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a b s t r a c t

This paper reports the fabrication of a bi-protein/layered double hydroxide (LDH) ultrathin film in which
hemoglobin (HB) and horseradish peroxidase (HRP) molecules were assembled alternately with LDH
nanosheets via the layer-by-layer (LBL) deposition technique, and its electrocatalytic performances for
oxidation of catechol were demonstrated. The results of XRD indicate that the HB–HRP/LDH ultrathin
film possesses a long range stacking order in the normal direction of the substrate, with the two proteins
eywords:
BL assembly
ayered double hydroxides
i-protein electrode
iosensor

accommodated in the LDH gallery respectively as monolayer arrangement. SEM images show that the film
surface exhibits a continuous and uniform morphology, and AFM reveals the Root-Mean-Square (RMS)
roughness of ∼10.2 nm for the film. A stable direct electrochemical redox behavior of the proteins was
successfully obtained for the HB–HRP/LDH film modified electrode. In addition, it exhibits remarkable
electrocatalytic activity towards oxidation of catechol, based on the synergistic effect of the two proteins.
The catechol biosensor in this work displays a wide linear response range (6–170 �M, r = 0.999), low

gh se
detection limit (5 �M), hi

. Introduction

Recently, the third generation biosensors based on direct elec-
rochemistry of redox proteins have received extensive attention,
or the purpose of obtaining high performing catalyst with high
fficiency and selectivity (Cao et al., 2008; Zeng et al., 2009;
iong et al., 2007; Liu et al., 2005). The main driving force for

his enhanced activity is the increasing demand for miniaturized
iosensors, particularly for medical diagnostics and environmental
nalysis applications. However, proteins are inclined to lose their
lectrochemical activity and bioactivity when directly adsorbed or
mmobilized onto an electrode surface. Therefore, to select a host

atrix which can both provide a suitable microenvironment for
roteins and enhance direct electron transfer between proteins and
nderlying electrodes is one of the main challenges in this field
Chen et al., 2008). As a result, a large number of organic and inor-
anic materials, such as polymers (Lu et al., 2006; Shutava et al.,
006; Shi et al., 2003; Zhao et al., 2005), layered clays (Zhou et
l., 2007; Mousty et al., 2008; Maaref et al., 2007), nanomaterials

Kim et al., 2008; Luo et al., 2009; Zhu et al., 2009; Delvaux et al.,
005) and mesoporous matrices (Zhang et al., 2007; Tortajada et al.,
005; Sun et al., 2006), have been employed as supports to improve
he biosensor performance. Among the materials mentioned above,

∗ Corresponding author. Tel.: +86 10 64412131; fax: +86 10 64425385.
E-mail addresses: weimin@mail.buct.edu.cn, weimin-hewei@163.com (M. Wei).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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nsitivity and good reproducibility.
© 2010 Elsevier B.V. All rights reserved.

layered materials are very attractive for the immobilization of pro-
teins due to their specific 2D structure, low cost, high stability and
large surface-to-volume ratio (Chen et al., 2007; Macha and Fitch,
1998).

Layered double hydroxides (LDHs, represented as
[MII

1−xMIII
x(OH)2]x+(An−)x/n·mH2O) are one family of anionic

clays consisting of positively charged brucite-like layers and
exchangeable interlayer anions (Williams and O’Hare, 2006;
Leroux et al., 2003; Fogg et al., 1999, 2002; Boclair and Braterman,
1999). Based on the 2D structure, unique ion-exchange properties
as well as good biocompatibility, LDH materials have been widely
used as host matrices for the storage and release of biomolecules
(Khan et al., 2001; Xu and Braterman, 2007; Geraud et al., 2008;
Leroux et al., 2004). However, further applications are largely
restricted because most of biomolecules can only be adsorbed on
the surface of LDH particles due to their large size, resulting in
low loading and serious aggregation. Recently, the delamination
of LDH to single nanosheet as building block and preparation of
inorganic/organic ultrathin films (UTFs) have been reported (Li
et al., 2005; Ma et al., 2007; Yan et al., 2009). This inspires us
to challenge the goal of fabricating electrochemical biosensors
through alternate assembly of positively charged LDH nanosheets

and negatively charged protein via the layer-by-layer (LBL) tech-
nique. The resulting UTFs would exhibit the following advantages:
firstly, the LDH nanosheets can provide a confined and stable
microenvironment for the immobilization of protein molecules;
secondly, the molecular level control of the assembly will result

dx.doi.org/10.1016/j.bios.2010.07.045
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
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cheme 1. Schematic representation of the process for the fabrication of (LDH/HB/L
B anion, and (d) HRP anion.

n a high dispersion of protein with uniform orientation, which
acilitates the electron transfer. Moreover, the film component
nd thickness can be precisely controlled at nanometer scale with
imple manipulation and versatility.

In this work, we report the fabrication of a novel bi-
roteinic electrode based on (LDH nanosheet/hemoglobin/LDH
anosheet/horseradish peroxidase)n UTFs through the electrostatic
BL assembly. Herein, the positively charged Ni–Al-LDH nanosheets
s building blocks were assembled alternately with two nega-
ively charged heme-containing proteins (hemoglobin (HB) and
orseradish peroxidase (HRP)) on an indium–tin oxide-coated glass
ITO) substrate (Scheme 1). The structural and morphological stud-
es show that the UTF is continuous and uniform with long range
tacking order in the normal direction of the substrate, and the
wo protein molecules are accommodated respectively in the LDH
allery as monolayer arrangement. The UTF modified electrode
xhibits a stable direct electrochemical behavior owing to the
edox of biomolecules; moreover, it shows remarkable electrocat-
lytic activity towards oxidation of catechol without involvement
f H2O2, based on the synergistic effect of the two proteins. The
i-proteinic electrode displays a wide linear response range, low
etection limit, high sensitivity and good reproducibility. There-
ore, this work provides a novel and efficient strategy for the
mmobilization of bioactive proteins into an inorganic layered

atrix, for the purpose of potential applications in electroanalysis
nd biosensor.

. Experimental

.1. Materials and reagents

The hemoglobin (HB, pI = 6.8) was purchased from Wor-
hington Biochemical Corporation. Horseradish peroxidase (HRP,
50 U mg−1, pI = 7.2) and polyetherimide (PEI, MW = 50,000) were
btained from Sigma Chemical Co. Ltd. Poly(styrene sulfonic acid)
PSS, MW = 70,000) was purchased from Alfa Aesar Chemical Co.
td. All other chemicals were of analytical grade and used as
eceived without further purification. The aqueous solutions in all
he experiments were prepared with Milli-Q water.
.2. Preparation of Ni–Al-LDH nanosheets

The Ni–Al-LDH nanosheet was prepared according to the
eported method (Han et al., 2008). In a typical procedure,
i(NO3)2·6H2O (10 mmol), Al(NO3)3·9H2O (5 mmol) and urea
RP)n modified electrode: (a) pretreated ITO electrode, (b) Ni–Al-LDH nanosheet, (c)

(15 mmol) were dissolved in 100 mL of deionized water, sealed in
an autoclave and heated at 190 ◦C for 48 h. The resulting product
was filtered, washed thoroughly with deionized water and anhy-
drous ethanol and then dried in vacuum at 60 ◦C for 24 h. 0.1 g of
this sample was vigorously agitated in 100 mL of formamide under
a N2 flow at room temperature for 48 h. The formamide was used
as solvent to swell and exfoliate the LDH particles. The exfoliation
of LDH particles in formamide was a facile method to obtain LDH
single nanosheets without the need of heating or refluxing treat-
ment (Ma et al., 2006; Liu et al., 2006). After these procedures, a
colloidal suspension of unilamellar, positively charged Ni–Al-LDH
nanosheets was obtained.

2.3. Assembly of (LDH/HB/LDH/HRP)n UTFs

Prior to assembly, ITO substrates (3.0 cm × 1.0 cm) were cleaned
by sonication in a series of solvents: acetone, ethanol and deion-
ized water for 10 min each time. Quartz glass (3.0 cm × 1.0 cm)
substrates were cleaned by immersing in a fresh piranha solution
(H2SO4:H2O2 (30%) = 3:1, v/v) (warning: piranha solution is very
corrosive and must be treated with extreme care) for about 40 min,
followed by rinsing in deionized water and drying with a N2 flow.
The cleaned ITO and quartz substrates were firstly dipped into a
cationic PEI solution (1 mg mL−1) and then anionic PSS solution
(1 mg mL−1) for 20 min respectively, and then washed thoroughly
and dried with a N2 flow after each deposition. After these pro-
cesses, the substrates were modified with a PEI/PSS precursor film,
resulting in a negatively charged surface.

The fabrication of the (LDH/HB/LDH/HRP)n UTFs were carried
out by alternate immersion of the PEI/PSS coated substrates in
LDH nanosheets colloidal suspension, HB solution (1 mg mL−1 in
0.1 M PBS, pH = 8.0), LDH nanosheets colloidal and HRP solution
(1 mg mL−1 in 0.1 M PBS, pH = 8.0) respectively, for 15 min each
time. Water rinsing and N2 drying were performed after each
deposition step. Similarly, the respective (LDH/HB/LDH/HB)n and
(LDH/HRP/LDH/HRP)n UTF modified ITO electrodes were also pre-
pared for comparison. The resulting films were finally rinsed, dried
and stored in 4 ◦C before use.

2.4. Characterization and amperometric measurements
UV–vis absorption spectra were recorded using a Shimadzu
UV-2501PC spectrometer after each deposition cycle for the
purpose of monitoring the growth of UTF. XRD patterns of
the (LDH/HB/LDH/HRP)n films were recorded using a Rigaku
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ig. 1. UV–vis absorption spectra of the (LDH/HB/LDH/HRP)n UTFs with tetra-layer
umber (n) ranging in 1–6. The inset displays the linear relationship between the
bsorbance at 410 nm vs. n.

500VB2+PC diffractometer under the conditions: 40 kV, 50 mA, Cu
� radiation with step-scanned in step of 0.04◦ (2�) in the range
.5–10◦ using a count time of 10 s/step. After the ultrathin film was
ried with a N2 flow, its XRD pattern was obtained by attaching the
ubstrate to the sample platform directly. A Hitachi S-3500 scan-
ing electron microscope (accelerating voltage applied was 10 kV)
nd a NanoScope Шa Atomic Force Microscope were used to inves-
igate the surface morphology of the UTFs.

A CHI 660B electrochemical workstation (Shanghai Chenhua
nstrument Co., China) was utilized for electrochemical measure-

ents. A conventional three-electrode cell was used, including a
odified ITO electrode as the working electrode, a platinum wire

s the counter and an Ag/AgCl (3 M KCl) as the reference electrode.
he solutions were prepared with Milli-Q water (>18 M� cm) and
urged with highly purified nitrogen for at last 10 min prior to
easurement, and a nitrogen atmosphere was maintained during

he electrochemical measurements. All measurements were per-
ormed at room temperature.

. Results and discussion

.1. Structural and morphological characterization of the
LDH/HB/LDH/HRP)n UTFs

Since the isoelectric point (pI) is 6.8 and 7.2 for HB and HRP
espectively, both of them were negatively charged in pH 8.0 PBS
nd can be used as building blocks for assembly with the positively
harged LDH nanosheets via electrostatic interaction. Fig. 1 shows
he UV–vis spectra of the (LDH/HB/LDH/HRP)n UTFs on quartz sub-
trate with tetra-layer number n = 1–6, from which a absorption
and at ∼410 nm attributed to the ferroheme was observed. A red-
hift of 5 nm for the UTFs was obtained compared with a mixed
B and HRP solution (Fig. S1), which is possibly related to interac-

ions between protein molecule and LDH nanosheets in the densely
acked films. The band intensity at ∼410 nm correlates linearly
ith the increase of n (Fig. 1, inset), indicating a stepwise and
niform film growth procedure.

Fig. 2A shows the small angle XRD patterns of the as-prepared
LDH/HB/LDH/HRP)n UTFs. A narrow, symmetric and strong Bragg

◦
iffraction reflection was observed at 2� = 0.91 , whose intensity
ncreases gradually upon increasing the tetra-layer number. This
iffraction feature can be attributed to a so-called superlattice
eflection of the inorganic/organic periodic nanostructure (Liu et
l., 2006), indicating the long range stacking order of the films
ectronics 26 (2010) 549–554 551

in the normal direction of the substrate. The average thickness
of a LDH/HB/LDH/HRP tetra-layer unit is 9.69 nm. By subtracting
the thickness of two LDH nanosheets (0.48 × 2 = 0.96 nm, Liu et
al., 2006), the gallery height for the summation of HB and HRP
in the normal direction is ∼8.73 nm. Based on the size of HB
(5.0 nm × 5.5 nm × 6.0 nm) and HRP (3.0 nm × 3.5 nm × 6.0 nm), it
is proposed that HB and HRP molecules are accommodated respec-
tively as monolayer arrangement between LDH nanosheets.

The successful deposition process of the film on ITO substrates
was also demonstrated by the electrochemical impedance spec-
troscopy (EIS) method (Fig. S2), since EIS is an effective method for
studying the impedance changes of the electrode surface during
the fabrication process (Shervedani et al., 2006; Shi et al., 2007).
The diameter of the Nyquist circle increased with the increase of
the tetra-layer number, indicating the augment of electron-transfer
resistance along with the deposition procedure. The results above
confirm a successful LBL growth of the (LDH/HB/LDH/HRP)n UTFs
on ITO substrates.

The surface morphology of the UTFs was observed by SEM and
AFM images. A top-view of SEM image for the (LDH/HB/LDH/HRP)3
film (Fig. 2B) shows that the film surface is continuous and uniform;
AFM image (Fig. 2C) reveals that the RMS roughness of the surface
is ∼10.2 nm. Moreover, the thickness of the films estimated from
their side-view SEM images increased linearly with the increase
of tetra-layer number (Fig. S3), confirming that the UTFs possess a
uniform and periodic layered structure (Yan et al., 2009). The thick-
ness of one tetra-layer unit was calculated to be 9.5 nm from the
linear slope (Fig. 2D), in approximately accordance with the result
obtained by XRD (9.69 nm).

3.2. Direct electrochemistry of the (LDH/HB/LDH/HRP)n UTF
modified electrode

Cyclic voltammograms (CVs) of different electrodes in 0.1 M PBS
(pH = 7.0) is shown in Fig. 3A. No electrochemical response was
observed at both the bare ITO electrode (curve a) and the LDH
modified electrode (curve b). However, the (LDH/HB/LDH/HRP)2
UTF modified electrode (curve c) gives a couple of well-defined
quasi-reversible redox peaks at −0.15 and −0.22 V, respectively.
These observations clearly demonstrate that the redox process
originates from the reaction of the heme Fe(III)/Fe(II) couple in
HB and HRP immobilized in the LBL film. Furthermore, the direct
electrochemistry of electrodes modified with different tetra-layer
number (LDH/HB/LDH/HRP)n UTFs was investigated under the
same conditions. As shown in Fig. S4, the (LDH/HB/LDH/HRP)2
modified electrode shows better direct electrochemistry behavior
compared with the (LDH/HB/LDH/HRP)1 and (LDH/HB/LDH/HRP)3
modified electrode. As a result, the (LDH/HB/LDH/HRP)2 UTF
modified electrode was chosen as the working electrode. For com-
parison, the CV behavior of the (LDH/HB/LDH/HB)2 (Fig. S5A) and
(LDH/HRP/LDH/HRP)2 (Fig. S5B) electrode was also investigated.
A couple of redox peaks were observed for the two comparison
electrodes; however, the peak current is lower than that of the
(LDH/HB/LDH/HRP)2 modified electrode.

Fig. 3B shows the CVs of the (LDH/HB/LDH/HRP)2 UTF modi-
fied electrode in 0.1 M pH 7.0 PBS at different scan rates. Both the
anodic and cathodic peak current increase linearly along with the
increase of scan rate in the range 10–100 mV s−1 (inset plots in
Fig. 3B), indicating a surface-controlled electrochemical process.
Moreover, no obvious change in potential was observed for both

anodic and cathodic peak upon increasing scan rate, possibly due
to the fast electron transfer process between proteins and the elec-
trode surface. The results above suggest that the LDH nanosheets
provide proteins with a favorable microenvironment for facilitating
electron transfer.
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ig. 2. (A) XRD patterns of the (LDH/HB/LDH/HRP)n UTFs with different tetra-layers
f the (LDH/HB/LDH/HRP)3 UTF; (D) plot of film thickness vs. the tetra-layer numbe

In addition, the (LDH/HB/LDH/HRP)2 modified electrode shows
ood stability in 0.1 M pH 7.0 PBS upon consecutive voltammetric
weep over the potential range from −0.8 to 1.1 V. The peak current
emains almost unchanged (Fig. 4) after a twice 5-cycle scanning.
urthermore, after the modified electrode was stored at 4 ◦C for
months, the peak current maintained 95% of its initial value. In

ontrast, the stability studies for the comparison electrodes (Fig. S6)
howed that a single protein UTF modified electrode was not as

table as the bi-protein UTF modified electrode. Based on the results
bove, it can be proposed that a synergistic effect between the two
roteins does exist, which might be related to their regular packing
nd orientation in the LDH nanosheets matrix.

ig. 3. (A) CVs of (a) bare ITO electrode, (b) LDH nanosheets modified ITO electrode, (c)
ate of 100 mV s−1. (B) CVs of the (LDH/HB/LDH/HRP)2 UTF modified electrode in 0.1 M pH
s. scan rate.
a to c, n = 3, 8, 15); (B) SEM image of the (LDH/HB/LDH/HRP)3 UTF; (C) AFM image

3.3. Electrocatalytic behavior of the (LDH/HB/LDH/HRP)2 UTF
modified electrode for catechol

The electrocatalytic oxidation of catechol at the
(LDH/HB/LDH/HRP)2 UTF modified electrode was studied by
CV measurements (Fig. 5). The cathodic peak current increased
while the anodic peak current kept unchanged after the addition
of catechol, indicating the electrocatalytic activity of proteins for

the oxidation of catechol. However, no obvious electrocatalytic
behavior was found for the comparison electrodes modified with
(LDH/HB/LDH/HB)2 or (LDH/HRP/LDH/HRP)2 under the same con-
ditions (Fig. S7). This phenomenon further confirms the synergistic

the (LDH/HB/LDH/HRP)2 UTF modified ITO electrode in 0.1 M pH 7.0 PBS at a scan
7.0 PBS at different scan rates: 10–100 mV s−1; Inset plots display the peak current
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ig. 4. The stability of (LDH/HB/LDH/HRP)2 UTF modified electrode in 0.1 M pH 7.0
BS at scan rate of 0.1 V s−1.

ffect between the two proteins in this bi-proteinic modified elec-
rode. For the (LDH/HB/LDH/HRP)2 UTF modified electrode, a linear
elationship between cathodic peak current and catechol concen-
ration was observed in the concentration range from 6.0 × 10−6

o 1.7 × 10−4 M (inset in Fig. 5). The calibration equation can be
xpressed as i (�A) = 4.6854 + 0.1312c (�M) with a correlation
oefficient of 0.9995, and the detection limit for catechol is 5 �M
S/N = 3). A repetition test of one electrode shows that 90.0% of its
nitial current remains in 10 consecutive days’ measurement. Addi-
ionally, the (LDH/HB/LDH/HRP)2 modified electrode exhibits a
ood reproducibility from the data of five different electrodes with
SD less than 3.0%. Therefore, the (LDH/HB/LDH/HRP)2 modified
lectrode possesses a wide linear response range, low detection
imit, good stability and reproducibility for the determination of
atechol.

According to previous reports (Ruzgas et al., 1995; Yang et
l., 2006; Marko-Varga et al., 1995), the response of the heme-
ontaining protein biosensors to phenolic compounds is based on
complicated double displacement model in which appropriate
ontent of H2O2 regent was involved. Furthermore, the concentra-
ion of H2O2 significantly affects the performance of the sensor:

high concentration leads to the formation of inactive protein
nd reduces sensor life; while a low concentration results in weak
esponse signal. However, this drawback was resolved in this bi-

ig. 5. CVs of the (LDH/HB/LDH/HRP)2 UTF modified electrode in 0.1 M PBS (pH 7.0)
ith the presence of different concentration of catechol (from a to h: 0, 10, 20, 30,

0, 80, 120 and 170 �M). Scan rate: 0.1 V s−1. Inset: plot of catalytic peak current vs.
atechol concentration.
ectronics 26 (2010) 549–554 553

proteinic electrode system, for H2O2 is not a necessary regent for
the oxidation of catechol. Based on the results in this work and
the knowledge of literature (Wang et al., 2009), the electrocatalytic
behavior of the (LDH/HB/LDH/HRP)2 modified electrode for the oxi-
dation of catechol can be tentatively expressed as follows: as the
ferric heme reduces to ferrous heme at the electrode surface, the
catechol converts into quinone or free radical product (catechol*),
which is electroactive and can be electrochemically reduced at the
electrode surface simultaneously. As a result, the cathodic current
increases proportionally along with the concentration of pheno-
lic compounds in the solution. According to the results from the
mono-protein modified electrode mentioned above, a synergistic
interaction between the two proteins originates from their packing
and orientation, which plays a key role in facilitating the electron
transfer between the electroactive species and the electrode sur-
face. The electrochemical reaction process can be described as the
following equations:

Heme–Fe(III) + catechol + e− → Heme–Fe(II) + catechol∗ (1)

Heme–Fe(II) → Heme–Fe(III) + e− (2)

catechol ∗ + e− → catechol (3)

4. Conclusions

A bi-proteinic biosensor has been successfully fabricated based
on the alternate assembly of HB and HRP molecules with LDH
nanosheets via the LBL technique. Structural characterizations
show that the (LDH/HB/LDH/HRP)n UTFs exhibit long range stack-
ing order resulted from a superlattice nanostructure, in which
the protein molecule maintain its native structure and form a
monolayer arrangement in the LDH gallery. A stable direct electro-
chemical redox behavior was observed for the (LDH/HB/LDH/HRP)2
modified electrode, owing to the favorable microenvironment
imposed by the LDH nanosheets. Based on the synergistic effect
of the two proteins, the modified electrode exhibits remark-
able electrocatalytic activity towards oxidation of catechol with
a wide linear response range, low detection limit, high stability
and reproducibility. The methodology reported in this work can be
conveniently extended to fabricate other bi-enzymatic biosensors.
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