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Nanostructured magnetic materials (NMMs)!"! have attracted
much attention recently because of their broad biotechno-
logical applications including support matrices for enzyme
immobilization,” immunoassays,” drug delivery,* and bio-
sensors.’! Specifically, the easy separation and controlled
placement of NMMs by means of an external magnetic field

[*] D. Lee,") E. Oh, Y.-P. Kim, Prof. H.-S. Kim
Department of Biological Sciences
Korea Advanced Institute of Science and Technology
373-1, Kusong-dong, Yusong-gu, Taejon 305-701 (Korea)
Fax: (+82) 42-869-2610
E-mail: hskim76@kaist.ac.kr
Dr. J. H. Kwak, Dr. J. Kim
Pacific Northwest National Laboratory
902 Battelle Boulevard, P.O. Box 999, Richland, WA 99352 (USA)
Fax: (+1) 509-376-5106
E-mail: Jungbae.Kim@pnl.gov
Dr. ). Lee, ). Kim, S. Jin, Prof. T. Hyeon
National Creative Research Initiative Center for
Oxide Nanocrystalline Materials and
School of Chemical and Biological Engineering
Seoul National University
Seoul 151-744 (Korea)
Fax: (+82) 2-888-1604
E-mail: thyeon@plaza.snu.ac.kr
Y. Hwang, Prof. ).-G. Park
Department of Physics
Sungkyunkwan University
Suwon 440-746 (Korea)

Prof. Dr. C.-H. Shin

Department of Chemical Engineering
Chungbuk National University
Cheongju, Chungbuk 360-763 (Korea)

These authors contributed equally to this work.

[+
[7‘:-.':

T.H. thanks the Korean Ministry of Science and Technology for
financial support through the National Creative Research Initiative
Program. H.K. thanks the Nano Measurement Technology Project of
the Ministry of Science and Technology and the BK21 Program of
the Ministry of Education for financial support. J.K. thanks the US
Department of Energy (DOE) LDRD for funds administered by the
Pacific Northwest National Laboratory, the DOE Office of Biological
and Environmental Research under the Environmental Manage-
ment Science Program, and the Microsystems Technology Office of
the US.

@ Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

ST WWILEY
-

Angew. Chem. 2005, 117, 75937598 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim k'S InterScience* 7593




Zuschriften

7594

enables their application in the development of immobilized
enzyme processes’” and the construction of magnetically
controllable bio-electrocatalytic systems.>® Herein, we dem-
onstrate the use of immobilized enzymes in NMMs for
magnetically switchable bio-electrocatalysis.

Magnetic mesoporous carbons, in which magnetic nano-
particles (MNPs) are incorporated into the mesoporous
carbon matrix, have many desirable characteristics for
preparation of immobilized enzymes for magneto-bio-elec-
trocatalysis: large pore size and volume, the ability to be
positioned with a magnet, and good electron conductivity.
Herein, we synthesized magnetic mesocellular carbon foam
by a simplified approach based on the in situ generation of
MNPs during the synthesis of the mesocellular carbon. The
resulting material, designated Mag-MCF-C, was found to
possess large interconnected pores and well-dispersed MNPs.
Glucose oxidase (GOx) was immobilized within the large
cellular pores of Mag-MCF-C, and the resulting material was
used for the construction of a magnetically switchable bio-
electrocatalytic system.

The operating principle of magnetically switchable bio-
electrocatalysis is illustrated in Figure 1a.)/ When the
enzymes in the Mag-MCF-C particles in a solution containing
substrate (glucose) were brought into contact with the
electrode by means of a magnet placed below the electrode,
an anodic current was generated by electron transport from
the enzyme reaction to the working electrode (switched
“on”). Conversely, when positioned above the electrochem-
ical cell, the magnet attracted the Mag-MCF-C particles away
from the electrode, and the electron-transfer efficiency was
significantly lowered, and the current decreased to the
background level (switched “off”). By alternate positioning
of an external magnet, the bio-electrocatalytic signal could be
reversibly switched back and forth between the on and off
states.

Various nanoporous carbon materials have been prepared
using nanostructured silica materials!”! as sacrificial tem-
plates.®! The typical synthetic procedure for Mag-MCF-C is
based on a template approach and is presented schematically
in Figure 2a. MCF silica® was used as a template, and its
surface area and pore volume were estimated by the BET
method to be 574 m’g! and 1.86 cm®g™!, respectively. The
cellular and window (percolation-path) pore sizes determined
from the adsorption and desorption branch were 24.0 and
12.3 nm, respectively (see Supporting Information). After the
polymerization of divinylbenzene (DVB), the main cellular
pores of the MCF silica were partially filled by a poly(DVB)
coating."”! The BET surface area of the MCF/poly(DVB)
composite was reduced to 138 m?g~!, which indicates that
complementary micropores in the walls of the MCF silica
were filled with poly(DVB).!"! Also, the decreased cell size of
19.1 nm (see Supporting Information) indicates that poly-
(DVB) coatings of approximately 2.5 nm thickness were
formed in the main cells of the MCF silica. The next step was
impregnation of Fe(NOs);-9 H,O dissolved in ethanol into the
pores of the MCF/poly(DVB) composite. The Fe*"ions
present on the poly(DVB) surface were converted into
magnetic nanoparticles during the carbonization at 800°C.
Finally, the dissolution of the MCF template in 1M NaOH at
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Figure 1. a) Working principle of the magnetically switchable bio-elec-
trocatalytic oxidation of glucose by GOx immobilized in Mag-MCF-C.
b) The separation of Mag-MCF-C/CELA-GOx particles by an applied
magnetic field. The image shows a well-mixed suspension of Mag-

MCF-C/CLEA-GOx in 0.1 M sodium phosphate buffer (ca. 10 mgmL™)
before (left) and after (right) the application of a magnetic field.

switch on

100°C yielded the magnetic mesocellular carbon foam Mag-
MCF-C. The simplification of the synthetic procedure for
Mag-MCF-C was attributed to the solid-state conversion of
the impregnated iron salt into MNPs during the carbon-
ization.'? This method is in contrast with the recently
reported multistep synthetic route to magnetic CMK-3
requiring separate steps for synthesis and postsynthetic
deposition of the MNPs onto the carbon, and an additional
carbonization step to cap the MNPs to prevent leaching.!"

The field-emission scanning electron microscopy (SEM)
image showed that the Mag-MCF-C particles had many large
mesopores (see Figure 2b) open to the exterior, which was
favorable for the quick incorporation of large biomolecules.
The cellular mesopores were also observed in the trans-
mission electron microscopy (TEM) image of Mag-MCF-C
(Figure 2¢). The cell sizes estimated from the adsorption
branch of the argon isotherm were centered at 16.6 nm
(Figure 3c¢). The window (percolation-path) sizes determined
from the desorption branch were centered at 10.1 nm. The
BET surface area and the single-point total pore volume were
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Figure 2. a) Schematic representation of the synthetic procedure for
Mag-MCF-C: impregnation of DVB/AIBN (1); polymerization(2);
impregnation of Fe(NO;);-9H,0 (3); carbonization (4); removal of
silica template (5). b) SEM image of Mag-MCF-C (scale bar: 200 nm).
c) TEM image of Mag-MCF-C (scale bar: 50 nm); inset: low-magnifica-
tion TEM image of Mag-MCF-C (scale bar: 500 nm). AIBN = azobisiso-
butyronitrile.

revealed to be 865 m*g~! and 1.43 cm®g™!, respectively. The
MNPs formed in situ were found to be well dispersed over the
Mag-MCF-C surface (see inset of Figure2c). The TEM
(Figure 2¢) and SEM images at high magnification (Support-
ing Information) showed clearly that the magnetic nano-
particles were formed on the external surface of the MCF-C.
The iron content of the Mag-MCF-C measured by inductively
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coupled plasma atomic-emission spectroscopy (ICP-AES)
was 26.9 wt %. The X-ray diffraction (XRD) pattern of Mag-
MCEF-C showed that body-centered-cubic (bcc) iron (a-Fe)
nanoparticles with an average diameter of 30 nm, estimated
by using the Debye-Scherer equation, were well dispersed in
the mesocellular carbon foam matrix (see Supporting Infor-
mation). The XRD pattern also showed small peaks attrib-
utable to magnetite, which demonstrates that the iron was
partially oxidized during the NaOH etching process. Further
characterization by means of TEM, convergent-beam elec-
tron diffraction (CBED), and energy-dispersive X-ray spec-
troscopy (EDX) showed that the nanoparticles had an Fe/
Fe;0, core/shell structure. The formation of large, 30-nm
sized particles, which are larger than the cell diameter of
MCF-C, seems to be due to sintering of the initially
synthesized small nanoparticles on the surface of the meso-
cellular carbon foam during the carbonization at high
temperature.

The magnetization curves (see Supporting Information)
exhibited hysteresis over the complete temperature range of
the measurements from 325 K down to 2 K, which demon-
strates the ferromagnetic character of Mag-MCF-C at room
temperature. The zero-field cooled and field-cooled magnet-
ization data measured in an applied field of 100 Oe also
revealed that Mag-MCF-C is ferromagnetic at room temper-
ature (Supporting Information). This ferromagnetic property,
derived from the large size of the magnetic nanoparticles,
turned out to be very important to the facile and fast
migration of the nanoparticles to a desired position by means
of an external magnetic field (see below). The saturation
magnetization value was 8.5 emug™' at 300 K, which was
sufficient for magnetic separation. Furthermore, the remnant
magnetization was low (< 1 emug '), which was important for
the easy redispersion of the Mag-MCF-C particles when the
magnet was removed.

To demonstrate the utility of Mag-MCF-C in the con-
struction of a magnetically switchable bio-electrocatalytic
system, glucose oxidase (GOx), which is a well-studied redox
enzyme, was immobilized within the Mag-MCF-C particles. A
schematic representation of Mag-MCF-C with immobilized
and cross-linked GOx in the large mesocellular pores is
presented in Figure 3a. From the molecular dimensions of
GOx (6.0x5.2x7.7 nm*),"™ it was expected that the enzyme
molecules would easily enter the large cellular pores
(16.6 nm) of Mag-MCF-C through the connecting windows
(10.1 nm). In fact, the amount of argon adsorbed in Mag-
MCF-C was found to be significantly decreased after loading
with GOx (Figure 3b), which indicates that most of the GOx
molecules were incorporated into the pores of Mag-MCF-C,
especially into its large cellular pores (Figure3c). The
adsorption isotherm of GOx-immobilized Mag-MCF-C (see
Supporting Information) shows a maximum loading of about
53% (w/w carbon). Equilibrium was reached after a 5h
incubation period (see Supporting Information). Notably, the
isotherm obtained did not conform to the Langmuir-type with
an almost-linear increase in loading with initial increase in
enzyme concentration. The results suggest that the immobi-
lization mechanism involves the entrapment of enzymes in
the mesocellular pores of the Mag-MCF-C particles rather
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tained more than 90% of its initial
activity after 12 washings as well as
after continuous incubation with vig-
orous shaking for 22 days, whereas
only approximately 50 % activity was
e retained for GOx immobilized in
Mag-MCF-C without cross-linking
el after shaking for 22 days (see Sup-
porting Information for experimental
details). This observation suggests
that the cross-linking of the enzyme
was effective in improving its opera-
tional stability by preventing leach-
ing of the enzyme from the Mag-
MCF-C composite. On the basis of
these results, cross-linked Mag-MCF-
C/CLEA-GOx was used for the fol-
lowing experiments.

The specific activity of CLEA-
GOx within Mag-MCF-C (45.8+
7.5U per mg GOx) was estimated
to be 29% of that of free GOx in
buffer (155.5+12.5 U per mg GOx).
This 29% recovery of activity was
quite impressive when the high con-
centration of GOx in the pores
(384 mgmL"', see Supporting Infor-
mation for the detailed calculation)
and possible enzyme inactivation
during cross-linking by GA is con-
sidered.

It was expected that the unique

W
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Figure 3. a) Schematic representation of Mag-MCF-C with immobilized and cross-linked GOx in large
mesocellular pores. Also depicted are the incorporated MNPs and the small pores: adsorption of GOx in the
mesocellular pores of Mag-MCF-C (1); cross-linking of GOx using glutaraldehyde to make enzyme
aggregates (2). b) Argon-adsorption-desorption isotherms and c) pore-size distributions (PSDs) of Mag-
MCF-C and Mag-MCF-C/CLEA-GOx. The PSDs were calculated from Ar adsorption data by using the Barrett—
Joyner—Halenda (BJH) method. The amount of adsorbed argon was significantly reduced after loading of

GOx.

than the adsorption of enzymes on the carbon surface. It was
observed that the migration of the GOx-immobilized Mag-
MCF-C (Mag-MCF-C/GOx) under the same strength of
external magnetic field slowed down somewhat as the GOx
loading increased. Consequently, Mag-MCF-C/GOx with a
GOx loading of approximately 30 % was used in this study to
take into account the migration of Mag-MCF-C/GOx by a
magnet.

The enzymes in the pores were stabilized through cross-
linking with glutaraldehyde (GA).'” As Mag-MCF-C con-
sisted of 17-nm mesocellular pores connected with 10-nm
window pores, we anticipated that the smaller size of the
window pores would prevent the leaching of the cross-linked
enzyme aggregates (CLEAs) and result in high enzyme
loading and good enzyme retention (see Figure 3a)."! As a
result of the cross-linking, Mag-MCF-C/CLEA-GOx main-
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. ; pore structure of the host Mag-MCF-

10 100

Binm C could relieve the mass-transport

resistance: MCF-C had a variety of
pore interconnections that facilitated
the transport of substrate and prod-
ucts as shown schematically in Fig-
ure 3a. The small mesopores (diam-
eters around 3.0 nm), which were
generated by dissolution of the silica
template, were too small to accom-
modate GOx but large enough to
accommodate small molecules such as the substrate and
products and thus provide “substrate transport channels”.
Micropores with an average diameter of around 0.7 nm (see
Supporting Information) present throughout the carbon
framework!®! might also provide a route for the transport of
small molecules by connecting the small and the large
mesopores.

Suspended Mag-MCF-C/CLEA-GOx particles were
quickly attracted in the direction from which the external
magnetic field was applied (see Figure 1b), which confirmed
the utility of Mag-MCF-C in magnetically controllable
sensing systems such as the one presented in Figure 1a. The
heavily loaded, active, and stable Mag-MCF-C/CLEA-GOx
composite was used for magnetically switchable bio-electro-
catalysis (see Figure 1a). Figure 4a shows cyclic voltammo-
grams obtained when the magnet was placed in the “up”

Angew. Chem. 2005, 117, 75937598
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Figure 4. a) Cyclic voltammograms measured with the magnet in the
“down” (Mag-MCF-C/CLEA-GOx near the electrode surface) and “up”
(Mag-MCF-C/CLEA-GOx away from the electrode surface) positions.
The voltammetry was performed in an electrochemical cell (4 mL)
containing deoxygenated 0.1 M sodium phosphate buffer (pH 7.4) with
0.1 mm ferrocenemethanol and 5 mg of Mag-MCF-C/CLEA-GOx in the
presence of 20 mm glucose. All the measurements were performed at
room temperature with a scan rate of 5 mVs™'. b) Current switching
during the shuttling of the magnet between the “up” and “down”
positions. The experimental conditions were the same as those
described in (a).

(above the electrochemical cell) and “down” (below the
electrode) positions, respectively, in the presence of 20 mm
glucose. As expected, a significant increase in anodic current
was observed when the Mag-MCF-C/CLEA-GOx particles
were brought into contact with the electrode by a magnetic
field. No such current was observed after the Mag-MCF-C/
CLEA-GOx particles were pulled up by the magnet, even in
the presence of glucose.

To check the reusability of Mag-MCF-C/CLEA-GOx and
the reversibility of the current switching, bio-electrocatalytic
oxidation of glucose was alternately repeated in the on and off
states by cyclic placement of the magnet below and above the
electrochemical cell. As shown in Figure 4b, anodic currents
could be reversibly switched between the on and off states,
and a constant signal was maintained in the on state. The
magnetic capturing was also very quick; the positioning of
most of the Mag-MCF-C/CLEA-GOx particles could be
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generally completed within 30 seconds. No catalytic current
was observed even after the magnet was placed in the “up”
position (off state) for several hours, which confirms that
GOx was effectively retained within the Mag-MCF-C par-
ticles and leaching of the immobilized GOx was negligible, as
observed earlier. The exceptional stability of the Mag-MCF-
C/CLEA-GOx particles and the ability to easily control their
placement by an external magnetic field allowed the con-
struction of a highly effective magnetically switchable bio-
electrocatalytic system showing a constant signal upon
iterative switching.

In conclusion, we have demonstrated that the magnetic
mesocellular carbon foam Mag-MCF-C can be synthesized
through a simple synthetic method and used for the fabrica-
tion of a magnetically switchable bio-electrocatalytic system.
The cross-linked GOx in the mesocellular pores of the Mag-
MCEF-C particles exhibited a high enzyme loading capacity
and exceptional stability. Such advantageous characteristics
of Mag-MCF-C/CLEA-GOx together with controlled posi-
tioning by an applied magnetic field were successfully utilized
in the development of this system. From these results, it is
anticipated that our approach will find various applications,
such as bioconversion, reversible amperometric immunosen-
sors, regeneration of enzyme electrodes, switchable biofuel
cells, and site-specific immobilization of sensing elements in
microsized sensing devices.
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