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Abstract

A novel enzyme immobilization technique based on thionine-bovine serum albumin conjugate (Th-BSA) and gold
colloidal nanoparticles (nano-Au) was developed. Thionine was covalently bound onto the BSA film with
glutaraldehyde(GA) as cross-linker to achieve Th-BSA conjugate. The free amino groups of thionine were then used
to attach nano-Au for the immobilization of horseradish peroxidase (HRP). Such nano-Au/Th-BSA matrix shows a
favorable microenvironment for retaining the native activity of the immobilized HRP and thionine immobilized in
this way can effectively shuttle electrons between the electrode and the enzyme. The proposed biosensor displays
excellent catalytic activity and rapid response for H,O,. The linear range for the determination of H,0O, is from 4.9 x
1077 to 1.6 x 10> M with a detection limit of 2.1 x 1077 M at 30 and a Michaelies-Menten constant K" value of

0.023 mM.
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1. Introduction

Since the1990s, amperometric enzyme-based biosensors
have been an active research field for their potential
application to a wide range of analytical tasks, such as
clinical diagnosis, environmental monitoring and bioassay
[1,2]. Electron transfer between an electrode and the redox
activity center of an enzyme is the basis for developing
various enzyme-based biosensors. It can be achieved
through two different pathways. One involves direct elec-
tron transfer between redox proteins and the electrode.
Many materials, such as surfactants [3], polymers [4],
inorganic nanomaterials [5] and carbon nanotubes [6, 7]
have been reported to realize the direct electron transfer of
redox proteins. However, the sensitivity and the application
of these unmediated sensors are limited due to the slow
electron transfer rate as result of the fact that the redox
centers of most enzymes are deeply buried inside insulated
protein shells. The other pathway involves electron-shut-
tling mediators such as hexacyanoferrates [8], ferrocene and
its derivatives [9, 10], tetrathiafulvalene [11], quinine [12]
and redox dyes [13-16] to establish an electrical commu-
nication between redox proteins and the underlying electro-
des. In general, mediated enzyme-based biosensors display
high sensitivity and low detect limit. Therefore, mediator-
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based enzyme techniques are the most hopeful for practical
uses and investigation of new strategies for preparing the
mediated biosensors is a prevailing subject in the design of
sensors at present.

A variety of approaches and strategies have been used to
immobilize mediators, including electropolymerization
[13], adsorption [17, 18], entrapment [15], and covalent
linking [16, 19-21]. Nevertheless, there are still several
challenges concerning immobilization of electron-shuttling
mediators on the electrode surface since low molecular
weight soluble mediators can easily diffuse away from the
electrode surface into the bulk solution when the biosensor
is used continuously, which would lead to significant signal
loss and greatly affect the performance and lifetime of the
biosensor. Such limitation could be overcome by covalent
linking methods, which commonly involve two cases. One is
to bind covalently a mediator to a precursor molecule which
has been immobilized on the electrode surface using a
bifunctional reagent such as glutaraldehyde and terephtha-
loyl chloride. Deng et al. developed H,O, biosensors based
on thionine monolayer which was covalently bound onto a
self-assembled cysteamine monolayer [16] and thionine
multilayer which were covalently tethered to the multilayer
HRP [21], respectively. In these schemes, however, cross-
linking with glutaraldehyde was used for enzyme immobi-
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lization in the preparation of biosensors, which might
denature enzyme and thus lead to low sensitivity and short
lifetime of biosensors. In addition, a NADH sensor [22] and
a CEA immunosensor [23] were reported by covalently
binding thionine to a cysteamine self-assembled monolayer
with terephthaloyl chloride as a linkage. The other case is to
attach covalently mediators such as phenothiazine deriva-
tives onto a chitosan (CHIT) chains [14, 19, 20] or ferrocene
derivatives onto flexible dendritic macromolecules [24],
polymer backbones [25], active proteins [26] or inert
proteins [27] and then such mediator conjugates are
deposited on the surface of electrodes or incorporated into
the carbon paste electrodes to achieve the immobilization of
mediators. For instance, Ju et al. [28] reported a H,O, sensor
based on ferrocene-bovine serum albumin and multiwall
carbon nanotubes. Gorski group reported NADH biosen-
sors based on CHIT-TOB/CNT [19] and CHIT-AZU/CNT
composite [20], respectively. Due to the increase of the
molecular weight of mediators, the leakage significantly
decreases. Whereas, these systems usually could not avoid
excessively laborious organics synthesis work.

In previous works, we used Nafion [29], L-cysteine/nano-
Au film [30] and BSA-HRP composite [31] as entrapping
matrix of thionine, toluidine blue and tris(2,2'-bipyridyl)co-
balt(III), respectively, to construct mediator-based biosen-
sors. In this work, bovine serum albumin (BSA), an inert
protein with rich amino groups (lysine) was chosen as a
matrix to covalently bind thionine using glutaraldehyde as
cross-linker to achieve Th-BSA conjugate. Nano-Au, as an
immobilizing matrix of enzyme, with remarkable features
and properties such as large surface area, high-surface free
energy, favorable microenviment for retaining biological
activity of enzymes and the ability to transfer the electron
between enzyme and the electrode, was then attached to Th-
BSA through strong binding interactions between nano-Au
and the free amino groups of thionine. Finally, horseradish
peroxidase (HRP), selected as a model enzyme, was
immobilized onto this resulting nano-Au/Th-BSA compo-
site to obtain a H,O, biosensor. To our knowledge, up to
now, similar construction strategy has not been reported.
The combination of the electron-shuttling property of Th-
BSA conjugate with remarkable features and properties of
nano-Au provides a new and promising platform for
mediator-based electrochemical devices.

2. Experimental

2.1. Reagents

Horseradish peroxidase (HRP) (250 U/mg) and thionine
(Th) was obtained from the Shanghai Biochemical Co.,
China. Bovine serum albumin (BSA), gold chloride tetra-
hydrate and sodium citrate were purchased from Sigma.
Hydrogen peroxide (H,0,, 30% w/v solution) and gluta-
raldehyde were obtained from Chemical Reagent Co.,
Chonggqing, China. The diluted H,O, solutions were pre-
pared from 30% H,O, and the concentration was deter-
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mined by titration with potassium permanganate. Phos-
phate buffer solutions (PBS) were prepared with stock
standard solutions of 0.1 M KH,PO, and 0.1 M Na,HPO,.
The supporting electrolyte was 0.1 M KCIL. All other
chemicals were of reagent grade and used as received,
twice-distilled water was used throughout. A stock solution
of 1 mg/mL HRP was freshly prepared with 0.1 M PBS
(pH 6.0). Gold colloidal nanoparticles with mean size of
16 nm were produced by reducing gold chloride tetrahy-
drate with sodium citrate at 100°C for half an hour [32].

2.2. Apparatus and Measurements

Amperometric experiments and cyclic voltammetric experi-
ments were performed using a CHI 660A electrochemical
work station (Shanghai CH Instruments Co., China). A
three-electrode electrochemical cell consisted of a modified
gold electrode as working electrode, a platinum wire as
auxiliary electrode, and a saturated calomel electrode
(SCE) as reference electrode was employed. All potentials
were measured and reported versus the SCE. The test
solutions were 5 ml PBS, which were deoxygenated with
highly pure nitrogen for 10 min before electrochemical
experiments and a nitrogen atmosphere was kept over the
solution during measurements. Electrochemical impedance
spectroscopy (EIS) measurements were done with a Model
IM6e (ZAHNER Elektrick Co., Germany) in the presence
of a 5.0 mM K;[Fe(CN),] /K,[Fe(CN)y] (1:1) mixture as a
redox probe. All the electrochemical experiments were
carried out at room temperament.

Atomic force microscopy (AFM) images of the films were
achieved by scanning probe microscope (SPM) (Vecco,
USA). X-ray photoelectron spectroscopy (XPS) measure-
ments were performed on a VG Scientific ESCALAB 250
spectrometer, using Al Ka X-ray (1486.6 eV) as the light
source. Infrared spectra (IR) were collected with a Fourier-
transform infrared spectrophotometer (GX, Perkin Elmer
Co., USA) using KBr disks. The size of gold colloidal
nanoparticles was estimated from transmission electron
microscopy (TEM) (TECNAI 10, PHILIPS FEI Co., Hol-
land).

2.3. Preparation of Hydrogen Peroxide Biosensor

The gold electrode (4 mm diameter) was carefully polished
with 1.0 and 0.3 pm alumina slurries to obtain mirror like
surface. After rinsing with water, the polished electrode was
immersed in freshly prepared 3:7 mixtures of 30% hydro-
gen peroxide and concentrated sulfuric acid for 10 minutes
and then rinsed thoroughly with water, followed by cleaning
with acetone and twice-distilled water in an ultrasonic bath,
respectively. Allowed to dry at room temperature, the
electrode was immediately coated with 15 pL 50 mg/mL
BSA solution (prepared in 0.1 M pH 7.0 PBS) and left for
24 h at 4°C in a refrigerator to allow the BSA film to dry.
Then, the BSA modified electrode was immersed into 2.5%
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Scheme 1.

glutaraldehyde for 20 min and washed with water. Later, the
electrode was incubated in aqueous solution containing
1.0 x 107 M thionine for 12 h, followed by drying in a
refrigerator (4 °C) to produce stable Th-BSA film modified
electrode. After thoroughly rinsed with twice-distilled water
and PBS (pH 7.0), it was immersed in gold colloid solution
for 8h to achieve nano-Au/Th-BSA matrix modified
electrode. Finally, it was incubated in HRP solution over-
night. The resulting electrode, denoted as HRP/nano-Au/
Th-BSA/Au, was stored in a refrigerator (4 °C) until further
use. The preparation process of the biosensor is shown in
scheme 1.

3. Results and Discussion

3.1. Atomic Force Microscopy (AFM)

The surface morphology of the enzyme films was observed
with AFM. Figure 1 illustrates the typical AFM images
(including height figure and phase figure) of the bare gold
substrate, BSA, nano-Au/Th-BSA and HRP/nano-Au/Th-
BSA films modified gold surface, respectively. By compar-
ing the AFM image of the bare gold substrate (Fig. 1a) with
that of BSA film (Fig. 1b), it can be seen that BSA was
successful cast on the gold substrate surface and formed a
porous hydrogel. After thionine and nano-Au were succes-
sively grafted onto BSA, many globular particles are
observed at the AFM image of the resulting film (Fig. 1c),
which is ascribed to the assembly of nano-Au. The phase
figure part in the AFM image of HRP/nano/Th-BSA films
(Fig. 1d) exhibits a smoothing effect as compared to that of
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Illustration of the preparation process of hydrogen peroxide biosensor.

nano/Th-BSA films, which might be due to HRP molecules
filling the interstitial places between nano-Au particles.

3.2. X-Ray Photoelectron Spectroscopy (XPS)

To gain information concerning the formation of Th-BSA
conjugate and the adsorption of nano-Au onto Th-BSA,
XPS measurements were performed. Figure 2A curve a is
the Cls XPS spectra for the composites of BSA and
glutaraldehyde (GA), denoted GA-BSA. It can be noted
that there are three intense Cls peaks centered at 295.0 eV,
292.4 eV and 284.0 eV, respectively. When thionine was
grafted onto the GA-BSA (Fig.2A, curve b), the high
binding energy C 1s peaks at 295.0 eVand 292.4 eV detected
on GA-BSA composites almost completely disappear,
which may provide evidence for the formation of the Th-
BSA conjugate by the interaction between BSA and
thionine with glutaraldehyde as cross-linker. After nano-
Au was absorbed onto Th-BSA conjugate, the Audf XPS
measurement was carried out to confirm the presence of Au
metal. As expected, Aud4f doublet features with binding
energies of 83.5eV for 4f,, and 87.2 eV for 4f5, can be
clearly observed at the nano-Au/Th-BSA composites
(Fig. 2B), indicating that gold colloidal nanoparticles are
indeed successfully attached onto the Th-BSA conjugate.

3.3. Infrared Spectra (IR)

In order to further gain information concerning the
modification reaction between thionine and BSA and
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Fig.1. AFM images of a) bare gold
substrate, b) BSA film, c¢) nano-Au/
Th-BSA film and d) HRP/nano-Au/
Th-BSA film on the gold surface.
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Fig.2. A) Cls XPS spectra of a) GA-BSA composites and b) Th-BSA composites. B) Audf XPS spectra of nano-Au/Th-BSA
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Fig. 3. Infrared spectra of a) BSA, b) GA-BSA, ¢) Th-BSA, and
d) thionine.
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determine the extent of aldehyde groups’ utilization in the
cross-linking process, the IR spectra measurements were
performed on BSA, GA-BSA composites, Th-BSA conju-
gate and thionine, respectively. The results are shown in
Figure 3. In contrast to the BSA sample (curve a), GA-BSA
composites (curve b) present a characteristic adsorption
band at 1720 cm™", which is due to the free aldehyde group.
This confirms that glutaraldehyde molecules are grafted
onto BSA by one end, leaving a free aldehyde group on the
other end. After GA-BSA composites reacted with thio-
nine, in the spectrum of resulting composites Th-BSA (curve
c), the disappearance of the adsorption band at 1720 cm ™
and the appearance of adsorption band at 1630 cm™' and
1238 cm™', which could be ascribed to absorption by
aromatic rings of thionine (curve d), confirm that thionine
molecules could be covalently grafted onto GA-BSA
composites based on the reaction between the free aldehyde
groups of GA-BSA and the amino groups of thionine to
form Schiff bases.
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3.4. Electrochemical Impedance Spectroscopy (EIS)

EIS was used to characterize the stepwise assembly of the
hydrogen peroxide biosensor. The linear part, observed in
the EIS, represents the diffusion-limited process. The semi-
circle portion in the EIS corresponds to the electron-
transfer-limited process and the semicircle diameter equals
the electron-transfer resistance (R,,). Figure 4 displays the
EIS on different modified electrodes in presence of redox
probe Fe(CN)# /3=, As can be seen, the EIS of bare gold
electrode is almost a straight line (curve a), implying very
low R.; on bare gold electrode to the redox probe dissolved
in the electrolyte solution. The EIS of BSA coated electrode
shows a high interfacial R, (R.,=1710 , curve b), indicat-
ing that the insulating BSA membrane obstructs the
electron transfer of the electrochemical probe. After
thionine was covalently bound onto the BSA film, the R,,
decreases to 507 Q (curve c¢), which proves that, thionine, as
electron-shuttling mediator, is beneficial to the electron
transfer. When nano-Au was adsorbed onto Th-BSA film, a
further decrease of R, is observed (curve d), which is
attributed to the good conductive properties of nano-Au.
Compared with the nano-Au/Th-BSA modified electrode,
the EIS of HRP/nano-Au/Th-BSA modified electrode
presents an obvious increase in R, (R,=875 Q, curve e).
This increase is due to the non-conductive properties of
HRP. The impedance change obtained after the modifica-
tion process proves that BSA, thionine, nano-Au and HRP
have been successively assembled on the gold electrode.

3.5. Electrochemical Characteristics of Hydrogen
Peroxide Biosensor

The cyclic voltammograms (CVs) of the biosensor, namely
HRP/nano-Au/Th-BSA/Au electrode, give a pair of well-
defined redox peaks in PBS (pH 6.5) at scan rate of 50 mV/s
(Fig. 5, curve a), characteristic of redox couple of thionine.
Anodic and cathodic peak potentials are at — 145 mV and
—195 mV, respectively. The peak-to-peak separation is
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Fig. 4. EIS of bare Au (a), BSA/Au (b), Th-BSA/Au (c), nano-
Au/Th-BSA/Au (d), and HRP/nano-Au/Th-BSA/Au (e) electro-
des in 5.0 mM K;Fe(CN)y/ K, Fe(CN)4 (1:1).

50 mV at scan rate of 50 mV/s, indicative of facile charge
transfer kinetics. The CVs at different scan rates show that
both anodic and cathodic peak currents increase linearly
with the square root of scan rate between 10 and 120 mV/s
(data not shown), indicating that the reduction and oxida-
tion of the TH/TH™ couple is diffusion-controlled at the
modified electrode.

The catalytic activity of the biosensor toward H,O, was
investigated by cyclic voltammetry. Figure 5 illustrates the
CVs recorded for the biosensor in PBS (pH 6.5) containing
varied concentration of H,O,. In the meantime, a control
experiment was performed at nano-Au/Th-BSA/Au elec-
trode (data not shown). It is found that this modified
electrode without HRP doesn’t exhibit catalytic activity for
the reduction of H,O,. Whereas, the catalytic reduction of
H,0, at HRP/nano-Au/Th-BSA/Au electrode can be seen
clearly in Figure 5. With the addition of H,0,, reduction
peak current increased significantly while oxidation peak
current decreased, indicating that a catalytic reaction

6
O .
-6
< a
2 121
-184 h
244
06 04 02 00 02
E/V
Fig.5. CVs of the biosensor in 0.1 M PBS (pH 6.5) without H,O,

(a), with 0.113 mM (b), 0.182 mM (c), 0.298 mM (d), 0.682 mM
(e), 1.03 mM (f), 1.31 mM (g), and 1.63 mM (h) H,O,. Scan rate:
50 mV/s.
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occurred on this biosensor. These results demonstrate that
the response of the biosensor to H,O, results from only the
catalytic activity of HRP immobilized onto nano-Au/Th-
BSA matrix and thionine incorporated in Th-BSA con-
jugate can effectively shuttle electrons between the base
electrode and the redox activity center of HRP. The
reduction of H,0O, catalyzed by HRP and mediated by
thionine can be described as follow.
Firstly, H,O, is reduced by immobilized HRP .q):

HzOz + HRP(Red) — HRP(OX) + HzO

Then the HRP g, produced in enzymatic reaction oxidizes
the reduced form of thionine (TH) to the oxidized form
(THY),

HRP(OX) + TH — HRP(Red) + rI‘H+

Finally, the TH* formed is electrochemically reduced at the
electrode and recycles, leading to a reduction current:

TH'+H' +2e — TH, [33]

3.6. Optimum of Analytical Condition

The pH value is one of the parameters which affect the
catalytical reduction of H,O, on the biosensor. The change
of chronoamperometric current with the pH under constant
H,O, concentration (2.8 x 10~* M) was studied. The results
show that the maximum response appears at pH 6.5 (not
shown here). So pH 6.5 phosphate buffer solutions were
selected for the determination of H,O,,

The effect of applied potential on the response of the
biosensor toward constant concentration (2.8 x 107*M)
H,O, was also investigated. The results show that the
response current gradually increases with decreasing neg-
atively applied voltage from 0 to —400 mV (not shown
here). Although a more negatively applied voltage would
lead to a higher sensitivity, it is preferable to control a more
positively applied voltage in order to avoid or decrease the
interference caused by some electroactive species [17].
Hence, a working potential of —200 mV was chosen for H,
O, determination in this work, where the sensor could
maintain reasonable sensitivity and avoid the interference
caused by some electroactive species.

3.7. Response of the Biosensor to Hydrogen Peroxide

Figure 6 pictures the chronoamperometric response of the
biosensor to different concentration of H,O, under the
optimized conditions. It can be observed that increasing the
concentration of H,O, added into the solution results in an
apparent increase in the reduction current. Moreover, the
biosensor achieves 95% of the steady-state current in less
than 10 s, indicating a fast response process. The inset of
Figure 6 displays the calibration curve of the biosensor for
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Fig. 6. Amperometric response of the biosensor in a pH 6.5 PBS
containing 0, 0.025, 0.18, 0.36, 0.48, 0.66 and 0.83 mM H,0O, (from
a to g) at an applied potential of —200 mV. Inset shows linear
calibration curves.

H,0, determination. The linear range spans the concen-
tration of H,O, from 4.9 x 1077 to 1.6 x 10~° M. The linear
regression equation is i (pA) =1.88 4+ 9.6 [H,O,] (mM) with
a correlation coefficient of 0.998 (n = 19). From the slope of
calibration curve, the detection limit of 2.1 x 1077 M is
estimated at signal-to-noise ration of three. When the
concentration of H,0, is higher than 1.6x 107 M, a
response plateau appears, showing the characteristics of
the Michaelis—Menten kinetic mechanism. The apparent
Michaelis—Menten constant (K{*) is calculated to be
0.023 mM according to the Lineweaver—Burk equation
[34]. This value is 1217 times smaller than 28 mM for the
H,O, biosensor based on the entrapment of HRP into
poly(thionine) film [35], 70 times smaller than 1.6 mM for
the H,O, biosensor based on the coimmobilization of HRP
and thionine using glutaraldehyde on the electrode [36]. The
low value of K{{* means that HRP immobilized on the nano-
Au/Th-BSA matrix retains well its bioactivity and has a high
affinity to H,O,.

3.8. Reproducibility, Stability, and Interference of the
Hydrogen Peroxide Biosensor

The biosensor shows good reproducibility for the determi-
nation of H,O, concentration in its linear range. The relative
standard deviation (RSD) is 2.8% for twelve successive
assays at the H,O, concentration of 0.10 mM.

The storage stability of the proposed biosensor was also
studied. When the electrode was kept by suspending it
above 0.1 M PBS (pH 6.5) at 4°C in a refrigerator, the
current response to 0.10 mM H,O, decreased 3.5% of its
initial value after 3 days, 9.8% for two weeks and 21% for
1 month, showing a longer lifetime.

The potential interference of some biological substance
was investigated. The interference degree from interfering
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Table 1. The recoveries of H,0O, tested with hydrogen peroxide
biosensor.

Added Found H,0, (mM )
H,0, (mM)
Mean +SD RSD Recovery
(%) (%) [a]

0.080 0.075 £+ 0.004 53 93.8
0.150 0.148+0.010 6.8 98.7
0.650 0.625 £0.022 35 96.2

1.20 1.244+0.08 6.5 103

[a] Calculated as a mean of three measurements.

substances can be evaluated by virtue of the current ratio
values, which were calculated by comparing the current of
the proposed biosensor in an assay solution containing both
0.020 mM H,0O, and a 0.10 mM interfering substance with
that of the proposed biosensor in an assay solution contain-
ing only 0.020 mM H,0,. They are 1.06 for glucose, 1.06 for
ascorbic acid, 1.01 for uric acid, 0.97 for L-cysteine and 1.02
for L-tyrosine. These results indicate that above five tested
interferents would not cause observable interference to the
determination of H,0,. In addition, oxygen displayed an
obvious interference. Hence, in our experiments, the test
solutions were deaerated by high pure nitrogen, and a
nitrogen atmosphere was kept over the solution during
measurements to avoid the interference of oxygen.

3.9. Recovery Experiment

The analytical applicability of the biosensor was evaluated
by determining the recoveries of different concentration
H,0, by a calibration curve method. The results were listed
in Table 1. The biosensor shows satisfactory results, with the
recovery rate in the range 93.8% —103%.

4. Conclusions

A new strategy was proposed to immobilize enzyme for the
fabrication of reagentless amperometric biosensor. First,
thionine was covalently bound onto the BSA film to obtain
Th-BSA conjugate. Then, nano-Au was adsorbed onto it to
achieve nano-Au/Th-BSA matrix for the immobilization of
HRP. The resulting system provides a new biocomposite
platform for electrochemical devices. Immobilized HRP
possesses high enzymatic activity and high affinity for H,O,,
characterized by low apparent Michaelis — Menten constant,
broad linear range and low detection limit for H,O,
determination.
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