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Abstract A magnetic mesoporous carbon material (i.e.,
mesoporous iron oxide/C, mesoFe/C) is synthesized for
protein immobilization, using glucose oxidase (GOx) as
model. Transmission electron microscopy images show that
mesoFe/C has highly ordered porous structure with uniform
pore size, and iron oxide nanoparticles are dispersed along the
wall of carbon. After adsorption of GOx, the GOx-mesoFe/C
composite is separated with magnet. The immobilized GOx
remains its natural structure according to the reflection—
absorption infrared spectra. When the GOx-mesoFe/C com-
posite is coated on a Pt electrode surface, the GOx gives a
couple of quasireversible voltammetric peaks at —0.5 V (vs.
saturated calomel electrode) due to the redox of FAD/FADH,.
The electron-transfer rate constant (k) is ca. 0.49 s '. The
modified electrode presents remarkably amperometric
response to glucose at 0.6 V. The response time (fy50,) is
less than 6 s; the response current is linear to glucose
concentration in the range of 0.2-10 mM with a sensitivity
of 27 pA mM 'cm 2 The detection limit is 0.08 mM
(S/N=3). The apparent Michaelis—Menten constant (K,,""")
of the enzyme reaction is ca. 6.6 mM, indicating that the
GOx immobilized with mesoFe/C has high affinity to the
substrate.
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Introduction

The direct electrochemistry of redox proteins has received
considerable attention in last two decades [1-5]. However,
the direct electron transfer between redox proteins and
electrode surface is generally difficult because the active
centers of proteins are usually deeply embedded in protein
molecules and the strong adsorption of proteins on
electrode surface easily leads to their denaturation. To
realize the direct electron transfer between proteins and
electrode, various materials were adopted to immobilize
redox proteins on electrode surface, such as surfactants [6],
polymers [7], sol-gel [8], nanoparticles [9-11], mesoporous
materials [12, 13], and so on.

Among these materials, magnetic and mesoporous
materials have attracted increasing interest of researchers.
The main advantage of magnetic material as immobilizing
material is the simple procedure to separate the immobi-
lized biomolecules from the reactant mixture [14]. The
direct electrochemistry of heme-proteins was achieved by
immobilizing them with Fe;O4-based magnetic materials
[15, 16]. As for mesoporous materials, they are thought to
be very suitable for biomacromolecule immobilization
because they possess high surface area and large pore
volume as well as mechanical and chemical resistance [17].
In addition, the molecular crowding theory and modeling
efforts have predicted that a protein inside a confined space
would be more stable due to some folding forces in
comparison with that in bulk solutions [18]. Hence,
mesoporous materials have high loading amount and may
enhance the stability of proteins. Several mesoporous
materials, such as mesoporous silica—carbon nanocomposite
[13], mesoporous carbon [19], mesoporous TiO, [20],
mesoporous Al,O; [21], were employed to immobilize
redox proteins on electrode surface. The immobilized
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proteins showed direct electrochemical behavior, high
stability, and bioactivity [13, 19-21].

Taking into account the advantages of the two types of
material, a magnetic mesoporous carbon material (i.e.,
mesoporous iron oxide/C) is synthesized for protein
immobilization in this work, with glucose GOx as model.
Previously, Lee et al. [22] employed magnetic mesocellular
carbon foam as enzyme immobilization matrix to fabricate
redox mediator-based glucose biosensor, which showed
magnetically switchable electrocatalysis to glucose. How-
ever, as far as we know, the direct electrochemistry of GOx
immobilized on magnetic mesoporous carbon has not been
reported.

Experimental
Reagents

GOx (21.7 Umg ™', Mr 186000) was purchased from Fluka.
Furfuryl alcohol and glucose were from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Nafion
solution was prepared by diluting 5% Nafion DE 520
(DuPont, USA) solution with ethanol. Other chemicals used
were of analytical grade, and the solutions were prepared
with deioned water.

Synthesis of mesoFe/C

MesoFe/C composite was synthesized according to the
literature [23], using mesoporous silica SBA-15 as hard
template, FeCl;-6H,0 as iron source, and furfuryl alcohol
as carbon source. Typically, 1.5 ml of furfuryl alcohol and
7.5 mg oxalic acid were dissolved in 10 ml ethanol.
Following, 1 g SBA-15 was added into the solution, and it
was stirred for 0.5 h. The resulting mixture was treated at
363 K for 12 h and then at 423 K for 6 h. To introduce iron
oxide into the composite, 0.86 g FeCl;-6H,0 dissolved in
10 ml ethanol was mixed with the composite obtained
above and then stirred for 0.5 h. After evaporating the
ethanol, the resulting composite was thermal-treated in N,
at 873 K for 4 h to carbonize the furfuryl alcohol. The silica
template in the composite was removed through twice
washing with heated 2 M NaOH solution. The mixture was
filtered, washed with water and ethanol, and dried at 333 K.
Thus, mesoFe/C was obtained.

Preparation of GOx-mesoFe/C composite and modified
electrode

Five micrograms of mesoFe/C composite was mixed with

0.5 ml 30 mg ml™" GOx aqueous solution and the mixture
was kept at 4°C for 48 h to establish adsorption equilibrium.
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The GOx-mesoFe/C composite was separated from the
mixture by magnetic decantation and washed with water
for three times, and then dried at 313 K under vacuum for
12 h. For electrode modification, the GOx-mesoFe/C
composite was dispersed in 1 ml water again. Before
modification, a platinum electrode was polished to mirror
smooth with 0.05um AlLO;5 slurry, rinsed with water, and
then ultrasonicated in water bath. Three microliters of GOx-
mesoFe/C suspension was transferred onto the platinum
electrode surface and was dried in air. One microliter of
0.5% Nafion was added on the modified electrode surface to
enhance its mechanical stability. The obtained electrode was
denoted as GOx-mesoFe/C-Nafion/Pt. For comparison,
mesoFe/C-Nafion/Pt was prepared through similar way.

Apparatus

All electrochemical experiments were performed on a CHI
660A electrochemical workstation (CH Instru. Co., Shanghai,
China) under room temperature (25+2°C). The electrode
system was composed of a modified Pt electrode (2 mm in
diameter), a platinum auxiliary electrode, and a saturated
calomel electrode (SCE). The amperometric response to
glucose was measured at an applied potential of 0.6 V (vs.
SCE) in air-saturation phosphate buffer solution (PBS, pH
6.98) under stirred condition. After the background current
reached steady-state value, glucose was injected stepwise into
the solution and the current was recorded.

Transmission electron microscopy (TEM) images were
obtained on a JEM-2010FEF electron microscope (Japan).
Energy-dispersive X-ray spectra (EDX) were collected
from the attached energy-dispersive spectrometer. The
adsorption and desorption experiments of N, were per-
formed on a SA 3100 surface area and pore size analyzer
(Beckman Coulter, USA). The specific surface area and
pore volume were estimated by applying Brunauer—
Emmett—Teller (BET) method [24]. Reflection—absorption
infrared (RAIR) spectra were obtained using a Nicolet
FTIR-360 spectrometer (USA).

Results and discussion
Characterization of mesoFe/C and GOx-mesoFe/C

Figure la displays the TEM images of mesoFe/C, which
shows highly ordered porous structure with pore diameter of
about 3—4 nm. The darker parts in the mesoFe/C composite
framework are believed to be iron oxide nanoparticles, and
they are dispersed along the wall of carbon (Fig. 1a inset).
EDX spectrum of mesoFe/C indicates that there are Fe, O, C,
and Cu in the composite (Fig. 1b). The source of Cu is the
copper grid and C is the mesoporous carbon. The iron oxide
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Fig. 1 TEM images (a) and EDX (b) of mesoFe/C. Inset shows the
magnified image of a

results from the decomposition of FeCl;-6H,O at 873 K in
N, [21]. The magnetism of mesoFe/C composite can be
attributed to the iron oxide nanoparticles. Mesoporous
carbon actually acts as shield of iron oxide nanoparticles
[25]. On the other hand, the iron oxide nanoparticles loaded
in carbon wall will not block pores or influence mass
transfer. In addition, the specific surface area of mesoporous
carbon does not decrease after loading iron oxide nano-
particles. The protein adsorption on mesoFe/C is tested using
GOx as model (Fig. 2). As can be seen, the yellow GOx
solution becomes light (Fig. 2c), indicating that GOx is
adsorbed on mesoFe/C. The resulting GOx-mesoFe/C
composite is magnetic and can be attracted by a magnet,
which is favorable for their separation. The enzyme amount
adsorbed is ca. 470 mg g ' according to the increase in
mesoFe/C weight after adsorbing GOx.

To obtain the information about pore structure and specific
surface area of mesoFe/C and GOx-mesoFe/C, N, adsorption/
desorption experiments are performed (Fig. 3a). At relative
pressure (p/pg) in the range of 0.4-0.8, the isotherm of
mesoFe/C gives a sharp rise and produces a hysteresis loop.
This is a type IV curve of mesoporous materials. The BET
surface area and pore volume are calculated to be 709 m’*g '

Fig. 2 Photos of GOx solution (a), GOx and mesoFe/C mixture (b),
and GOx-mesoFe/C composite attracted by a magnet after 48 h
adsorption (c¢)

and 1.04 cm’g ", respectively. After the adsorption of GOx,
the isotherm of GOx-mesoFe/C is still type IV curve, but
shows smaller rise compared with that of mesoFe/C. It
indicates that mesoFe/C remains porous structure after
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Fig. 3 a N, adsorption—desorption isotherm curves of mesoFe/C (a)
and GOx-mesoFe/C composite (b); b RAIR spectra of mesoFe/C (a),
GOx-mesoFe/C (b), and GOx (c¢) on glassy carbon surface
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adsorbing GOx, and the BET surface area and pore volume
decrease obviously. They are 439 m?g ' and 0.76 cm’g ',
respectively. RAIR spectra are used to explore the secondary
structure of GOx immobilized on mesoFe/C [13, 26]. As
shown in Fig. 3b, the absorption bands in the range of 1,800—
1,000 cm ' are assigned to the characteristic peaks of
stretching vibration of carbonyl groups, bending vibration
of amide groups, methyl and methylene groups, and sugar
rings in GOx (curve c) [26]. The mesoFe/C does not show
significant absorption bands in the range (curve a). However,
the absorption bands of GOx-mesoFe/C composite are
similar to that of GOx (curve b). This indicates that the
immobilized GOx remains its native structure.

Direct electrochemistry of immobilized GOx

Figure 4 shows the cyclic voltammograms (CVs) of GOx-
mesoFe/C-Nafion composite and mesoFe/C-Nafion modified
electrodes. The mesoFe/C-Nafion modified electrode does not
exhibit any peaks under the given conditions. However, the
GOx-mesoFe/C-Nafion composite modified electrode shows
a pair of redox peak, which is undoubtedly caused by the
FAD/FADH, couple of GOx. The cathodic (£,.) and anodic
(Ea) peak potentials are —0.516 and —0.483 V, respectively.
Thus, the formal potential (defined as the average of anodic
and cathodic peak potentials) is —0.50 V. The peak-to-peak
separation (AE,) is 33 mV, and the anodic (i,,) and cathodic
peak (ipc) currents are almost equal, implying that the
immobilized GOx undergoes a quasireversible electrochem-
ical reaction [6].

With scan rate increasing from 5 to 90 mV s, the
peak currents increase linearly, but the peak potentials
keep almost unchanged (Fig. 5). The regression equations
are iy = 0.02 4+ 1530(uA, Vs~ r =0.996) and iy =
—0.01— 15.50(uA, Vs~! 7 = 0.990). Furthermore, the log
inc—log v and log iy,—log v plots are linear and the ratio of the
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Fig. 4 CVs of mesoFe/C-Nafion/Pt (a) and GOx-mesoFe/C-Nafion/Pt
(b) electrodes in 0.10 M deoxygenated PBS (pH6.98). Scan rate is
20 mV s
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Fig. 5 CVs of GOx-mesoFe/C-Nafion/Pt at different scan rate (v,
from inner to outer: 5, 10, 20, 30, 40, 50, 60, 70, 80, and 90 mV sfl).
Insets show the plots of i, vs. v (a), E, vs. log v (b), and AE;, vs. log v
(c). Other conditions are the same as those in Fig. 4

slopes is about one. These indicate that the electrochemical
reaction of GOx immobilized on mesoFe/C is surface-
controlled [7]. However, the charge consumed in coulomb
(Q), obtained from integrating cathodic peak area of CVs,
keeps almost unchanged. This reflects the electrochemical
characteristic of a thin layer system. Thus, the surface
concentration (/*) of electroactive protein can be calculated
and it is 3.7x10 ""'mol cm ? according to the equation Q=
nFAI* [7], where A is the electroactive area of electrode
obtained from Randles—Sevcik equation [27]. In comparison
with the total surface concentration of GOx immobilized on
electrode surface (estimated to be 1.18x10 “mol cm 2),
there is about 3.14% of the immobilized GOx taking part in
the electrochemical reaction. As the theoretical monolayer
coverage for GOx is about 4.7x 10 "?mol cm 2 [28], it can
be proposed that several layers of the immobilized GOx
undergo electrochemical reaction.

When scan rate exceeds 90 mV s, the peak separation
increases gradually (Fig. 5b). Furthermore, AE, and
logarithm of scan rate show linear relationship as shown
in Fig. 5¢c. According to the following equation [29],

1

2.3RT

AE, = ——"———
P (1 — a)anF

alog(l —a)+ (1 —a)

X RT
loga — (1 — 2a)log—F— (1 = 20) log ks
n

2.3RT(1 —2a)
——logv
(1 —a)anF

Where « is the electron-transfer coefficient and other
symbols have their normal significance. As n is 2 [10], the
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electron-transfer rate constant (k;) of GOx is ca. 0.49 s ..

The value is smaller than the corresponding value observed
for GOx immobilized on conductive mesocellular silica—
carbon nanocomposite foam (i.e., 14.0+1.7 s ") [13], but
nears that on single-walled carbon nanotube modified
electrode (i.e., 0.3 s ') [9]. It was reported that the direct
electrochemistry of GOx with & larger than 0.1 s™' could be
observed when the distance between the electrode and the
FAD was less than that (i.e., 13A) between FAD and the
surface of the enzyme in its native configuration [30]. Thus,
the interaction between GOx and mesoFe/C makes the
distance between redox center and electrode decrease,
promoting the direct electron transfer of GOx.

The CVs change significantly with solution pH (data not
shown). When solution pH increases from 4.92 to 9.18, the
redox peaks shift negatively. The formal potential is linear to
pH value with a slope of —0.046 V pH !, which is close to the
theoretical value of —0.059 V pH ' for the electrochemical
reaction with equal numbers of transferred proton and
electron [27]. Therefore, the electrochemical reaction of
GOx involves two-electron and two-proton transfer.

Biocatalysis of the immobilized GOx

To demonstrate the biocatalytic activity of the immobilized
GOx, the response of GOx-mesoFe/C-Nafion modified
electrode to glucose is examined. As shown in Fig. 6a,
under aerobic condition, the enzyme electrode shows larger
cathodic current compared with its anodic current, indicat-
ing the electrocatalytic reduction of dissolved oxygen. With
glucose concentration increasing, the cathodic current
decreases gradually due to the consumption of dissolved
oxygen as expressed in the following equations [31]:

GOx(FAD)+glucosegluconolactone + GOx(FADH,) (1)

GOx(FADH,)+0,=GOx(FAD)+H,0, (2)

However, the change is not as distinct as that reported
previously [13] and cannot be used for quantitive determi-
nation. The probable reason is that only a small part of GOx
(i.e., 3.14%) takes part in the direct electrochemistry.

The amperometric response to glucose at an applied
potential of 0.6 V is recorded (Fig. 6b). The mesoFe/C-
Nafion modified electrode does not respond to the addition
of glucose. However, GOx-mesoFe/C-Nafion modified
electrode gives remarkably response to glucose, resulting
from the electrochemical oxidation of H,O, produced by
enzyme-catalyzed reaction as mentioned above. Obviously,
the GOx which does not take part in the direct electro-
chemistry shows bioactivity also. The current response is
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Fig. 6 a CVs of GOx-mesoFe/C-Nafion/Pt in 0.10 M deoxygenated
PBS (a) and air-saturated PBS (d) plus 2 mM (c¢) and 4 mM (b)
glucose. Scan rate is 20 mV s~ '. b Amperometric response of mesoFe/
C-Nafion/Pt (a) and GOx-mesoFe/C-Nafion/Pt (b) to the injection of
1 mM glucose in air-saturated PBS at an applied potential of 0.6 V.
Inset shows the calibration curve

fast and the response time (f9s0,) is less than 6 s. The
response current is linear to glucose concentration in the
range of 0.2-10 mM, and the regression equation is
i =0.079 + 0.865 cgiucose (HA, mM, 7 = 0.990,n = 6). The
sensitivity is 27 HA mM 'cm 2, the detection limit is
0.08 mM (S/N=3). At higher glucose concentration, the
response shows the characteristics of Michaelis—Menten
kinetic mechanism [32]. The apparent Michaelis—Menten
constant (K,,") of the enzyme reaction at GOx-mesoFe/C-
Nafion modified electrode is ca. 6.6 mM. This value is
smaller than 10.8 mM for GOx immobilized with Pt
nanoparticles—mesoporous carbon [33] and 27 mM for
native GOx in solution [34]. It reveals that the immobilized
GOx has high affinity to the substrate.

Reproducibility and stability of GOx-mesoFe/C modified
electrode

The reproducibility of GOx-mesoFe/C-Nafion/Pt is evalu-
ated by comparing the response currents of five enzyme

@ Springer



1600

J Solid State Electrochem (2010) 14:1595-1600

electrodes prepared under the same conditions. The relative
standard deviation (RSD) of response current for 1 mM
glucose is 5.7%. One enzyme electrode is used in 20
successive measurements and the RSD is 1.4%. When the
enzyme electrode is stored in PBS (pH6.98) at 4°C, it
retains 90.3% of its initial response current after 1 week.
These indicate that the GOx-mesoFe/C-Nafion/Pt has good
reproducibility and stability.

Conclusions

The synthesized mesoFe/C has high specific surface area,
large pore volume, and strong magnetic, which is suitable
for protein immobilization and separation. GOx can be
immobilized on the mesoFe/C and it keeps natural
structure. The direct electrochemistry of the immobilized
GOx is achieved when it is coated on a Pt electrode. What
is more, the immobilized GOx shows high biocatalysis to
glucose and can be used to construct glucose biosensor.
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