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1. Introduction

ABSTRACT

A novel general methodology for protein immobilization and third-generation biosensor construction is
demonstrated, which involves Al3*-directed polyacrylamide (PAM) self-assembly into an ordered dendri-
form structure, easily immobilizing enzymes and nanoparticles. Platinum/single-walled carbon nanotube
(Pt/SWCNT) heterojunction nanomaterials were for the first time fabricated via an EDTA-directed
synthesis strategy. The Pt/SWCNTs were employed as a supporting matrix to explore a novel immobi-
lization and biosensing platform of redox proteins through cooperating Al**-directed PAM self-assembly.
Compared with the almost single-layer horseradish peroxidase (HRP)/PAM film electrode, multilayer
HRP/PAM/Pt/SWCNT film electrode exhibited a pair of much stronger redox peaks at —0.22 V (vs. Ag/AgCl).
Moreover, with advantages of the ordered multilayer HRP/PAM/Pt/SWCNT film, facilitated direct elec-
tron transfer of the metalloenzymes with an apparent heterogeneous electron transfer rate constant
(ks) of 14.94+£1.36s~" and smaller peak-to-peak separation (AE,) of about 37 mV was acquired on the
PAM/Pt/SWCNT-based enzyme electrode. The PAM/Pt/SWCNT-based biosensor demonstrated significant
electrocatalytic activity for the reduction of hydrogen peroxide with a small apparent Michaelis-Menten
constant(87 wM), wide linear range (1-270 wM), very low detection limit (0.08 wM, S/N=3), and high sen-
sitivity (372 mA cm~2 M~1). Together, these indicated that the AI**-directed HRP/PAM/Pt/SWCNT film was
one of ideal candidate materials for direct electrochemistry of redox proteins and the construction of the
related enzyme biosensors, and may find potential applications in biomedical, food, and environmental
analysis and detection.

© 2009 Elsevier B.V. All rights reserved.

fer on “bare” electrodes because of their adsorptive denaturation,
deeply embedded active centers, and often unfavorable orienta-

Direct electrochemistry and electrocatalysis of redox proteins
constructed on nanomaterials have recently attracted consider-
able attention because it can not only serve as an ideal model to
understand the kinetics and thermodynamics of biological redox
processes (Armstrong et al., 1988; Zhao et al., 2008), but also
offer great potential for applications in many fields such as the
construction of third-generation biosensors (Cao et al., 2008), the
detection of bacterial cells (Varshney and Li, 2009), bioelectronic
devices (Arya et al., 2009), biocatalysis (Zhang et al., 2007), biode-
tection (Pal et al., 2007), and protein identification (Li et al., 2007).
However, it is difficult for proteins to realize direct electron trans-
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tions (Heller, 1990). To immobilize proteins and nanomaterials and
further fabricate electrochemical biosensors using a cast method,
it is usually essential to employ cross-linking agents, such as
nafion, chitosan, ferrocene derivatives, and glutaraldehyde. How-
ever, the cross-linking utilization contains two fatal shortcomings
for fabricating stable and high-performance biosensors: (i) it is
difficult to form an ordered structure and thus obtain favorable
protein orientations; (ii) these cross-linking agents, to some extent,
restrain electron transfer between enzymes and underlying elec-
trodes because they lengthen electron transfer path (Chen et al.,
2009). Given this, it will be an amazing success to construct high-
performance biosensors without using any cross-linking agents.
In our latest work, we developed a combined hydrogen bond and
electrostatic assembly strategy to successfully construct a stable
and high-performance biosensor without any cross-linking agents,
whose electron transfer capacity is 3.5-fold stronger than that from
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the chitosan-constructed biosensor (Chen et al., 2009). Neverthe-
less, the self-assembly strategy is not still a general method because
it is only suitable for nanomaterials containing copious oxygen
atoms and the electrode used requires to be activated.

Polyacrylamide (PAM) is an important water-soluble polymer
and an efficient flocculant, having a variety of applications includ-
ing enhanced oil recovery (Li et al., 2009), wastewater treatment
(Sanghi et al., 2006), and soil erosion control (Sojka et al., 2007).
On its macromolecular chains, there are a great number of acety-
lamine groups. Many metal ions (e.g., AI3*, Cr3*) can easily make
PAM cross-linking into an ordered film through the complexation of
metal ion with the hydrolyzed carboxylate groups (-COO~) of PAM
(Montanari et al., 1994). Recently, polymerized PAM microgels as
a supporting matrix have successfully been utilized to immobilize
redox proteins and fabricate electrochemical biosensors (Perez et
al., 2006). However, the polymerization process required relatively
complicated operations and the polymerization for protein immo-
bilization lowered the protein bioactivity to some degree (Lopez
et al., 2007). Up to now, to the best of our knowledge, this is the
first study showing that Al3*-directed ordered self-assembly film
is utilized to immobilize proteins and nanomaterials and construct
electrochemical biosensors.

One-dimensional (1D) metal/semiconductor heterojunction
nanomaterials are of particular importance because of their novel
structures, unique electrical and optical properties, and central
roles in fabricating electronic nanodevices (Xiang et al., 2006). Both
platinum (Pt) and single-walled carbon nanotubes (SWCNTSs) of the
Pt/SWCNT heterojunctions possess excellent electron-conducting
capacity (Tian et al., 2007; Bachtold et al., 2001), which, therefore,
are reasonably expected to construct promising electrochemi-
cal biosensors. In the present work, we designed a new general
method, i.e., A**-directed PAM self-assembly, to immobilize pro-
teins (e.g., horseradish peroxidase (HRP)) and nanoparticles (e.g.,
Pt/SWCNTs) and thus fabricate a very promising electrochemical
biosensor. With the aid of the 3D ordered HRP/PAM/Pt/SWCNT
composite film, HRP could well retain its native structure and bioac-
tivity, and facilitated direct electron transfer of HRP entrapped
in the self-assembly film has been acquired. Comparative stud-
ies revealed that relative to the biosensor based on HRP/PAM,
the biosensor based on HRP/PAM/Pt/SWCNT had not only rather
stronger direct electron transfer capacity but also displayed more
excellent electrochemical performance over a wider linear range
along with good stability and sensitivity for the detection of hydro-
gen peroxide. The ordered HRP/PAM/Pt/SWCNT composite film
with copious pores of micrometer-scale sizes was proved to be a
promising candidate for the construction of enzyme-based elec-
trochemical biosensors. The data presented here may have greatly
potential impact on the design and application of electrochemical
biosensors.

2. Materials and methods
2.1. Chemicals and reagents

Horseradish peroxidase (HRP, >250umg-!) was purchased
from Yuanju Biology Science and Technology Co. Ltd. (Shanghai,
China). Polyacrylamide (PAM, average molecular weight of about
3 x 106) came from Sinopharm Chemical Reagent Co. Ltd (Shang-
hai, China). Single-walled carbon nanotubes (SWCNTs, 95%) were
obtained from Nanoport. Co. Ltd (Shenzhen, China) and sodium
borohydride (NaBH4, 99%) came from Aldrich. All other chemi-
cal reagents were obtained from Guangdong Guanghua Chemical
Reagent Company. All the reagents were of analytical grade and
used without further purification. All aqueous solutions were
prepared with Milli-Q purified water (>18.0 M2 cm). 20 mM phos-

phate buffer solution (PBS, pH 7.0) was prepared by mixing stock
standard solutions of NaH,PO4 and Na;HPOy.

2.2. Apparatus and measurements

Scanning electron microscopy (SEM) was performed with a
field-emission microscope (LEO, 1530 VP) operated at an accel-
erating voltage of 30kV. Powder X-ray diffraction (XRD) pattern
was recorded on a powder sample using a D/max-IlIA (Japan)
X-ray diffractometer with Cu Ka radiation (A=0.15418 nm).
UV-visible (UV-vis) absorption spectroscopy measurement was
carried out with a U-3010 spectrophotometer (Hitachi, Japan).
Fourier-transform infrared (FTIR) spectra were obtained on Tensor
27 (Bruker Company, German). Electrochemical impedance spec-
troscopy (EIS) spectra were acquired using an AUTOLAB advanced
electrochemical system (Swiss). Electrochemical experiments were
carried out at room temperature using a CHI 660 electrochemical
workstation (CH Instruments, Inc., Austin, USA). All electrochemi-
cal measurements were based on a three-electrode system with the
film electrode as working electrode, an Ag/AgCl (3 M KCl) electrode
as reference electrode, and a platinum wire as auxiliary electrode,
respectively. 20mM pH 7.0 PBS was used as the electrolyte in all
experiments.

2.3. Synthesis of Pt/SWCNT heterojunction nanomaterials

In a typical procedure for the synthesis of Pt/SWCNTs, SWC-
NTs were first purified through refluxing for 48 h in 2.6 M HNO3
as described previously (Lin et al., 2002), and the complex com-
pound of Pt-EDTA was prepared through refluxing the mixture
solution containing 0.5 mM H,PtClg, 2.5 mM NaOH, 3.8 mM EDTA,
and 3.2 mM Na3CgHs505 for 1 h. Then, the purified and dried SWC-
NTs (1 mg) were dispersed into the 30 mL as-prepared Pt-EDTA
complex, and the mixture was placed in iced water for 10 min while
stirring. Next, 1.0 mL of freshly prepared ice cold 0.10M NaBH4
solution was added to the ice-chilled mixture and kept stirring for
30 min when the reaction turned into brown. Finally, the Pt/SWCNT
heterojunction nanomaterials were obtained through centrifuging
at 2000 rpm and drying at 50 °C for 4 h. The whole synthesis route
is illustrated in Fig. S1.

2.4. Preparation of different modified electrodes

3-mm-diameter glassy carbon (GC) electrode was first polished
with alumina slurry of successively smaller particles (1.0, 0.3, and
0.05 pm diameters, respectively). Then, the electrode was cleaned
by ultrasonication in ultrapure water and ethanol, respectively. To
prepare Al3*-directed HRP/PAM/Pt/SWCNT modified electrode, the
PBS containing 1.0% PAM, 0.2 mg/mL Pt/SWCNTs, and 1.25 mg/mL
HRP was first prepared. Then, 10 L of the PBS was cast onto the sur-
face of the cleaned GCelectrode. Next, 5 L of 8.0 mM Al,(SO4 )3 was
added to the electrode. Finally, a uniform film electrode was formed
through putting the as-prepared electrode overnight at room tem-
perature, and then used for electrochemical investigations or stored
at4°C.

For comparison, Al3*-directed PAM/Pt/SWCNT/GC and Al3*-
directed HRP/PAM/GC electrodes were also prepared according to
the same procedure.

3. Results and discussion

3.1. Morphology and structure characterization of the Pt/SWCNT
heterojunctions and HRP/PAM/Pt/SWCNT composite film

Fig. 1A shows a typical TEM image of the as-prepared Pt/SWCNT
heterojunctions. It can be clearly seen that Pt nanoparticles, hav-
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Fig. 1. (A) TEM image of EDTA-assisted Pt/SWCNT heterojunctions and (B and C)
SEM images of HRP/PAM/Pt/SWCNT composite films prepared without or with AI3*-
directed self-assembly. Scale bar: (A) 100 nm and (B and C) 20 wm; inset: 5 pm.

ing the average diameter of approximately 11nm, were partly
or entirely entrapped into SWCNTs. To verify the components of
the sample, XRD measurement was preformed. The (00 2) diffrac-
tion peak in Fig. S2 corresponded to graphite from the SWCNTs
(JCPDS: 25-0284), which was consistent with the previous study
(Wen et al., 2008). The diffraction peaks at 26 =39.8°, 46.3°, 67.5°,
and 81.3° could be indexed to (111), (200), (220), and (311)
planes of a pure face-centered crystalline structure of Pt (JCPDS: 87-
0646).The XRD results suggested that SWCNTs and Pt nanoparticles

still retained their crystalline structures in the Pt/SWCNT hetero-
junctions, which was similar to the Au/MWCNT heterojunctions
previously described (Feng et al., 2009).

Fig. 1C gives a representative SEM image of Al3*-directed
HRP/PAM/Pt/SWCNT self-assembly film. It possessed 3D dendri-
form structure and contained numerous micron-scale cavities
(the inset of Fig. 1C). Such 3D dendriform structure not only
offered rather high surface area but also had highly active sites,
which were much useful for proteins to sequester in the cavi-
ties or bind on the surface. Surprisingly, without AI** inducement,
HRP/PAM/Pt/SWCNT mixture solution would form disordered film
(Fig. 1B and its inset), which could not be immobilized onto GC elec-
trode. This indicated that AI3* played a key role in the formation of
3D ordered and porous HRP/PAM/Pt/SWCNT composite film.

3.2. AB*-directed self-assembly and EIS analysis of
HRP/PAM/Pt/SWCNT composite film

The 3D ordered HRP/PAM/Pt/SWCNT composite film on the
polished GC electrode was acquired through the AI3*-directed
self-assembly process, as illustrated in Fig. 2. PAM and HRP
PBSs were first introduced onto the GC electrode. Previous
studies have demonstrated that metal ion easily coordinately
bond with the hydrolyzed -COOH of PAM and form gelation
(Cai and Huang, 2001). Consequently, when adding Al;(SO4)3
PBS onto the as-prepared electrode, an ordered and uniform
monolayer PAM/HRP/GC film was formed, which would be demon-
strated by the following electrochemistry study. Interestingly,
when Al;(SO4); and Pt/SWCNT PBSs were introduced onto the
electrode instead of Al;(SO4)3 PBS, a 3D ordered multilayer
HRP/PAM/Pt/SWCNT film was obtained. This was probably because
the Pt atoms of the Pt/SWCNTSs participated in the formation of the
coordinate bond among Al;(SOy4)3, Pt/SWCNT, and PAM.

To evaluate the AI3*-directed self-assembly process and interfa-
cial electron transfer property of the HRP/PAM/Pt/SWCNT modified
electrode, EIS was preformed. Previous studies have proved that
the impedance spectrum involving a semicircle portion at high fre-
quencies corresponds to the electron transfer limiting process (Pei
et al., 2001), using which electron transfer resistance (Rct) can be
gained by measuring the diameter. At the bare GC electrode (curve
a in Fig. S3), the Rct could be estimated to be about 190 2. When
PAM was assembled on the GC electrode surface by Al3* induce-
ment, its Rct was about 980 €2 (curve c in Fig. S3). Nevertheless,
when entrapping the Pt/SWCNTs into the AI3*-directed PAM film,
the Rct (630€2, curve b in Fig. S3) decreased, suggesting that the
Pt/SWCNT heterojunctions have good ionic conductivity and effec-
tively facilitate electron transfer of the ferricyanide toward the
electrode surface. However, a significant increase of the interfacial
resistance (about 1800 €2, curve e in Fig. S3) was observed when
HRP was immobilized onto the GC electrode with the Al3*-directed
PAM, indicating that HRP hindering electron transfer pathway was
successfully immobilized on the electrode surface (Wang et al.,
2008). Nevertheless, the Rct (about 1290 €2, curve d in Fig. S3)
at the Al3*-directed HRP/PAM/Pt/SWCNT/GC electrode decreased
again relative to that at the AI3*-directed HRP/PAM/GC electrode,
further demonstrating that the Pt/SWCNT heterojunctions were
rather helpful to speed up electron transfer between the underlying
electrode and the electrolyte.

3.3. UV-vis spectroscopic characterization of
HRP/PAM/Pt/SWCNT composite film

UV-vis spectroscopy is an effective means to probe possible
denaturation of heme proteins because it can monitor possible
changes of the Soret absorption band in the heme group (Xiao et
al., 2009). Fig. 3 shows UV-vis absorption spectra of dry HRP, and
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Fig. 2. Schematic illustration of the AI3*-directed self-assembly of the HRP, PAM, and Pt/SWCNTs on the polished GC electrode.

Al3*-directed PAM/Pt/SWCNT, HRP/PAM, and HRP/PAM/Pt/SWCNT
films. Compared with dry AI**-directed PAM/Pt/SWCNT film (no
characteristic peak, curve a), an obvious UV-vis absorption peak at
around 405 nm from dry HRP film could be clearly discerned, which
was a characteristic Soret absorption band of HRP (curve b). When
HRP was entrapped in the AI3*-directed PAM and PAM/Pt/SWCNT
films, the positions and intensities of the HRP spectrum peaks were
similar to that of pure HRP film (curves c and d), suggesting that
the HRP still retained the essential feature of its native secondary
structure in the AI3*-directed PAM and PAM/Pt/SWCNT compos-
ite films and had good biocompatibility with PAM and Pt/SWCNTs.
The good biocompability of HRP entrapped in the Al3*-directed
PAM and PAM/Pt/SWCNT films could perhaps be attributed to their
rigid framework and high chemical activity, which were available
to hide or bind HRP and thus restrained its conformational change
and unfolding.

3.4. Direct electrochemistry of the film electrodes

Fig. 4A shows cyclic voltammograms of different modified elec-
trodes in PBS at 0.1V/s. No peak was observed (curve a) at the
Al3*-directed PAM/Pt/SWCNT electrode, showing that the PAM and
Pt/SWCNTs were not electroactive materials in the potential range.
However, the AI3*-directed HRP/PAM electrode exhibited a couple
of nearly reversible and well-defined peaks (curve b), which could
be attributed to direct electron transfer between the HRP and the
underlying electrode (Kafi et al., 2008). The apparent formal poten-
tial E° estimated by (Epa+Epc)/2 was about —0.23V, where Ep,

Absorbance
%

— T T T T T T "~ T " T
340 360 380 400 420 440 460 480 500
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Fig. 3. UV-vis spectra of dry (a) Al**-directed PAM/Pt/SWCNT, (b) HRP, (c) AI**-
directed HRP/PAM, and (d) AI3*-directed HRP/PAM/Pt/SWCNT films.

and Ep ¢ are the anodic and cathodic peak potentials, respectively.
The E°’ was very close to that (—0.22 V) of native HRP in solution
(Jia et al., 2005), further suggesting that PAM had excellent bio-
compability with HRP molecules. Using Faraday’s law, Q=nFAI™
(Q, n, F, A, and I'* represent the quantity of charge, the num-
ber of electron transferred, Faraday constant, effective electrode
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Fig. 4. (A) Cyclic voltammograms of (a) AI**-directed PAM/Pt/SWCNT/GC, (b) AI3*-
directed HRP/PAM/GC, and (c) AI3*-directed HRP/PAM/Pt/SWCNT/GC electrodes in
PBS with the scan rate of 0.1 V/s. (B) Plots of oxidation peak currents and reduction
peak currents vs. scan rates for the AI**-directed HRP/PAM/Pt/SWCNT/GC electrode.
Scanrates: 0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0 V/s (inset a) and 1.0, 1.5, 2.0, 2.5,
3.0, 3.5,4.0,4.5,5.0V/s (inset b).
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area, and surface average concentration of electroactive enzyme,
respectively), the I'* of the electroactive HRP in the PAM film
was estimated to be about 2.53 x 10~1! mol/cm? (assuming a one-
electron transfer reaction), which was almost similar to that of the
theoretical monolayer coverage (1.89 x 10-1! mol/cm?) (Huang et
al,, 2002). Only nearly 0.57% of the total amount of adsorbed HRP
(I",about 4.42 x 10~ mol/cm?) was deposited on the PAM/GC elec-
trode, indicating the presence of a monolayer of electroactive HRP
on the electrode surface.

Interestingly, when the Pt/SWCNT heterojunctions were intro-
duced into the AI3*-directed HRP/PAM composite system, the redox
peak currents of the Al3*-directed HRP/PAM/Pt/SWCNT electrode
were significantly enhanced (curve c). The great enhancement
indicated that the Pt/SWCNTSs could greatly facilitate electron trans-
fer between the HRP and the underlying electrode. The E°' of
the redox peaks at the Al3*-directed HRP/PAM/Pt/SWCNT elec-
trode was estimated to be about —0.22V, which was almost the
same as that of native HRP in solution. The nearly same E° dis-
closed that almost all HRP molecules entrapped in the AI3*-directed
PAM/Pt/SWCNT composite film could preserve their native struc-
ture (Jia et al., 2005). According to the formula Q=nFAI'*, the I'*
of the electroactive HRP in the PAM/Pt/SWCNT film was estimated
to be about 2.33 x 1019 mol/cm? and the electroactive HRP in the
PAM/Pt/SWCNT film was about 5.27% of the total HRP content
deposited on the electrode, which was 12 times higher than that of
the theoretical monolayer coverage and 9 times higher than that
of the PAM film. This suggested that 12 layers of the self-assembly
HRP molecules closest to the electrode participated in transferring
electrons to the underlying electrode. The peak-to-peak separation
(AEp) was about 37 mV at 0.1V/s, which was much smaller than
that (74 mV) of the HRP in the PAM at the same scan rate. Such
a smaller AE;, value revealed a rather fast electron transfer pro-
cess. The excellent electrochemical properties could be ascribed
to the following advantages. First, PAM, Pt, and SWCNT were all
good electron transfer carriers. Second, the ordered multilayer self-
assembly structure generated numerous micrometer-scale cavities
and highly active sites, which may be available to bind HRP and pro-
vide an efficient electron-conducting tunnel. Finally, the ordered
self-assembly film, serving as a rigid framework, could hide HRP
and thus restrained its conformational change and unfolding for
favoring the appropriate conformation.

Fig. 4B gives representative cyclic voltammograms of the AI3*-
directed HRP/PAM/Pt/SWCNT electrode scanned at low and high
scan rates, respectively. It can be seen that both the reduction and
oxidation peak currents increased linearly with increasing scan
rates from 0.1 to 5.0V/s, which demonstrated a surface-controlled
process (Murray, 1984). The correlation coefficient, very close to the
theoretical slope of 1 for thin layer voltammetry (Murray, 1984),
indicated that almost all electroactive HRP-Fe(IIl) in the film were
reduced on the forwarded cathodic scan and the reduced HRP-
Fe(Il) was then converted to the oxidized form (HRP-Fe(III)) on the
reverse anodic scan. Thus, the AI3*-directed PAM/Pt/SWCNT system
provided a friendly microenvironment for the intercalated HRP to
maintain its bioactivity and the AI3*-directed HRP/PAM/Pt/SWCNT
film underwent a reversible, fast, and surface-controlled electron
transfer. The kinetic parameter ks of the HRP immobilized on the
Al3*-directed PAM/Pt/SWCNT film was estimated using the model
of Laviron (1974):

log ks1 = alog(l —a)+(1 - a)logx — log {(RT/:FU)]

s1
o1 — a)nFAE,
B 2.3RT

where «, ks, AEp, n, R, T, and v mean charge transfer coefficient,
heterogeneous electron transfer rate constant, peak separation,

Current (pnA)
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Fig. 5. (A) Bioelectrocatalysis of the biosensor towards H,0O, in PBS with the scan
rate of 0.1 V/s and H, 0, concentrations of (a) 0, (b) 40, (c) 80, (d) 120, (e) 160, (f) 200,
and (g) 240 wM. (B) Plot of electrocatalytic currents (Icac) vs. H20, concentrations
for the AI**-directed HRP/PAM/Pt/SWCNT electrode in PBS.

the number of electrons transferred, gas constant, absolute tem-
perature, and scan rate, respectively. By taking o as 0.5 and
v>0.2V/s, the average ks was determined to be 14.94+1.36s71,
which was much larger than those at the reported zinc oxide
nanorod (1.15 s~ 1) and clay-chitosan-gold nanoparticle nanocom-
posite (2.95+0.20s~!) modified electrodes (Gu et al., 2009; Zhao
et al,, 2008). This implied that the HRP/PAM/Pt/SWCNT modified
electrode facilitated more effectively electron transfer between the
redox-active sites of enzyme and the electrode than other modified
electrodes.

3.5. Electrocatalysis of the Al**-directed HRP/PAM/Pt/SWCNT/GC
electrode

To evaluate the biocatalytical activity of HRP immobilized on
the AI3*-directed PAM/Pt/SWCNT modified electrode, the elec-
trocatalytic property of the AI**-directed HRP/PAM/Pt/SWCNT/GC
electrode toward H,0, was investigated by cyclic voltamme-
try. Fig. 5A records cyclic voltammograms of the Al3*-directed
HRP/PAM/Pt/SWCNT/GC electrode in the PBS containing different
H,0, concentrations in the absence of oxygen. With the addition
of H,0,, the reduction peak current of the HRP-Fe(Ill) dramat-
ically increased, which accompanied by a gradual decrease and
even disappearance of the oxidation peak current of the HRP-Fe(II)
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(b) AP*-directed HRP/PAM/Pt/SWCNT biosensors upon successive addition of H,0,
into pH 7.0 PBS. Applied potential: —0.28 V (vs. Ag/AgCl).

(curves b-g), suggesting that an electrocatalytic reduction of H,0,
occurred.

As shown in Fig. 5B, the cathodic reduction currents increased
linearly with increasing H,O, concentrations and the linear range
was from 1.0 x 1076 to 2.7 x 10~4 M (R=0.998, n=21), which was
much wider than those of HRP immobilized on a zirconium-
enhanced grafted collagen trihelix scaffold (Zong et al., 2006), a
gelatin-hydrophobic ionic liquid gel film (Yan et al., 2007), and
a single-crystal CeO, nanotube-modified film (Xiao et al., 2009).
The lowest detection limit was 0.08 wuM at S/N=3, which was
rather lower than 1.7 wM at the HRP-toluidine blue-MWCNTs
nanocomposite (Liu et al., 2008) and 12.89 uM of HRP based
on sol-gel-derived ceramic-carbon nanotube nanocomposite film
(Chen and Dong, 2007). The sensitivity of the enzyme electrode
was calculated to be about 372mAcm~2M-!, which was much
higher than those of the biosensors constructed with 3D ordered
graphitized mesoporous carbon (Lu et al., 2009). This indicated that
the biosensor had an excellent bioelectrocatalytic activity towards
H,0,.

At higher H,0, concentrations, the plot tended to level off,
which was characteristic of enzyme-based catalysis. The apparent
Michaelis-Menten constant (Kg®) could be estimated according to
the Lineweaver-Burk equation (Kamin and Wilson, 1980):

-1 _ -1 app ~—1y-1
Iss :Imax +KMppC Imax

where Iss, Imax, and C stand for the steady-state response current
after the addition of substrate, the maximum current measured
under saturated substrate condition, and the bulk concentration
of the substrate, respectively. In this biosensing system, Kyr” was
estimated to be about 87 wM, which was much smaller than those
previously reported (570 and 1760 uM) (Xu et al., 2006; Xiang et
al., 2009). The relatively small Ky indicated that the AI**-directed
HRP/PAM/Pt/SWCNT/GC electrode had high catalytic efficiency to
the reduction of H,0,.

3.6. Amperometric response of the as-prepared H,0, biosensors

To demonstrate the success of H;0, determination at the as-
prepared electrodes, the amperometric response of the fabricated
electrodes for H,0, was investigated by amperometric current-
time curve method. The electrocatalytic reduction peak potential
of H,0O, at the as-prepared electrodes in PBS, i.e., —0.28V, was
selected as the constant applied potential for the high sensi-
tivity together with a wide linear range. Fig. 6 demonstrates
typical current-time curves of the Al3*-directed HRP/PAM/GC and
HRP/PAM/Pt/SWCNT/GC electrodes to successive addition of H,0,

in PBS. With each additional aliquot of H,O, to the stirring PBS,
the reduction currents rose rapidly and reached a stable plateau.
Compared with the response time (about 8.9s, achieving 95% of
the steady-state current) of the Al3*-directed HRP/PAM/GC elec-
trode, the AI3*-directed HRP/PAM/Pt/SWCNT biosensor possessed
much faster response (about 4.6 s). Moreover, it can be also referred
from Fig. 6 that the AlI3*-directed HRP/PAM/Pt/SWCNT biosensor
displayed better electrocatalytic properties, such as wider linear
range, higher sensitivity, and lower detection limit, in comparison
with the AI3*-directed HRP/PAM biosensor. This indicated that the
Pt/SWCNTs greatly enhanced the electrocatalytic performance of
the AI3*-directed HRP/PAM/Pt/SWCNT/GC electrode. Such a rapid
response could be attributed to the fast diffusion of the substrate
in the Al3*-directed HRP/PAM/Pt/SWCNT self-assembly composite
film.

3.7. Reproducibility and stability of the biosensor

The reproducibility of the biosensor was evaluated at a given
concentration in the linear range by cyclic voltammetric measure-
ments. The relative standard deviation (R.S.D.) of the biosensor
response to 120 WM H,0, for 7 successive measurements was
2.6%, indicating a good reproducibility. To evaluate electrode-to-
electrode reproducibility, six biosensors were prepared under the
same and independent conditions. The R.S.D. of the biosensors
was 3.4%, indicating a good electrode-to-electrode reproducibil-
ity.

The stability of the biosensor was studied by comparing the
cyclic voltammetric peak currents of the HRP entrapped in the Al3*-
directed PAM/Pt/SWCNT with time intervals of 4 h. The decrease
of the cathodic peak current of the biosensor immersed in PBS
for 4 h was less than 0.4%, indicating that the biosensor possessed
an excellent stability. Moreover, the biosensor could retain 96.0%
of its initial response after four-week storage, suggesting a good
long-term stability. The good reproducibility and stability can be
ascribed to the unique microstructure, shape, and good biocom-
patibility of the AI3*-directed HRP/PAM/Pt/SWCNT self-assembly
film.

4. Conclusion

A novel general methodology for protein immobilization and
third-generation biosensor construction, i.e., Al3*-directed PAM
self-assembly into ordered 3D dendriform structure, is demon-
strated. The dendriform structure easily immobilizes enzymes and
nanoparticles. The AI3*-directed PAM/Pt/SWCNT film with ordered
3D structure and highly active sites was explored for the con-
struction of electrochemical biosensor, and has also been proved
to be a good matrix for protein immobilization and electrochem-
ical biosensor construction, which may have great impact on
the design and application of electrochemical biosensors. With
advantages of the Pt/SWCNT heterojunction and porous ordered
structures, facilitated direct electron transfer and good biocatalytic
activity could be easily obtained through entrapping metalloen-
zymes into the AI**-directed PAM/Pt/SWCNT composite material.
These results revealed that HRP entrapped in the composite film
retained its essential secondary structure and the AI**-directed
HRP/PAM/Pt/SWCNT biosensor displayed good electrochemical
performance such as a wide linear range, low detection limit,
high sensitivity, good reproducibility and stability, and good long-
term stability for the detection of H,0,. Comparative experiments
demonstrated that the Pt/SWCNT heterojunctions played a deci-
sive role in the formation of the 3D ordered HRP/PAM/Pt/SWCNT
film and the enhancement of direct electron transfer capacity
and biocatalytic activity of the HRP/PAM/Pt/SWCNT biosensor. The
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HRP/PAM/Pt/SWCNT composite film is also expected to find poten-
tial applications in biomedical, food, and environmental analysis
and detection.
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