Biosensors and Bioelectronics 38 (2012) 239-244

journal homepage: www.elsevier.com/locate/bios

Contents lists available at SciVerse ScienceDirect

Biosensors and Bioelectronics

MgFe-layered double hydroxide modified electrodes for direct electron

transfer of heme proteins

Maoguo Li* Huiqin Ji, Yinling Wang¥*, Lin Liu, Feng Gao

Key Laboratory of Chemo-Biosensing, Anhui Province, College of Chemistry and Materials Science, Anhui Normal University, Wuhu 241000, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 15 March 2012
Received in revised form

25 May 2012

Accepted 28 May 2012
Available online 6 June 2012

Keywords:

Layered double hydroxides
Heme proteins

Direct electron transfer
Hydrogen peroxide
Biosensors

sensitive biosensors.

In this study, the Fe-based layered double hydroxides (MgsFe LDH) were used to immobilize heme
proteins including hemoglobin (Hb), myoglobin (Mb) and horseradish peroxidase (HRP) for fabrication
of heme/MgsFe LDH film on glassy carbon electrode (MgsFe-heme/GCE). The possible role of iron in
framework of LDH to promote direct electron transfer (DET) of heme proteins was investigated using an
LDH containing non-iron as a reference. Hb was selected as a model protein for studying the
electrocatalytic activity of immobilized heme in LDH film. The MgsFe-Hb/GCE displayed an enhanced
electrocatalytic reduction towards H,0,. The biosensor showed a very low detection limit (0.036 uM)
and apparent Michaelis-Menten constant (7.98 uM). This work outlines that Fe-based LDH modified
electrode provides a promising platform for immobilization of heme proteins and development of

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Biosensors based on the direct electron transfer (DET) between
redox proteins and electrode surface have received considerable
attentions since the reversible electrochemistry of cytochrome ¢
realized on modified electrodes in 1977 (Eddowes and Hill, 1977,
Yeh and Kuwana, 1997), because they can be used without the
addition of mediators or promoters onto the electrode surface or
into the solution. In addition to clinical diagnosis (D’Orazio, 2011),
such sensors offer great promise for other important applications,
ranging from bioprocess monitoring to food analysis (Noll and
Noll, 2011). For applications in biosensors, the proteins should be
immobilized on the electrode surface to avoid many complica-
tions linked to the solution system. Recently, various nano-
structures, such as metal, metal oxide, conducting polymer and
carbon materials, have been extensively used for fabrication of
biosensors, as illustrated by the several review articles (Feigel
et al., 2011; Liu, 2008; Deepshikha and Basu, 2011; Cosnier and
Holzinger, 2011; Kuila et al., 2011). Recently, inorganic nanopar-
ticles have become more attractive due to their desirable proper-
ties, such as good biocompatibility, high chemical and physical
stability, and low production costs.

Clays are a typical class of two-dimensional layered inorganic
materials, with variable chemical composition and unique
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structure. Clay can be divided into two main classes: cationic
clays and anionic clays, also known as layered double hydroxides
(LDH). Following in the footsteps of DET for cytochrome c at clay-
modified electrode (Lei et al., 1999), various clay-modified elec-
trodes have designed as powerful tools to immobilize heme
proteins, and have resulted in high-performance biosensors based
on the DET of those proteins (Mousty, 2004, 2010). In particular,
very recently, increasing attention has been paid to the immobi-
lization of heme proteins in LDH matrices, due to that LDH could
immobilize enzyme on the electrode surface more efficiently and
give better analytical characteristics than the cationic clays in all
cases (de Melo et al., 2002; Shan et al., 2003; Cosnier et al., 2006).
Our group has studied the electrochemical and electrocatalytic
properties of hemoglobin (Hb) in ZnAl-SDS LDH film modified
electrode (Li et al, 2008). Subsequently, the DET of horseradish
peroxidase (HRP) and Hb were achieved directly at NiAl-NO; LDH
(Chen et al., 2008) and MgAI-Cl LDH (Charradi et al., 2010), whereas
the adsorption of myoglobin (Mb) was investigated onto NiAl-Br LDH
colloid suspension (Bellezza et al., 2009). All these studies showed
that LDH could provide a suitable microenvironment to immobilize
heme proteins and facilitate the DET between the electroactive heme
sites of the proteins and the underlying electrodes. Furthermore, the
proteins in LDH films generally retained their native structure
without modification of their heme Fe(IlI)/(Il) electroactive group.
It has been demonstrated that the presence of trace iron in the
crystal structure of natural smectite clays influences their physi-
cal and chemical properties greatly. For instance, Charradi et al.
(2009) have shown that nontronite, one kind of cationic clay
containing high amount of structural iron (in the octahedral
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sheet, 4.2 mmol g '), enhanced significantly DET of Hb. No redox
peak was observed at the electrode coated with Hb immobilized
in synthetic montmorillonite containing non-iron impurities (MS)
or synthetic saponite (SapSF), which has Fe(Ill) only in the
tetrahedral sheet. In contrast, a reversible signal with low peak
current intensity was also observed at synthetic montmorillonite
presenting Fe(Ill) (0.41 mmol g!) only in the octahedral sheet
(MSF). Since LDH could give best analytical characteristics in all
cases related to enzyme immobilization (Mousty, 2010), LDH
containing iron in the framework may be more suitable to
immobilize heme proteins and realize the DET. However, to the
best of our knowledge, to date there has been no report on the
DET of heme proteins in Fe-based LDH.

In this present work, we report the use of MgFe-Cl LDH as the
matrix for immobilization of Hb, Mb and HRP. The DET of these
heme proteins was realized easily at the Fe-based LDH modified
electrode as expected. We anticipated that the Fe (Ill) in the
framework of LDH might play a certain role in the direct
electrochemistry of heme proteins. Hb was selected as a model
protein for studying the electrochemical and electrocatalytic
behavior of the proteins entrapped Fe-based LDH modified
electrode. Our results indicate that the low-cost synthetic LDH
containing Fe(Ill) modified electrode may provide a promising
platform for the development of biosensors.

2. Materials and methods
2.1. Reagents and chemicals

Hemoglobin (Hb) (from bovine blood) was purchased from
Tokyo Kasei Kogyo Co., Ltd. (Japan). Horseradish peroxidase (HRP)
and myoglobin (Mb) were purchased from Sangon Biotech Co., Ltd
(China). Other chemicals were obtained from Chemical Reagent
Company of Shanghai (China). All the solutions were prepared
with Milli-Q purified water (Millipore, > 18.2 M Q cm) and dec-
arbonated water, purged with highly purified nitrogen before
experiments.

2.2. Apparatus

All electrochemical experiments were performed in a conven-
tional three-electrode cell controlled by a CHI660C electrochemi-
cal workstation (CH Instruments, Shanghai, China). A three-
electrode system was employed with a platinum wire (ref
CHI115) as the counter electrode, a saturated calomel electrode
(SCE, ref CHI150) as the reference electrode, and a modified (or
bare) glassy carbon electrode (GCE, ref CHI104) as the working
electrode. All electrochemical experiments were performed at
room temperature. Powder X-ray diffraction (XRD) data were
recorded by a Shimadzu XRD-6000 X-ray diffractometer
(Shimadzu, Japan) based on Cu Ko radiation (4=0.15406 nm).
The 20 angle of the diffractometer was gradated from 5° to 70° at
a scan rate of 0.02° s~ !. The morphologies of LDH were examined
with a Hitachi S-4800 scanning electron microscope (SEM, Hitachi,
Japan). Fourier transform infrared (FT-IR) spectra were taken on a
FTIR-8400S Fourier transform infrared spectrophotometer after
20 scans within 4000-400cm™~' at a resolution of 8cm~! by
measuring the IR absorbance of a KBr disk containing of 1-2 wt%
of the sample. UV-visible (UV-vis) absorption spectroscopy mea-
surement was carried out with a U-2450 (Shimadzu, Japan). The
metal contents of the Mg-Al-HCF LDH samples were determined by
inductively coupled plasma optical emission spectrophotometry
(ICP-OES) on a Perkin Elmer Optima 5300DV after a weighed
amount of sample was dissolved in a dilute HCI solution.

2.3. The synthesis of MgFe LDH

The MgFe-Cl LDH was synthesized by the coprecipitation
method according to the reference with a slight modification
(Constantino and Pinnavaia, 1995; Aisawa et al., 2007). In a
typical procedure, a mixed salt solution containing Mg?* and
Fe3* was prepared by weighted MgCl,-6H,0 and FeCl; - 6H0.
The total Mg?* and Fe3* concentrations sustained 1M with
Mg/Fe molar ratios of 2:1, 3:1 and 4:1. Then, the solution pH
was adjusted at 10.0 by dropwise addition of 1 M NaOH solution
under vigorous stirring. The slurry was aged at 100 °C for 4 hin an
oil-bath. The resulting solid product was filtered, washed with
water and anhydrous ethanol for several times, and finally dried
at 70 °C over night in a decompression oven. MgsAl LDH (Mg/Al
molar ratio of 3:1), used as a reference, was also synthesized
according to the aforementioned method.

2.4. Preparation of protein-LDH hybrids on GCE

The different colloidal suspension (2 mg mL~!) was prepared
by dispersing desired LDH in water with stirring for approxi-
mately 24 h. Heme was dissolved in water with a concentration of
10 mg mL~'. 10 pL of the aqueous mixtures containing a 1:1 (or
other mass ratios) heme/LDH was spread on the surface of the
pretreated GCE and then dried in a fridge overnight. Before use,
the modified electrode was exposed in saturated glutaraldehyde
vapor for 10 min for cross-linking of the entrapped proteins.
Finally, LDH gel formation was achieved and glutaraldehyde
traces were removed by incubation of the modified electrode in
0.1 M pH 7.0 phosphate buffer solutions (PBS) for 25 min.

3. Results and discussion
3.1. The characterization of MgFe-Cl LDH

The XRD patterns of MgAI-Cl LDH (curve a in Fig. 1A) and
MgFe-Cl LDH with different Mg/Fe molar ratios (curves b-d)
showed intense basal reflection series (00!), indicative of the well
crystalline nature of them. The 003 reflections were all located on
almost the 20 angle of ~10.9° indicating a basal interlayer
spacing of ~0.78 nm for CI-LDH, quite similar to those reported
elsewhere (Constantino and Pinnavaia, 1995; Liu et al., 2006,
2007). Compared to MgAl-Cl LDH, the peaks were broader and
lower for all MgFe-Cl LDH, which indicated that MgFe-Cl LDH was
less crystalline than the MgAI-Cl LDH prepared under the same
condition.

Fig. 1B presents an SEM image of a typical LDH sample with
Mg/Fe molar ratio of 3:1. The morphology of the LDH was
observed clearly via SEM. The SEM investigation shows that the
LDH prepared by the precipitation method is nano-scaled and
three-dimensional with a size of 40-60 nm. The FT-IR spectra of
the MgAI-Cl LDH and MgFe-Cl LDH (Mg/Fe molar ratio equals to 3)
are shown in supplementary information (Fig. S1). They are
typical of CI-LDH materials, as featured both for MgAl and MgFe
LDH by a broad band at 3420 cm~! (voy), a peak at 1630 cm ™!
(0H,0), a peak at 1355 cm ™! (Vcogf) (due to CO5~ converted from
CO, captured from air during reacting and washing), and bands at
783, 625, and 430cm~! (due to M-O vibrations and M-O-H
bending) (Nakamoto, 1997).

3.2. The electrochemical behavior of heme in LDH film modified GCE
The electrochemical properties of several heme proteins (Hb,

Mb and HRP) LDH modified electrodes were studied by cyclic
voltammetry (CV) in a 0.1 M pH 7.0 PBS. It should be noted that
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Fig. 1. (A) XRD patterns of (a) MgAl-Cl LDH and (b-d) MgFe-Cl LDH with Mg/Fe
mole ratios of 2:1, 3:1 and 4:1. (B) Selected SEM image of MgFe-Cl LDH with Mg/Fe
mole ratio of 3:1.
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Fig. 2. Cyclic voltammograms of MgsFe-Hb/GCE in 0.1M pH 7.0 PBS at
200 mV s~ . The x is (a) 2, (b) 3, and (c) 4, respectively.

Hb immobilized into MgFe-Cl LDH with Mg/Fe molar ratio of 3:1
gave significantly higher electrochemical signals than MgFe-Cl
LDH with other Mg/Fe molar ratios under the same conditions
(Fig. 2). The high positive charges of Mg,Fe LDH and the low

Fe(Ill) contents of MgsFe LDH led to a decreased DET of Hb.
Obviously, the Fe-contents and charges of LDH play a very
important role in the adsorption site of Hb during the DET
between Hb and underlying electrode. Based on the above,
Mg/Fe molar ratio of 3:1 is given preference in this work. The
heme proteins and MgsFe LDH modified GCE is denoted as MgsFe-
Heme/GCE. The MgsAl-Hb/GCE, modified with non-iron Mg;Al
LDH, was used as a reference. As shown in Fig. 3, all three kinds of
heme proteins displayed the well-defined quasi-reversible cyclic
voltammograms with a formal potential (E*') of —0.358 V, corre-
sponding to the reversible reduction of heme.

Heme-Fe(lll) +H™ +e~ — Hb-Fe(ll)

However, no peaks were observed for Mg;Al-Hb/GCE (Fig. S2,
trace a) when the ratio Hb/LDH is also 1, quite similar to the
previous reports on Mg,Al-Hb and Zn,Al-Hb modified electrodes
(Charradi et al., 2010; Li et al.,, 2008). In contrast, as previously
reported (Charradi et al., 2010), a small pair of redox peaks can be
observed when the ratio Hb/LDH was increased to 5 (Fig. S2,
trace b).

Our results indicated that iron atoms in framework of LDH
played a very important role in promoting DET of heme proteins.
Mousty and coworkers (Charradi et al., 2009) have pointed out
that iron atoms can play the role of electron relay in the electron-
hopping mechanism enhancing the amount of heme which can be
involved into the electron transfer process, as shown in Fig. S3.

At the MgsFe-Hb/GCE, the peak height varies linearly with the
scan rate (Fig. 4); this relationship shows that the redox couple is
surface-confined. According to the slope of the I,-v curve and
Laviron’s equation (Laviron, 1979), I,=n*F*vAT'|4RT, the average
surface coverage (I') of Hb on the surface of modified electrode
was 2.29 x 107 mol cm 2, which was approximately 12 times
of the theoretical monolayer coverage (1.89 x 10~ !! mol cm~2)
(Muirhead and Perutz, 1963). At the same time, a negative shift in
potential for both anodic and cathodic peaks was along with an
increase of the solution pH (Fig. S4). The apparent formal peak
potential (E”) had a linear relationship with pH from pH 5.0 to
9.0 with a slope of —57.2 mV/pH. This slope is very close to the
theoretical value of —58.6 mV/pH at 298.15K for a reversible,
one-proton coupled with one-electron redox reaction process
of Hb.

3.3. The electrocatalytic activity of immobilized heme in LDH film

Hb was selected as a model protein for studying the electro-
catalytic activity of immobilized heme in LDH film. The electro-
catalytic reduction of H,0, at the Mgs;Fe-Hb/GCE was investigated
by CV and amperometry. When 60 utM H,0, was added in PBS, an
increase in the reduction peak was observed with the decrease in
the oxidation peak (Fig. 5A). The results indicate that LDH
provides a favorable microenvironment for immobilization of
Hb and the embedded Hb retains the biocatalytic activity, which
also testified by UV-vis spectroscopy. The dry Hb-LDH cast on
quartz slides showed the same peak position (about 410 nm) as
the free Hb dry film (Fig. S5). To further illustrate the relationship
between the electrocatalytic reduction current and the concen-
tration of H,0,, the steady-state amperometric response of
modified electrode to successive additions of H;O, up to
3.75 uM was recorded at a fixed applied potential of —0.35V
(Fig. 5B). The response time to reach 95% of the maximum current
was about 5s, demonstrating a fast electrocatalytic response.
The linear response to H,O, ranging from 0.07 to 2.51 uM
(R*=0.9916), with a relative standard deviations (RSD) of 4.6%.
The limit of detection was 0.036 puM for a signal-to-noise ratio of
3, which was lower than that on other inorganic matrices, such as
0.6 UM on doped titanium dioxide (Wei et al., 2011), 0.68 uM on
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Fig. 3. Cyclic voltalmmograms of (a) MgsFe/GCE and (b) MgsFe-Heme/GCE in 0.1 M pH 7.0 PBS at 100 mV s~ '. Heme proteins are (A) Hb, (B) Mb, and (C) HRP, respectively.
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Fig. 4. (A) Cyclic voltalmmograms of MgsAl-Hb/GCE in 0.1 M pH 7.0 PBS at different scan rates. The scan rates are (a) 50, (b) 100, (c) 150, (d) 200, (e) 250, (f) 300, (g) 350,
(h) 400, (i) 450, and (j) 500 V s, respectively. (B) The linear dependence of anodic and cathodic peak currents vs. scan rate.

walnutlike NiO microspheres (Dong et al., 2011), and 0.16 pM on
magnetic core-shell Fe3;0,@Al,03; nanoparticles (Peng et al.,
2011). The sensitivity was 27.6 pA mM ™!, indicating Hb immo-
bilized in MgsFe LDH film exhibited excellent bioelectrocatalytic
activity to H,0, reduction.

It is well known that the apparent Michaelis-Menten constant
(K3fP) can provide an indication of the enzyme-substrate kinetics.
The Ki? value can be calculated from the electrochemical version

of the Lineweaver-Burk equation (Kamin and Wilson, 1980)

1 KpP1 1
ISS - Imax C

Imax

Here, Iss is the steady state current after the addition of
substrate, C is the bulk concentration of the substrate, and I;ax
is the maximum current measured under saturated substrate
conditions. A plot of 1/Iss vs. 1/C will give a straight line with the
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Table 1

Comparison of analytical performance of different biosensors for the determination of H,0,.

Sensitivity (LA mM ™) Kp®P (uM) Refs.

Biosensor Linear range (LM) Detection limit (M)
HRP@SiO,/GC electrode 0.002-0.012 0.000128
0.012-6.7
Ti/Au/BP/HRP-MB electrode 0.1-500 0.075
Hb/3DOM GTD/ITO electrode 5.0-1000 0.6
F-NiO/IL/Hb-CP electrode 2.0-1050 0.68
Hb/Fe;0,@Al,03/MGC electrode 0.51-111.20 0.16
MgsFe-Hb/GC electrode 0.07-2.51 0.036

- 0.088 Cao et al. (2012)

54000 - Chatterjee and Chen (2012)
144.5 - Wei et al. (2011)

15.7 180 Dong et al. (2011)

- 120 Peng et al. (2011)

27.6 7.98 This work

slope equal to Kj;?/Imax and intercept equal to 1/Im.x (Inset in
Fig. 5C). The K;F® for the enzymatic activity of the MgsFe-Hb/GCE
to H,0, was estimated to be 7.98 uM. This low value for Kj;?
implies that the as-prepared modified electrode had a higher
affinity for H,0, than our previous reported ZnAl-SDS-Hb/GCE
(Li et al., 2008). Compared with other H,O, biosensors listed in
Table 1, the biosensor had wider linear range, lower detection
limit, higher sensitivity and smaller K}

3.4. The reproducibility and stability of biosensors

Five repetitive measurements by amperometry at five MgsFe-
Hb/GCEs which were prepared independently were carried out in
1.0 uM H,0, and a RSD of 3.7% was observed, which indicated
that the biosensors displayed an acceptable reproducibility. To
estimate the operational stability of the as-prepared biosensor, a
continuous measurement of CV was carried out for 60 min in a

50.0 uM H,0, solution. It was found that the peak current for
H,0, reduction retained 96.3% of its initial value and no obvious
potential shift was observed. The result shows that the modified
electrode has good operational stability. The storage stability of
the biosensor was monitored for two weeks. It was found that the
current response was no apparent decrease in the first continuous
five days by everyday use and stored in 0.1 M pH 7.0 PBS at 4 °C.
After 14 day, the reduction current of 1.0 uM of H,0, retained
95.7% of its initial value, indicating that the biosensor has good
storage stability.

4. Conclusions
MgsFe LDH were synthesized facilely by the coprecipitation

method and used for immobilization of heme proteins on GC
electrode, followed by glutaraldehyde cross-linking. Our results
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show that the Fe-based LDH can enhance DET between heme
proteins and the underlying electrode, iron atoms in framework
of LDH playing the role of electron relay. Taking advantage of the
favorable microenvironment provided by LDH, the Hb cross-
linked by glutaraldehyde in the film retains the bioelectrocataly-
tic activity for the H,0, reduction even at the very low H,0, level.
This work outlines that Fe-based LDH modified electrode provides
a promising platform for immobilization of heme proteins and
development of sensitive biosensors.
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