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A hybrid composite constructed of phospholipids bilayer membrane, gold nanoparticles and graphene
was prepared and used as matrices for microperoxidase-11 (MP11) immobilization. The direct electro-
chemistry and corresponding bioelectrocatalysis of the enzyme electrode was further investigated.
Phospholipid bilayer membrane protected gold nanoparticles (AuNPs) were assembled on polyelectrolyte
functionalized graphene sheets through electrostatic attraction to form a hybrid bionanocomposite.
Owing to the biocompatible microenvironment provided by the mimetic biomembrane, micro-
peroxidase-11 entrapped in this matrix well retained its native structure and exhibited high bioactivity.
Moreover, the AuNPs-graphene assemblies could efficiently promote the direct electron transfer
between the immobilized MP11 and the substrate electrode. The as-prepared enzyme electrode pre-
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Dri]rzeycr?glectrochemistry sented good direct electrochemistry and electrocatalytic responses to the reduction of hydrogen peroxide
Phospholipid (H,0,). The resulting H,0, biosensor showed a wide linear range (2.0 x 107°-2.8 x 10-4 M), a low

detection limit (2.6 x 10~¢ M), good reproducibility and stability. Furthermore, this sensor was used for
real-time detection of H,O, dynamically released from the tumor cells MCF-7 in response to a pro-
inflammatory stimulant.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The direct electrochemistry of enzyme has remained a focus of
study in recent years [1-3]. It can not only be applied to investi-
gate electron transfer mechanisms in biological systems [4,5], but
also offers great potential in many fields such as the construction
of ultrasensitive third-generation biosensors, enzyme-based bio-
fuel cells and bioelectrocatalysis [6,7]. However, it is difficult to
realize direct electron transfer between enzymes and substrate
electrodes due to their easy denaturation and deeply embedded
redox active centers [8]. Therefore, one of the main challenges in
this area is to explore appropriate host matrices that can both
provide a biocompatible microenvironment for enzymes and
enhance direct electron transfer between the enzymes and
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substrate electrodes [9,10]. Among various materials, biomaterials
(e.g., phospholipids [11] and chitosan [12]) and two-dimensional
layered inorganic nanomaterial (graphene [13], layered titanate
[14], and layered hydroxide nanosheets [2]) are very attractive as
support matrices for enzymes immobilization due to their intrinsic
properties and unique structure.

Recently, graphene-based bionanocomposites have attracted
great attention because of their unique and novel properties as
structural or functional biomaterials [15,16]. With appropriate
designs, graphene-based bionanocomposites can be furnished with
tailor-made biological properties and improved biocompatibility
derived from the modified biomaterials, effectively extending the
application of graphene in biological science [17]. Artificial phos-
pholipid membrane has been used as a mimetic biomembrane
model in studying some membrane properties and biological func-
tions [18-20]. It has been reported that lipid films can bind enzymes
deeply, maintain their bioactivity, and offer a perfect biological
microenvironment for electrochemical biosensors [11].

In this work, a biocompatible and conductive graphene-based
bionanocomposite was prepared through facile electrostatic
assembly of positively charged polyelectrolyte modified graphene
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and negatively charged phospholipid bilayer membrane protected
AuNPs. The as-synthesized bionanocomposite was further used as
a host matrix for microperoxidase-11 (MP11) immobilization. An
enzyme electrode was fabricated by casting a suspension of MP11
mixed with this bionanocomposite onto a glassy carbon electrode
(GCE). The resulting enzyme electrode presented a good direct
electron transfer reaction and electrocatalytic response to the
reduction of H,0,. The as-prepared biosensor was successfully
employed for H,0, detection and exhibited good performance.
Furthermore, a rapid and real-time measurement was developed
to detect the H,0, released from living cells in response to a pro-
inflammatory stimulant.

2. Materials and methods
2.1. Materials

Graphite was obtained from Alfa Aesar. Poly (diallyldimethy-
lammonium chloride) (PDDA, MW < 10,000, 35 wt%) was purchased
from Aldrich. Microperoxidase-11 (MP11), from horse heart cyto-
chrome c, was obtained from Sigma (USA). 1,2-Dimyristoyl-sn-gly-
cero-3-phosphatidil glycerol (DMPG) was purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). HAuCl,-4H,0 was obtained from
Shanghai Chemical Factory (Shanghai, China). Unless otherwise sta-
ted, all other chemicals were of analytical grade and used as received
without further purification. The ultrapure water (18.25 M2 cm) used
to prepare all aqueous solutions was purified with a Milli-Q Plus
system (Millipore).

2.2. Fabrication of the sensing interface

The PDDA-modified-graphene nanosheets (PDDA-G) and the
DMPG bilayer-membrane-protected AuNPs (DMPG-AuNPs) were
synthesized respectively according to the previous work [21,22]. A
0.2 mL of PDDA-G (0.1 mg/mL) solution and 1 mL of DMPG-Au
solution were mixed together overnight and centrifuged at
3000 rpm/min for 5 min, then the sediment (DMPG-AuNPs/PDDA-
G) was obtained. The sediment (DMPG-AuNPs/PDDA-G) was
resuspended with water at the final concentration of 0.5 mg/mL.
The process of constructing DMPG-AuNPs/PDDA-G was shown in
Scheme 1. Then, a glassy carbon electrode (GCE, 3 mm in dia-
meter) was polished successively with 1.0 pm, 0.3 pm, and
0.05 pm alumina slurry, sonicated in ultrapure water for 1 min,
and dried with high purified nitrogen steam. Aqueous solutions of
DMPG-AuNPs/PDDA-G (0.2 mg/mL, 0.1 mL) and MP11 (0.2 mg/mL,
0.1 mL) were mixed together, and 5 pl of the mixture was dropped
onto the freshly polished GCE surface and dried at 4 °C in order
to obtain the MP11/DMPG-AuNPs/PDDA-G/GCE. As a control
experiment, MP11/DMPG-AuNPs/GCE, MP11/PDDA-G/GCE, DMPG-
AuNPs/PDDA-G/GCE and hemin/DMPG-AuNPs/PDDA-G/GCE were
prepared according to the same procedures.

2.3. Electrochemical measurements

Electrochemical experiments were carried out with a CHI620a
electrochemical analyzer (Shanghai Chenhua Equipment, China). A
conventional three-electrode cell was employed in the PBS solu-
tion (0.1 M, pH 7.0) including a modified glassy carbon electrode as
the working electrode, an Ag/AgCl electrode as the reference
electrode, and a platinum wire as the counter electrode.

3. Results and discussion
3.1. Characterization of the as-prepared biosensor

As shown in Fig. 1, the TEM image of DMPG-AuNPs/PDDA-G
demonstrates that DMPG-AuNPs are uniformly assembled on the
PDDA-G surface. Because DMPG-AuNPs could be absorbed on both
sides of PDDA-G, it is beneficial for maintaining a high surface area
and providing a well biological microenvironment for enzymes
immobilization. As MP11 is a heme-containing enzyme [23,24],
UV-vis spectrometry was used to examine its secondary structure
of MP11 because the information of heme enzymes conforma-
tional changes and denaturation can be obtained from the position
of Soret absorption band of heme [25]. For the case of MP11
immobilized in the matrix of DMPG-AuNPs/PDDA-G, a nearly
identical position of Soret absorption band is observed at the same
wavelength with the dry MP11 film in Fig. 2, demonstrating that
the MP11 retains a similar secondary structure and the matrix of
DMPG-AuNPs/PDDA-G might provide a favorite biological micro-
environment for the immobilization of MP11.

Cyclic voltammograms (CVs) of various modified GCE were
obtained in N2-saturated phosphate-buffered saline (PBS: 0.1 M, pH
7.0), as shown in Fig. 3A. Compared with MP11/GCE, the current of
MP11/DMPG-AuNPs/PDDA-G/GCE increased obviously. Moreover,
MP11/DMPG-AuNPs/PDDA-G/GCE gives a pair of well-defined redox
peaks; the anodic and cathodic peaks are located at —0.27 V and
—0.35 V respectively, indicating that the composite played the role of
“electrical wire” in the biosensor. However, no obvious electro-
chemical response is observed for either MP11/PDDA-G/GCE or
DMPG-AuNPs/PDDA-G/GCE shown in Fig. 3. For the MP11 immobi-
lized either in the DMPG-AuNPs or the PDDA-G matrix, a pair of
peaks with low magnitudes were observed. And for the case of
hemin immobilized in the matrix of DMPG-Au/PDDA-G, no obvious
redox peak was observed. When MP11 was immobilized in the
matrix of DMPG-AuNPs/PDDA-G hybrid, the peak current response
became significantly enhanced. The peak-to-peak potential separa-
tion is about 80 mV, lower than that of MP11/chitosan/graphene [26],
indicating an efficient direct electron transfer process between the
active center of MP11 and the substrate electrode. This mainly
attributes to a combination of the individual benefits of
DMPG-AuNPs and PDDA-G, and a high electrochemical active area of
the DMPG-AuNPs/PDDA-G nanocompisite material. The current
response of MP11/DMPG-AuNPs/PDDA-G as a function of scan rate is
shown in Fig. 4. Both the anodic and cathodic peaks were found to be
increased linearly with the scan rate increasing from 50 mV/s to
500 mV/s. The linear dependence of peak current on scan rate is

PDDA

Ihdrazme

s

- DMPG-AuNPs M

GO PDDA-G

DMPG-AuNPs/PDDA-G

Scheme 1. Schematic illustration of the self-assemble process of DMPG-AuNPs/PDDA-G.

Please cite this article as: T. Wang, et al., Talanta (2015), http://dx.doi.org/10.1016/j.talanta.2015.05.022



http://dx.doi.org/10.1016/j.talanta.2015.05.022
http://dx.doi.org/10.1016/j.talanta.2015.05.022
http://dx.doi.org/10.1016/j.talanta.2015.05.022

T. Wang et al. / Talanta ® (AEER) ERE-NER 3

e T—

200 nm

Fig. 1. TEM image of DMPG-AuNPs/PDDA-G.
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Fig. 2. UV spectra of dry MP11/DMPG-AuNPs/PDDA-G (a) and MP11 and (b) films
on quartz slides.
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Fig. 3. A: The CVs of MP11/GCE (a), PDDA-G/GCE (b), DMPG-AuNPs/PDDA-G/GCE
(c) and MP11/DMPG-AuNPs/PDDA-G/GCE (d) in N,-saturated PBS (0.1 M, pH 7.0) at
the scan rate of 100 mV/s. B: The CVs of MP11/DMPG-AuNPs/GCE (a), MP11/PDDA-
G/GCE (b), hemin/DMPG-AuNPs/PDDA-G/GCE (c) and MP11/DMPG-AuNPs/PDDA-G/
GCE (d) in Ny-saturated PBS (0.1 M, pH 7.0); scan rate: 100 mV s~ 1.
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Fig. 4. The CV of MP11/DMPG-AuNPs/PDDA-G/GCE at scan rates of 50, (a) 100,
(b) 200, (c) 300, (d) 400, (e) 500 mV/s, and (f) in Ny-saturated PBS (0.1 M, pH 7.0).
Inset: the linear dependence of peak currents on scan rate.
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Fig. 5. The electrocatalytic responses of the biosensor toward H,0; in N,-saturated
PBS (0.1 M, pH 7.0) at the scan rate of 100 mV/s and the concentrations of H,0,
were 0, 40, 80, 120, 160, 200, 240, and 280 uM. Inset: the linear relationship
between the cathodic peak current and the concentration of H,0,.

shown in the inset of Fig. 4, revealing that the electron transfer
between the underlying electrode and heme active site is a surface
controlled electrochemical process.

3.2. Electrocatalytic reduction of H>0,

Fig. 5 shows the electrocatalytic response of MP11/DMPG-
AuNPs/PDDA-G towards H,0; in Ny-saturated PBS (0.1 M, pH 7.0).
The cyclic voltammograms were measured at different con-
centrations of H,0, in the potential range from 0.2 Vto —0.8 V. In
the absence of H,0,, a pair of well-defined redox peaks are
observed, which is ascribed to the direct electrochemistry of the
surface-confined MP11. When H,0, was consecutively added into
the electrolyte solution, the cathodic peak current gradually
increased, this increase contributed to the electrocatalytic reduc-
tion process of H,0,. Along with the reduction of H,0,, the
immobilized MP11 was correspondingly oxidized. Thus, the anodic
peak current originated from the oxidation of MP11 gradually
decreased and finally disappeared on increasing the concentration
of H,0,. The inset in Fig. 5 shows a linear relationship between the
cathodic peak current and H,0, concentration from 2.0 x 107> M
to 2.8 x 10~* M, exhibiting a correlation coefficient of 0.998. The
detection limit of the biosensor was estimated to be 2.6 x 10~% M
based on a signal/noise ratio of 3. Using the Lineweaver-Burk
equation for analyzing electrocatalytic reduction of H,0,, the
apparent Michaelis-Menten constant (K,,) and the maximum
electrode sensitivity (im/Kny) were calculated to be 0.043 mM and
243.7 pA/mM, respectively [27]. The low value of K;;, demonstrates
that the as-prepared enzyme electrode possesses high catalytic
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Fig. 6. The responses of the biosensor in N,-saturated PBS (0.1 M, pH 7.0) with the
addition of fMLP at 50 s, with MCF-7 cells (a) and without MCF-7 cells (b).

efficiency for H,0, reduction, attributed to the unique properties
of the nanocomposite which can provide a favorable micro-
environment for MP11 and improve efficient electron transfer
between MP11 and substrate electrode.

3.3. Stability and reproducibility

The reproducibility of the biosensor was obtained by detecting
a given concentration (120 pM) of H,0, through cyclic voltam-
metry measurement. The relative standard deviation (RSD) of the
biosensor was 2.19% for seven successive CV measurements using
the same electrode. Five electrodes were used to evaluate the
electrode-to-electrode reproducibility under the same condition,
and an RSD of 5.92% was obtained. The long term stability was
checked with two electrodes, the electrodes remained 99.7% of the
activity for 24 h and 96.3% for 40 days. From all the results, the as-
prepared biosensor exhibited a good reproducibility and stability
for H,0, detection, which might be ascribed to the excellent bio-
compatibility of the matrix of DMPG-AuNPs/PDDA-G.

3.4. Detection of H»0, released from MCF-7 cells

H,0, can serve as an important signaling molecule in modulating
various biological processes including immune cell activation, apoptosis,
vascular remodeling, and stomatal closure [28]. H,O, is also a by-pro-
duct generated from cellular signaling, biochemical and physiological
processes [29]. Cells can acutely release H,O, in response to pro-
inflammatory stimulation [30]. Therefore, real-time detection of H,0,
dynamic release process from living cells is of great importa-
nce in understanding its roles in cellular physiology. Herein,
N-Formylmethionyl-leucyl-phenylalanine (fMLP) was used as a pro-
inflammatory stimulant to induce H,O, release from tumor cells
MCF-7. Due to its good sensitivity and stability, the constructed bio-
sensor was applied for real-time detection of H,O, released from cancer
cells MCF-7. Around 1.0 x 10° cells were suspended in 10 ml of PBS
buffer (01 M, pH 7.0) for electrochemical measurement. As shown in
Fig. 6, after treated with 300 pM fMLP, a significant current increase of
0.0367 A is observed and the response reaches a plateau after 150 s
when diffusion achieves equilibrium. As a control experiment, the
sensor is not responsive to fMLP in the absence of MCF-7 cells. From the
result, the biosensor of MP11/DMPG-AuNPs/PDDA-G/GCE might have
the potential in studying dynamic detection of the biological process
involving H,0,.

4. Conclusion

In this study, we demonstrate the use of DMPG-AuNPs/PDDA-G
hybrids as an efficient matrix for MP11 immobilization and

corresponding direct electrochemical study. Owing to the well bio-
compatibility of the DMPG bilayer and the excellent electrical con-
ductivity of graphene and AuNPs, the DMPG-AuNPs/PDDA-G can
provide a favorable biological microenvironment for maintaining
MP11 activity and promote the direct electron transfer between
enzymes and the underlying electrode. The as-prepared enzyme
biosensor presented high electrocatalysis activity, as well as good
stability and reproducibility, for H,O, detection. A wide linear range
from 2.0x10"°M to 28x10"*M and a detection limit of
2.6 x 10~ M have been obtained. Furthermore, the biosensor was
successfully used for real-time detection of the trace amount of H,0,
released by the cancer cells MCF-7 in response to a pro-inflamma-
tory stimulant. The biosensor shows a great potential for construc-
tion of the third-generation sensor and is expected to be applied in
the pathological and physiological studies.
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