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A B S T R A C T

Microbial three-electrode cells (M3Cs) have been widely used as a promising platform for developing
biosensors and studying electrochemically active bacteria (EAB). Compared to conventional microbial
two-electrode cells (e.g. microbial fuel cells and microbial electrolysis cells), M3Cs can offer more stable
and better defined electrochemical environments for various research purposes. This work focused on
developing a microliter scale microfluidic M3C, which had unique advantages over bench scale M3Cs. In
this microfluidic M3C with a built-in three electrode system, laminar flow was exploited to separate the
reference electrode from the working and the counter electrodes. Using laminar flow made it possible to
integrate the M3C with a microliter scale microfluidic chip and maintain a stable Ag/AgCl electrode
potential. With the help of the integrated three-electrode setup, the working electrode potential of the
microfluidic M3C was able to be accurately controlled and thus a well-defined electrochemical
environment was provided to Geobacter sulfurreducens to respire on the electrode. During 30 days
operation, the reference electrode potential was stable, which guaranteed the accurate control of the
working electrode potential. By taking advantage of the microliter scale and a short hydraulic retention
time (HRT), fast responses to ferric citrate and formaldehyde with good reproducibility were achieved.
Furthermore, a linear relationship between the output signals (peak area) and chemicals concentrations
was obtained. The microfluidic M3C developed in this work will provide researchers in related areas a
versatile platform for biosensor and EAB study.

ã 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Bioelectrochemical systems (BESs), in which electrochemically
active bacteria (EAB) catalyzes reactions by interacting with
electrodes [1], have been widely used in biosensing, such as heavy
mental detection [2], BOD measurement [3] and pesticide
detection [4]. In a BES based biosensor, the input signals,
biochemical molecules, can be converted into electric current
(or voltage) as output signals via bacterial metabolism. Reproduc-
ibility, response time and recovery time are important parameters
to evaluate the performance of biosensors. Good reproducibility is
usually related to stable and well-defined electrochemical
environment for EAB, since the current production is closely
related to the bacterial metabolism [5]. On the other hand, to
shorten the response and recovery time, fast mass transfer and
short HRT are two key factors. Along this line, different solutions

for improving BES based biosensors have been proposed.
Developing miniaturized microbial three-electrode cell (M3C)
based biosensors on microfluidic chips is a promising one.

A M3C is a typical BES, which can maintain stable and explicit
electrochemical environment for EAB by accurately poising its
working electrode at a constant potential level with the help of a
three-electrode set-up. Similarly, a microbial fuel cell (MFC) is
another typical BES and uses EAB as biocatalysts to transform
chemical energy into electricity [6]. Therefore, MFCs can be used as
an electric power source. MFCs are two-electrode systems.
Compared to M3Cs, more factors can influence the produced
electric current signal of MFCs, including the anode potential, ionic
conductivity of medium and cathodic reactions [7]. Although MFCs
and M3Cs have similar signal processing and transformation, the
M3Cs have higher reproducibility and stability of the output
signals.

Besides good stability and reproducibility, the fast response and
recovery are also important for an ideal biosensor. In milliliter to
liter scale BESs, mass transfer limitations [8] and long HRT result in
the long response time and recovery time. Miniaturizing the BESs
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can effectively improve the response and recovery speed and thus
overcome the above mentioned disadvantages [9,10]. Several
miniaturized MFC based biosensors (1.5 mL to 144 mL) have been
developed [10,11], but miniaturizing a M3C is more challenging
stemming from integrating a reference electrode into a micro or
sub-micro liter scale device to build a three-electrode system. The
main difficulty [12,13] is how to keep the inner electrolyte (e.g. KCl
solutions for Ag/AgCl reference electrodes) of a reference electrode
immiscible with the external medium but meanwhile allowing ion
exchange between them. Usually, in a commercial reference
electrode, porous ceramics are used as physical separators.
However, in a microfluidic device, this is not feasible. Many
researchers have made a lot of efforts. For example, two micro-
fabricated M3C systems have been reported, in which the working
electrode, the counter electrode and the Ag/AgCl electrode were
integrated into the same chamber without separators [14,15]. The
Ag/AgCl electrodes were immersed in bulk solution (i.e. bacterial
growth medium). Although they were three-electrode systems, the
reference electrolytes were not well-defined and the reference
electrodes could be contaminated by bacteria during the experi-
ment, which might result in the reference electrode potential shift.
Another reported miniaturized M3C employed a dual-reference
electrodes set-up, the reference electrode was placed far from the
working electrode, and this set-up might result in unstable
potential control [16]. In all these mentioned works, the unique
flow pattern, laminar flow, in microfluidic channels was ignored. In
a microliter scale channel, the laminar flow allows two different
streams flow parallelly without convective mixture, but the ion
exchange at the liquid-liquid interface is not hindered [17]. This
feature provides a possibility of using laminar flow to replace
porous ceramics. Microfluidic devices using laminar flow to
separate the catholyte and anolyte in two-electrode systems have
been reported [18,19]. Here, we tried to use laminar flow to develop
a microfluidic M3C chip with fast response and recovery. E. Victoria
Dydek et al. [20] used laminar flow to replace porous ceramics and
successfully integrated the reference electrode into an abiotic
microfluidic three-electrode system. The results indicated that
using the laminar flow as a separator was feasible. But the design is
for solely electrochemical applications, it needs modifications to be
adapted to microbial biosensor applications.

In this work, we fabricated a 3 mL microfluidic M3C, in which
laminar flow was used to separate the reference electrode and the
working/counter electrodes. Gold electrodes (the working and the
counter electrodes) and an Ag/AgCl electrode were integrated on a
microfluidic chip fabricated with the soft lithograph technology.
Geobacter sulfurreducens, a model EAB, was grown in the device.
The aim of this work is to develop a stable and microliter scale
platform for biosensing and EAB study.

2. Materials and methods

2.1. Design of the microfluidic M3C

The microfluidic M3C consisted of a glass wafer with gold
electrodes sputtering on it and a polydimethylsiloxane (PDMS)
channel (Fig. 1). Our design was based on the work of E. Victoria
Dydek et al. [20], but with enlarged electrodes. The design of E.
Victoria Dydek et al. was a solely electrochemical three-electrode
microfluidic system and was for short-term abiotic applications.
Our device was developed for microbial biosensing, which usually
took 10–30 days (including biofilm formation and biosensing
process) and the AgCl of the integrated Ag/AgCl reference electrode
would constantly be reduced into Ag in the long-term process. This
could result in a potential shift of the Ag/AgCl reference electrode,
especially a reference electrode with small area was used. To
provide a stable reference potential, the reference electrode area
was enlarged. To obtain stronger electric current signals, the
working electrode area was also enlarged. In our design (Fig. 1b),
both the working and the counter electrodes had an area of
8 � 1 mm, and the reference electrode had an area of 17 � 0.5 mm.
All of them had the same thickness (Au/Ti, 200 nm/100 nm). As the
stream flows from the working electrode to the counter electrode,
the reactions occur at the counter electrode will not affect the
working electrode. The gap between the working electrode and the
reference electrode was 0.5 mm. The PDMS channel was designed
to be a Y shape (Fig.1a, b, c). The anolyte leg was 1 mm wide and the
catholyte leg was 0.5 mm wide. Designing the two legs with
different widths was to avoid reference electrode contamination
by making the convection time across the y-junction to the end of
the channel shorter than the diffusion time across the dividing line

Fig. 1. Scheme of the microfluidic channel device. (a) Front view. (b) Top view. (c) Side view. (d) A photograph of the assembled device.
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