
REVIEW

Microbial fuel cells for biosensor applications
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Abstract Microbial fuel cells (MFCs) face major

hurdles for real-world applications as power genera-

tors with the exception of powering small sensor

devices. Despite tremendous improvements made in

the last two decades, MFCs are still too expensive to

build and operate and their power output is still too

small. In view of this, in recently years, intensive

researches have been carried out to expand the

applications into other areas such as acid and alkali

production, bioremediation of aquatic sediments,

desalination and biosensors. Unlike power applica-

tions, MFC sensors have the immediate prospect to be

practical. This review covers the latest developments

in various proposed biosensor applications using

MFCs including monitoring microbial activity, testing

biochemical oxygen demand, detection of toxicants

and detection of microbial biofilms that cause

biocorrosion.
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Introduction

As shown in Fig. 1, a classical microbial fuel cell

(MFC) setup has an anodic chamber with an anode

covered with an anaerobic biofilm to digest an organic

carbon (electron donor) source for the extraction of

electrons. The electrons are passed to the anode by the

electrogenic anodic biofilm. Electrons flow from the

anode via an external load (used to harvest the electric

power) to a cathode where they are used for the

reduction of an oxidant (electron acceptor) such as

oxygen on its surface. The following anodic and

cathodic reactions use acetate as an example for

organic carbon with oxygen as the terminal electron

acceptor for the MFC in Fig. 1. Energy is harvested by

the external load.

CH3COO
� þ 2H2O! 2CO2þ 7Hþ þ 8e� ðanodicÞ

ð1Þ

O2 þ 4e� þ 4Hþ ! 2H2 O (cathodic): ð2Þ

MFCs have been investigated intensively in the past

two decades for their potential applications in elec-

tricity generation from various types of organic

matters, especially those in wastewater. Tremendous

improvements have been made in various aspects of
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MFCs including better reactor designs, less expensive

anode and cathode materials and much improved

power output (Ren et al. 2015; Liu et al. 2015; Zhang

et al. 2015). MFC power output has been improved by

104-fold in the last two decades (Debabov 2008).

However, major hurdles still exist for MFCs in

practical power-generation applications. The highest

reported power density is about several W m-3 under

optimized conditions, which is far from the target

value of 1 kW m-3 for an energy self-sufficient

implementation (Li et al. 2014), but is far greater than

that needed for a small sensor device.

There is still a long way to go for MFCs to be

feasible as power generators except powering small

sensor devices (Zhou et al. 2013). In recent years,

more attention has been paid to hybrid MFCs appli-

cations such as acid and alkali production, desalination

and biosensors (Chen et al. 2012). One particularly

bright spot in recent MFC research is their application

as biological sensors.

A biosensor is an analytical device containing one or

more biological sensing elements and transducers to

produce a signal output (Lei et al. 2006). Due to ever

increasing concerns over the environment and stricter

environmental regulations, there is growing demand for

pollution monitoring, especially water quality monitor-

ing (Sara et al. 2006). Compared with conventional

sensors, electrochemical biosensors especially MFC-

based biosensors have shown great promises in recent

years due to their advantages, including high sensitiv-

ity, stability, and applicability for remote sites without

an electricity supply (Jouanneau et al. 2014; Sara et al.

2006). Researchers have investigated MFC-based

biosensor devices to test BOD, microbial activity,

microorganism load, presence of corrosive biofilms and

substances with cytotoxicity (Table 1).

MFC voltage output and power output are both

influenced by various environmental factors such as

organic compound type and concentration, tempera-

ture, pH, toxicants and inhibitors. This means apart

from serving as an alternate power source for remote

sensors, MFCs themselves may be used as sensors to

detect many parameters (Jiang et al. 2015; Modin and

Wilén 2012; Urı́aa et al. 2012). Though some reviews

(Dewan et al. 2014; Sun et al. 2015) briefly mention

MFC sensors with limited applications, this present

review summarizes the latest developments in various

biosensor applications using MFCs including moni-

toring microbial activity, testing BOD, detection of

toxicants, detection of microbial biofilms that cause

biocorrosion and some other unusual application.

Different types of MFC-based biosensors

BOD sensor for wastewaters

Biochemical oxygen demand (BOD) is a key param-

eter for water quality. A conventional assay is to

incubate a water sample at 20 �C for 5 days and

compare its dissolved oxygen (DO) with that before

incubation (Rice et al. 2012). This method is time and

labor intensive, and the data sometimes are not

consistent. Therefore, it is desirable to develop

alternative methods. One promising alternative is to

use an MFC for real-time and on-line BOD monitor-

ing. Once the MFC reactor has acclimated, it can

detect BOD in its feed water stream with fast response,

good sensitivity and a wide measurement range with

low maintenance (Jouanneau et al. 2014).

Some conventional BOD biosensors utilize physi-

cal transducers to monitor the change of the dissolved

O2 (DO) or light emission caused by bacterial

respiration, and then use the change of the electrical

or optical signal to estimate the BOD value. However,

a power supply is needed for these sensors (Liu and

Mattiasson 2002). In comparison, an MFC-based

Fig. 1 Classical dual-chamber MFC setup
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BOD sensor is self-powered. It readily provides the

voltage and current output without a transducer

(Peixoto et al. 2011). The current output or the

coulombic efficiency (CE) from the MFC has a linear

relationship with the (organic carbon) strength of the

wastewater (Chang et al. 2004; Peixoto et al. 2011).

This makes MFC-based BOD sensors attractive for

practical applications. Min and Angelidaki (2008)

designed a submersible MFC (SMFC)-based sensor to

detect BOD. Both the anode and cathode electrodes in

the anaerobic reactor were submerged in water

(Fig. 2a). Instead of partitioning the reactor vessel to

provide a cathodic chamber, a proton exchange

membrane provides an envelope that serves as the

cathode chamber. Air is fed into the envelope by a tube

to allow oxygen reduction on the cathode.

Similar to MFCs for power generations, there are

many factors that affect the stability and sensitivity of

the MFC-based BOD sensors, such as the DO

concentration in the cathode compartment, external

resistance and effluent flow rate. Optimization of the

various operating conditions can improve the perfor-

mance of the BOD sensors. The effluent flow rate in a

continuous flow BOD sensor has a direct relationship

with the response time and CE. Chang et al. (2004)

found that the CE of their BOD sensor was over 90 %

when the feeding rate was lower than 0.71 ml/min and

the yield fell to 77 % at 1.20 ml/min. The decrease

was due to an insufficient residence time for fuel

consumption.

High reproducibility and good performances using

different organic matters as fuel substances are key

Table 1 MFC-based biosensors

Parameter measured Power, voltage or current Detection range Reference

BOD5 0.26–0.90 mA 32–1280 mg l-1 Ayyaru et al. (2014)

0.063–0.55 mA – Lorenzoa et al. (2009)

72 mW m-2 17–183 mg l-1 Peixoto et al. (2011)

3.7–5.2 mA 20–200 mg l-1 Chang et al. (2004)

0.05–1.1 mA 2.6–206 mg l-1 Kim and Han (2013)

0.7–1.9 mA 50–100 mg l-1 Moon et al. (2004)

0.2–1.7 mA – Gil et al. (2003)

0.05–8 lA 2–10 mg l-1 Moon et al. (2005)

0.0015–0.2 mA – Kang et al. (2003)

Organophosphorus 0.005–0.042 mA 1–10 mg l-1 Kim et al. (2007)

Cd(II) and Pb(II) 0.005–0.035 mA 0.1–1 mg l-1 Kim et al. (2007)

Ni 0.15–2.25 mA 10–30 mg l-1 Stein et al. (2012a)

0.022–0.132 A m-2 0–88 mg l-1 Stein et al. (2012a)

Sodium dodecyl sulfate 0.85–1.7 mA 10–50 mg l-1 Stein et al. (2012a)

Bentazon 0.9–1.4 mA 1–3 mg l-1 Stein et al. (2012a)

Cu 0.7–1.5 A m-2 – Stein et al. (2010)

Formaldehyde 0.05 ± 0.04–0.1 ± 0.03 mA – Wang et al. (2013)

Quantification of E. coli 0.1–0.38 mA – Kim and Han (2013)

Microbial activity 0.6–12.4 A m-2 0–13 nmol l-1 Zhang and Angelidaki (2011)

0–0.30 mA – Tront et al. (2008)

Dissolved oxygen 5.6–462 mA m-2 0–8.8 mg l-1 Zhang and Angelidaki (2012)

9.5–17 mW m-3 – Vishwanathan et al. (2013)

0–0.092 mW 0–8 mg l-1 Oh et al. (2004)

Volatile fatty acids 0.22–1.29 mA 0–40 mg l-1 Kaur et al. (2013)

Anaerobic digestion process 0.01–0.095 mA – Liu et al. (2011)

Assimilable organic carbon 0–40 mA 0–75 mg l-1 Quek et al. (2015)
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advantages for an MFC-based BOD sensor. However,

it still has some drawbacks because bacteria varieties

are often limited, the limited types of organic

substances present and the metabolic rates are much

lower than those in other typical biosensors. There-

fore, to improve the performances of the sensors,

research is underway to select better electrogenic

microorganisms or microbial biofilm consortia that are

capable of metabolizing different organic substances

(Abrevaya et al. 2015a).

Toxicity sensors

Chemical analysis tools, such as GC, GC–MS, HPLC

and LC–MS, are routinely used to detect toxic

chemicals. However, they are not suitable or are too

expensive for on-site real-time monitoring (Choi and

Gu 2003). MFC-based sensors can fill the void,

providing a simple, fast, sensitive and low mainte-

nance method. Toxic substances inhibit the perfor-

mance of biofilms. An inhibition rate (I) is used to

show the effect of a toxic substance. I can be

calculated by the following equation (Kim et al. 2007):

I(% ) = CYnor � CYtoxj j=CYnor � 100: ð3Þ

The coulombic yield (CY) is calculated by inte-

grating MFC current output over time. CYnor and

CYtox are the CY of the MFC reactor fed with normal

wastewater and toxic wastewater, respectively. When

a toxin is present in the effluent to theMFC reactor, the

electrogenic biofilm covering the anode will be

inhibited in its ability to oxidize the organic matter

in the effluent. Fewer electrons are harvested, resulting

in fewer electrons transferred to the anode by the

biofilm. This is reflected by a decline in the observed

current output (Fig. 2b). Thus, MFC-based toxicity

Fig. 2 MFC-based sensors for in situ monitoring of BOD and toxicity: a a common schematic diagram of the SMFC (Min and

Angelidaki 20088), b the measuring principle (Kim et al. 2006), and c a micro-sensor (figure drawn after Davila et al. 2011)
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biosensors can be standardized to yield quantitative

results because the inhibition rate or the decline of

current output is related to amounts of the toxic

substances. A new on-line biomonitoring system using

an MFC for the detection of toxic compounds in water

systems has been developed (Kim et al. 2007).

Davila et al. (2011) microfabricated a 144 ll sensor
(Fig. 2c) consisting of a proton exchange membrane

placed between two silicon wafers (anode and cath-

ode). Geobacteraceae sulfurreducens was used to

form the anodic biofilm to oxidize organic carbon in

the effluent. O2 was reduced on the cathodic surface.

The device performed well as a toxicity biosensor

when tested with formaldehyde.

Various types of toxicants can be monitored by

MFC-based sensors. Kim et al. (2007) detected Cd(II)

and Pb(II) at 0.1 to 1 mg/l using a dual chamber MFC.

Sodium dodecyl sulfate and bentazon at, respectively,

10–50 mg/l and 1–3 mg/l were also been monitored

using an MFC-based sensor (Stein et al. 2012b).

Compared with traditional methods, using MFC-

based sensors to detect toxic chemicals has many

advantages. However, there are still some shortcomings,

such as non-specificity for the involved compounds and

the requirement for microorganisms with sufficiently

high biological activities. Furthermore, the main disad-

vantage limiting their application is due to the low

sensitivity, which needs optimization in terms of control

modes and flow configurations (Jiang et al. 2015).

Monitoring microbial activities

MFC-based sensors can also monitor microbial activ-

ities (MA) and the number of microorganism in situ

using relationships between the current and the

microorganisms. The principle of in situ monitoring

of MA and quantification of microbial biomass can be

divided into two categories. One of the common

methods used to determine MA is through the

measurement of microbial respiration. Tront et al.

(2008) found that the current of their MFCs correlated

with the activity of the biofilm covering the anodes

because the respiration of the sessile cells was

responsible for the electron transfer to the anode.

One limitation of this method is that this type of MFC-

based biosensor is good only for anaerobic biofilms.

Another drawback is that the sensors assessed the MA

of the anodic biofilms and used the MA to reflect

sessile cells elsewhere at a monitoring site. Thus, the

measurements were indirect and might be inaccurate

since the anodic biofilm could change over time during

the operation of the MFC-based sensor. Fresh anodes

are needed from time to time to allow the adhesion of

new biofilms that better reflect the microbes at the

monitoring site (Jiang et al. 2010).The other method

used to monitoring MA is through utilizing other

suitable parameters to replace the biomass concentra-

tion as an expression of the active microorganisms

concentration. Zhang and Angelidaki (2011) selected

the concentration of ATP, that could indicate the total

number of living microorganisms accurately as the

indicator for the presence of microbial activities and

then investigated the relationship between ATP con-

centration and current density. The results showed that

the current density had a linear relationship with the

concentrations of active microorganisms from 0 to

6.5 nM ATP. Compared with the first method, this

method is faster and more accurate.

One specific example is the fast detection and

quantification of Escherichia coli. Patchett et al.

(1988) tested an MFC with thionine as an electron

mediator that exhibited a proportional relationship

between the steady-state current output and the

number of E. coli cells. This sensor provided a new

method for the rapid enumeration of bacteria. It was

also very sensitive with a detection limit of 105 cells

m1-1. Thus, the MFC method has a great appeal.

Compared with other methods used for monitoring

microorganisms, the current generated in MFC-based

sensors by bacteria grown under different conditions

must be investigated. Furthermore, not all of the

bacteria can be monitored effectively. For example,

non-electrogenic bacteria do not utilize electron

mediators. Thus, they are not directly involved in the

current generation.

Monitoring of corrosive biofilms

Biocorrosion, also known as microbiologically-influ-

enced corrosion (MIC), is caused by corrosive

biofilms. It is a major problem in the oil and gas

industry as well as some other industries such as water

utilities. Flemming (1994) estimated that 20 % of all

corrosion losses could be attributed to biocorrosion,

which amounts to more than $50B each year in the US

alone. There are two primarily types of biocorrosion

mechanisms (Xu et al. 2013). Fermentative microbes

secrete corrosive metabolites such as organic acids.
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This type of biocorrosion is relatively easy to detect

because it typically involves a low pH. The other type

is more difficult to detect. Oil pipelines provide an

anaerobic environment for anaerobic microbes such as

sulfate-reducing bacteria (SRB). SRB can switch to

elemental iron (Fe0) as an electron donor to replace the

carbon source during starvation. This respiration

process causes corrosion that is explained by the

following reactions (Xu and Gu 2014):

Oxidation: 4Fe ! 4Fe2þ þ 8e� ð4Þ

Reduction: SO2�
4 þ 9Hþ þ 8e� ! HS� þ 4H2O:

ð5Þ

The extracellular electrons in Eq. (4) must be

transported across cell wall to the SRB cytoplasm

where sulfate reduction occurs under enzyme cataly-

sis. Only electrogenic biofilms can transfer electrons

across a cell wall.

The detection of corrosive biofilms is crucial in the

decision-making of whether to use biocides and/or

mechanical pigs for their mitigation. Existing biofilm

sensors rely on applying an external electrical field to

detect electrical resistance changes across a biofilm

(George et al. 2006; Bruijs et al. 2001). However, this

interferes with the biofilm metabolism (Janknecht and

Melo 2003). Also as these sensors cannot distinguish a

mineral film from a biofilm, a passive sensor without

an external voltage is desired to avoid false results

(Janknecht and Melo 2003).

Gu (2012) proposed the measurement of electro-

genicity as an indicator of the presence of a corrosive

biofilm and its ability to attack a metal. Figure 3 shows

a passive MFC-based biofilm sensor for electrogenic

biofilms. A solid-state anode provides electrons to

the feed the cathodic biofilm. If a corrosive biofilm,

such as an SRB biofilm, attaches to the cathode the

electrogenic biofilm will transfer the biofilm to the

cytoplasm of sessile cells to reduce sulfate (Xu and Gu

2014). The open circuit potential can be used to tell

whether sulfate reduction, nitrate reduction, etc. is

occurring at the cathode after calibration. The closed-

circuit current flow measures the ability of the cathodic

biofilm to transport extracellular electrons (i.e., elec-

trogenicity), which is a bottleneck for an electrogenic

biofilm to biocorrosion (Zhang et al. 2015).

An inert coupon (e.g., graphite coupon) may be

placed in a pipeline or storage tank to allow a biofilm

to grow on its surface. The coupon can be retrieved

and inserted as the biocathode into a test cell on a base

station for voltage and current measurements.

Because of its simplicity, this kind of disposable

biofilm detection kit will likely be ready for field uses

in the near future. For online detection, much more

development work will be needed. Field systems have

fluids that cannot be replaced in situ with a simple

sulfate or nitrate solution to avoid interference.

Moving parts in a sensor or probe are undesirable for

pressurized pipelines. It may be possible to prevent

fouling of the anode by wrapping it with a membrane.

It is more likely that such an online biofilm sensor will

be deployed in a seawater injection pipeline, before a

more complicated oil transport pipeline.

Other sensor applications

There are several other potential applications based on

published research. Liu et al. (2011) designed a low-

cost MFC system to monitor an anaerobic digester.

The system consisted of an up-flow anaerobic fixed-

bed (UAFB), a gas–liquid separator and a wall-jet

MFC. External recirculation coupled the liquid–gas

separator and the two MFC sensors. One of the two

MFCs had an anode covered with an electrogenic

biofilm, and the other had no pre-immobilized biofilm.

Therefore, by analyzing the potential data, the condi-

tions in the digester could be monitored. These kinds

of MFCs are low cost and can be coupled with

different types of reactors.

Fig. 3 Schematic of a membrane-less MFC-based corrosive

biofilm sensor with a biocathode in a liquid solution containing

oxidant(s) such as sulfate and nitrate (after Gu 2012)
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Volatile fatty acid (VFA) concentrations are a key

parameter for some bioprocesses such as anaerobic

digestion. MFC voltage and current output can be

correlated with VFA concentrations in the effluent

(Kaur et al. 2013). It is even possible to distinguish

among different species of VFA using cyclic voltam-

metry and columbic efficiency. MFCs may be used to

distinguish non-fermentable substrates (e.g., acetate

and butyrate) from fermentable substrates (e.g., glu-

cose and starch) by analyzing their peak areas (Feng

et al. 2013).

Conclusion and future prospects

MFC technology still faces major hurdles in real-

world applications for power generation using organic

matter in wastewaters except powering small sensor

devices. Some researchers have developed applica-

tions in other areas. One particularly promising MFC

application is the use of MFCs as biosensors. MFC-

based biosensors show remarkable promise in the

monitoring of BOD, the presence of toxic substances,

DO, presence and corrosivity of corrosive biofilms,

VFA and anaerobic digester performances. These

sensors tend to be low cost and self-powered with real-

time online monitoring capabilities. Some of them

may see actual deployment in the next few years.
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