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ABSTRACT

Fumarate is of great importance as it is an oncometabolite as well as food spoilage indicator. However,
cost-effective and fast quantification method for fumarate is lacking although it is urgently required. This
work developed an electrochemical whole-cell biosensing system for fumarate quantification. A sensitive
inwards electric output (electron flow from electrode into bacteria) responded to fumarate in Shewanella
oneidensis MR-1 was characterized, and an electrochemical fumarate biosensing system was developed
without genetic engineering. The biosensing system delivered symmetric current peak immediately
upon fumarate addition, where the peak area increased in proportion to the increasing fumarate con-
centration with a wide range of 2 pM-10 mM (R?=0.9997). The limit of detection (LOD) and the limit of
quantification (LOQ) are 0.83 pM and 1.2 pM, respectively. This biosensing system displayed remarkable
specificity to fumarate against other possible interferences. It was also successfully applied to samples of
apple juice and kidney tissue. This study added new dimension to electrochemical biosensor design, and

Bioelectrochemical system

provide a simple, cost-effective, fast and robust tool for fumarate quantification.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fumarate is a key intermediate in the tricarboxylic acid cycle
(Kerbs cycle) and plays crucial roles in the fundamental processes
of energy metabolism as well as lipids and amino acids bio-
synthesis. Abnormal accumulation of fumarate due to fumarate
hydratase (FH, responsible for hydration of fumarate to malate,
also served as tumor suppressor) mutation is one of the main
causes of hereditary leiomyomatosis and renal cell cancer (the top
10 most common malignancies) (King et al., 2006; Pollard et al.,
2005; Siegel et al., 2012; Tomlinson et al., 2002; Toro et al., 2003).
Therefore, it is considered to be an oncometabolite (Yang et al.,
2012, 2013), and might be a potential biomarker for early diag-
nosis of FH-associated cancer diseases. Besides, fumarate also
presented in beverages, baking powders and candy due to mi-
crobial spoilage or impurity from synthetic additives (Kvasnicka
and Voldrich, 2000; Lee and Wrolstad, 1988), and thus becomes an
important indicator for quality inspection of food products
(Kvasnicka and Voldrich, 2000; Trifiro et al., 1997).

So, development of new methods for fast, sensitive, and cost-
effective detection of fumarate are of great interest and
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importance for disease diagnosis, cancer research and food quality
control/inspection. High-performance liquid chromatography
(HPLC) and ion chromatography are commonly used for fumarate
determination in different fruit juices or animal samples (Baati
etal., 2011; Jham et al., 2002; Kvasnicka and Voldrich, 2000; Trifiro
et al., 1997). After methyl- or butyl-esters derivation, gas chro-
matography (GC) analysis was applied for fumarate detection in
different food samples (Barden et al., 1997; Jham et al.,, 2002).
Capillary isotachophoresis (cITP) combined with capillary zone
electrophoresis, or capillary electrophoresis-mass spectrometry
were developed for sensitive quantification of fumarate in fruit
juice, feed additive, or plant leaves (Blatny et al., 1996; Kvasnicka
and Voldrich, 2000; Wakayama et al., 2010). But the problems
associated with these physic-chemical methods include compli-
cated sample pretreatment (solid phase extraction or derivation),
or expensive equipment, or low specificity (Table S1).

Biosensing provides an alternative analytical method with low
cost, high specificity and high sensitivity (Su et al., 2011; Yong and
Zhong, 2009). More impressively, whole-cell biosensor is able to
provide unique bioavailability information of analytes which other
methods are incapable of (Su et al., 2011). Up to date, there is only
one whole-cell biosensor for fumarate detection was developed
(Ganesh et al., 2013). By fusing a GFP protein with a well-designed
chmimeric DcuS/EnvZ two component system, Ganesh et al. (Ga-
nesh et al., 2013) developed a fumarate biosensor by using Es-
cherichia coli cells. This biosensor produced GFP fluorescence in
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response to fumarate and was used for fumarate quantification
with the help of a fluorospectrophotometer (Table S1). However,
this traditional whole-cell biosensor need complicated strain
modification process with genetic engineering, and can not pro-
vide readable output (electric signaling) without complicated
equipment, which in turn limited its application.

Electrochemical whole-cell biosensor, which directly delivered
readable electric output without additional transducer, was con-
sidered as one of the most promising biosensing method (Golitsch
et al.,, 2013; Wang et al., 2013; Webster et al., 2014). Thus, this
work, for the first time, attempted to develop an electrochemical
whole-cell biosensor for fumarate quantification. In Shewanella
oneidensis MR-1 cells, the electrons from solid electrode could be
passed to cells (bacterial inwards electron transfer) (Li et al., 2014;
Ross et al., 2011; Thomas et al., 2013; Wu et al,, 2013; Yong et al.,
2014). As fumarate reductatse directly linked with bacterial outer-
membrane redox proteins responsible for electron transfer (Li
et al., 2014; Ross et al., 2011), we proposed that, the inward elec-
trons would be used for fumarate reduction, and thus the change
of inwards current might serve as output signal to reflect the
fluctuation of exogenously added fumarate (input) (Fig. 1a). In the
light of the unique character of S. oneidensis MR-1, an electro-
chemical whole-cell biosensor for fast, sensitive, and selective
quantification of fumarate was developed, and was successfully
applied to analyze the food and tissue samples.

2. Materials and methods
2.1. Bacteria culture

LB broth (peptone 10 g/L, yeast extract 5 g/L, NaCl 5 g/L, pH 7.0)
was used as the growth medium for S. oneidensis MR-1 in sus-
pension culture. Glycerol stocks of S. oneidensis MR-1 was streaked
on LB agar plate and grown overnight at 30 °C. A single colony was
inoculated to 5 ml fresh LB medium and cultivated overnight at
30 °C with shaking (200 rpm). Then, 0.5% (v/v) inoculum was pi-
petted into LB medium and cultivated at 30 °C with shaking
(200 rpm), cells were harvested by centrifugation, then re-sus-
pended in the anolyte (5% LB medium and 95% M9 minimal
medium, 18 mM lactate) (Peng et al., 2010; Yong et al., 2014; Yu
et al., 2011). The cell suspensions were transferred into the three-
electrode electrochemical cell (120 mL or 12 mL) and the test was
performed at room temperature.

2.2. Sample preparation

All animal experimental procedures have been reviewed and
approved by the Animal Experimentation Ethics Committee of the
Faculty of Pharmacy of Jiangsu University, China. The study has
been performed using female Wistar rats. Kidney samples were
prepared as described elsewhere with minor modification (Baati
et al., 2011). Kidney were extracted, washed with a 0.9% NaCl so-
lution and stored at —20 °C until analysis. 0.5 g of kidneys was
added to 0.5 mL of SDS (0.1 M) in 10 mL glass tubes, and spiked
with different amount of fumarate. After homogenization, 1 mL of
phosphate buffer (0.04 M, pH=2.5), 1.5 mL of methanol and 1 mL
of acetonitrile were added. Then, the mixture was stirred for 1 h at
room temperature. After centrifugation (8000 x g, 10 min), the
organic phase was collected and filtered through a 0.22 pm sterile
syringe filter. The pellet was extracted again under the same
conditions. Then, the supernatant of extraction was pooled and
evaporated at 40 °C, and the dry residue was dissolved in 0.5 mL
Mili-Q water for further biosensing assay.

For apple juice samples, 5 mL fresh apple juice (spiked with
different amount of fumarate) or spoiled apple juice (mold
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Fig. 1. (a) Schematic of the developed biosensing system (Inset is the mechanism of
fumarate transformation catalyzed by fumarate reductase). (b) The electric response of S.
oneidensis MR-1 to fuamrate (the pink solid arrow indicates the injection of the fuma-
rate, the dotted line arrows indicates sampling points for HPLC analysis in Fig. 1c).
(c) HPLC analysis of fumarate and succinate transformation during the bioelec-
trochemical catalysis process (Inset is the enlarged view of the selected area; pink line
(line a) indicates the HPLC profile of the sample immediately taken after fumarate ad-
dition (point ‘@’ shown in Fig. 1b); black line (line b) represents the sample taken at the
mid-phase of the bioelectrochemical reaction (point ‘b’ shown in Fig. 1b); blue line (line
c) represents the sample taken at the end of the bioelectrochemical reaction (point ‘c’
shown in Fig. 1b)).
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contaminated apple juice incubated at 30 °C for different days)
was extracted with 10 mL ethyl acetate for three times. Then, the
organic phase was pooled, filtrated and evaporated to dryness at
40 °C. The residue was dissolved in 0.5 mL Mili-Q water for further
biosensing assay.

2.3. HPLC analysis

The concentrations of fumarate and succinate were quantita-
tively analyzed by HPLC (Shimadzu, Japan) equipped with a C18
column (5 pm particle size, 250 mm x 4.6 mm i.d.) (Baati et al,
2011; Ryu et al., 1999). The mobile phase consists of acetonitrile,
water and phosphoric acid in the ratio of 2:98:0.05 (v/v/v), and the
flow rate used is 0.5 mL/min. The column temperature is 35 °C and
the wavelength of detection is 210 nm.

2.4. Bioelectrochemical system (BES) setup

All electrochemical measurements were carried out with CHI
660E electrochemical workstation or CHI1000B potentiostat
(Chenhua Instruments Co., Ltd., Shanghai, China). A platinum wire
electrode and a saturated calomel electrode (SCE) were used as
counter electrode and reference electrode, respectively. A
4 cm x4 cmor1cm x 1.6 cm carbon cloth pretreated with acetone
and HCl was used as the working electrode. The BES operation was
conducted in a 120 mL or 12 mL glass bottle with three electrodes
inserted through the cap. All potentials are reported vs. SCE.

2.5. Biosensing assay

Biosensing assay was conducted in three-electrode BES cell.
When bacterial suspension (suspended in electrolyte) was trans-
ferred into a sterile BES cell, the potential of the working electrode
was poised at —0.6 V (vs. SCE) using CHI1000B potentiostat. After
about 30 min of acclimation under the poised, different volume of
concentrated fumarate solution (1 M) or fumarate samples was
added into each BES cell. The BES cell without fumarate addition
served as the control. The change of the current upon fumarate
addition was continuously monitored by a potentiostat (CHI1000B,
Chenhua Instrument Co., Ltd., Shanghai, China).

3. Results and discussion
3.1. Biosensing system development

In order to develop the electrochemical biosensing system, a
sensing module/protein, which specifically responded to the ana-
lyte and had electrochemical activity, should be screened out first.
Fumarate reductase, which specifically catalyzed a fumarate re-
duction accompanied by electron transfer (Leys et al., 1999; Ross
et al,, 2011), was considered to be a potential candidate. Interest-
ingly, S. oneidensis MR-1 contained a unique fumarate reductase
localized to the periplasmic and actively interacted with the cell
membrane associated electron transfer pathway (Li et al., 2014;
Ross et al., 2011) (Fig. 1a). The fumarate reduction was investigated
by using cyclic voltammetry. In accordance with previous report
(Ross et al., 2011), upon addition of fumarate, a catalytic waveform
with a mid-point potential of ~0.6V (vs. SCE) corresponding to
fumarate reduction was observed (Fig. S1). Thus, based on the
cyclic voltammetry result (Fig. S1) and previous reports (Ross
et al., 2011; Yong et al., 2014), the potential of —0.6 V was used to
enable the fumarate reduction. Next, the relationship between
electron transfer and fumarate reduction of S. oneidensis MR-1 was
further investigated in a BES cell with three-electrode system.
When the anode was poised at —0.6V, a negative current
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Fig. 2. Biosensor dose-dependent response to fumarate. (a) Current baseline and
biosensor response to 100 pM furmarate (Inset is the enlarged view of the selected
area for baseline assessment). (b) Biosensor response to fumarate with different
concentration (batch mode, 50 1M, 100 1M, and 1 mM). (c) Biosensor response to
successively added fumarate. The arrow indicates the injection of the fumarate.

represents inward electron transfer (defined as electrons flow
from the electrode into cells) increased immediately upon fuma-
rate addition, while it decreased to the baseline level once the
fumarate was exhausted (Fig. 1b and c). However, this inward
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current could be abolished by disruption of fumarate reductase or
electron transfer related membrane proteins (Ross et al., 2011).
More interestingly, fumarate consumption and succinate produc-
tion during inward electron transfer process which corresponding
to fumarate reduction was observed as determined by HPLC ana-
lysis (Fig. 1c). These results implied that the inward current linked
to fumarate reduction in S. oneidensis MR-1. Thus, it is likely to use
this inward electron flow for fumarate (Fig. 1a).

Then, the analytical reliability of this S. oneidensis MR-1 BES cell
was tested. As expected, a stable current (attributed to the re-
duction of redox enzymes and electron shuttles in the S. oneidensis
cells and the electrolyte) with little fluctuation (1.26 + 0.09 pA)
which could be served as baseline was obtained only several
minutes after the poised potential (—0.6 V) was applied on the
anode of BES cell (Fig. 2a). Compared with other mediator-less
whole-cell bioelectrochemical biosensors (Kim et al., 2003; Wang
et al., 2013) in which a biofilm development process is indis-
pensable to get stable baseline, the time for stabilization in the
assay developed here is much shorter as there is no need of bio-
film formation process. More strikingly, upon fumarate (100 pM)
injection, the current output immediately increased and reached
the peak current within about 110 s (Fig. 2a). Further, the current
output signal decreased quickly to the baseline, which resulted in
a uniform current peak in response to fumarate addition (Fig. 2a).
Thus, this biosensing system consists of a three-electrode BES cell
with S. oneidensis MR-1 suspension could be used for fumarate
detection, and it is likely to develop a quantification method for
fumarate by using the current peak as the biosensing output.

The amount of the catalyst used largely affected the biosensing
output and should be optimized. For whole-cell system, it was
usually determined by the specific enzyme activity and cell
amount (or cell concentration with a fixed volume). In this study,
the specific enzyme activity of fumarate reductase showed good
correlation with the cell growth phase, and reached its highest
activity at the early stationary growth phase (16 h) (Fig. S2a and b).
Moreover, optimization based on the intensity of biosensor output
was performed and the result indicated 16 h was the optimum
cultivation time (Fig. S2¢), which was in good agreement with the
results of enzyme activity. Thus, cultivation time of 16 h under
strict cultivation conditions (inoculum size 0.5% (v/v), LB medium,
30 °C, 200 rpm) were fixed to get the optimum biosensor output.
The consistence of specific enzyme activity of cells (i.e., fumarate
reductase activity per cell in this study) could be guaranteed by
strictly controlling the cultivation time in well-defined culture
conditions as previous reports (Schenkmayerova et al., 2013; Tang
et al., 2014). Because the microbial enzyme expression usually
correlated with the cell growth, and the cell growth profile was
well reproducible under the same culture conditions. Then, the
cell concentration used was optimized based on the peak current
upon fumarate addition, and an optimized concentration of
ODggo=1.5 (1.5 + 0.1 x 108 CFU/mL) was selected for further ex-
periment (Fig. S2d).

3.2. Quantification of fumarate with the developed biosensing
system

Next, the concentration response to fumarate by the developed
biosensing system was determined in order to achieve quantita-
tive assay. Upon the addition of different concentrations of fu-
marate, the current output immediately increased and formed
uniform peaks with different height and area, respectively
(Fig. 2b). As the current output quickly decreased to baseline level
once the fumarate reduction completed and fumarate was ex-
hausted (Figs. 1 and 2), it is possible to successively detect the
fumarate by using this biosensing system. As shown in Fig. 2c,
when different concentration of fumarate was successively added
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rent peak area and fumarate concentration (Inset is the enlarged view of the se-
lected low concentration area). (b) Effect of interferences (1 mM) on biosensor
response.

into the biosensing system, uniform and separate current peak
series were obtained, which suggested that the developed system
could be used for on-line/continuous monitoring.

The calibration curve of this biosensing system was then de-
termined. As the current output represents the inward electrons
that were consumed by the fumarate reduction, the charge (cor-
responding to total electrons) transferred from the electrode to the
cells should reflect the fumarate amount added (as well as the
concentration in fixed volume). Therefore, the current peak area
corresponding to total charge transferred might be in proportional
to the fumarate amount/concentration. The relationship between
fumarate concentration and current peak area were analyzed. As
indicated in Fig. 3a, the peak area showed good linear relationship
(R*=0.9997) with the fumarate concentration ranging from 2 pM
to 10 mM. The limit of detection (LOD, defined as 3 times of
baseline noise (Yong and Zhong, 2009)) determined was 0.83 pM
(S/N=3), while the limit of quantification (LOQ, defined as 10
times of baseline noise (Yong and Zhong, 2009)) determined was
1.2 pM (S/N=10). Compared with the conventional physic-che-
mical methods, the LOD obtained by this system is about 20 times
lower than chemometric method (Sokullu et al., 2010) and about
2 times lower than HPLC method (Baati et al., 2011), and also with
a much wider detection range. More impressively, the system
developed here showed about 2 orders of magnitude lower LOD
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than the reported sole fumarate whole-cell biosensor (Ganesh
et al,, 2013).

Specificity is one of the most important parameters for an
analytical method. Thus, different possible interferences with si-
milar molecular structure to fumarate (succinate, citrate and
maleate) and the most predominant organic compound (glucose)
were added into the biosensing system, the electric output was
monitored respectively. As shown in Fig. 3b, for all of these pos-
sible interferences analyzed, the relative response delivered is
negligible ( < 4%). For example, glucose and maleate only delivered
less than 1% relative response compared to fumarate. For succi-
nate, the product of fumarate reduction, only marginal relative
response (1.9%) was observed. The results indicated the biosensing
system developed here was highly specific to fumarate which
might ascribe to the substrate specificity of fumarate reductase.

Moreover, possible interference from microbe contamination
during sample injection is another concern for practical applica-
tion. As the electrochemical interaction between the fumarate
reductase and outer-membrane redox proteins (the key mechan-
ism for electrochemical response to fumrate) is unique to S. onei-
densis (Ross et al., 2011), other bacteria such as E. coli and Pseu-
domonas aeruginosa did not produce significant response to fu-
marate addition under the biosensing conditions used here. In
addition, microbial contamination from sample injection also did
not significantly affect the biosensor output (Fig. S3). These results
suggested that this biosensing system was robust enough and was
promising for further practical applications. However, microbial
contamination should be always taken into account (esp. for long-
term operation), further work on special device design, genetic
engineering, or cell immobilization might be useful to eliminate
the possible effect of microbial contamination.

The storage stability was evaluated by measuring the response
of this closed biosensing system stored at 4 °C during the testing
period. It was found that this biosensing system had good storage
stability for at least 10 days (Fig. 4a). The good long-term storage
stability might ascribe to the excellent low temperature resistance
of S. oneidensis MR-1 (Abboud et al, 2005). Furthermore, the
reusability was investigated with 100 pM fumarate. Impressively,
about 94-101% relative biosensor output was obtained during 30
times successive detection (Fig. 4b), which suggested that this
biosensing system could be reused for at least 30 times.

3.3. Application to different samples

To establish the credibility of this newly developed biosensing
method, various samples contained different amount of fumarate
were tested. As shown in Table 1, the fumarate amount in the
water samples quantified by the biosensing system was in good
agreement with the real amount spiked. The recovery of all
measured samples was between 92% and 120%, while the coeffi-
cient of variation (CV) was between 1.7% and 11%. The results in-
dicated this biosensing system is reliable towards fumarate
quantification.

As fumarate quantification is of great importance for food in-
dustry and disease diagnosis, apple juice or mice kidney spiked
with different amount of fumarate served as the synthetic spoiled
food or tumor samples were analyzed using the developed bio-
sensing system. There was no significant detectable biosensor
output was obtained when applied to the fresh apple juice and
mice kidney samples without fumarate addition (control samples),
which indicated the possible interference from food and tissue
samples was negligible. When the synthetic spoiled food or tumor
samples (the fumarate concentration used here covered the re-
ported representative fumarate concentration in real samples
(Pollard et al., 2005)) were applied, the fumarate concentration
was quantified by the developed biosensing system and HPLC,
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Fig. 4. (a) Long-term storage stability and (b) reusability of this whole-cell bio-
sensing system. (c) Fumarate quantification for spoiled apple juice contaminated by
mold with biosensing assay and HPLC analysis, respectively. X-axis indicates the
time for samples incubation with spoilage mold before analysis. Statistical sig-
nificance of differences was analyzed by t-test (biosensing assay vs. HPLC assay for
the same sample), and no significant difference (P> 0.1) was observed between the
results from biosensing assay and HPLC assay.

respectively. As shown in Table 2, the quantification results ob-
tained corresponded well to their real concentration as well as the
HPLC quantification results with high recovery (91.2-113%) and
low CV (3.1-8.2%). Furthermore, apple juice spoiled by mold was
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Table 1
Quantification results of water samples spiked with authentic fumarate.

Fumarate (pM) CV4(%) Recovery (%)
Spiked Determined by biosensor (mean)
4.00 4.03 6.4 101
31.0 294 3.4 94.9
100 925 1 925
600 630 7.6 105
2000 2400 1.7 120
7000 6917 4.8 98.8

2 CV, coefficient of variation (n=3).

Table 2
Quantification results of synthetic food or tissue samples.

Fumarate CVA(%)  Recovery” (%)
Addition Determined by
HPLC (mean)  biosensor (mean)
Apple juice (pM)
10 103 104 31 104
50 49.6 45.6 52 91.2
250 289 282 6.9 113
Mice Kidney (mg g~ '/uM)
0.30/80 NT¢ 0.30/80 8.2 100
0.58/150 NT 0.56/145 5.5 96.6
1.34/350 NT 1.25/327 5.5 93.3

2 CV, coefficient of variation (n=3) for biosensor assay.
b Recovery for biosensor assay.
¢ Not tested.

analyzed by the developed biosensing assay and HPLC, respec-
tively. The fumarate concentration quantified by the biosensing
assay was in accordance with the HPLC analysis, which showed a
significant increase on fumarate concentration with the prolonged
incubation/spoilage time (Fig. 4c). Interestingly, the fumarate
concentration from biosensing assay was a little lower (although
not significant) than that from HPLC assay (Fig. 4c), which might
due to the biosensing assay was only accessible to the bioavailable
fraction while the HPLC assay detected the total amount without
bioavailability information (D’Souza 2001). This is one of the ad-
vantages of the biosensing assay (bioavailability information) over
the physic-chemical assay (D’Souza 2001). The results verified that
fumarate would be served as an indicator for food spoilage and
confirmed that this biosensing assay had good reliability and va-
lidity for different samples.

4. Conclusion

An electrochemical biosensing system based on bacterial in-
ward electron transfer was developed by using S. oneidensis MR-1.
When the working electrode was posied at —0.6V, a stable
baseline was obtained within 10 min with little fluctuation. By
employing the inwards current as the indicator, fumarate injection
resulted in uniform current peak which showed high specificity. A
linear calibration curve with high regression factor (R*=0.9997)
was obtained with extremely wide fumarate concenrations (2 pM
to 10 mM). The biosensing method developed showed good re-
liability, and had lower LOD than reported physical-chemical or
biosensing methods. Trace monitoring may be further developed
by integrating chip design or microfluid devices, and cell im-
mobilization or special device design for practical application is

also worth to be explored. To the best of our knowledge, this is the
first biosensing system based on bacterial inwards electron
transfer flow, and also is the first electrochemical method for fu-
marate detection. The idea to employ the bacterial inherent elec-
tron transfer pathway and redox enzyme for constructing bioe-
lectrochemical sensing system, adds new dimension to whole-cell
biosensor design.
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