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Abstract: A new nanocomposite mate-
rial for enzyme immobilization and
subsequent direct electrochemistry and
electrocatalysis was developed by using
1,2-dimyristoyl-sn-glycero-3-phospho-

(1-rac-glycerol)-phospholipid-monolay-
er-membrane-modified graphene
(DMPG-G). Microperoxidase-11
(MP11) was chosen as a model enzyme
to investigate the composite system.
Owing to the improved conductivity
and biocompatible microenvironment,

Erkang Wang*!*!

(DMPG-G-MP11) effectively retained
its native structure and bioactivity.
DMPG-G-MP11-modified glassy
carbon electrode (DMPG-G-MP11/
GCE) exhibited a pair of well-defined
quasi-reversible redox peaks of MP11
and showed high electrocatalytic activi-
ty towards hydrogen peroxide (H,O,).
The linear response of the developed
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biosensor for the determination of
H,O, ranged from 2.0x107° to 4.5x
10™*m with a detection limit of 7.2x
10"m. This biosensor exhibited high
reproducibility and long-term storage
stability. The promising features of this
biosensor indicate that these lipid-gra-
phene nanocomposites are ideal candi-
date materials for the direct electro-
chemistry of redox proteins and that
they could serve as a versatile platform
for the construction of a third-genera-

MP11 that was immobilized in the

. . phospholipids
matrix of the DMPG-G nanocomposite

Introduction

Graphene, as a new polyaromatic molecule, has attracted
considerable attention in recent years in materials science
and biotechnology.'™ Because of its large specific surface
area, low manufacturing cost, great mechanical strength,
and high thermal and electrical conductivities, graphene has
been intensively investigated for applications in nanocompo-
sites,”® nanoelectronic devices,I”! biosensors,®* % field-effect
transistors,"!! and supercapacitors.'"? However, owing to the
strong m—m-stacking interactions, pristine graphene sheets
generally show poor water solubility and tend to form irre-
versible agglomerates,'” and this has obviously limited its
biochemical applications. Recently, a major goal in graphene
chemistry has been its bio-functionalization for imparting
graphene with aqueous solubility and biocompatibility, with
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tion biosensor.

the aim of exploiting new graphene materials in biological
and medicinal applications.

Biomembranes in living organisms consist of lipids, pro-
teins, and carbohydrates. It has been shown that mimetic
biomembranes can be prepared by casting aqueous liposome
onto the surface of electrodes. Because lipid films can pro-
vide an excellent biological microenvironment, they have re-
mained a focus of study in recent years and their remark-
able biocompatibility has prompted their application as one
of the most promising matrixes for protein immobiliza-
tion.*1°! Potential applications based on lipid—protein com-
posites include electrochemical biosensing platforms."’ " Tt
is expected that a new material that is formed from a combi-
nation of a biocompatible lipid with graphene might have
potential applications for synthesizing suitable materials that
can provide a favorable microenvironment to maintain the
activity of the bound proteins and for direct electrochemis-
try. However, to the best of our knowledge, the fabrication
and direct electrochemistry of biosensors that are based on
phospholipid-monolayer-modified graphene nanomaterials
have only been rarely reported.

Herein, we report a new phospholipid-monolayer-mem-
brane/graphene bionanocomposite and demonstrate its ap-
plication in enzyme immobilization and subsequent direct
electrochemistry. This composite was synthesized according
to a facile non-covalent-modification strategy through the
chemical reduction of graphene oxide in the presence of
a solution of 1,2-dimyristoyl-sn-glycero-3-phospho-(1-rac-
glycerol) (DMPG) liposomes. The assembled phospholipid-
monolayer membranes, which are biologically relevant
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supramolecular structures, impart graphene with excellent
biocompatibility and aqueous solubility. Combined with the
excellent electrical conductivity of graphene and the favora-
ble biocompatibility of the phospholipids, the DMPG-mono-
layer-membrane-functionalized graphene (DMPG-G) may
provide a favorable biological microenvironment to main-
tain the activity of immobilized enzymes and to realize their
direct electrochemistry. Microperoxidase-11 (MP-11) was
used as a model enzyme to evaluate this electrochemical
platform. Owing to the favorable microenvironment and the
improved conductivity, the as-prepared biosensor was suc-
cessfully employed for the electrocatalytic detection of H,O,
and exhibited good performance.

Results and Discussion

Assembly of the phospholipid monolayer on graphene was
performed through the reduction of GO by L-ascorbic acid
in the presence of a solution of DMPG liposome. DMPG is
a typical negatively charged phospholipid that is commonly
used in the fabrication and investigation of mimetic bio-
membranes.’>?! After removing any excess DMPG lipo-
somes and L-ascorbic acid through centrifugation, we found
that the individual DMPG-graphene composite could form
well-dispersed aqueous colloids and showed long-term sta-
bility over several months when stored at 4°C in a refrigera-
tor.

UV/Vis absorption spectroscopy was used to characterize
the formation of DMPG-G. As shown in Figure 1A, two
peaks for the GO dispersion are centered at 230 and
300 nm, owing to the m—m* transition of aromatic C=C
bonds and the n—x* transition of the C=O bond, respective-
1y.’” After the reaction had finished, the color of the solu-
tion changes from light brown to dark, as shown in the inset
of Figure 1 A. The adsorption peak at 300 nm disappears
and the absorption peak of the GO dispersion at 230 nm
red-shifts to 268 nm, coupled with an increase in the absorb-
ance over the whole spectroscopic region. These results indi-
cate that the electronic conjugation within the graphene
sheets is restored upon reduction by L-ascorbic acid.” The
modification of graphene with DMPG was also confirmed
by FTIR analysis. The FTIR spectrum of DMPG-G is given
in Figure 1B, along with that of DMPG as a control reac-
tion. We found that the FTIR spectrum of DMPG-G exhib-
ited the typical DMPG-absorption features of the symmetric
and antisymmetric CH, stretching vibrations at 2854 and
2920 cm ™!, respectively."®*! Thus, the attachment of DMPG
molecules onto the surface of graphene was clearly con-
firmed.

Atomic force microscopy (AFM) was performed to fur-
ther characterize the morphology of the chemically reduced
graphene by L-ascorbic acid with and without DMPG. Pris-
tine graphene showed a smooth surface and had an average
thickness of 0.8 nm, which is consistent with literature data
(Figure 2 A).”®! However, for DMPG-G, many segments in
the membrane structure are clearly observed on the surface
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Figure 1. A) UV/Vis spectra of GO (a) and DMPG-G (b). Insets show
photographs of dispersions of GO (a) and DMPG-G (b). B) FTIR spec-
tra of DMPG (a) and DMPG-G (b).

(Figure 2B). These segments have a very uniform height
(about 2.4 nm), which corresponds to the half-height of the
DMPG bilayers (4.79 nm), as reported by Tajima et al.””
This result indicates that the DMPG molecules are oriented
perpendicular to the graphene surface and form an organ-
ized monolayer. Because the surface of graphene is highly
hydrophobic, it is reasonable to consider that the hydrophil-
ic head-groups of the DMPG molecules are oriented toward
the aqueous phase and that their fatty hydrophobic chains
stand on the graphene through van der Waals interactions,
in a similar manner to the assembly of surfactant molecules
on the surface of carbon nanotubes.?

As MP-11 is a heme-containing protein, UV/Vis absorp-
tion spectroscopy is an effective way to examine its secon-
dary structure because shifts in the Soret absorption band of
heme may reflect its possible denaturation. Figure 3 shows
the UV/Vis absorption spectra of films of dry MPI11,
DMPG-G, and DMPG-G-MP11 on quartz slides. An obvi-
ous absorption peak at around 410 nm (Figure 3a) is charac-
teristic of a dry MP11 film, thus indicating the presence of
characteristic Soret absorption bands."*! For DMPG-G (Fig-
ure 3b), the absorption peak appears at around 268 nm, thus
suggesting electronic conjugation within the graphene
sheets.”! After the immobilization of MP11 in the matrix of
DMPG-G, the resultant DMPG-G-MP11 (Figure 3¢) com-
posite film exhibits characteristic bands of both MP11 and
graphene. It is worthy of note that the positions of the Soret
absorption bands do not change in the obtained DMPG-G-
MP11 composite film, thus implying that the immobilized
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Figure 2. Tapping-mode AFM images of A) graphene and B) DMPG-G on freshly cleaved mica.
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Figure 3. UV/Vis spectra of dry a) MP11 film, b) DMPG-G film, and
c) DMPG-G-MP11 film on quartz slides.

MP11 retains a similar secondary structure to the MP11
film. These results indicate that the biocompatible DMPG-
G material might provide a favorable microenvironment for
the immobilized MP11 to maintain its activity.

MP-11 is a heme-containing undecapeptide that exhibits
high electrocatalytic activity for the reduction of hydrogen
peroxide.”? Cyclic voltammograms (CVs) were obtained
in Ny-saturated phosphate-buffered saline (PBS; 0.1m,
pH 7.0), as shown in Figure 4. No peaks were observed at
the bare GCE (Figure4Aa) and DMPG-G/GCE (Fig-
ure 4 Ad), thus indicating that DMPG-G was not an electro-
active material over the potential range. An increased ap-
parent-double-layer current might result from the excellent
capacitance of graphene. After MP11 was immobilized in
the DMPG-phospholipid-cast film (Figure 4 Ab) and in the
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Figure 4. A) CVs of GCE (a), DMPG-MP11/GCE (b), G-MP11-GCE
(c), DMPG-G/GCE (d), and DMPG-G-MP11/GCE (e) in N,-saturated
PBS (pH 7.0, 0.1M); scan rate: 100 mVs~'. B) CVs of DMPG-G-MP11/
GCE in N,-saturated PBS at scan rates of 100 (a), 150 (b), 200 (c), 250
(d), 300 (e), and 350 mV's~! (f). Inset: linear dependence of the peak cur-
rent on scan rate.
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graphene-cast film (Figure 4 A c) on the surface of the GCE,
a couple of peaks with low magnitudes were observed at
—0.3 'V, which corresponded to the direct electron transfer
between the heme active site of MP11 and the electrode sur-
face. When MP11 was immobilized within the matrix of gra-
phene on the surface of the GCE, an increased current re-
sponse was observed, thus indicating that the graphene
matrix could facilitate electron transfer between the electro-
active center of MP11 and the underlying electrode. The
current response became significantly enhanced (Fig-
ure 4Ae) once MP11 was immobilized in a matrix of
DMPG-G film. As estimated from the average of the anodic
peak potential (—0.27 V) and the cathodic peak potential
(—0.35 V), the formal potential is —0.31 V. The peak-poten-
tial separation is about 80 mV and lower than that of MP11
that is immobilized in a chitosan—graphene matrix
(130 mV).”®! These results indicate a more effective elec-
tron-transfer process within the developed biosensor. These
results might be ascribed to a combination of the individual
benefits of the phospholipid and graphene. It is possible that
the excellent electrical conductivity of graphene could facili-
tate the electron transfer between the electroactive center
of MP11 and the underlying electrode. Moreover, the bio-
compatibility of the DMPG-G film forces the heme group
of MP11 to adopt a favorable orientation for electron ex-
change with the underlying electrode. Figure 4B shows the
current response of DMPG-G-MP11/GCE as a function of
scan rate. Both the reduction- and oxidation-peak currents
linearly increased with increasing scan rate (Figure 4B,
inset), which revealed that the electron transfer between
MP11 and the underlying electrode was a surface-controlled
electrochemical process. The heterogeneous electron-trans-
fer rate constant (k) of the MP11 that was immobilized in
the DMPG-G matrix was estimated by using the Laviron
equation.” The average k, was determined to be 2.19-
(£0.34) s7!, which is larger than a previously reported value
(1.27 579, thus indicating a more effective electron trans-
fer between the redox-active sites of MP11 and the underly-
ing electrode.

MP11 is commonly used as sensing template for the cata-
lytic reduction of H,O,. Figure 5 A shows the electrocatalyt-
ic response of the biosensor towards H,O, in N,-saturated
PBS. The concentrations of H,O, were 0, 40, 80, 120, 160,
200, 240, and 280 uM, respectively. In the absence of H,O,,
the direct electrochemistry of the immobilized MP11 dem-
onstrated a pair of well-defined redox peaks. With the con-
secutive addition of H,O,, the cathodic peak current in-
creased significantly; this increase contributed to the catalyt-
ic reduction of H,0, by the surface-confined MP11. Accom-
panying the reduction of H,0,, the surface-confined MP11
was correspondingly oxidized. Thus, in the reverse potential
scan, the anodic peak current that originated from the oxi-
dation of MP11 gradually decreased and finally disappeared
on increasing the concentration of H,O,. Figure 5B shows
a plot of the cathodic peak current as a function of H,O,
concentration; a wide linear range from 2.0x107 to 4.5x
10~*m with a correlation coefficient of 0.9997 was obtained
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Figure 5. A) Bioelectrocatalysis of DMPG-G-MP11/GCE towards H,0,
in PBS at a scan rate of 0.1 Vs™' and H,O, concentrations of 0 (a), 40
(b), 80 (c), 120 (d), 160 (e), 200 (f), 240 (g), and 280 um (h). B) Linear re-
lationship between catalytic current and the concentration of H,O,. The

error bars represent the relative standard deviation (RSD) of three meas-
urements.

and the detection limit of the electrode was estimated to be
7.2x107"m based on a signal/noise ratio of 3. The apparent
Michaelis—-Menton constant (K,,) was estimated according
to the Lineweaver-Burk equation.’ The K,, value and the
maximum electrode sensitivity (/,,,/K,,) were evaluated to
be 0.34 mm and 50.6 pAmm ', respectively. The K,, value
was similar to that of MP11/GNPs'MWNTs/GCE
(0.32 mm)™ and lower than those of MP11/MGN-CHI/Au
(0.54 mm)® and MP11-HCPE (6.4 mm). This result indi-
cates that the DMPG-G-MP11/GC electrode possesses high
catalytic efficiency for the reduction of H,0,. Compared
with H,O, sensors that were based on HRP immobilized in
a DMPG-lipid-bilayer membrane,** hemoglobin immobi-
lized in egg-phosphatidylcholine-lipid-cast film,"” and MP11
immobilized in chitosan/graphene composite,! the remark-
able wider detection range and lower detection limit of
DMPG-G-MP11/GC confirm that this as-prepared phospho-
lipid-membrane/graphene bionanomaterial can provide a fa-
vorable microenvironment for an immobilized enzyme to
present excellent catalytic properties.

The reproducibility of the biosensor was evaluated by re-
cording the response towards 80 um H,O, over five succes-
sive CV measurements. The relative standard deviation
(RSD) of the results was 2.1%. Six biosensors were inde-
pendently prepared under the same conditions to evaluate
electrode-to-electrode reproducibility. A RSD of 5.3% was
obtained, which indicated a good reproducibility of the de-
veloped biosensor. The stability of the fabricated biosensor

www.chemasianj.org 2827



FULL PAPER

was investigated by comparison of the initial peak current
with that obtained after time intervals of 24 h. The decrease
in the intensity of the peak was 1.0 %, thus indicating good
stability. The catalytic current response maintained about
91% of its original response over a 20 day period when the
modified electrode was stored at 4°C in a refrigerator under
dry conditions. The good reproducibility and stability can be
ascribed to the unique biocompatibility of the DMPG-G
composite material.

Conclusions

DMPG-G, with its good aqueous solubility and biocompati-
bility, provides a new host matrix for enzyme immobilization
and for the construction of electrochemical biosensors.
Owing to the good biocompatibility of DMPG and the ex-
cellent electrical conductivity of graphene, MP11 that is en-
trapped in the DMPG-G matrix presents high electrocata-
lytic activity, as well as good stability and reproducibility, for
the detection of H,0,. A wide detection range, from 2.0 x
10°° to 4.5x107*m, and a detection limit as low as 7.2x
107"m have been obtained. The high sensitivity, good stabili-
ty, and electrocatalytic activity towards substrates suggest
that the DMPG-G is promising for potential applications in
third-generation biosensors. By combining the unique prop-
erties of graphene and the phospholipid-monolayer mem-
brane, the DMPG-G bio-composite is expected to find po-
tential applications in biomimetics and in drug-delivery sys-
tems.

Experimental Section
Chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphatidil glycerol (DMPG) was pur-
chased from Avanti Polar Lipids, Inc. (Alabaster, AL). Microperoxidase-
11, from horse heart cytochrome ¢ and L-ascorbic acid, were purchased
from Sigma (USA). Graphite was purchased from Alfa Aesar. H,O, was
obtained from Beijing Chemical Reagent Factory (Beijing, China). A
fresh solution of H,O, was prepared daily. Unless otherwise stated, other
reagents were of analytical grade and used as received. All aqueous solu-
tions were prepared by using ultrapure water (18.2MQcm™') from
a Milli-Q Plus system (Millipore).

Apparatus and Measurements

AFM was performed by using a SPI3800N microscope (Seiko Instru-
ments, Inc.). UV/Vis absorption spectroscopy measurements were carried
out on a Cary 50 UV/Vis spectrophotometer (Varian, USA). Zeta poten-
tials (effective surface charge) were measured by dynamic light scattering
(Zeta-sizer 3000, Malvern Instruments, France). FTIR was performed on
a Bruker Vertex 70 FTIR spectrometer. Electrochemical experiments
were carried out at room temperature on a CHI 602a electrochemical
workstation (Shanghai Chenhua Equipment, China) in phosphate-buf-
fered saline solution (PBS; 0.1m, pH 7.0). A standard three-electrode
system was employed for the electrochemical measurements with a plati-
num-wire auxiliary electrode, a Ag/AgCl (saturated KCl) reference elec-
trode, and a modified glassy carbon electrode (GCE) as the working
electrode. The buffer solutions were purged with purified nitrogen for
20 min to remove oxygen prior to the start of the experiments.
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Preparation of DMPG Liposomes

The unilamellar DMPG liposomes were prepared according to modified
procedures reported by Fujimoto et al.* Briefly, DMPG (8 mg) was dis-
solved in CHCL;/MeOH (1:1 v/v, 1 mL). Then, CHCl; and MeOH were
evaporated and dried under vacuum overnight. The resulting dry lipid
film was rehydrated with doubly distilled water (16 mL). The resulting
liposome suspension was sonicated in a 25°C bath sonicator until a clear
suspension of liposomes was formed. The finally obtained negatively
charged liposome was denoted as DMPG liposome.

Preparation of Phospholipid-Monolayer-Membrane-Functionalized
Graphene

Graphite oxide was prepared from natural graphite according to Humm-
ers method with little modification.” DMPG-G was prepared as follows:
A dispersion of GO in water (1 mgmL™, 2 mL) was added to a solution
of DMPG liposome in water (0.5 mgmL ", 16 mL), and the mixture was
sonicated for 20 min in a 25°C sonicator bath to form a uniformly light-
yellow dispersion. A solution of L-ascorbic acid in water (10 mgmL~’,
2mL) was added to the mixed solution under vigorous stirring and the
obtained solution was kept at 40°C in a water bath for 24 h. Finally, the
resulting stable black dispersion was centrifuged (14000 rpm) and
washed three times with water to remove the excess DMPG liposomes
and L-ascorbic acid. The obtained nanocomposites, denoted as DMPG-G,
were then re-suspended in water and stored at 4°C in a refrigerator.

Preparation of the DMPG-G-MP11-Modified Electrode

A glassy carbon electrode (diameter: 3.0 mm) was polished with 1.0 pm,
0.3 pm, and 0.05 um oa-alumina slurries, sonicated in doubly distilled
water for 1 min, and dried under a flow of nitrogen. Solutions of DMPG-
G (0.2 mgmL~", 0.5 mL) and MP-11 (0.2 mgmL~', 0.5 mL) in water were
mixed together, and a portion of the mixture (5 uL) was transferred by
syringe onto the freshly polished GCE and dried at 4°C in a refrigerator.
The obtained electrode was denoted as DMPG-G-MP11/GCE. DMPG-
G/GCE, G-MP11/GCE, and DMPG-MP11/GCE were prepared accord-
ing to similar procedures and used in control experiments.
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