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Fabrication of Nanoporous Metal Materials
for Biosensing Applications

HUANG Xi-rong *

( Key Laboratory of Colloid and Interface Chemistry of the Ministry of Education of China,
Shandong University, Jinan 250100, P.R. China)

Abstract: Nanoporous metal materials such as nanoporous gold ( NPG) and nanoporous copper
(NPC) are fabricated by two methods. One is the dealloying of alloys. During the dealloying, the
active metal is leached out and the left noble one will self-diffuse and aggregate, forming pores and
ligaments. For example, NPG can be obtained by dealloying Au/Ag alloy. The other is the
electrochemical treatment of bulk pure me:tals, i. e., square-wave potential perturbation. During the
treatment, a repeated electrochemical oxidation/reduction made the metal atoms removable. At the
same time, the produced H, bubbles would act as a template for the formation of pores. For the former
one, the microstructure ( pore and/or ligament size) of NPG was tuned by changing the ratio of alloy
components, dealloying time, or post-treatment. For the later one, the microstructure of the
nanoporous film was adjusted by changing the treatment time, the applied potential step, frequency,
and the size of the H, bubbles, etc. The NPG exhibited an excellent electrocatalytic activity towards the
oxidation of glucose, ascorbic acid and dopamine; while the NPC had an excellent catalytic effect on
the electroreduction of nitrate and H, O,. Based on these properties, several electrochemical sensors
with high selectivity and sensitivity have been developed. Tﬁe obtained nanoporous metals were also
used as carrier for the immobilization of enzymes. In addition to the microstructures of NPG and NPC,
the effects of the immobilization strategies including physical adsorption, electrostatic attraction and
covalent coupling, on the enzymatic properties were investigated. Both NPG and NPC were
demonstrated to be good substrates for enzymes. For laccase, an efficient direct electron transfer
phenomenon was observed on NPG. Based on the electrocatalytic activity of NPC towards the reduction
of the oxidized aniline and the biocatalytic activity of horseradish peroxidase on NPC by adsorption, an

* WHR BB, LEAXFALFERIFR, YERARKTEALLETS, T2011 5 AAFLAREAS R ARELF
EFNRAEFLN AL RLE LR,



electrochemical sensor for aniline has been developed. Similarly, an electrochemical biosensor for
ethanol or glucose was also developed on the basis of an enzyme-modified NPG; its high performance
was due to the good biocatalytic activity of alcohol dehydrogenase or glucose oxidase on NPG and the
electrocatalytic activity of NPG towards the oxidation of NADH or H,0,.

Key words: Nanoporous metal, electrocatalysis, biosensor
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! Biosensing Applications
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= Preparation of nanoporous metals

= Immobilization of an enzyme on nanoporous
metals

= Electrocatalytic activities of nanoporous
metals

= Electrochemical sensors based on
nanoporous metals




| Required Features of Electrode Material
for Electrochemical Sensors

=« Conductive

= Large surface area
= Catalytic

= Monolithic

.-

Free standing nanoporous metal materials
with stable but tunable quasiperiodic structure should be a good candidate

| Preparation Methods of Nanoporous
Metals(NPG)—dealloying

= During the dealloying, the active metal is
leached out and the left noble one will self-
diffuse and aggregate, forming pores and
ligaments.

= The microstructure (pore and/or ligament size)
of NPM can be tuned by changing the ratio of
alloy components, dealloying time, or post-
treatment.

& Preparation of Nanoporous Gold (NPG) by
Immersing Au/Ag Alloy in Concentrated HNO,

Quantitative TEM tomography SEM image
(superimposed layers)




SEM Images of Nanoporous Silver (NPS) from Ag/Al
Alloy at Different Dealloying Time in 2.5 wt.% HCI
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! Preparation of Nanoporous Metals by
Potential Perturbation

= During the treatment, a repeated
electrochemical oxidation/reduction made
the metal atoms removable. At the same
time, the produced bubbles (Hz2) would act
as a template for the formation of pores.

= The microstructure of the nanoporous
metal film was adjusted by changing the
treatment time, the applied potential step,
frequency, and the size of the bubbles, etc.

| Preparation of Nanoporous Copper
(NPC) by Potential Perturbation

Schematic illustration of the formation of porous Cu

In 2.0 mol/L NaOH at 50 Hz. At 0.4 V, Cu is oxidized. When shifted to -2.5 V, Cu(Il)
oxide is quickly reduced to Cu atoms, which are removable, resulting in the
reconstruction of the surface lattice structure of Cu via the incorporation and removal
of O species and via H, bubbles releasing.




iStructure Evolution of NPC with Treatment Time
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(¢) SEM image at 5,000 s

(b) SEM image at 3,000 s (d) SEM image at 10,000 s

| Immobilization of Enzymes on Nanoporous
Metals

= Investigate the interaction between an enzyme
and its carrier

= Enhance the stability and reusability of an
enzyme

= Fabricate biosensors and biofuel cells

' Laccase Immobilization

= Contained 4 copper ions
classified into three
types(T1,T2,T3)

= Catalyze the oxidation of
phenolic compounds &
aromatic amines

The ribbon diagram of laccase




l Three Immobilization Strategies

I Physical adsorption: immersing NPG in a laccase solution for 24 hat 4'C |

Electrostatic attraction: NPG surface was first modified with positively-

charged methylene blue, then immersed it in laccase solution for 24 h.

(the isoelectrtic point is 3.5; the optimal pH is 4.4)
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After immobilization, the pore size of laccase-NPG became smaller and
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Enzyme Loading and Specific Activity on
NPG with a Pore Size of 40-50 nm

The amount of laccase loaded on NPG and the specific activity of
the immobilized enzyme~

Amount of i

i laccase immobilized/  Specific activity/ |
| Immobilization strategics (mg-g™") (U/mg of protein) '
| Covalent coupling 16.0 0.83
| Electrostatic attraction 82 0.8
| Physical adsorption 15.5 0.81

? Each data was an average of three repli deter

* Some chemical adsorption occurred during the so-called physical adsorption process, resulting in
an almost equal amount of laccase immobilized

% An clectrostatic repulsion between immobilized laccases made the dense packing of the enzyme
impossible using the electrostatic attraction strategy.

% Similar specific activities indicate the enzyme have similar




[ Leaching Test Based on Laccase Catalyzed

DMP Oxidation at 470 nm
064
- P / Why is the physical adsorption stable?
% 002 r /
oo} # b Hofi ©° §oo
p g /—__—”/’/—T" “3“
000 Hz
© = o
Timels Hz (8H )
[a: covalent binding; | . GH2 Cysteine
b: physical adsorption; | (H,N—CH,
c: electrostatic attraction. : o Lysine Methionine

The larger the slope, the more the
leached laccase.

Effect of the Pore Size of NPG on the
Immobilization of Laccase

Changes of the amount of immobilized laccase and the specific activity with the pore size of NPG*
’ Speeic surace Amouatof impobilzed Specfc activiy/

No. Pore sizehm g acasel{mgg™) (Ui of proein)
Sample | 10-20 09402 72£03 04
Sample 2 #-5 14402 155403 0
Sample 3 90-100 8702 106£03 081

*NPG with hickaes of 2

® Laccase activity was speclrocphotomelrically determined using DMP as
substrate at 470 nm at 30° C.

= One unit of activity was defined as the amount of enzyme required to have
1 pmol DMP oxidized in 1 min.

= The size of laccase was around 7 nm in diameter.

lThermal Stability and Reusability of Laccase-NPG

0.8
g’ z
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2 2
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204 2 ~—o
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0 20 40 60 80 100 120 1 2 3 4 5 6 7 89
Time/ min Recycle N
Changes of the residual activity of laccase with the incubation Residual activity of the immobilized laccase afier
time at 50T : O ,immobilized enzyme - free enzyme, repeated uses at 30T and pH 4.4.
Recycle of the carrier NPG:

The denatured laccase on NPG could be easily removed simply by immersing the
NPG into concentrated nitric acid (ca. 1 min).




