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Using a mixed self-assembly method, this research utilized modified Mb-functionalized gold
nanoparticles (Mb-AuNPs-MPA) on the gold electrode surface to prepare a biosensor which was
applied to detect superoxide anion-free electron mediators. Together with the study on the perfor-
mance of the sensor, the characteristics of modified nanoclusters were investigated by UV-Vis and
FTIR and the electrochemical characteristics of the electrode surface were investigated using elec-
trochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), respectively. It was demon-
strated that the charge transfer resistance (Rct) of the modified electrode (Mb-MPA-AuNPs/Au) was
7862 (), the exchange current density (i) was 32.7 uA/cm=2. And a pair of reversible and sym-
metrical redox peaks appeared after the coordination of Cu?*, and the electrical signal response of
Cu?*/Mb-AuNPs-MPA/Au reached the highest. The superoxide anion generated in the basic DMSO
system was determined by CV using the modified electrode Cu?*/Mb-AuNPs-MPA/Au. It was dis-
covered that the superoxide anion had a strong disproportionation effect.
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1. INTRODUCTION

Superoxide dismutase (SOD) plays an important role in
protecting cells from the poisoning of oxygen free radicals.
SOD can convert superoxide anions (O;’) in organisms
into hydrogen peroxide which can be converted into harm-
less water by other enzymes, in order to serves the purpose
of eliminating oxygen free radicals in the organism and
protecting cells. Consequently, SOD is commonly used at
clinical treatments for many pathological cases such as
cancer, central nervous system damage, radiation damage,
and diabetes [1]. Also, SOD performs outstanding effect
in the treatment of arterial atherosclerosis, seborrheic der-
matitis, and prevention of ischemia and reperfusion injury
[2-4]. However, SOD has a large molecular weight [5] and
is so easily degraded. In practice, the application of SOD
is extremely limited at the present stage. To prepare SOD,
disrupted cells need to be isolated and extracted. This is
expensive and not easy to preserve. Therefore, the design
and synthesis of some novel compounds with high SOD
activity can reduce the defects of natural enzymes and has
been extensively studied in biochemistry.
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The SOD mimetic enzymes obtained by chemical meth-
ods are versatile and widely used, but most of them are
highly toxic. Thus, it is particularly essential to seek for
mimetic enzymes whose natural active substances are lig-
ands. Since most of natural active substances are heavy
metal chelating agents, the currently studied ligands are
mostly concentrated on small peptides, cyclic peptides,
proteins and flavonoids [6-11]. Of the ligands such as
peptides and proteins, Methanobactin (Mb) is a copper-
binding peptide that appears to function as an agent for
copper sequestration and uptake in methanotrophs. In
2003, Choi [12] and others measured the biological activ-
ity of Mb, it was found that Mb itself did not possess SOD
activity, but the Mb-Cu complex was found to have better
SOD activity. In 2008 Choi and others [13] also verified
the SOD activity of Mb-Cu.

In addition, gold nanoparticles (AuNPs) have found
many applications in bioassays [14-26], the use of gold
nanoparticles (AuNPs) can also promote the immobiliza-
tion of biomolecules on the surface of micro biosensors
[27-30] to enlarge the electrical signal on the surface of
the electrode. Meanwhile, surface atom coordination of
micro biosensors is insufficient and the loss of electrons
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seriously results in the advantage of strong nanoparticle
absorption for biological macromolecules. It is easy to
construct a biosensor that can quickly detect O;" [31].

In this paper, the bioactive substance Mb was firstly
modified on the surface of AuNPs with the aid of the mer-
captopropionic acid. The biological activities and structure
of Mb were characterized with UV-vis spectroscopy and
FTIR spectra. Secondly, in a mixed self-assembly manner,
the AuNPs simultaneously modified with the biologically
active material Mb and the mercaptopropionic acid were
fixed on the surface of the bare gold electrode, coordinat-
ing a divalent copper ion on the surface. Finally, CV and
EIS were used to characterize the modification process and
effect of each modified electrode as well as the detection
of the disproportionation ability of O;" under basic DMSO
conditions.

2. MATERIALS AND METHODS

2.1. Chemicals

Methanobactin (Mb) from the spent medium of Methylos-
inus trichosporium 3011, which was from the Institute of
Microbiology and Virology (Kiev, Ukraine), was grown up
in a copper-deficient nitrate minimal salt (NMS) medium
[32]. Mercaptopropionic acid (MPA) was purchased from
Sigma. HAuCl, - 4H,O (the Shanghai No. 1 Reagent Fac-
tory) and all other chemicals were analytical grade. All
solutions were made up with redistilled water.

2.2. Apparatus and Methods
The UV-vis spectra were recorded with a Shimadzu
UV-2550 spectrophotometer (Japan). The FTIR spec-
tra of difference nano-particles were measured using an
F-7000 Fourier transform infrared (FTIR) spectrophotome-
ter (HITACHI, Japan).

All electrochemical measurements were performed at
a CHI630 electrochemistry work station (Shanghai Chen-
hua Co., China). The electrochemical cell consisted of
a three-electrode system where the modified gold elec-
trode (3 mm in diameter, Shanghai Chenghua, China) was
used as the working electrode. The reference electrode was
an Ag/AgCl electrode CHI111 (Shanghai Chenhua Co.,
China). The counter electrode was a platinum wire (99%
pure). All glassware used to clean by the freshly aqua
regia, rinsed thoroughly in twice-distilled water and dried
in air.

2.3. Preparation of Mb Functionalized
Gold Nanoparticles

The Mb was prepared and purified according to the refer-
ences, and the concentration was 0.025 M [33]. The Mb
functionalized gold nanoparticles were prepared as fol-
lows: Firstly, pure gold nanoparticles were prepared by
Frens method. Then, 5 uL of 0.05 M MPA aqueous solu-
tion was added into the 2 mL of AuNPs aqueous solution
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preserved 24 hours at 4 °C to achieve the MPA-AuNPs.
Finally, Mb solution was added into the 2 mL of function-
alized gold nanoparticles aqueous solution to prepare Mb
functionalized gold nanoparticles. All samples were stored
in the dark. The prepared nanocomposites were used for
all characterization and experiments.

3. RESULTS AND DISCUSSION

3.1. UV-Vis Absorption Spectroscopy (UV-Vis)

As shown in Figure 1, AuNPs gave Soret absorption at
522 nm in their optical absorption spectrum. The wave-
length of Mb-AuNPs was 525 nm. However, with the
addition of MPA, gold nanoparticles were bathochromic
shifted. Also, MPA-AuNPs-Mb absorption changed, this
was accompanied by a bathochromic shift of the 525 nm
maxima to 690 nm. At the same time the absorption peaks
were also decreased. The UV-visible absorption spectrum
changed with the addition of MPA. The absorption wave-
length of MPA-AuNPs-Mb bathochromic shifted from
530 nm to 534 nm, and the absorption peak also decreased,
due to the occurrence of a bathochromic shift coordination
of metal ligand (AuNPs) with sulfydryl or carboxyl groups
in Mb and MPA charged transfer transitions.

3.2. FTIR Spectra

The binding of biological groups to the gold surface was
determined using FTIR as illustrated in Figure 2(a). The
marker bands of oxazolone and imidazolone framework
were found and these were the characteristic peaks of Mb.
As shown in Figure 2(b), the IR spectrum corresponding
to Mb-AuNPs also revealed the characteristic absorption
peak of Mb showing that Mb molecules were attached
to the surface of AuNPs. Among them, the stretch-
ing vibration of -S—-S— was at 439 cm~!. After adding
AuNPs, the stretching vibration of —S—S— at 439 cm™!
was significantly reduced [34]. This presented that Mb
was coupled with gold nanoparticles through disulfide
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Figure 1. The UV-spectra of pure gold nanoparticles (a), Mb-AuNPs
(b), MPA-AuNPs (c), and Mb functionalized gold nanoparticles (d).

J. Nanosci. Nanotechnol. 19, 7967-7973, 2019



Chen et al.

Preparation of Electrode Modified with Methanobactin Functionalized Gold Nanoparticle

¢.Mb-MPA-AuNPs
—— b.Mb-AuNPs
a.Mb

T T T T 1
4000 3000 2000 1000 0
cm™!

Figure 2. FTIR spectra of Mb (a), Mb-AuNPs (b), and Mb-MPA-
AuNPs (c).

bonds, forming a coordination bond between sulfur
and gold.

Comparing Mb-AuNPs with MPA-AuNPs-Mb, it was
found they not only had the biological activity of Mb, but
also AuNPs provided more active sites for Mb, making
Mb possess a better spatial conformation and activity.

3.3. Electrochemical Impedance Spectroscopy (EIS)

EIS is an effective method to obtain the electrode reaction
parameters such as the hetero charge transfer resistance
and the exchange current density [35, 36]. In the test, the
surface resistances of the electrodes during the modifica-
tion of the electrode were determined by the EIS. The EIS
curves were shown in Figure 3. Nyquist curve of the bare
gold electrode, which was a very small semicircle domain,
was shown in Figure 3(a). Impedance arc was not observed
at high frequencies, this means that the reaction at the gold
electrode was controlled by diffusion. After the MPA was

= d
—4000 - .
A b
v C
—3000 -
n
n
" "
| |
Q 50001 Jum®” .xx
N ...-l' 024
u ®,
.-l'. e o::‘ vvv
] ° A v
-1000 - - 000, v
T e
‘ vvy
oﬂ . . . .
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10°
Z'/0

Figure 3. The electrochemical impedance spectroscopies of (a) bare
gold electrode, (b) Mb modified gold electrode, (c) Mb-AuNPs modified
gold electrode, and (d) MPA-AuNPs-Mb modified gold electrode.

J. Nanosci. Nanotechnol. 19, 7967-7973, 2019

assembled, the impedance curve appeared in the high fre-
quency part of the curve, it implied that the monolayer had
an inhibitory effect on the electron transfer of the elec-
trode surface. However, the prepared Mb functionalized
gold nanoparticles were modified to a bare gold electrode
by self-assembly, the impedance arc radius of the high fre-
quency part was significantly increased, indicating that the
barrier of the film to the electron transport was enhanced.
Therefore, the reaction at the high frequency part of the
electrode was controlled by the kinetics.

As was shown, the charge transfer resistance (R,,) of all
electrodes could be calculated. Because of R of the bare
gold electrode was so small, the semicircle was almost
invisible in the AC impedance spectrum [37]. By the for-
mula Rep = RT/(Fiy) and iy = nFAk,C!"DCT. C, and C,
are the concentrations of Fe(CN)?~ and Fe(CN);® respec-
tively. A, R, T, and F are the electrochemical area, gas
constant, temperature, and Faraday constant. The electron
transfer coefficient and transfer rate of the bare gold elec-
trode are taken as 1 and 0.026 cm/s. The R, of the bare
gold electrode was 740 (). After the modification of Mb
on the bare gold electrode substrate, the R, changed dra-
matically to 1948 ), which demonstrated that the pres-
ence of the bare gold electrode and Mb could greatly
reduce the conductivity of the electrode and inhibited the
electron transfer between the electrolyte and the electrode
interface. When Mb functionalized gold nanoparticle was
immobilized on the electrode, the R, showed a slight
increase to 7862 (), indicating that the immobilization
of methanobactin functionalized gold nanoparticle would
cause an insulating effect on the electrode and increased
the Rct. The amount of i, quantitatively reflected the mag-
nitude of the out-of-phase charge transfer rate. Various
electrodes were 347.1, 131.9, 60.7 and 32.7 ,u,A/cm’z,
respectively [38].

3.4. Cyclic Voltammograms (CV)

In order to find out whether Mb functionalized gold
nanoparticle was immobilized on the surface of the bare
gold electrode films and formed stable and orderly self-
assembled films, Fe(CN);~/Fe(CN)¢~ as a redox probe was
utilized. The CV showed the same results as the EIS and
implied that the surface of the gold electrode modified
with Mb functionalized gold nanoparticles had more mate-
rials to hinder electrons transport. Figure 4 showed CVs
of different modified electrodes.

As a result, it was found that after the Mb was applied
dropwise on the bare gold electrode, the oxidation peak
shifted positively, and the reduction peak shifted nega-
tively. The AE, increased by 39.03 mV. When the Mb-
AuNPs were modified on the bare gold electrode, the
oxidation peaks continued to move forward, the reduc-
tion peaks continued to shift negatively, the AE, value
increased by 34 mV, and the peak current /, decreased in
turn. When the MPA-Mb-AuNPs were also modified on
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Figure 4. Cyclic voltammograms obtained using 0.1 M KCI solution (b)  8.0x107 1 Cu®'/Mb-AuNPs
containing 5.00 x 107> M K;[Fe(CN),] and 5.00 x 10~ M K,[Fe(CN),]
at a 3 mm diameter gold electrode modified by (a) bare gold elec- 4.0x1075
trode, (b) Mb modified gold electrode, (c) Mb-AuNPs modified gold
electrode, and (d) MPA-AuNPs-Mb modified electrode at a scan rate of < 0.0 4
100 mV -s~!, respectively. =
. . —5
the bare gold electrode, the AE, value was again increased —4.0x10
by 78.26 mV, while the peak current 7, was also decreased, 6.0x105 1
which might be due to the barrier effect of the monolayer o

on the electron transfer of the electrode/solution inter-
face, and the reversibility of the electrode became worse
and worse [39]. This showed that the modified electrode
formed a of molecular layer with considerable coverage
on the surface of the gold electrode and bonded the nano-
cluster to the surface of the electrode.

3.5. Superoxide Detection
3.5.1. Cyclic Voltammograms of Mb-Cu

Modified Electrodes
Mb and Mb-Cu exhibited a range of reduction potentials.
Figure 5 showed that the redox capacities of different mod-
ified electrodes before and after coordination with Cu**
were tested. In the reaction system, the bare gold electrode
did not generate a redox peak in the CV test. However,
when Mb was modified to gold electrode by self-assembly,
weak redox signal appeared on the surface of all kinds
of electrodes. But the Mb-Cu complex showed stronger
reduction than that of Mb. After the coordination of Cu*,
a pair of reversible and symmetrical oxidation and reduc-
tion peaks appeared for each modified electrode under CV
test. After the coordination of Cu?*t, the reduction poten-
tial and oxidation peak potential of the Mb/Au electrode
were 0.213 and 0.385 V, the reduction potential and oxi-
dation peak potential of the Mb-AuNPs/Au electrode were
0.174 and 0.333 V, the potentials at the appearance of the
reduction and oxidation peaks of the Au modified elec-
trode were 0.172 and 0.311 V [40].

3.5.2. Determination of Disproportionation for O; by
Modified Electrode

From the analysis of Section 3.5.1, it can be seen that

no matter which compound was modified on the bare

7970

-04 -02 00 0.2 0.4 0.6

E/V vs.Ag/AgCI
—— Mb-MPA-AuNPs
(c) —— Cu?*/Mb-MPA-AuNPs
5.0x107° 1
< 0.0 -
—5.0x107° 1

04 -02 00 02 04 06
E/V vs.Ag/AgCI

Figure 5. Cyclic voltammograms obtained from 0.1 M KCI solution
containing 5.00 x 107> M K;[Fe(CN);] and 5.00 x 10~ M K,[Fe(CN);]
at a 3 mm diameter gold electrode modified by Mb (a), Mb-AuNPs (b),
and Mb-AuNPs-MPA (c) before and after coordination with copper ion,
at a scan rate of 50 mV -s™', respectively.

gold electrode, the redox peak current of the coordina-
tion Cu?* was higher than that of the uncoordinated Cu?*.
However, in those modified electrodes, the current cor-
responding to the oxidation and reduction potentials of
the modified electrode of MPA-AuNPs-Mb/Au coordi-
nated with Cu?* was the largest, Therefore, it was used as
a modified electrode to determine the disproportionation
of O3

The CVs before and after the addition of NaOH to
the Cu?*/MPA-AuNPs-Mb/Au modified electrode in the
DMSO reaction system (Fig. 6) were compared [41]. It can
be seen that the corresponding oxidation-reduction peak

J. Nanosci. Nanotechnol. 19, 7967-7973, 2019
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Figure 6. Cyclic voltammograms of Cu* coordination modified elec-
trode (MPA-AuNPs-Mb/Au) in DMSO (5 mL total volume) without
NaOH (a) and with addition of 5 M NaOH solution (5 uL) (b) at scan
rate 100 mV/s.

current of the modified electrode after the addition of
NaOH was relatively increased with the addition of NaOH,
indicating that the Cu?>*/MPA-AuNPs-Mb/Au modified
electrode had certain degree of disproportionation to O;".
The increase in oxidation peak and reduction peak cur-
rent in the graph was due to the redox reaction of
the O5".

On the surface of gold electrode, due to the oxida-
tion of O3 by Cu?t/MPA-AuNPs-Mb, the electrode sur-
face part of the Cu**/MPA-AuNPs-Mb was converted to
Cu*/MPA-AuNPs-Mb (Fig. 7). In other words, when O3
was present, the concentration of Cu*/MPA-AuNPs-Mb
on the surface of the electrode was greater than that
no O;. On the CV, the anode peak current increased
when the electrode underwent electrochemical oxida-
tion. Moreover, Cu™/MPA-AuNPs-Mb also had a certain
reduction effect on O;", the Cu*t/MPA-AuNPs-Mb was
converted to Cut/MPA-AuNPs-Mb, increased the concen-
tration of Cu?*/MPA-AuNPs-Mb on the gold electrode
surface. Therefore, when the electrode underwent electro-
chemical reduction, the peak current of the cathode also
increased [42].

(a) Cu’MPA-AuNPs-Mb - ¢ ————— Cu2’MPA-AuNPs-Mb

Cu*’MPA-AuNPs-Mb  + 0+ ————— Cu”MPA-AuNPs-Mb + 0,

(b)
Cu??MPA-AuNPs-Mb + ¢ =———— Cu”MPA-AuNPs-Mb

I

Cu?MPA-AuNPs-Mb  + 03+ —————— Cu”MPA-AuNPs-Mb  +H,0,

Figure 7. Redox peak current increase schematic, oxidation peak cur-
rent increase schematic (a) reduction peak current increase schematic (b)
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4. CONCLUSIONS

Through MPA and AuNPs, we prepared functionalized
gold nanoparticles MPA-AuNPs-Mb that retained the bio-
logical activity of Mb. The structure was characterized
by UV-Vis and FTIR spectra. The nanoparticles signifi-
cantly improved the agglomeration of gold nanoparticles.
Using Mb functionalized gold nanoparticle as the basic
element, it was modified to a bare gold electrode surface
by a hybrid self-assembly method to form a dense and
ordered three-dimensional self-assembled membrane struc-
ture. After coordination of divalent Cu**, the redox capac-
ity of various materials modified with Mb was significantly
increased, and the response of Cu*"/MPA-AuNPs-Mb/Au
modified electrode was the highest. The O;" produced in
the basic DMSO system was determined by CV using the
Cu?**/MPA-AuNPs-Mb/Au modified electrode. The results
showed that the Cu*"/MPA-AuNPs-Mb/Au modified elec-
trode had certain degree of disproportionation to O;".
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