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Abstract. Nanoporous Au was fabricated by the dealloying of Au-Ag alloy in nitric acid,
and was modified with a self-assembled monolayer (SAM) of 4-aminothiophenol, for the
enhancement of high-temperature activity of immobilized laccase. Immobilized laccase
exhibited much higher activity than that of free laccase at >45°C. SAM surface
modification greatly improved the thermal stability and reusability of immobilized laccase.
For example, little degradation in laccase activity when immobilized on SAM-modified
nanoporous Au was observed after two hours incubation at 50°C. This suggested the
nanoporous structure and SAM synergistically prevented the conformational change of
laccase, and resulted in the enhancement of high-temperature activity.
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1. Introduction

Laccase is a useful enzyme capable of oxidizing a large number of organic and
inorganic substrates, with the concomitant reduction of molecular oxygen to water [1]. It
has recent significant attention regarding potential applications in the fields of biosensors

and biofuel cells [2-4].
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Immobilization of laccase on an appropriate support is a promising method for the
manufacture of bioelectrodes [5-8], due to the straightforward separation of the enzyme
from its reaction mixture, and also the reusability and increased stability of the
immobilized enzyme. The use of nanostructured materials for enzyme support has received
broad attention in recent years. Au nanoparticles have been widely used due to their
biocompatibility, high specific surface area and catalytic activity [9,10].

Nanoporous metals with open-cellular structures of nanosized ligaments and pores
are also candidates for enzyme supports [11-13]. Nanoporous Au (np-Au) can be readily
fabricated by the dealloying of Ag-Au alloys [14]. Self-assembled monolayers (SAMs) on
Au surfaces are also often used for improving enzyme activity [2,15]. In the current study,
the effect of a SAM on the activity of laccase-immobilized np-Au has been elucidated.

2. Materials and Methods

Commercially available Au (>99.9 mass%) and Ag (>99.9 mass%) ingots were
melted together by arc melting under an Ar atmosphere to prepare precursor Auo.3ssAgo.ss5
alloy ingot. After homogenization at 1173 K for 24 h under an Ar atmosphere and
subsequent cold rolling to a thickness of 0.2 mm, np-Au was fabricated by the immersion
of the alloy in 70 mass% HNO3 for 8 days at room temperature. Figure 1 shows a scanning
electron microscopy (SEM) image of the obtained np-Au, from which an average pore size
of 40 nm was apparent (pore size was determined as the distance between adjacent
ligaments).

Monolayers of 4-aminothiophenol (4-ATP) [2] were then self-assembled on several
np-Au samples. Samples were soaked in 20 mM ethanol solutions of 4-ATP for 65 h at
room temperature under ambient atmosphere. Following immersion, samples were

thoroughly rinsed with ethanol to remove excessive 4-ATP.



Figure 1. SEM image of the nanoporous Au.

To immobilize laccase, np-Au samples (with and without a 4-ATP SAM) were stored
quiescently in 2 mL of 7 mg/mL laccase (Trametes versicolor from Sigma) solution
(diluted by 0.1 M citrate-0.2 M phosphate buffer solution, pH = 5.0) at 4°C for 24 h.
np-Au samples were then rinsed five times with 10 mL of buffer solution to remove any
excess or only weakly adsorbed enzyme.

The activities of free and immobilized laccase were spectrophotometrically
determined on the basis of the absorbance change at 470 nm. An appropriate amount of
laccase (5 pL of free laccase solution or 20 mg of laccase-immobilized np-Au in
fragments) was stirred with 3 mL of buffer solution and 300 pL of 10 mM
2,6-dimethoxyphenol (DMP) [12,13].

Activity assays were carried out over the temperature range 35-75°C to determine
thermal stability. After a five min reaction, the absorbance of the supernatant was
measured using a UV-vis. spectrophotometer (UV-3100PC, Shimadzu Corporation, Kyoto).
The effect of incubation time was examined by incubating free laccase and
laccase-immobilized np-Au in buffer solution (pH = 5.0) at 50°C. At given time intervals,
5 uL of free enzyme solution or 20 mg of laccase-immobilized np-Au was removed and

left to stand in the buffer solution for 1 h at room temperature. The residual activity was



then assayed at 35°C by the methods described above.

To test reusability, laccase-immobilized np-Au (25 mg, in fragments) samples were
removed from the reaction solution (3 mL buffer solution and 300 pL of 10 mM 2,6-DMP)
after a ten min reaction at 35°C, and were rinsed three times with the buffer solution.
Laccase-immobilized np-Au was then immersed in a fresh reaction solution for the next
cycle (10-min reaction at 35°C). Following reaction, laccase-immobilized np-Au was
removed, and the reacted solution was immediately transferred to a cuvette for absorbance
measurement.

3. Results and Discussion

Activity temperature dependence of free and immobilized laccase is shown in Figure
2. Laccase immobilized on np-Au exhibited clear increased activity with respect to free
laccase, at temperatures >45°C. The optimum temperature of laccase-immobilized np-Au
(45°C) was higher than that of free laccase (35°C). The optimum temperature of
SAM-decorated np-Au (55°C) was also slightly higher than that of nanoporous samples

without decoration.
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Figure 2. Relationship between temperature and activity of free and immobilized laccase.
To aid comparison, activities were normalized to the maximum activity for each sample.
Error bar shows maxima and minima of the data, whereas error in the data for immobilized

laccase is too small to be shown.



The effect of incubation time at 50°C on the activity of free and immobilized
laccase is shown in Figure 3 (a). The activity of free laccase and laccase-immobilized
np-Au without SAMs was found to decrease with increasing incubation time. After 30 min,
free laccase had lost approximately 70% of its activity, compared with
laccase-immobilized np-Au in the absence of a SAM which had lost only 20% of its
activity. Furthermore, laccase-immobilized np-Au with SAM showed far higher thermal
stability than the other samples. Little degradation in activity (10%) was observed after a
2 h incubation at 50°C.
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Figure 3. Effect of (a) incubation time and (b) reuse number, on enzyme activity for free
and immobilized laccase. Activities shown on the vertical axes were normalized to initial

activity.

The residue activity of immobilized laccase after repeated use at 35°C and at pH =
5.0 is shown in Figure 3 (b). Repeated use decreased the activity of the immobilized
enzyme, but 30% of the initial activity was still retained after 6 cycles. During repeated

use, SAM-decorated np-Au exhibited higher residual activity to the enzyme than that of



undecorated np-Au. These results indicated that laccase-immobilized SAM-decorated
np-Au had a higher stability and practical reusability than np-Au in the absence of the
SAM.

The above results demonstrated that the np-Au support had a protecting effect at
high temperatures in which the enzyme would usually deactivate. np-Au functionalized
with SAM appeared to bind to the immobilized enzyme more strongly and increase the
enzyme’s stability. The immobilization of laccase on SAM-decorated np-Au was thought
to have preserved the tertiary structure of the enzyme.

Immobilized enzymes have frequently been shown to exhibit higher thermal
stability than the corresponding free enzyme, because of the reduction in conformational
flexibility [4,16]. The enhancing effect of SAMs on the function of adsorbed enzymes has
been repeatedly demonstrated [2,3], and the improvement in SAM stability on defective
Au surfaces has been also reported [17]. Nanoporous metals possess lattice disorder
including changes in lattice spacing and atomic vacancy at the ligament surface [18]. As a
consequence, SAMs by themselves exhibited a stabilization of the np-Au. The synergy
between nanoporous structure and the enhanced stability and promoting effect of the SAM
resulted in an increased thermal stability of laccase, which protected the enzyme from
thermal-induced conformational changes.

4. Conclusions

The enzymatic properties of laccase-immobilized np-Au have been examined. SAMs
on np-Au synergistically enhanced the activity of adsorbed laccase. SAM-modified
nanoporous metals are attractive substrates for enzymatic-based bio-device applications.
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