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Hyperbranched pine-like gold nanostructure was electrodeposited on the polycrystalline gold surface at 0 mV
(vs. AgCl) with the assistance of histidine as a soft template. The nanostructure was then applied as a highly
sensitive nonenzymatic sensor for glucose. The catalytic activity and sensitivity of the gold nanostructure toward
the electrooxidation of glucose was excellent without surface fouling and deterioration effects. The current
related to the oxidation of glucose rapidly and linearly depended on its concentration with a sensitivity of
776.8 pA cm~2 mmol ' dm?>, a detection limit of 3.39 pmol dm > with a relative standard deviation of 2.32%.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Development of simple, reliable and fast methods for detection of
glucose is important in many fields such as clinical diagnostics, and bio-
technological and food industries. In addition, determination of glucose
in the blood is of great importance for diabetes screening and treatment.
On the other hand, study of the electrooxidation of glucose on different
electrode materials is an attractive research area for applications in glu-
cose fuel cells, and for development of electrochemical glucose sensors
and biosensors [1,2].

Enzymatic glucose biosensors suffer from some disadvantages such
complicated immobilization procedure, long-term instability, and high
cost. Therefore, considerable research has focused on development of
non-enzymatic glucose sensors based on direct electrooxidation of
glucose on the electrode surface without using any enzyme. Non-
enzymatic glucose sensors present the advantages of stability, repro-
ducibility, low cost, and freedom from oxygen limitation [3]. However,
these glucose sensors suffer from slow kinetics, lack of selectivity, and
fouling of the surface. To overcome these drawbacks, nanomaterials
have been applied as a sudden surge in the fabrication of non-
enzymatic glucose sensors. Nanomaterials possess a high real surface
area, accelerate the kinetics (of both mass transport and charge transfer
processes) of the glucose electrooxidation, and therefore, provide high
sensitivity for glucose detection. There have been developed glucose
sensors using different nanomaterials including platinum, gold, palladi-
um, and metal oxides [1,4-6]. Among them, due to biocompatibility,
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higher activity, and lower potential of glucose electrooxidation, gold is
one of the most inspiring materials for the fabrication of glucose sensors
[7-26].

In the present study, a non-enzymatic electrochemical glucose
biosensor based on hyperbranched pine-like gold nanostructure was
presented for a rapid, simple and quantitative detection of glucose.

2. Experimental section

All chemicals used in this work were reagent grade from Merck
(Darmstadt, Germany) or Sigma (St. Loius, MO, USA) products and
used without further purifications. Doubly distilled water was used
throughout.

Electrochemical measurements were performed in a conventional
three-electrode cell powered by a p-Autolab potentiostat/galvanostat,
type III, FRA2 (The Netherlands) run by a computer through GPES 4.9
commercial software. An Ag/AgCl/3 mol dm™> KCl and a platinum
plate were used as the reference and counter electrodes, respectively.
The working electrode was a gold disk (Au) electrode of 2 mm diameter
covered by hyperbranched pine-like gold nanostructure (HP-Au). Stud-
ies on the electrooxidation and determination of glucose were per-
formed in 100 mmol dm ™2 sodium hydroxide solution as the running
electrolyte.

In order to prepare HP-Au electrode, the Au electrode was firstly
polished by sand papers and then lubricated by glycerin on a polishing
pad with 50 nm-alumina powder. Polishing was continued to attain a
mirror-like surface. The electrode was then cleaned by immersion in a
1:3 water/ethanol mixture and ultrasonication for 5 min in an ultra-
sound bath. The electrode was further electropolished by immersion
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in a 500 mmol L~! H,S0, solution, applying cyclic potentials in the
range of cathodic and anodic edges of the electrolyte for 25 consecutive
cycles. The Au electrode was then placed in the cell containing
20 mmol L~ ' HAuCl, + 0.5 mol L~ ! H,SO4 + 150 mmol L~ histidine.
Hyperbranched pine-like gold nanostructure was electrodeposited at a
potential of 0.0 mV in a duration of 600 s. HP-Au electrode was then
rinsed thoroughly with distilled water.

The real surface area of the HP-Au electrode was measured electro-
chemically. The HP-Au electrode was transferred to a solution of
KCI (0.5 mol dm~3) containing K4[Fe(CN)g] (0.5 mmol dm~3), and
cyclic voltammograms were measured at different potential sweep
rates. Using the Randles-Sevcik equation [27] and the value of
7.60 x 1076 cm s~ for the diffusion coefficient of [Fe(CN)g]*~ [28],
the real surface area of the HP-Au electrode was obtained.

In order to obtain information about the morphology and size of the
electrodeposited gold nanostructure, field emission scanning electron
microscopy (FESEM) was performed by the instrument Zeiss, Sigma-
IGMA/VP (Germany).

Amperometric measurements for the glucose quantitation were per-
formed at constant potential of 70 mV in a magnet-stirring solution
wherein the solution was rapidly homogenized after each glucose
injection.

Fig. 1. FESEM images of the HP-Au electrode surface.
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Fig. 2. Cyclic voltammograms of Au and HP-Au electrodes in the absence and presence of
0.2 mmol dm~3 glucose.

In order to investigate the capability of the sensor to detect glucose
in real samples, four blood serum samples taken from different persons
were analyzed by the amperometry method. All studies were carried
out at room temperature.

3. Results and discussion

Fig. 1 presents FESEM images of the HP-Au electrode surface with
different magnifications. The images show a dendritic morphology
with different sizes of hyperbranched pine-like. The dendrites them-
selves comprise nanoparticles of 150-200 nm. Therefore, the dendritic
nanostructure electrodeposited in the presence of histidine has a hierar-
chical structure. The real surface area of the HP-Au electrode (supple-
mentary material S1) was obtained as 0.26 cm ™2, while the geometric
surface area was 0.0314 cm~ 2 indicating a roughness factor of 8.2. The
surface texture of the HP-Au electrode provides a large overall surface
area for the electrooxidation of glucose.
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Fig. 3. Typical pseudo-steady state polarization curve for the electrooxidation of
0.2 mmol dm 3 glucose on the HP-Au electrode. Inset: The corresponding Tafel plot.
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Fig. 4. Typical amperometric signals during the successive addition of glucose to the
running electrolyte at the potential of 70 mV. Inset: The calibration curve.

Fig. 2 shows cyclic voltammograms of Au and HP-Au electrodes in
the absence and presence of glucose. Glucose is electrooxidized on the
HP-Au electrode surface at (at least 120 mV) lower potentials than the
Au electrode. In addition, the rate of the glucose electrooxidation on
the HP-Au electrode is about 6.3 times higher than the Au electrode. Re-
garding the roughness factor of the HP-Au electrode, and its comparison
with the enhancement in the rate of electrooxidation process, it can be
deduced that the increment in the current can be related to the incre-
ment in the real surface area of the HP-Au electrode. However, compar-
ison of the potentials of the electrooxidation process on the electrode
surfaces indicates that HP-Au electrode can favor the electrooxidation
to occur at lower energies. Therefore, HP-Au electrode accelerates the
electrooxidation of glucose from thermodynamic point of view arising
from the nano-size and/or nano-shape effects. Both aspects are highly
important for the development of a determination method of glucose
with high sensitivity without interference from other compounds.

Fig. 3 shows the typical pseudo-steady state polarization curve
for the electrooxidation of glucose on the HP-Au electrode surface
representing a S-shape curve. The corresponding Tafel plot is shown

Table 1

in the inset. Using the Tafel plot, the electron transfer coefficient of the
electrooxidation of glucose was obtained as 0.41.

In order to develop a method for glucose determination using
HP-Au electrode, amperometric signals were recorded. Fig. 4 shows
the typical amperometric signals during the successive addition of
glucose to the running electrolyte at the potential of 70 mV. Gentle
magnetic stirring for a few seconds was needed to homogenize the
solution after each addition. The HP-Au electrode responded rapidly,
and the linear dependency of the transient current on the glucose con-
centration is shown in Fig. 4, inset. The limits of detection (LOD) and
quantitation (LOQ) of the method were calculated as 3SD/m and
10SD/m, respectively, where SD is the standard deviation of the blank
signal and m is the slope of the calibration curve [29]. The determined
parameters for the calibration curve of glucose were obtained as
LOD = 3.39 umol dm~3, LOQ = 11.30 umol dm~—3, R.S.D. = 2.32%,
sensitivity = 776.8 pA cm ™2 mmol~' dm?, and a linear range of 20-
240 pmol dm 3. A comparison of some different non-enzymatic glucose
sensors based on different gold structures is presented in Table 1 and it
shows that the present sensor has better or comparable characteristics.

In order to inspect the selectivity of the HP-Au electrode, the inter-
ference effects of theophylline, lysine, methionine, histidine, xanthine,
arginine and ascorbic acid were evaluated and shown in Fig. 5. Under
the experimental conditions applied in this work, no chemical interfer-
ence was observed for all these compounds. This is due to the applied
potential for the electrooxidation of glucose; the potential was too neg-
ative for these compounds to oxidize.

In order to investigate the capability of the sensor to detect glucose
in real samples, four blood serum samples were analyzed by
amperometry. The values of glucose levels in serum samples obtained
by the HP-Au electrode are reported in Table 2.

In order to verify the durability and stability of the Pt/HP-Au elec-
trode, similar amperometric measurements were performed in five
days. It was found that the currents changed slightly (<4.1%). During
the analysis, no gold particle was observed in the analyzed solutions
and no visual change was observed on the electrode surface. Because
the gold particles were hierarchically electrodeposited, without me-
chanical abrasion, the HP-Au electrode remained stable. In addition,

A comparison of some different non-enzymatic glucose sensors based on different gold structures.

Gold structure Detection potential/mV  Sensitivity/uA cm~2 mmol~' dm®  Linear range/mmol dm~3  LOD/umoldm~>  Reference
or technique
Nanoclusters 250 31.18 0.1-20 50 [7]
Nanoparticles LSV 87.5 0.1-25 50 [8]
Nanoparticles LSV 5125 0.1-2.4 10.1 [9]
99.11 2.8-6 -
Nanowire array 200 - 0.4-10 36 [10]
Dendrite-like 150 190.7 0.1-25 50 [11]
Nanoparticles 200 57.1 0.0005-10 0.5 [12]
Nanoparticles 200 31.17 0.5-7.5 - [13]
Nanotubes 250 1.13 1.42.5 10 [14]
Nanocoral 200 226 0.05-30 10 [15]
Disk 250 0.72 0.5-20 10 [16]
Porous film 350 11.8 2-10 5 [17]
Micropillar array v 13.2 0.5-9 60 [18]
Nanoparticles integrate nanotube arrays 250 1.13 1-42.5 10 [19]
Nanoparticles 360 - 2-38 4 [20]
Jigsaw-like SWV 44 0.01-20 10 [21]
Nanoclusters LSV 12 0.25-30 60 [22]
Nanoparticles LSV 9.55 0.4-10.7 370 [23]
Nanowire array DPV 419 Up to 20 30 [24]
—400 309 Up to 10 50
Flower-like v 0.02 0.3-30 150 [25]
Nanosized SWV 25 Up to 50 100 [26]
Hyperbranched pine-like gold nanostructure 70 776.8 0.020-0.240 339 This work

LSV: Linear sweep voltammetry.

CV: Cyclic voltammetry.

SWV: Square wave voltammetry.
DPV: Differential pulse voltammetry.
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Fig. 5. Typical amperometric signals during the successive addition of glucose, theophylline, lysine, methionine, histidine, xanthine, arginine and ascorbic acid with the concentration of

20 umol dm >,

Table 2
The values of glucose levels in serum samples determined a clinical lab and obtained by
the HP-Au electrode.

NO Determined in a Determined using Bias %
clinical lab/mg dL~! HP-Au electrode/mg dL~!

1 178 184.2 +34

2 184 1751 —49

3 206 209.4 +1.7

4 76 72.7 —43

the electrode was rinsed by distilled water and stored in distilled water
when not in use.

4. Conclusion

A green electrodeposition was developed for the synthesis of
hyperbranched pine-like gold nanostructure on gold surfaces by con-
trolling the deposition potential in the presence of histidine. The syn-
thesis procedure can be expanded to the synthesis of other noble
metal nanostructures. The hyperbranched pine-like gold nanostructure
represented an enhanced electrocatalytic activity toward the oxidation
of glucose at potentials much more negative than some other
gold-based electrodes. Voltammetric and amperometric measurements
showed that the nanostructure can be used as a non-enzymatic glucose
sensor with a low detection limit, high selectivity and sensitivity.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2016.02.068.
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