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Gold nanoparticles-decorated silver-bipyridine coordination
polymers with intrinsic peroxidase-like activity are reported. Both
morphology and mimetic enzyme activity can be tuned by rational
manipulation of the nanohybrid composition. The nanomaterial
was used for the electrochemical determination of H,0, and
glucose.

Enzymes are protein catalysts involved in almost all chemical
reactions occurring in living organisms. During decades, enzymes
have been largely employed as catalysts in chemical,
biotechnological, agricultural, food, and pharmaceutical industries
due to their high catalytic efficiency and unique substrate stereo-,
regio-, and chemoselectivity.1 In addition, enzymes have
demonstrated to be valuable analytical tools, therapeutic agents,
cosmetics and laundry active components.2
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Fig. 1 Schematic display of synthesis of pyridine-coated AuNP/Ag-bypiridine
nanobelts.

However, practical application of enzymes is often limited by their
intrinsic low stability, which is mainly caused by the complex 3D
polypeptide active structure. For this reason, a great variety of
strategies for enzyme stabilization have been developed, mainly
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based on immobilization on macro- and nanosized supports or
covalent modification with water-soluble compounds.3 In addition,
many efforts have been devoted to the rational preparation of
chemical and nanomaterials-based derivatives with enzyme

mimetic activity.4
'

Fig. 2 Representative FE-SEM images of silver-bipyridine nanohybrid without
(A) and with AuNP at 14.7 (B), 29.4 (C), 44.1 (D), 58.8 (E) and 88.2 (F) mg
nanoparticles/g AgNOs.

This communication describes for the first time the preparation of
Au nanoparticles (AuNP)-decorated silver-bypiridine  hybrid
nanomaterials exhibiting remarkable peroxidase-like mimetic
activity. These noble metal-based nanomaterials have been
selected as building blocks for the assembly of the mimetic enzyme
due to the large and attractive use of Au and Ag nanostructures in
such as biosensing and biomedical applications.5
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The rational of this synthetic strategy is illustrated in Fig. 1. AUNPs
polyfunctionalized with pyridine and hydroxyl residues were
prepared by reducing HAuCl, with NaBH, in a DMSO solution
containing 6-mercapto-1-hexanol and 4-mercaptopyridine in a 3:1
molar ratio (see Supplementary Information).6 These two thiol-
derivatives were selected as capping ligands for the nanoparticles
to confer the resulting nanomaterial with the desired
characteristics. In fact, 6-mercapto-1-hexanol should provide
solubility and colloidal stability to the nanoparticles in aqueous
solutions, while 4-mercaptopyridine should confer coordination
ability with Ag’ ions allowing formation of stable linkages when
included into the silver-bipyridine coordination polymer.

Water soluble dark red nanoparticles were obtained by this
method. HR-TEM analysis revealed a spherical geometry with an
average diameter of 2.6 + 0.7 nm for the polyfunctionalized
nanoparticles (see Fig. 1S in Supplementary Information). This size
and size dispersion was similar to those reported for other
polyfunctionalized Au nanoparticles prepared by using the same
procedure.s’7 In addition, the presence of the capping ligands on the
nanoparticles surface was confirmed by FT-IR (Fig. 2S in
Supplementary Information).

AuNP-decorated hybrid nanomaterials with different composition
were further prepared by mixing different volumes (0, 50, 100, 150,
200 and 300 pL) of a 10 mg/mL polyfunctionalized metal
nanospheres aqueous solution with 1 mL AgNO; (34 mg/mL in
water) and 2 mL 4,4"-bipyridine (16 mg/mL in EtOH) at room
temperature. The reaction mixtures were raised to 4 mL final
volume with double distilled water and kept under gentle
continuous stirring for 10 min. The resulting solid was centrifuged,
washed several times with water and ethanol, and finally dispersed
in ethanol up to 14 mg/mL final concentration. The Au/Ag molar
ratio in these hybrid nanomaterials was determined by X-ray
fluorescence  spectroscopy (Table 1S in  Supplementary
Information).

Fig. 2 shows representative FE-SEM images of the nanohybrids. A
typical nanobelt-like morphology was observed for the silver-
bipyridine nanostructure without AuNP (Fig. 2A).8 Moreover, metal
nanoparticles randomly distributed on the nanobelt surface were
clearly observed in the nanohybrids containing 14.7 mg AuNP per
gram of AgNO; (Fig. 2B). Larger loadings of AuNP, in the range of
29.4 to 44.1 mg/g AgNO;, caused the formation of metal
nanoparticle clusters at the coordination polymer surface (Fig. 2C,
D) without affecting the nanobelt morphology. However, this
morphology changed to a fractal-like dendritic structure, highly
enriched in metal nanoparticle clusters, by increasing the AuNP
content to 58.8 — 88.2 mg/g AgNO; (Fig. 2E, F).

The peroxidase-like activity of the nanohybrids in solution was
evaluated by testing the catalytic oxidation of 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic acid) (ABTS) in the presence of
H202.9 As is illustrated in Fig. 3, no peroxidase mimetic activity was
observed for the nanohybrid without AuNPs. However, all AuNP-
decorated silver-bipyridine coordination polymers caused a
noticeable increase in absorbance at 405 nm, which is related to the
oxidation of ABTS with H,0,. This HRP-like activity was clearly
modulated by the Au/Ag ratio in the nanohybrids.

Higher absorbance and initial reaction rate (V,) values were
observed for the nanohybrid prepared at a 58.8 mg AuNP/g AgNO,
ratio (Fig. 3S in Supplementary Information). Steady-state kinetics
studies were performed to elucidate the mechanism of the high
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peroxidase mimetic activity of this nanohybrid. A typical Michaelis-
Menten like behaviour was observed in the resulting plots of
reaction rate (linear range after the lag phase) vs. ABTS and H,0,
concentration (Fig. 4S in Supplementary Information). The kinetic
parameters were estimated from the corresponding Lineweaver-
Burk plots. Michaelis constant (Ky,) and maximum velocity (V)
values for the AuNP-decorated hybrid nanomaterial were 0.44 M
and 73.4 x 107 uM/s for ABTS, respectively. In this sense, the
apparent affinity of the nanohybrid by ABTS is significantly lower
than that reported for the native enzyme.10 On the other hand, the
nanomaterial showed K, and V., values of 1.9 mM and 82.0 x 1072
uM/s for H,0,, respectively.
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Fig. 3 Time-dependent absorbance changes at 405 nm of 40 mM
sodium phosphate buffer solution, pH 7.0 containing 9 mM ABTS and 3
mM H,0,in the presence of different silver-bipyridine nanohybrids at
10 pg/mL concentration.

As it is shown in Fig. 3, the reaction catalysed by the AuNP-based
nanohybrids showed an initial lag phase. To overcome the
difficulties associated with the analytical use of enzymes with such
kinetics behaviour, an electrochemical sensing alternative was then
evaluated.

In order to do that, glassy carbon electrodes were coated with the
nanohybrid and the electrocatalytic activity toward H,0, was
evaluated. Fig. 4 shows that not significant electrochemical
transformations were observed at the nanohybrid-modified
electrodes in the absence of H,0,. In this sense, only small
reduction peaks were appreciated, which could be attributed to the
reduction of non-coordinated silver ions in the nanomaterial and
dissolved oxygen. On the contrary, large cathodic currents were
recorded with all nanohybrid-coated electrodes in the presence of
H,0,, suggesting this compound was easily transformed at these
nanostructured surfaces. Interestingly, the electrocatalytic activity
of the nanohybrids toward the reduction of H,0, increased with the
AuNP loading, exhibiting larger cathodic currents and lower
potential values. Higher electrocatalytic activity was obtained for
the nanohybrid prepared by using 58.8 mg of AuNP per gram of
AgNOs;.

The electrode coated with this hybrid nanomaterial was employed
to construct amperometric sensor devices for H,0, and D-glucose.
The nanostructured electrode, poised at -100 mV, was able to
detect H,0, in the range of 10 uM to 480 uM with a sensitivity of
503 wA/M (Fig. 5A).

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Cyclic voltammograms recorded with glassy carbon electrodes
coated with silver-bipyridine nanohybrid without (A) and with AuNP at
14.7 (B), 29.4 (C), 44.1 (D), 58.8 (E) and 88.2 (F) mg nanoparticles/g
AgNO3 in 100 mM sodium phosphate buffer, pH 7.0, in the absence (1)
and the presence (2) of 100 uM H202.

The specificity of the AuNP/silver-bipyridine hybrid nanomaterial
was studied by recording the amperometric response of the
nanostructured electrode toward different compounds at 100 uM
final concentration. As is illustrated in Fig. 55 (Supplementary
Information), the modified electrode was not able to detect uric
acid, D-glucose, L-tyrosine and sucrose. On the other hand, the
analytical signal toward H,0, was only slightly affected (about 8%)
by the addition of ascorbic acid, suggesting high specific of the
AuNP/silver-bipyridine hybrid to H,0,.

The nanostructure electrode was finally employed to construct a
glucose oxidase-based amperometric biosensor. The rational of this
biosensor architecture is based on the first glucose oxidase-catalysed
conversion of D-glucose to gluconic acid and H,O,, and the further
electrocatalytic transformation of H,0, at the electrode surface
through the AuNP/silver-bipyridine composite catalysed reaction.

As can be observed in Fig. 5B, the biosensor was able to detect
glucose in the range 100 uM to 7.4 mM concentration, with a
sensitivity of 85 uA/M.

The stability of these nanomaterials-modified electrodes was
evaluated by daily measurement of their analytical response toward
100 uM H,0, and 2 mM D-glucose, respectively. The electrodes
were kept dried at 4°C after each measurement. The H,0, sensor
and glucose oxidase biosensor retained about 96% and 93% of their
initial analytical activity after two week of reuse and storage,
suggesting high catalytic stability of the AuNP-doped nanohybrids.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Calibration curves obtained with the glassy carbon electrode coated
with the AuNP-decorated nanohybrid without (A) and with immobilized
glucose oxidase (B) toward H,0, and D-glucose, respectively. E,p, = -100 mV,
stirring condition: 300 rpm.

Conclusions

In summary, we have described here the synthesis of novel
pyridine-coated AuNP/silver-bipyridine hybrid nanomaterials. The
AuNP-doped nanohybrids showed intrinsic peroxidase-like activity,
which can be manipulated by proper combination of AuNP/Ag ratio.
The morphology of these nanomaterials can be also tuned by
rational manipulation of their AuNP/Ag composition. This
nanomaterials-based artificial enzyme was employed to construct
reliable electrochemical sensor devices for H,0, and glucose. This
approach could be extended to design a great variety of
electrochemical biosensors based on other redox enzymes
producing H,0,, opening new possibilities to bioanalytical
electrochemistry.
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Novel Au nanoparticles-doped silver-bipyridine coordination polymers with fractal morphology
and intrinsic peroxidase-like activity were prepared.
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