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Unique monkshoodvine root-bark like morphology carbon materials (MLC) have been successfully

synthesized under hydrothermal conditions. Utilizing the merits of high surface area and good electron
conductivity of the MLC, a layered biosensor designed by assembling the MLC, hemoglobin (Hb) and
gold nanoparticles was further developed. Scanning electron microscope and transmission electron
microscope showed that the morphology of carbon materials can be successfully controlled simply by
moderating the initiator amount of precursor and reaction temperature. The results indicated that the
MLC was formed at the reaction condition of 5 mg Ferrocene + 6 mL CCl, at 280 °C. Electrochemical
methods, such as cyclic voltammetry and electrochemical impedance spectroscopy, were used to
characterize the layered biosensor and its application for sensitive detection of hydrogen peroxide
(H,0,). Under optimized experimental condition, the linear range for the determination of H,O, was
0.06 uM to 1.6 mM with a detection limit of 0.03 uM (S/N = 3). Furthermore, the biosensor also

showed a fast response (within 2 s) and high stability.

1. Introduction

Dimensionality plays an important role in determining proper-
ties of nanomaterials and synthesis of nanostructures with
controllable morphology, size, chemical composition and crystal
orientation.! The unique dimensionalities and structures of
carbon nanomaterials (CNMs) endow them with the properties
of good catalysis ability and high conductivity. CNMs can
enhance the electrochemical reactivity of important biomolecules
and promote their electron transfer ability.> The CNMs have
attracted a great deal of interest since the discovery of carbon
nanotubes (CNTs) in 1991.> CNMs of different structure such as
bamboo-shape carbon,* yarn-like carbon fiber,’ sea urchin-like
carbon,® cup-shaped nanocarbon’ and core/shell composite
nanowires® have been successfully prepared. Some of them have
been applied to the construction of novel biosensors. Carbon
spheres were used to fabricate hydrogen peroxide (H,O,)
biosensor.” Three dimensional ordered graphitized mesoporous
carbon GMC-6 (pore diameter 6 nm) and GMC-13 (pore
diameter 13 nm) were employed systematically for the
construction of enzyme-based -electrochemical biosensors.'®
Graphene was employed to prepare glucose and H,0;
biosensor.''? Single-walled carbon nanohorns have been widely
studied for various biosensors.'* Multi-walled carbon nanotubes
were employed as the carriers of the electrochemical capture
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probe to develop a novel electrochemical aptamer sensor for
thrombin detection.’ The high sensitivity and conductivity of
CNMs to surface adsorbents promote the application of CNMs
as highly sensitive nanoscale sensors'® from amperometric
enzyme electrodes to DNA hybridization biosensors.

In order to fabricate more high quality sensors based on
CNMs, it is necessary to develop some novel types of CNMs and
widen their application in biosensors. The novel morphology
monkshoodvine root-bark like carbon (MLC) was controllably
synthesized by our group, which is described in the Experimental
section. The morphology of the MLC is cylindrical stem with
porous on the surface and leaf blade pinnately veined just as the
plant monkshoodvine root-bark. The MLC offers more efficient
ways for electron transfer between sensor electrodes and the
redox-active sites of biological molecules, which are frequently
embedded inside surrounding peptides. It proved to be good
conductivity and high biocompatibility. Besides that, large
surface areas of the MLC make a stable and effective immobi-
lization of biomolecules on the electrode surface, which is always
a crucial aspect for the preparation of biosensors.'®!’

Gold nanoparticles (AuNPs) provide an environment similar
to redox proteins and afford the protein molecules more freedom
for orientation. Thus, AuNPs reduce the insulating property of
the protein shell for the direct electron transfer and facilitate the
electron transfer through the conducting tunnels of colloidal
gold.™® It offers a stable immobilization of biomolecules to retain
their bioactivity, which is a major advantage for the preparation
of biosensors.! The properties of the new kind of CNMs will be
optimized by the combination of AuNPs. Poly(dially-
ldimethylammonium chloride) (PDDA) can induce the
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aggregation of the molecule with opposite charge and a new
combination can be formed.?* Herein, the MLC can evenly
disperse and form a positively charged composite PDDA-MLC,
which is convenient for next assembly.

The aim of the present work is to controllably synthesize the
MLC and employ it to fabricate a HO, biosensor by layer-by-
layer assembly of hemoglobin (Hb) and PDDA-MLC/AuNPs
onto an O-phenylenediamine (PDA) modified electrode. The
electrochemical and eletrocatalytic behaviors of Hb in the new
system are also studied.

2. Experimental
2.1. Apparatus and measurements

Fourier transform infrared spectra (FTIR) were recorded on KBr
disk using a Nicolet 380 FTIR spectrometer (Thermo Electron
Corporation, USA). UV-vis spectra were obtained on a Cary 50
probe UV-vis spectrophotometer (Varian, Australia). Jeol Neo-
scope Benchtop scanning electron microscope (SEM) was used for
SEM images (JEOL, Japan). Transmission electron microscope
(TEM) image was collected on an E.M. 912 Q energy-filtering
TEM (120 kV) (JEOL, Japan). All electrochemical experiments
were carried out on a CHI 660D electrochemical workstation
(Shanghai CH Instrument Co. Ltd., China) using a three electrode
system. Indium oxide glass (ITO; Hebei Lingxian Gaoke Co. Ltd.)
was used as a substrate for assembly of multilayer films and was
cleaned by sonicate treatment sequentially for 20 min in acetone,
10% KOH in ethanol and distilled water.*' The working electrode
was ITO or modified ITO electrode. A saturated calomel electrode
(SCE) and a platinum electrode were served as reference and
counter electrodes, respectively. All tested solutions were purged
with highly purified nitrogen for 30 min before experiments and
a nitrogen environment was kept over the solution during elec-
trochemical measurements.

2.2. Reagents

Bovine hemoglobin (Hb, MW. 64500, Sigma Company),
Chloroauricacid tetrahydrate (HAuCly-4H,0) were supplied by
Sigma. PDDA (20%, MW. 200000-350000) was obtained from
Aldrich. PDA was obtained from Shanghai Shanpu Chemical
Co. Ltd. (Shanghai, China), chitosan (CHIT, MW. 5-6 x 10°,
>90% deacetylation) was purchased from Shanghai Yuanju
Biotechnology Co., Ltd (Shanghai, China). Ferrocene (Fc, 97%,
Aldrich), H,O, (w/w, 30%) was obtained from Tianjin TianLi
Chemical Reagent Ltd (Tianjin, China). Other reagents were
analytical reagent grade and doubly distilled water was used in
all the experiments. 0.1 M sodium phosphate buffered saline
(PBS) with various pH values was prepared by mixing stock
standard solutions of Na,HPO, and KH,PO, and adjusting the
pH with 0.1 M H3;PO, or NaOH. All the electrochemical
experiments were conducted at room temperature (25 + 2 °C).

2.3. Preparation of Hb/{PDDA-MLC/AuNPs}, multilayer
film

2.3.1. Preparation of AuNPs. AuNPs were prepared based on
a previous report®? as follows: 1 mL of HAuCl, solution (w/w,
1%) was added into 100 mL flask, then heated until the solution

to be boiling, 5 mL of sodium citrate solution (w/w, 1%) was
quickly added while stirring vigorously. After continuous boiling
for 30 min, it was allowed to cool down. The negatively charged
AuNPs were prepared.

2.3.2. Preparation of the MLC. The MLC was prepared by
a simple hydrothermal method. In a typical synthesis, 5 mg of Fc
powder was mixed with 6 mL carbon tetrachloride (CCly) solu-
tion followed by hydrothermal treatment of the mixture at
280 °Cin a 10 mL teflon-lined autoclave for 24 h. After reaction,
the black precipitate was separated by filtration, washed with
absolute ethanol and distilled water until the impurities were all
removed. Then the black sample was dried in a vacuum oven at
50 °C for 24 h, the MLC was prepared.

2.3.3. Preparation of Hb/{PDDA-MLC/AuNPs}, film. The
assembly process of Hb/{PDDA-MLC/AuNPs},, film followed:
(1) PDA was electropolymerized?® onto the ITO electrode surface
by cycling the potential between —0.25 and 0.8 V (vs. SCE) in
10 mL of 0.1 M pH 6.0 PBS containing 10 mM PDA and 25 mM
KCl for 20 consecutive scans. The treated substrate electrode was
washed with distilled water. (2) After drying, dipped it into the
negatively charged AuNPs and positively charged the PDDA~
MLC aqueous solution (1 mg MLC in w/w 5% PDDA containing
0.1 M NaCl) for 30 min, respectively. Layer-by-layer assembly
films of AuNPs and PDDA-MLC were fabricated by alternately
immersing the electrode with precursor film. (3) The {PDDA-
MLC/AuNPs},/PDA/ITO electrode was immersed into Hb (5 mg
mL~"in pH 8.0 PBS) 4 °C for 12 h. The proposed modified elec-
trode was denominated as Hb/{PDDA-MLC/AuNPs},/PDA/
ITO. The biosensor was stored at 4 °C when not in use.

3. Results and discussion
3.1. Synthesis and characterization of the MLC

The morphology of the MLC was observed by SEM and TEM.
Fig. 1A is a photograph of the plant monkshoodvine root-bark.
As it is shown, monkshoodvine root-bark is a cylindrical stem
with lenticels and leaf blade pinnately veined. The products at the
reaction condition of 5 mg Fc + 6 mL CCly at 280 °C (as shown
in Fig. 1B) were quite similar to that. The width of the leaf ranged
from 0.3 to 0.6 pum and the length of the leaf blade was 1 to 3 um.
The rough surface with porous structure is beneficial for effective
immobilization of enzyme, protein and other bioactive
substances.

Fig.1 (A) Photograph of the plant monkshoodvine root-bark; (B) SEM
images of the MLC.
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In order to further study the possible formation mechanism of
the MLC, a series of controllable hydrothermal experiments were
made in 10 mL teflon-lined autoclave. (i) The reaction condition
was set at 5 mg Fc + 6 mL CCly at 240 °C for 24 h. SEM imagine
(Fig. 2A) analysis indicated that the resulting products primarily
consisted of even distributed carbon microsphere of diameter 3
to 5 um with an open mouth, and each microsphere has a deep
notch at the open mouth. (ii) The reaction occurred at 5 mg Fc +
6 mL CCly at 260 °C for 24 h. It was found that the products were
a mixture of carbon microspheres with a decreased diameter and
some MLC, as shown in Fig. 2B. (iii) The reaction condition was
set at 2.5 mg Fc + 6 mL CCl, at 280 °C for 24 h. TEM image
(Fig. 2C) analysis indicated that the resulting products primarily
consisted of tripod shaped carbon with an open mouth at the
terminal. (iv) The reaction condition was set at 2 mg Fc + 6 mL
CCly at 280 °C for 24 h. Volume comb shape carbon is shown
(Fig. 2D). (v) The reaction condition was set at 10 mg Fc + 6 mL
CCly at 280 °C for 24 h. A big carbon sphere with small carbon
sphere array on the surface was obtained, as shown in Fig. 2E.

The above observations were intriguing and a possible self-
seeded surface-deposition growth mechanism is proposed based
on experimental facts and depicted in Scheme 1. As we known,
cyclopentadienyl groups?® and CCl4>* had been employed for the
formation of CNMs. Here, Fc and CCl, were also used for the
formation of the MLC under mild solvothermal conditions.
Organometallic complexes Fc act both as a catalyst and a carbon
source to form the shaped carbon materials.>®> The growth
process should be divided into two parts: (I) the formation of
carbon nanoparticles (CNPs) and Fe(ir) the formation of
different shaped CNMs. As shown in Scheme 1. I, hydrothermal
synthesis led to the decomposition of Fc?¢ to form Fe(i) and
cyclopentadienyl groups. Fe(1r) can react with CCly (reaction b)
to form Fe(m) and small inhomogeneous CNPs.

l siskrerepas.

Fe(Ill)
}M [ (@ decomposition ®
{ Y& Continue growth
& &

Fe(I)-SEk .
hydrothermal treatment .
280 rorzan Carbon NPs
;
[S] 2
- @ @
3

= o 23

1

Scheme 1 The possible formation mechanism of monkshoodvine root-
bark like carbon.

Cyclopentadienyl groups can be immobilized at the surfaces of
CNPs under the Fe(mn) severing as catalyst through dehydro-
genization and bonding process (reaction d). Small inhomoge-
neous carbon nanospheres were formed, under the repeat
decomposition of Fc and the continuous growth of cyclo-
pentadienyl groups onto CNPs.

Then, as also shown in Scheme 1. II, there may be three
possible way to form the shaped carbon materials: (1) The
bigger carbon nanospheres are arrayed and coalesce to form an
axis. The smaller carbon nanospheres coalesce with the bigger
ones and vertical grow one by one to form a zigzag carbon tube
on the axis. This process formed volume comb shape carbon.
With the continuous growing of the smaller carbon nano-
spheres, the MLC was formed. At very low initiator amount of
precursor, tripod shaped carbon was obtained. (2) The bigger
carbon nanospheres agglomerate to form a nucleus, and the
smaller nanospheres homogeneously grow on the nucleus to
form bigger carbon spheres with an open mouth at the
terminal. This process mainly occurred at relatively lower

Fig. 2 (A) SEM images of the products at the reaction condition of 5 mg Fc + 6 mL CCly at 240 °C; (B) SEM images of the products at the reaction
condition of 5 mg Fc + 6 mL CCly at 260 °C; (C) TEM images of the products at the reaction condition of 2.5 mg Fc + 6 mL CCl, at 280 °C; (D) TEM
images of the products at the reaction condition of 2 mg Fc + 6 mL CCl, at 280 °C; (E) TEM images of the products at the reaction condition of 10 mg Fc

+ 6 mL CCl, at 280 °C.
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temperature. With the increase of temperature, the mass
movement was aggravated. Heterogeneous effect makes the
growth of the smaller carbon nanosphere coalesce with the
bigger ones and vertically grow one by one to form a zigzag
carbon tube on the formed carbon sphere. The products are
a mixture of carbon microsphere and the MLC. (3) A bigger
carbon nanosphere as a nucleus, the smaller nanospheres
homogeneous agglomerate on it, then, the bigger carbon nano-
spheres homogeneous agglomerate on the smaller nanospheres,
this process repeated. Big carbon spheres with the smaller
carbon sphere array on the surface was obtained. This process
mainly occurred at the high initiator amount of precursor.
Although the temperature is high enough, the heterogeneous
effect is hindered by the mass movement. A specific phenom-
enon happened. The bigger nanospheres agglomerate, the
smaller nanospheres go into the interstice.

N, isothermal was used to confirm the presence of porous
structure in the MLC. As shown in Fig. 3A, according to clas-
sification standard of I[UPAC (International Union of Pure and
Applied Chemistry), adsorptive isothermal of the MLC was the
second kind. When the relative pressure gets to 1, the adsorption
capacity are far away from saturation, which suggested that there
are porous structures in the MLC.

FTIR was also used to monitor the structure conformations of
the MLC, as shown in Fig. 3B. The absorbance at 3422.5 cm™!
was ascribed to the stretching vibration of ~OH of the carboxyl
group. The absorbance at 1712.7 cm~' was due to the C=0
stretch of the carboxyl group. The band at the 1544.3 cm™!
corresponds to the stretching mode of the C=C double bond
that forms the framework of the carbon nanotube sidewall. All
the above indicated that the prepared the MLC had carboxyl
group, which is convenient for the development of biosensors.

3.2. Influence of assembly layers

The evidence of multilayer growth of Hb/{MLC-PDDA/
AuNPs},/PDA was observed via electrochemical method.
Ferricyanide was chosen as a marker to investigate the change
of electrode behavior after each assembly step. As shown in
Fig. 4A, with the treatment of PDA, no peak was observed at
the bare ITO (curve a) in the solution of 1.0 mM [Fe(CN)g]*~ +
0.1 M KCI as the supporting electrolyte, indicating successful
electropolymerization of PDA. The {PDDA-MLC/AuNPs}/
PDA/ITO (curve c), the {PDDA-MLC/AuNPs},/PDA/ITO
(curve d) and the {PDDA-MLC/AuNPs}3/PDA/ITO (curve e)
had much bigger peak current than that of the bare ITO
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Fig.3 (A) N, adsorption isotherms of the MLC; (B) FTIR spectra of the
MLC.
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Fig. 4 (A) Cyclic voltammograms (CVs) of the PDA/ITO (a), the bare
ITO (b), the {PDDA-MLC/AuNPs}/PDA/ITO (c), the {PDDA-MLC/
AuNPs},/PDA/ITO (d) and the {PDDA-MLC/AuNPs}3/PDA/ITO (e)
in a solution of 1 mM [Fe(CN)g]*~ + 0.1 M KCl as the supporting elec-
trolyte at scan rate of 100 mV s~'. (B) CVs of the Hb/{PDDA-MLC/
AuNPs}/PDA/ITO (f), the Hb/{PDDA-MLC/AuNPs},/PDA/ITO (g)
and the Hb/{PDDA-MLC/AuNPs}3/PDA/ITO (h) in N,-saturated PBS
at the scan rate of 100 mV s='. (C) EIS plots for the bare ITO (i), the
PDA/ITO (j), the {PDDA-MLC/AuNPs}/PDA/ITO (k), the {PDD-
MLC/AuNPs},/PDA/ITO (1) and the {PDDA-MLC/AuNPs};/PDA/
ITO (m) in a solution of 1 mM [Fe(CN)¢]**~ + 0.1 M KCl as the sup-
porting electrolyte. The frequencies swept from 10° to 102 Hz.

electrode (curve b) and larger background currents, indicating
that the effectively electroactive area of the ITO increased.
However, the peak currents did not increase after four layers or
even more layers assembly of the PDDA-MLC/AuNPs. All the
above illustrated that the optimal assembly layer number of the
PDDA-MLC/AuNPs film was three. The electron transfer was
enhanced and mainly contributed to the MLC with good
conductivity and unique spatial trends. The {PDDA-MLC/
AuNPs}3/PDA/ITO could provide a favorable microenviron-
ment for bioactive substances to retain their natural structures.
Because of the good conductivity and unique of spatial trends,
the MLC could improve the rate of the electron transfer and
the immobilization of enzyme and it will be distinctive in
practical applications.
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The influence of assembly layers by the electrochemical
response of Hb in the N,-saturated 0.1 M pH 7.0 PBS was further
investigated. The Hb/{PDDA-MLC/AuNPs}/PDA/ITO showed
a pair of well-defined, quasi-reversible redox peaks with the scan
rate of 100 mV s~ as shown in Fig. 4B, curve f. Under the same
condition, the Hb/{PDDA-MLC/AuNPs},/PDA/ITO (Fig. 4B,
curve g) and the Hb/{PDDA-MLC/AuNPs};/PDA/ITO
(Fig. 4B, curve h) showed a pair of well-defined, quasi-reversible
redox peaks with increasing peak currents and larger back-
ground currents, which were in good agreement with the results
of the cyclic voltammograms (CVs) of ferricyanide mentioned
above. The biosensor based on the Hb/{PDDA-MLC/AuNPs} s/
PDA/ITO showed the best electrochemical performances. Thus,
the optimal assembly layer number of {PDDA-MLC/AuNPs}
was three. The electrochemical impedance spectroscopy (EIS) is
an effective method for probing the features of surface modified
electrode and can provide information on the impedance changes
accompanying the stepwise electrode modification process. EIS
results of each assembly step are described in Fig. 4C. The
electron transfer resistance (R.) of the bare ITO was estimated to
be 434.7 Q (Fig. 4C, curve i). The R, of the PDA/ITO increased
to 529.7 Q, which was due to the nonconductive property of
PDA, indicating successfully adsorbed of PDA at the surface of
the ITO electrode (Fig. 4C, curve j). The semicircle of the
{PDDA-MLC/AuNPs}/PDA/ITO was obviously smaller than
that of the bare ITO (Fig. 4C, curve k) with the R.; 0of 94.9 Q. The
semicircle of the {PDDA-MLC/AuNPs},/PDA/ITO (Fig. 4C,
curve 1) and the {PDDA-MLC/AuNPs}3;/PDA/ITO (Fig. 4C,
curve m) were obviously smaller than that of the {PDDA-MLC/
AuNPs}/PDA/ITO. The R decreased to the {PDDA-MLC/
AuNPs},/PDA/ITO of 54.3 Q and the {PDDA-MLC/AuNPs} s/
PDA/ITO of 30.5 Q, indicating the promotion of the electron
transfer, which was in good agreement with the results of CVs.
The biosensor based on three layers of the {PDDA-MLC/
AuNPs} got the best electrochemical performances and we used
the condition in the following experiments.

UV-vis soret absorption band of Hb may provide the infor-
mation on the conformational integrity of the protein and the
possible denaturation or the conformational change of heme
region. As shown in Fig. 5, Hb dissolved in PBS had the Soret
band at 405.7 nm (curve a), while in the Hb/{MLC-PDDA/
AuNPs}3/PDA film the Soret band appeared at 405.3 nm (curve
b). Since the difference of Hb and the Hb/{MLC-PDDA/
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Fig.5 UV-vis absorption spectra of 0.3 mg mL~' Hb in PBS (a), and the
Hb/{PDDA-MLC/AuNPs}3/PDA in PBS (b). The path length: 1 cm.

AuNPs}3/PDA was less than 1 nm, the results showed that Hb in
the Hb/{MLC-PDDA/AuNPs}3/PDA had the secondary struc-
ture similar to the native state in the solution.

3.3. Electrochemical characterization of Hb/{MLC-PDDA/
AuNPs}3:/PDA composite

3.3.1. Direct electrochemistry of Hb. The direct electro-
chemistry of Hb in the Hb/{MLC-PDDA/AuNPs}i;/PDA
composite was studied by CV. Fig. 6A showed CVs of the Hb/
{MLC-PDDA/AuNPs};/PDA at the scan rate from 100 to 1000
mV s7!in the Nj-saturated 0.1 M pH 7.0 PBS. The redox process
of Hb gave roughly symmetric anodic and cathodic peaks at
relatively slow scan rates. When the scan rate increased, the
redox potentials (Ep, and E,c) of Hb hardly shift. Meanwhile, the
redox peak current increased linearly (Fig. 6A inset): Iy, = 1.46 +
9.70 x 107 v, r = 0.9994; I,,, = —7.50 x 107" — 9.50 x 107 v, r =
0.9976. The formal potential (E”) calculated by averaging the
cathodic and anodic peak potentials were estimated to be —0.223
V (vs. SCE) with 178 mV peak-to-peak separation at the scan rate
of 100 mV s~'. All the characteristics suggested that the redox
reaction of Hb in the Hb/{MLC-PDDA/AuNPs};/PDA/ITO
was a quasi-reversible surface-controlled electrochemical
process. According to the equation of I, = n’F*vAT'*/4ART =
nFQvIART.* n is calculated as 0.86, meaning that one electron
transfer is involved. The surface concentration of electroactive
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Fig. 6 (A) CVs of the Hb/{PDDA-MLC/AuNPs}3/PDA/ITO in N»-
saturated PBS with different scan rates (from a to j: 100, 150, 200, 250,
300, 350, 400, 450, 500, 600, 700, 800, 900, 1000 mV s7'). Inset: the
relationship between cathodic and anodic peak current with scan rate v.
(B) Influence of the pH value on the CVs of the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO; pH values (from left to right): 4.5, 6.2, 8.0, 9.0.
Inset: the relationship between formal potential and pH. Scan rate:
100 mV s'.
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I'* was calculated to be 3.8 x 107" mol cm~2 from the slope of
I—v curve. This value was much larger than the theoretical value
(1.89 x 107" mol cm~2) for the monolayer of Hb on the bare
electrode surface, suggesting that the layer-by-layer assembled
Hb/{PDDA-MLC/AuNPs}:/PDA/ITO provided a large surface
area for enzyme immobilization.

The anodic and cathodic peak potentials were linearly
dependent on the logarithm of the scan rates (v) with slopes of
—2.3RT/anF and 2.3RT/(1 — a)nF, respectively.®® So, the charge-
transfer coefficient was calculated as 0.51. The heterogeneous
electron transfer rate constant (k) was further estimated
according to the following equation.?

log ks = alog (1 — a) + (1 — @) logae — log (RTInFv) — (1 — o)
oFAE,/(2.3RT)

Where « is the charge transfer coefficient, and n is the number of
electron transfer. R, 7 and F symbols have their conventional
meanings. AE, is the peak to peak potential separation. The
calculated k, was 2.7 s7!, which was much larger than 0.91 s™! of
Hb/IL/DNA/PDDA/ITO' and 1.2 s7! of Hb-Nafion-GMC/
GCE.? The result further suggested that the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO can promote the electron transfer between
active site of Hb and the electrode surface.

3.3.2. Influence of pH value. The effect of pH value on the
direct electrochemistry of Hb at the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO was also investigated. As shown in
Fig. 6B, the pH value had an obvious effect on the peak
currents of the immobilized Hb. By comparison, the maximum
peak current of the immobilized Hb was obtained at pH 7.0.
This was due to the neutral pH value close to the physiological
environment which could retain activity of the protein
effectively.

The peak potentials were also dependent on the pH value.
With the increase of pH value from 4.0 to 9.0, the formal
potentials (E”) shifted linearly to the negative direction (Fig. 6B
inset), and the linear regression equation was obtained as E”
(mV) = 232.9-66.2 pH, r = 0.9931 (n = 5) with a slope value of
66.2 mV/pH. The slope value was close to the theoretically
expected value of 59 mV/pH at 25 °C, indicating that a single
proton transfer accompanied one electron transfer happened in
the electrochemical process of Hb at the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO.

3.3.3. Amperometric response of the Hb/{PDDA-MLC/
AuNPs}3/PDA/NTO toward H,O,. Amperometric detection in
electrochemical analysis is a detection method in which the
current is proportional to the concentration of the species
generating the current. The quantification of H,O, can be ach-
ieved via the electrochemical detection of the enzymatically
liberated Hb.! The possible mechanism of electrocatalytic
reduction of H,O, at Hb-based electrode has been reported:3?

Hb[Heme(Fe**)] + H,O, — Compound I + H,O

Compound I + H,O, — Hb[Heme(Fe**)] + H,O + O,

Hb[Heme(Fe**)] + H" + e- — Hb[Heme(Fe?")] at electrode
Hb[Heme(Fe**)] + O, — Hb[Heme(Fe**)] — O, fast

Hb[Heme(Fe?*)] — O, + H* + e- — Hb[Heme(Fe**)] + H,O at
electrode

The overall reaction would be:
H,0, + 2H* + 2¢- — 2H,0

According to the equations, when H,O, added into the blank
PBS, a significant increase in the cathodic (reduction) peak
current was observed accompanying the decrease of anodic
(oxidation) peak current. The more H,O, added, the greater the
reduction peak increased.

Fig. 7 illustrated typical current-time curve of biosensors
based on the Hb/{PDDA-MLC/AuNPs};/PDA/ITO (a), and
the Hb/{PDDA-MLC}3/PDA/ITO (b) upon successive addi-
tion of different concentrations of H,O, into a 20 mL contin-
uous stirring Ny-saturated 0.1 M pH 7.0 PBS under the
optimized experimental condition. —0.22 V was chosen as the
working potential, because at such an applied potential, the
response of common interference species can be minimized, and
the oxygen reduction current can be limited. The current
response of the two biosensors increased along with H,O,
concentration as mechanism of electrocatalytic reduction of
H,0, mentioned above. However, the current changes of the
Hb/{PDDA-MLC/AuNPs}s/PDA/ITO were even more
obvious than that of Hb/{PDDA-MLC}3/PDA/ITO. As shown
in the Fig. 7 insert, the gradient of the linearity based on the
Hb/{PDDA-MLC/AuNPs};/PDA/ITO (a’) much steeper than
that of that of Hb/{PDDA-MLC}3/PDA/ITO (b'). All the
above indicated that the benign biocompatibility of AuNPs was
further improved the performances of the biosensor based on
the MLC as the platform.
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Fig. 7 Amperometric responses of the Hb/{PDDA-MLC/AuNPs}/
PDA/ITO (a) and Hb/{PDDA-MLC/AuNPs}3/PDA/ITO (b) at —0.22
(vs. SCE) to successive additions 5.89 uM and 48.5 uM H,O,. Inset:
The plot of peak current of the Hb/{PDDA-MLC/AuNPs}i;/PDA/
ITO (a) and the Hb/{PDDA-MLC};/PDA/ITO (b') vs. H,0,
concentration.
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Under the optimized conditions, even with 0.1 uM H,O,,
obvious amperometric responses were shown (Fig. 8 insert A).
The amperometric response of the biosensor showed linearity
from 0.03 uM to 1.6 mM (Fig. 8 insert B). The linear regression
equation was I (LA) = 2.10 x 1072C (uM) + 3.00 x 107" (n =
34, r = 0.9991) with a detection limit of 0.01 puM (S/N = 3).
Comparing with the biosensor fabricated by immobilized
multilayer Hb molecules onto three-dimensional gold film elec-
trode® and the Hb/nano-Au/L-cysteine (L-cys)/bnano-Au/nano-
Pt/CHIT composite film modified platinum disk electrode.** Our
biosensor based on the Hb/{PDDA-MLC/AuNPs};/PDA/ITO
had a wider linear range. Sun group have intensively studied
enzyme-less electrochemical sensors for hydrogen peroxide,s°
which have much wider linear range and high detection limit.
This advantage achieved the micro and constants determination
for H,O, simultaneously. Comparing these H,O, sensors, our
proposed biosensor have a much lower detection limit, which
was extremely similar with the H,O, biosensor developed by
directly grown three—dimensional nanoporous Au networks onto
a Ti substrate as a supporting matrix for immobilizing Hb.*!

The outstanding performance of the biosensor mainly
contributed to: (i) The novel structure of the MLC of rough
surface with porous structure is beneficial to the stable and
effective immobilization of Hb; (ii) the layer-by-layer assembly
technology forms unique three dimensionality of the Hb/
{PDDA-MLC/AuNPs}3/PDA/ITO. The distinctive shape and
properties of the MLC will provide an extraordinary and
favorable platform for novel biosensors. The 95% of the steady-
state current can be obtained within 2 s by using the biosensor,
indicating that a rapid response occurred.

The reproducibility of the Hb/{PDDA-MLC/AuNPs};/PDA/
ITO was investigated, ten enzyme electrodes were made at the
same electrode independently showing an acceptable repeat-
ability for the current detected at 5 uM H,O,. The stability and
repeatability of the biosensor were studied in the linear range of
H,0,. The relative standard deviation was 2.7% for seven
successive measurements of 130.0 uM H,O, in N,—saturated 0.1
M pH 7.0 PBS, indicating that the proposed biosensor possessed
good repeatability. The CV responses of the biosensor in Np—
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Fig. 8 Amperometric responses of the Hb/{PDDA-MLC/AuNPs}/
PDA/ITO at —0.22 (vs. SCE) upon successive addition of 0.11 mM, 0.47
mM, 1.0 mM and 1.4 mM H,0, in Ny-saturated PBS. Inset: (A) The
amperometric response of the Hb/{PDDA-MLC/AuNPs}3/PDA/ITO to
successive additions of 0.065 uM, 5.89 uM and 48.5 uM H,O,; (B) plot of
peak current vs. HO, concentration.

saturated 0.1 M pH 7.0 PBS showed no obvious change after 25
cycles and then decreased slowly with the increase of the cycle,
suggesting that the biosensor was stable. The storage stability of
the biosensor was further investigated. The cathodic peak
current of the Hb/{PDDA-MLC/AuNPs};/PDA/ITO was
measured using the same electrode and it retained above 95% of
its initial response stored at 4 °C after 4 weeks. These results
displayed that the biosensor based on the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO had a good reproducibility and stability.

4. Conclusions

By controlling the initiator amount of Fc and reaction temper-
ature of hydrothermal reactions, a new kind of carbon nano-
material with the morphology of the plant monkshoodvine
root-bark was achieved. Electrochemical studies showed that the
MLC can accelerate the direct electron transfer of Hb through
layer-by-layer assembly of Hb and the MLC. Based on the
excellent electrocatalytic ability of the Hb/{PDDA-MLC/
AuNPs}3/PDA/ITO for H,O, reduction, a novel H,O, biosensor
was presented. The prepared H,O, biosensor not only exhibited
excellent electrocatalytic ability towards H,O,, but also exhibited
fast response and wide linear range. The reason can be ascribed
to that of the MLC with porous construction greatly enlarging
the specific surface to effectively increase the amount of Hb
immobilized. The present study may pave the way for the
synthesis of novel nanomaterials with unique morphology and
properties, which will be employed to design novel electro-
chemical biosensor with other bio-systems. Further works
derived by employing the MLC as the platform of biosensors are
on our schedule.
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