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We report the simple one-pot synthesis of magnetic nano-
particles coated with silica-gel layers that entrap laccase (Lc)
by the water-in-oil microemulsion method. The amorphous
porous structure of the silica layer enables the entrapped Lc
to react with substrates in solution. The enzymatic activity is
studied using Michaelis–Menten kinetics. The reusability of
the magnetic nanoparticles is examined.

Magnetic particles that immobilize enzymes have attracted
increasing attention as magnetically recoverable biocatalysts.1,2

The use of nanometric materials as enzyme supports offers some
advantages due to the high specific surface area of the nanopar-
ticle and the low mass-transfer resistance of substrates compared
to those of conventional submicron particles.3 Enzymes have
been immobilized on supports by many methods such as impreg-
nation, ion exchange, covalent linking,1 and entrapment in
porous matrices.2 The covalent chemical linkage is often used
for the fabrication of enzyme-immobilized magnetic nanoparti-
cles with high enzymatic activity comparable to that of the free
enzyme. However, this method is a surface modification process
that requires several steps, which generally include anchor
coating, linker binding, and enzyme immobilization, followed
by purification in each step.1 A more simple technique is prefera-
ble for the easy immobilization of desired enzymes on magnetic
nanoparticles. The sol–gel entrapment of enzymes in silica
particles is a promising technique due to ease of preparation
without covalent modification. The entrapped enzymes react
with the substrates migrating through the pore network of
silica.2–4

In this letter, we report the simple one-pot synthesis of mag-
netic nanoparticles coated with silica-gel layers that entrap lac-
case (denoted by Lc; EC 1.10.3.2) by using the water-in-oil mi-
croemulsion method. Lc is a well-defined multicopper oxidase
and has been widely used for the polymerization of phenolic
compounds.5 The Lc-entrapped silica layer was produced by
the entrapment of Lc during the formation of this layer by the hy-
drolysis and copolymerization of silicon alkoxide (Scheme 1).
The following is a description of the typical synthesis process.
The synthesis procedure described in a previous study7 for the
preparation of Fe3O4/SiO2 core/shell nanoparticles (referred
to as magnetic nanobeads) was modified for the entrapment of

enzyme molecules in the silica layers. Nonionic surfactant poly-
oxyethylene (15) cetyl ether was dissolved in cyclohexane at
50 �C (0.5M, 100mL). After the addition of 1.1mL of 1.4M
Fe2Cl2 (aq) and 1mL of 28wt% NH3 (aq) in the solution with
vigorous mechanical stirring, the color of the solution gradually
changed from bright red-brown to dark brown, which is a char-
acteristic of Fe3O4 formation. Excess Fe2þ ions were oxidized
by oxygen dissolved in the solution during stirring; this resulted
in the formation of particles that consisted of the mixed-valence
complex of FeIIFeIII2O4. After stirring for 3min, 1.1mL of 1.4M
Fe2Cl2 (aq) was added again to initiate the growth of Fe3O4 par-
ticles. Lc-entrapped silica-gel layers around the Fe3O4 core par-
ticles were prepared by the addition of 6 g of a mixture of 3-ami-
nopropyltriethoxysilane (APTS) and tetraethoxysilane (TEOS)
(APTS/TEOS molar ratio = 0.25), followed by the addition of
phosphate buffer saline (PBS) solution (pH ¼ 5:3) containing
Lc. APTS was used for the formation of a hydrophilic silica
layer. Finally, the magnetic nanobeads were washed twice with
acetonitrile and deionized water by using a magnet or by centri-
fugation and then stored at 4 �C. The adsorption method was also
examined for reference. Lc-adsorbed magnetic nanobeads were
prepared by immersing magnetic nanobeads with amino moiety
in Lc/PBS solution for 1 night, followed by repeated washing
with PBS solution until the supernatant after magnetic recovery
showed no enzymatic activity.

The powder X-ray diffraction pattern of the nanobeads
showed peaks due to the Fe3O4 (magnetite) phase and a broad
halo due to amorphous silica (See Supporting Information 1).8

The spherical core/shell nanostructures were observed in the
TEM image of the nanobeads (Figure 1). Most of the nanobeads
were composed of the Fe3O4 core nanoparticles with diameters
of ca. 6 nm located nearly at the center of spherical silica parti-
cles with an average diameter of 30.6 nm (standard devia-
tion = �3:3 nm). The Lc molecules in the silica layers were
not observed in the TEM image because of their low contrasts.
The total amount of Lc entrapped within the nanobeads was
estimated from the amount of copper ions of Lc (extracted by
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Scheme 1. Preparation of a magnetic nanobead that entraps Lc
enzyme molecules within its silica layer.
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Figure 1. TEM image of laccase-entrapped magnetic nano-
beads.
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HCl (aq) from the silica layer that was burned, then dissolved
with KOH (aq)) by inductively coupled plasma-mass spectrom-
etry. An Lc loading of 2.6mg per mg of the nanoparticles was ob-
served, corresponding to 77% of Lc entrapped in the nanobeads
during the synthesis.

The enzymatic activity of Lc was examined from the oxida-
tive reaction of 2,6-dimethoxyphenol (2,6-DMP) in the PBS so-
lution.5 The initial reaction rate (v) was determined by monitor-
ing the absorbance of polymerized DMP by UV–vis spectropho-
tometry (" ¼ 49:6mM�1 cm�1 at 469 nm).6 Figure 2 shows the
Lineweaver–Burk plots (1=v vs 1/[2,6-DMP]) of the entrapped
and free Lc enzyme molecules (½Lc� ¼ 0:03mM). The plots gave
straight lines, which demonstrate that the reaction of 2,6-DMP
with Lc follows the Michaelis–Menten model. The Michaelis
constant (Km) of the entrapped Lc was similar to that of free
Lc (12 and 13mM, respectively). However, the different inter-
cept values on the y axis demonstrate that the apparent Vmax val-
ue of the entrapped Lc is 27% of the Vmax value of free Lc. In
general, enzymes entrapped in the porous matrix tend to exhibit
the greater Km value and the less Vmax value than the free en-
zymes.3,4 This was considered to be due to the conformational
distortion of the entrapped enzyme or the diffusion limit of the
substrates and products in the pores of the gel structure. On
the other hand, in our case, the Km value of the entrapped Lc
was comparable to that of free Lc, thereby suggesting that the
enzymatic property of Lc in the nanobeads was similar to that
of free Lc, and that the internal diffusion effect of the substrates
on Km was negligible. This implies that the reaction rate was pri-
marily determined by the Lc entrapped in the pores in the surface
region of the nanobeads. The reduction in Vmax indicates that a
fraction of the trapped Lc showed no enzymatic reaction due
to the caging deep inside the nanobeads or deactivation by the
chemicals at the synthesis.

The reusability of Lc-entrapped magnetic nanobeads was
examined and compared with that of Lc-adsorbed nanobeads.
For this purpose, the following steps were repeated: recovery
of the nanobeads with a permanent magnet, redispersion of these
beads in a new reaction solution, and measurement of the
enzymatic activity. Figure 3 shows the initial reaction rates
of the adsorbed and entrapped Lc after recovery. While the
recovery ratio of the magnetic nanobeads was constant in each

step (See Supporting Information 2),8 the activity of the Lc-
adsorbed nanobeads drastically decreased when the steps were
repeated; this was probably due to the desorption of Lc mole-
cules from the nanobeads during the reaction. On the other hand,
the Lc molecules entrapped within the nanobeads retained their
activities at least after 3 steps. The Lc-entrapped nanobeads
could be quantitatively recovered without loss of the activity.
This indicates that the Lc molecules showed no desorption due
to the entrapment within the silica layer of the nanobeads and
the porous structure of this layer enabled the entrapped Lc to
react with the 2,6-DMP molecules in solution. The one-pot syn-
thesis method described above is a relatively simple and efficient
technique for the preparation of enzyme-immobilized magnetic
nanobeads.
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Figure 2. Lineweaver–Burk (1=v vs 1/[2,6-DMP]) plots for ox-
idative reaction of 2,6-DMP with entrapped ( ) and free ( ) Lc
(at pH ¼ 5:3, 38 �C, and ½Lc� ¼ 0:03mM).
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Figure 3. Initial reaction rates of Lc (a) entrapped within
magnetic nanobeads and (b) adsorbed on magnetic nanobeads
after magnetic recovery.
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