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a b s t r a c t

An electro-deposition approach was established to incorporate the gold nano-flakes onto the glassy car-
bon electrode in electrochemical cells (nano-Au/GC/ECCs). Using pulsed amperometric detection (PAD)
without any gold oxidation for cleaning (non-oxidative PAD), the nano-Au/GC/ECCs were able to maintain
their activity for oxidizing of carbohydrates in a normal alkaline medium. The reproducibility of peak area
was about 2 relative standard deviation (RSD,%) for 6 consecutive injections. A dynamic range of carbo-
hydrates was obtained over a concentration range of 5–80 mg L�1 and the limits of detection (LOD) were
of 2 mg L�1 for fructose and lactose and 1 mg L�1 for glucose and galactose. Moreover, the
nano-Au/GC/ECC using the non-oxidative PAD was able to combine with the internal standard method
for determination of lactose in fresh cow milk sample.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The amperometric detection of carbohydrates following high
performance liquid chromatographic (HPLC) separations has sev-
eral advantages over other methods [1,2]. As a result, electrochem-
ical cells (ECCs) with gold working electrode for carbohydrate
analysis are commercially available. When operating in direct cur-
rent (DC) mode, the loss of electrode activity arises. This can be
ascribed to the fouling of the electrode by the reactant or product
adsorption [3]. Thus, the pulsed amperometric detections (PADs)
have been developed. In the PAD, anodic detection (ca. 50 mV)
was alternated with oxidative and reductive cleaning steps by step-
ping the potential to a greater positive value (ca. 600 mV) and to a
more negative value (ca. �600 mV), respectively. The electrochem-
ical (EC) cleaning of adsorbed reactants or products reactivates the
gold electrodes [2–5]. Gold electrode also forms stable oxide layer
on the anodic polarization that can be fully reduced to the bare
metal during the cathodic polarization [4]. Consequently, PAD
approach normally leads to baseline drift [6]. Moreover, gold elec-
trode is susceptible to corrosion in the presence of Cl� anions [7],
which were abundantly in many samples. This can deteriorate the
performance of EC cells. Therefore, decreasing the gold oxidation
in PAD without performance loss can offer the amperometric detec-
tion some further advantages in carbohydrate analysis.

By dropping an aliquot of gold(III) solution onto glassy carbon
(GC) surface and cycling in a suitable potential range after drying
the GC surface in oven, Casella et al. created a removable gold layer
in EC cell for the amperometric detection of carbohydrates [8].
When using as HPLC detector, this gold layer was, however, only
stable with mobile phase containing 1.0 lM of AuCl4

�.
The aims of this study are to use an electro-deposition for prepa-

ration of gold nano-flake layer on the GC working electrode in EC
cell (nano-Au/GC/ECC) that is able to detect carbohydrates precisely
with a normal alkaline supporting electrolyte and based on the
nano-Au/GC/ECC for decreasing the oxidation of gold in PAD.

2. Experimental

2.1. Chemical and reagents

HAuCl4�3H2O, ZnSO4�7H2O, K4[FeCN6]�3H2O, NaOH, HCl and
H2SO4 were of PA-grade from Merck (Germany). All the agents (lac-
tose monohydrate, galactose, glucose, and fructose) used in this
work were of PA-grade from Sigma–Aldrich (Singapore).
Deionized water (purified by Mili-Q, Millipore) was used through-
out all experiments. Stock standard solutions of carbohydrates (ca.
1000 mg L�1) were prepared in water and stored at 4 �C. Working
standard solutions were prepared in water and used in each exper-
iment. Carrez I solution was prepared by dissolving 3.60 g of
K4[FeCN6]�3H2O in 100 mL of water. Carrez II solution was pre-
pared by dissolving 7.20 g of ZnSO4�7H2O in 100 mL of water.
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Gold(III) solution was prepared from HAuCl4�3H2O in the mixture
solution of 0.5 M H2SO4 and 0.05 M HCl.

2.2. Apparatus

The Waters HPLC systems (Waters, USA) consisted of a binary
pump (Waters 1525, USA), a 20 lL loop, a column oven, and an

EC detector consisting of an EC flow cell. The EC detector or poten-
tiostat (Waters 2465, USA) can operate in DC, pulse and scan mode.
The EC flow cell is in wall-jet structure consisting of a 2 mm diam-
eter GC working electrode, an in-situ silver/silver chloride refer-
ence electrode (diameter of 2 mm) and the platinum body
counter electrode. A typical three-electrode cell consisted of a
2 mm diameter gold rotating disk working electrode, an Ag/AgCl,

Fig. 1. Current (A) and voltage (B) versus time of the Au-RD electrode in 100 mM NaOH solution. A 0.5 lg of glucose was added into CV cell at 8th cycle.

Fig. 2. Current (A) and voltage (B) versus time of the nano-Au/Au-RD electrode in 100 mM NaOH solution. A 0.5 lg of glucose was added into CV cell in 8th cycle.
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