constructed by employing the self-assembly technique to form HRP/SiO,/BSA/Au/Thi/Nf-
modified gold electrode. The surface morphology on the SiO,/BSA/Au composite
nanoparticles was observed by using scanning electron microscopy (SEM), the modified
biosensors were characterized by means of cyclic voltammetry and chronoamperometry.
The performance and factors influencing the resulting biosensor were studied in detail. The
resulted biosensor exhibited high sensitivity, good repeatability, and selectivity.

Experimental
Reagent and Materials

Thionine (Thi), Nafion (Nf), HRP, bovine serum albumin (BSA, 96-99%) were obtained
from Sigma Chemical Co. (St. Louis, MO, USA). H,O, (30%, w/v solution) was purchased
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from Beijing Chemical Reagent (Beijing, China). The prepared Au colloids (16 nm) were
kept at 4 °C before use. All chemicals and solvents used were of analytical grade and were
used as received. Double-distilled water was used throughout this study. The working
buffer (pH 5.5) was composed of 0.1 M HAc—NaAc buffer solution containing 0.1 M KCI.

Apparatus

Cyclic voltammetric measurements (CVs) and chronoamperometry were performed with
CHI 610B electrochemistry workstation (Shanghai CH Instruments Co, China). All
experiments were carried out with a conventional three-electrode system with the modified
gold electrode as the working electrode, a platinum wire as the counter electrode, and a
saturated calomel reference electrode (SCE).

Preparation of SiO,/BSA/Au Composite Nanoparticles

SiO, nanoparticles were prepared according to the following steps: first, 100.0 mL ethanol
was added into 12.0 mL NH3-H,O (25.0 wt%), after the solution became homogeneous,
6.0 mL tetraethylorthosilicate was dropped slowly into solution under vigorous stirring.
After a few minutes, the white precipitate was washed, centrifuged, and dispersed in
distilled water, until the supernatant solution turned neutral, the opaque and white silica
sol—gel is formed [28].

Subsequently, the obtained silica sol-gel was surface chemically functionalized by BSA.
Finally, the functionalized silica sol-gel and Au colloid were mixed and vigorously stirred for
4 h. Then, the SiO,/BSA/Au composite nanoparticles were obtained. In Fig. 1, the micrographs
(morphologies) of SiO,/BSA/Au composite nanoparticles are shown. As shown, the silicon
substrate was covered with a great deal of small spherical gold nanoparticles, which
demonstrated that the SiO,/BSA/Au composite nanoparticles were prepared successfully.

Fabrication of the Enzyme Biosensor
A gold electrode (?=4 mm) was polished repeatedly with 1.0, 0.3 pm alumina powder,

followed by successive sonication in bi-distilled water and ethanol, and dried in air. The

Fig. 1 SEM images of SiO,/
BSA/Au nanoparticles
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cleaned electrode was coated with Nf ethanol solution (v/v, 2%) firstly and then soaked in
Thionine (Thi) solution (3 mM) for about 10 min. Following that, it was immersed in
0.5 mL solution of the SiO,/BSA/Au composite nanoparticles for 4 h to form a SiO,/BSA/
Au composite nanoparticles monolayer. Finally, the modified biosensor was coated with
HRP solution about 4 h at 4 °C. The schematic illustration of the stepwise self-assembly
procedure of the biosensor was shown in Fig. 2.

Electrochemical Measurements

Electrochemical measurements were performed at 25 °C (room temperature) and the potential
swept from —0.6 to 0.2 V (versus SCE) with the scan rate of 100 mV s™'. The electrochemical
measurements were performed in 0.1 M HAc—NaAc buffer solution (pH 5.5).

Results and Discussion
Electrochemical Characterization of Differently Modified Electrodes

Cyclic voltammograms of differently modified electrodes were presented in Fig. 3. No
obvious electrochemical peaks were found at the bare gold electrode (Fig. 3a), or the Nf-
modified gold electrode ( Fig. 3b) due to the lack of electron exchange. It was not until
positively charged Thi* and negatively charged SiO./BSA/Au composite nanoparticles
were assembled on the Nf-modified gold electrode that the current increased substantially
(Fig. 3c, d). The reason may be the fact that nanometer-sized gold colloids play an
important role similarly to a conducting wire or electron-conducting tunnel. However, when
HRP was adsorbed onto the SiO,/BSA/Au composite nanoparticle monolayer, a further
decrease of the peak currents may be contributed HRP hindering the transmission of
electrons toward the electrode surface (Fig. 3e).

The CVs of the modified electrode in HAc—NaAc buffer solution (pH 5.5) at different
scan rates were investigated. It was found that the biosensor represented reversible waves in
cyclic voltammetry, indicating that the film modified was quite stable. Also, both the anodic
and cathodic peak currents were directly proportional to the potential scan rates in the range
of 20300 mV s™', suggesting a surface confined redox process.

Fig. 2 Schematic illustration of the stepwise enzyme biosensor fabrication process: a Dropping 2% nafion
on the electrode surface, b Adsorption of Thi, ¢ assembly of SiO,/BSA/Au nanocomposites, (d) loading of
HRP
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Fig. 3 Cyclic voltammograms of
the electrode in the HAc—NaAc 40 d
buffer solution: a bare electrode,
b adsorption Nafion, ¢ adsorption
Thi, d SiO,/BSA/Au/Thi/nafion 20F
electrode, e HRP will be fixed to
the modified SiO,/BSA/Au/Thi/
nafion electrode surface, modifi-
cation of the electrode in HAc—
NaAc buffer solution, scanning
rate is 100 mV s™'. Insert:
amplified response curve 20 F
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The Amplification Properties of HRP

The finding that HRP had good catalytic activity towards H,O, can be seen in the cyclic
voltammograms obtained in working buffer (pH 5.5) with and without H,O,. In the absence
of H,O,, oxidation-reduction peaks were observed, due to Thi being a good redox probe. In
the presence of H,0O,, the cathodic peak current significantly increased 52.10% and the
anodic current decreased 6.40%. The phenomena indicated that HRP attached to the
electrode surface retains high enzymatic catalytic activity and Thi is a suitable electron-
transfer mediator.

Optimization of the Assay Conditions
pH of the Working Buffer

The CVs of the biosensor in HAc—NaAc buffer at various pHs ranging from 3.5 to 6.0 are
shown in Fig. 4. It was observed that both the cathodic and anodic potential shifted in a

Fig. 4 Cyclic voltammograms of
the enzyme-based biosensor in 40F
HAc—NaAc buffer at various
pHs: 2 6.0, b 5.5,¢5.0,d 45, e
4.0, £3.5 at 100 mV s scan rate 201
under 25 °C
<
s 0
~
—
-20F
-40F

-0.6 -0.4 -0.2 0.0 0.2 0.4
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negative direction with an increase of pH. And the current response decreased with
increasing pH value 3.5 to 6.0. The reason may be due to the fact that the Thi is easily
protonized in the solution containing enough H'. The pH influences the biosensor response
in two ways: one is that pH affects the activity of HRP, with increasing solution acidity its
activity decreases greatly. The other one is that pH affects the current response and the
potential of Thi. Therefore, while considering the response and the lifetime of the biosensor,
an optimal pH of the working buffer was 5.5.

Performance of the Biosensor

Figure 5 showed the chronoamperometric response of the biosensor to different
concentrations of H,O, at an applied potential of =200 mV. Additions of H,O, to the
solution resulted in an apparent increase of the reduction current. The enzyme biosensor had
a satisfactory response within the concentration range tested from 8.0 10 to 3.72x 10 mol L!
with a correlation coefficient of 0.997; the detection limit is 2.0%10°® mol L. Table 1 shows
the linear range and detection limit of hydrogen peroxide biosensors with previous reports [29—
33]. Compared with other methods, the biosensor has a relative large linear range and low
detection limit.

The apparent Michaelis-Menten constant (K;/”), which shows an indication of the
enzyme-substrate kinetics, can be obtained from the electrochemical version of the
Lineweaver-Burk equation [34]:

11 K

L Ine | IneC

Where, I is the steady current after the addition of substrate, /. is the maximum current
under saturated substrate condition, and C is the H,O, concentration, K3/ stands for the
apparent Michaelis—Menten constant of the system. The value of the apparent Michaelis—
Menten constant can be calculated from the slope and the intercept for the plot of the
reciprocals of the steady-state current versus H,O, concentration. The Kj/”value for the
HRP/SiO,/BSA/Au/Thi/Nafion/Au electrode was determined to be 2.3 mM. This K;7”
value is smaller than that obtained for incorporated in Au nanoparticles and chitosan

Fig. 5 The chronoamperometry
response of the enzyme-based
biosensor at an applied potential 4 F
of =200 mV: a HRP/Au/Thi/
nafion; b HRP/SiO,/BSA/Au/
Thi/nafion. Insert is the calibra-
tion curve of the enzyme-based 6r
biosensor
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Table 1 Comparison of linear range and detection limit of the biosensor with previous reports.

H,0, biosensor Linear range (M) Detection limit (M)
HRP/SiO,/BSA/Au/Thi/nafion/Au 8.0x10°~3.72x107 2.0x10°
HRP/silica sol-gel/chitosan/CPE [29] 2.5%x10°~3.4x107 3.0x10°
HRP/Si0,-MB/gelatine/GCE [30] 1.0x10°~1.2x107 4.0x10°
HRP/nano-Au/thio-CCE [31] 1.22x10°~1.10x1073 6.1x10°
HRP/Hb/chitosan/GCE [32] 3.9%x10%~8.9x107 1.2x10™
HRP/FMC-BSA/MWNTs/ormosil composite/GCE [33] 2.0x10°~4.0x1073 5.0x10°

CPE carbon paste electrode, CCE carbon composite electrode

composite film (K3’ =4.51 mM) [35] in poly(thionine)film (K7 =28 mM) [36],
indicating that HRP immobilized in SiO,/BSA/Au/Thi/Nafion film retains its bioactivity
and has a high biological affinity to H,O,.

A comparative study of the chronoamperometric response of the biosensors was carried
out using SiO,/BSA/Au composites or Au nanoparticles to immobilize HRP. Figure 5a was
the response curve of the HRP/Au/Thi/Nafion modified electrode. It was found that the
sensitivity of the studied electrode was enhanced by the SiO,/BSA/Au composite
nanoparticles. Further studies showed that the electrode in this study exhibited high
stability, when it was kept at 4 °C for a period of 4 weeks, the electrode retained more than
87.5% of its initial response.

Selectivity of the Biosensor

Selectivity is also important in practical use of the biosensors. In order to investigate the effect
of some possible interfering substances on the biosensor, five interfering substances were used
for measurement in our experiments. The results are listed in Table 2. The current ratios were
calculated by reading the current of the biosensor in the solution containing 1.7 mM
interfering substance and 1.7 mM H,O, and comparing it with the current from the biosensor
in the same solution containing only 1.7 mM H,0,. According to the results of the current
ratio, we can find that the five tested substances did not interfere significantly with the
resulting biosensor, indicating that the biosensor has a sufficient selectivity.

Conclusions

In this study, the SiO,/BSA/Au composites were prepared and used for the immobilization
of HRP. The results showed that the immobilized HRP kept its bioactivity with the

Table 2 Possible interferences tested with the biosensor.

Possible interferences Current ratio
L-cysteine 0.98
L-tyrosine 0.97
Ethanol 1.03
Glucose 1.01
Ascorbic acid 0.99
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modified electrode exhibiting high sensitivity, good stability and selectivity, and a wide
linear response to H,O,. Thus, this assembly method was hopeful for making a stable, high
sensitivity biosensor and the strategy can be used in other fields.
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