
Electrochimica Acta 170 (2015) 131–139
Electrochemical in situ FTIR spectroscopy studies directly extracellular
electron transfer of Shewanella oneidensis MR-1

Le-Xing You a, Lu Rao a, Xiao-Chun Tian a, Ran-Ran Wub, Xuee Wua, Feng Zhao b,*,
Yan-Xia Jiang a,*, Shi-Gang Sun a

a State Key Laboratory of Physical Chemistry of Solid Surfaces, Department of Chemistry, College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, Fujian Province, PR China
bKey Laboratory of Urban Pollutant Conversion, Institute of Urban Environment, Chinese Academy of Sciences, Xiamen 361021, Fujian Province, PR China

A R T I C L E I N F O

Article history:
Received 11 March 2015
Received in revised form 24 April 2015
Accepted 24 April 2015
Available online 27 April 2015

Keywords:
S. oneidensis MR-1
electrochemical in situ FTIR spectroscopy
extracellular electron transfer
mutant
carbon dioxide

A B S T R A C T

Cyclic voltammetry (CV) and electrochemical in situ FTIR spectroscopy (in situ FTIRS) were used to
investigate the directly extracellular electron transfer (EET) of Shewanella oneidensis MR-1 wild type and
4omcA-4mtrC mutant in this work. The CV results illustrate that the mutant still possesses electron
transfer capability, but much weaker than the wild type does. In this in situ FTIRS study, some new IR
bands ascribing to OmcA-MtrC protein and CO2 were firstly collected. The EET process can be evaluated
through monitoring the intensity of these bands. In water solution, the wild type has a band at 1742 cm�1

of n(C = O) while the mutant has one at 1712 cm�1 of n(C = O) during EET process. However, the band at
1742 cm�1 disappears but the band at 1712 cm�1 appears when wild type is in deuterated water solution;
it is noteworthy that 1742 cm�1 can reappear after the sodium lactate was added into the solution. For
4omcA-4mtrC mutant, the 1712 cm�1 band is present in both water and deuterated water solution. These
all suggest that the band at 1742 cm�1 is ascribed to the OmcA-MtrC protein while the band at 1712 cm�1

belongs to some unknown protein. Meanwhile, we have also found that the band at 2342 cm�1 is
contributed by CO2 produced by the bacterial metabolism. The CO2 band in the wild type was larger than
that in the mutant whether the two bacteria were fed lactate or not, the data implied that electron
transfer capability of the wild type is stronger than that of the mutant. We thus proposed that the amount
of CO2 can serve as a key index to evaluate the EET capability. Electrochemical in situ FTIRS is much
stronger in quantitatively explanation why the wild type has a greater electron transfer capacity
compared with the mutant; the function of OmcA-MtrC protein in EET process can be extracted during
cell respiration.

ã 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Shewanella oneidensis (S. oneidensis) MR-1, as a model bacteri-
um for extracellular electron transfer (EET), can respire organic
compounds and minerals. In this course, the bacterium transfers
electrons from electron donors (i.e., lactate, glucose) to electron
acceptors, while the cell own living demand is also satisfied [1].
Many researchers focus on studying the protein functions in S.
oneidensis MR-1 as well as the interaction between the proteins
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and the electron acceptors, [2–7] such as Fe2O3, MnO2 and
electrodes [8]. How bacteria transfer electrons, a key scientific
issue in bioelectrochemical systems, is under intensive research
currently. It has been reported that there are two kinds of EET
pathways: (1) Electrons can be indirectly transferred by electron
shuttles, for example, riboflavin, a metabolite secreted from S.
oneidensis [9,10]. (2) Electrons can be directly transferred from
series proteins in the cell membrane, e.g. c-type cytochromes [11–
14]. OmcA is an 83-kDa decaheme cytochrome with 708 amino
acids while MtrC is 77-kDa decaheme cytochrome with 671 amino
acids. In the directly EET pathway via series proteins (Scheme 1),
OmcA-MtrC, as outermost proteins in the cell outer membrane,
play a very important role in transferring electrons [4,11].

Although electron transfer in the cell is complex, a current
signal is able to provide information about EET from a perspective
of electrochemistry [15]. Previous works have indicated that
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Scheme 1. c-type cytochromes in electron-transfer chain terminal of (a) S.
oneidensis MR-1 wild type and (b) 4omcA-4mtrC mutant [9].

Fig. 1. Cyclic voltammograms in 50 mM PBS (a) and 50 mM PBS + 10 mM sodium
lactate (b), at an Au polycrystalline electrode (dashed dot line), S. oneidensis MR-
1 wild type modified Au electrode (solid line), and4omcA-4mtrC mutant loaded Au
electrode (dot line) at pH 7; and the inset is enlarged drawing of Fig.1 (a) with upper
limit potential of 0.4 V; sweep rates: 10 mV s�1.
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S. oneidensis MR-1 shows an electrochemical activity [16,17].
Moreover, the mutant with the gene of OmcA-MtrC knocked out
(see Scheme 1b) has a weak electrochemical activity [8], which
indicated that 4omcA-4mtrC mutant possesses some ability of
transferring electrons [18]. The function of 4omcA-4mtrC mutant
in transferring electrons is not completely lost, therefore, it can be
inferred that other proteins in the mutant are playing the role of
EET [18]. Till now, it is still a deduction and needs more evidences
to prove it.

For complicated cells, it is difficult to clearly state which
proteins/groups are response for electron transfer processes only
by cyclic voltammetry (CV) or differential pulse voltammetry
(DPV). The data obtained in the CV or DPV are just the average
signal of total electrochemical behavior; while more information
about vibration groups can be obtained by FTIR measurements in a
molecular level. Some researchers have employed FTIR spectros-
copy to study S. oneidensis MR-1 [19–21]. Elzinga et al. used
attenuated total reflection (ATR)-FTIR spectroscopy to study the
influence of pH value when S. oneidensis was loaded on hematite
sorbent and they found that the attachment mode of reactive P-
groups varied with pH value [22].

Electrochemical in situ FTIRS can provide information about
optical absorbance of particular species in solution or on electrode
surface during the electrochemical reaction, and it can monitor the
change of species at the molecular level. More information, e.g.
bacterial activity and capability of electron transfer, can be
extracted during cell respiration by this in situ technique. Only a
few applications of electrochemical in situ FTIR in investigating the
EET have been reported [23–25]. Busalmen and Feliu et al. studied
the surface redox processes in G. Sulfurreducens by ATR-surface
enhanced infrared absorption spectroscopy, and found that
external cytochromes had responded to the potential of the
electron acceptor. Collectively, these studies only assign several IR
bands to the heme group in cytochromes c rather than to certain
protein of S. oneidensis and G. Sulfurreducens species.

A better understanding of the EET mechanism benefits the
development of various bioelectrochemical technologies, such as
microbial fuel cells [26]. It also provides a further comprehension
of microbial ecology [27]. Since OmcA-MtrC protein at the outmost
cell membrane plays a key role in EET (i.e. the capability of transfer
electrons), we thus monitor the EET process via tracking IR bands
ascribing to OmcA-MtrC protein. For comparison, the mutant that
was knocked-out the gene of OmcA-MtrC of Shewanella oneidensis
MR-1 was used here to determine the IR band assignment, i.e., the
difference between two strains is that membrane bonded OmcA-
MtrC protein. Through comparing EET of the wild type and its
mutant by investigation of CV and in situ FTIR spectroscopy, the IR
bands and the function of OmcA-MtrC protein in EET process can
be clearly obtained during cell respiration.
2. Experimental

2.1. Chemicals

The chemical reagents, Na2HPO4�12H2O, KH2PO4, NaCl, sodium
lactate, are of analytical grade. Luria–Bertani (LB) medium used in
culture was prepared with 10 g L�1 peptone (biological reagent),
5 g L�1 yeast extract (biological reagent) and 5 g L�1 NaCl.
Phosphate buffer solution (PBS) (pH 7.0) was made by mixing
50 mM solutions of Na2HPO4�12H2O and KH2PO4. All aqueous
solutions were prepared with ultrapure water (resistivity > 18 MV
cm) purified by a Milli-Q Labo apparatus (Nihon Millipore Ltd).
Deuterated water (D2O, Sigma-Aldrich chemistry) is 99.99% high-
purity.

2.2. Cell cultivation and prepared

The 100 mL of LB medium prepared with 50 mM PBS was
sterilized at 121 �C for 20 min before the bacterium were cultured
[28]. Then the S. oneidensis MR-1 wild type and the mutant were
cultured aerobically in a constant temperature incubator with
slight shaking (120 rpm) at 30 �C for 25 h [28]. The optical density
at 600 nm (OD600) was about 1.0 at that time. Subsequently, the cell
culture was centrifuged at 8000 rpm for 5 min and rinsed with
doubly distilled water twice to reduce the riboflavin function on
mediated EET.

2.3. Cyclic voltammetric experiments

In all electrochemical experiments, saturated calomel electrode
(SCE) was used as the reference electrode, and Pt foil served as
counter electrode. The working electrode employed here was Au
polycrystalline disk. Before each experiment, the working elec-
trode was successively polished in 1, 0.5 and 0.03 mm aluminum
oxide powder then was rinsed with ultrapure water repeatedly.
The cleanliness of the bare electrode surface was checked by cyclic
voltammetry in 0.5 M H2SO4 solution (Electronic Supplementary
Information (ESI) Fig. 1) [29].

5 mL cells collected in section 2.2 was delivered to the surface of
clean Au electrode. Up to now, it is still difficult to get a monolayer



Fig. 2. The transmission infrared spectra of dry films on CaF2 window with S.
oneidensis MR-1 wild type and4omcA-4mtrC mutant referring to the air spectrum;
32 scans collected; resolution is 4 cm�1.
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during the biofilm development on electrode surface. The
bacterium loaded Au electrode was then used in electrochemical
and spectroscopic experiments. The cyclic voltammetric experi-
ments (CHI 660D, Shanghai Chenhua Instruments Co., Ltd.) were
performed to study the intrinsic electrochemical properties of
cells. Oxygen was removed from the solution by bubbling N2 before
for 10 min in each experiment and this atmosphere was
maintained by a flow of N2 during the whole experiments. All
the experiments were carried out at room temperature.

2.4. Electrochemical in situ FTIR experiments

Bacteria will lost their activity during dry process, while the
cells keep their activity in water solution. In order to compare the
difference between the alive cells and the dead ones, electro-
chemical in situ FTIR spectra for the cells in water solution and
transmission FTIR spectra for bacteria dried on CaF2 window were
respectively collected.

In the electrochemical in situ FTIR spectra, reference potential
(ER) is set at -0.50 V and sample potentials (ES) are set at the
potentials of bacteria performing respiration. The resulting
spectrum was presented as the relative change in reflectivity that
is calculated as follows.

DR
R

¼ R ESð Þ � R ERð Þ
R ERð Þ (1)

Where R(ES) and R(ER) are single-beam spectra through co-added
and averaged interferograms processes at ES and ER respectively.
FTIR measurements were carried out with a Nexus 870 spectrom-
eter (Nicolet) equipped with a liquid nitrogen-cooled MCT-A
detector. A CaF2 disk was used as IR window in the electrochemical
in situ FTIR cell as previously reported [30]. Incident IR beam
irradiates on the IR window, and then passes through the thin layer
between the electrode and the window and further reflexes
through the window into the detector (see ESI Scheme 1). An Au
electrode about 5 mm in diameter covered with bacterium (as
described in section 2.3) was used in FTIR measurements. A total of
400 scans using an instrumental resolution of 8 cm�1 were
collected and averaged at each potential. Multi-stepped FTIR
spectroscopic technique was applied in order to examine the
change of the characteristic functional groups during the
electrochemical redox processes.

S. oneidensis MR-1 wild type and 4omcA-4mtrC mutant were
respectively dripped onto the CaF2 window and then dried in air to
form a dry film. Pure sodium lactate (liquid) was dripped into
another CaF2 window to form a thin liquid layer. The dry film of
cells and the thin liquid layer of lactate were respectively delivered
to transmission spectroscopic analysis. 32 interferograms of the
transmission spectrum of bacteria and sodium lactate were
respectively collected in IR liquid cell, and air background was
used as reference spectrum. According to the following formula

A absorbanceð Þ ¼ �log
RS

RR
and,

the result spectrum is calculated as follows.

%T transmittanceð Þ ¼ RS

RR
� 100 (2)

Where RS and RR are the sample and reference spectrum collected
in transmission FTIR spectroscopic detection, respectively.

In order to investigate the capability of bacterial respiration and
avoid the water interference in the 1585 � 1700 cm�1 range, water
was replaced by deuterated water (D2O) (ESI section 2) [31] during
the in situ FTIR investigation. Sodium lactate was dissolved in PBS
deuterated water (PBS D2O solution), and 22 interferograms of the
transmission spectrum of sodium lactate PBS D2O solution were
collected in a 6 mm thick thin layer between two CaF2 windows,
referring to the spectrum of PBS D2O solution. The result was also
presented as difference spectrum calculated as formula (1), in
which R(ES) and R(ER) are sample spectrum in ES and reference
spectrum in ER respectively.

3. Results and Discussion

3.1. Cyclic voltammetry

The CVs of S. oneidensis MR-1 wild type,4omcA-4mtrC mutant
and bare Au electrode in 50 mM PBS were shown in Fig. 1a. The
increasing current on bare Au electrode in the positive-going
sweep at potentials higher than 0.6 V, is corresponding to
oxidation of the active species on gold surface or the chemisorp-
tion of oxygen from water [32]. The characteristic reduction peak of
gold oxides is located at 0.53 V in the negative-going sweep. Due to
the amount of cells on the surface of electrode cannot be precisely
determined, we do not compare the current value between the
wild type and the mutant in this paper. With S. oneidensis loaded
on Au electrode, a pair of redox peaks which is corresponding to c-
type cytochromes was observed [8]. The peak-to-peak separation
DEp (DEp = Epa� Epc) on CV curves can be used as a measurement of
the kinetic hindrance exerted by bacterial layers on the electron
transfer process. From the results in the inset of Fig.1, the oxidation
peaks of the wild type and the mutant are observed at ca.�0.05 V
while the reduction peaks locate at ca.�0.35 V. Thus, the value of
DEp is ca. 300 mV, indicating that bacterial layers present a large
barrier effect on heterogeneous electron-transfer between Au
electrode and cytochromes c [33].

Lactate was used as an electron donor in the system which is the
energy source for bacteria. When lactate is added into the solution,
the change current or potential represents the response of EET
process in live cells. In order to obtain a complete CV curve, the
positive potential limit was extended to 0.8 V. Fig. 1b showed the
CVs of S. oneidensis MR-1 wild type, 4omcA-4mtrC mutant and
bare Au electrode when lactate was added into the solution. As can
be seen lactate had not been catalytically oxidized by bare Au
electrode, which is shown in the dashed dot line of Fig. 1b, but it
was adsorbed on bare Au surface and restrained the oxidation of
bare Au electrode. The adsorptive phenomenon of lactate was
found in the following electrochemical in situ FTIR experiments.
The oxidative current of the bacteria loaded Au electrode increases



Table 1
IR assignments of S. oneidensis cells and lactate [2,19–22,34,35].

Wavenumber(cm�1) assignments

1742 n(C = O) in �COOH of OmcA-MtrC
1712 n(C = O) in �COOH for other proteins
1684 nas(�OCO) of lactate in water
�1655 amide I: n(C = O) and n(C � N) and d(�NH) in amines
1588 nas(�OCO) of lactate in D2O
1542�1549 amide II: n(C � N) and d(�NH)

1455�1461 dasðCH3Þ of lactate
1450�1456 dðCH2=CH3Þ in bacteria
1418�1423 ns(�COO) of lactate
1412 ns(�COOH) in bacteria
1384/1396 ns(�COOH) in bacteria
1354 ns(�COOH) in bacteria
1235�1242 n(C = O) in �COOH; n(P = O) in PO4

3�

1150�1000 ns(PO2); n(ring); n(C � O); n(P = O); n(C � OH, C � O � C); n(P � OH, P � OAu), n(ring)
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by lactate adding when the potential changed from 0 to 0.8 V,
indicating that both the wild type and the mutant have possessed
the EET nature. The result also agrees with the literature reported
by Meitl et al [16]. Moreover, the onset oxidation potential of
lactate on the wild type showed 50 mV lower than that of the
mutant, suggesting that the catalytic ability of the mutant was
weakened when OmcA-MtrC protein was absent. These results are
in accordance with the refrence [18]. Moreover, the CVs of bacteria
with different scan rates are also studied in ESI Fig. 2.

3.2. The transmission infrared spectroscopy

Fig. 2 depicts the transmission infrared spectra of two dry film
of S. oneidensis MR-1 wild type and 4omcA-4mtrC mutant. The
bacterial proteins are denaturated during the drying process, thus
the bioactivity of bacteria would be lost. In this case, the key IR
bands assigned to the proteins related to EET may not be found in
the IR spectra. It can be seen that the characteristic infrared
absorption of the two spectra of the wild type and its mutant are
similar in Fig. 2. Five clear bands located respectively at ca. 1650,
1542, 1452, 1396 and 1242 cm�1 in range from 1800 to 1100 cm�1.
The details of IR assignments of S. oneidensis cells are listed in
Table 1 [2,19–22,34,35].

Fig. 3a shows the transmission IR spectra of the thin liquid layer
of pure sodium lactate. A broad band at 1585 � 1700 cm�1 in
Fig. 3a, seriously suffering from the interference of the water, is
Fig. 3. (a) The transmission IR spectrum of pure sodium lactate (liquid) referring to
the air IR spectrum; 32 scans collected; resolution is 4 cm�1; (b) The transmission IR
spectrum of sodium lactate in PBS D2O solution referring to the lactate-free PBS D2O
IR spectrum; 22 scans collected; resolution is 8 cm�1.
related to the asymmetric nas(�OCO) stretching vibration in pure
sodium lactate [34]. The bands at ca. 1455, 1420 and 1085 cm�1 can
be respectively attributed to the das(-CH3) bending vibration, the ns
(�COO) and n(C-O) stretching vibration of lactate [34]. When lactate
was dissolved in PBS water solution, many bands are overlapped by
the band of water, so little useful information can be obtained. In
order to eliminate the effect of the water, D2O was used here
instead of H2O. As can be seen from Fig. 3b, three bands were found
at 1588, 1461 and 1085 cm�1, which can be ascribed to nas(-OCO),das
(CH3) and ns(C-O) in lactate. The other bands locating at ca. 2295 and
1207 cm�1 can be assigned to the characteristic absorption of D2O
solvent (Table 1).

3.3. The electrochemical in situ FTIR spectroscopy

It can be seen from the CV in Fig. 1 that no electrochemical
reaction happens at �0.5 V, which was chosen as the reference
potential, R(ER), for the reference spectrum. Sample spectra R(ES)
were collected with an interval of 0.1 V from �0.1 to 0.4 V in the
PBS, and the potentials were extended to 0.8 V in the PBS
containing lactate. The resulting data are obtained from the
potential difference spectra which are calculated according to
formula (1).

When the potentials were applied to the wild type or the
mutant modified Au electrode in 50 mM PBS, a series of spectra
were obtained in Fig. 4(a, c). Positive-going bands appeared at
1742, 1655, �1549, 1452, �1384, 1242 and 1098 cm�1 for the wild
type in Fig. 4a, and occurred at 1712, 1655, �1549, 1452, �1396,
1242 and 1098 cm�1 for the mutant in Fig. 4c. It is noticed that the
intensities of positive-going bands in Fig. 4(a, c) such as 1742 or
1712, 1655, �1549, 1452, �1396 and 1242 cm�1 increase with the
potential when it is shifting from �0.1 to 0.4 V. The latter four
bands, which are attributed to the characteristic bands of S.
oneidensis MR-1, are consistent with the foregoing transmission
spectra of Fig. 2. The band at 1655 cm�1 is close to the absorptive
position of water, hence it is difficult to know if it is from the
characteristic bands of the bacterium. And the bands between
1150 and 1000 cm�1 are complex and overlapped by the stretching
vibrations of C�O and P�O, therefore, they are also difficult to be
assigned (shown in Table 1) [20].

Compared the spectra of Fig. 4a and Fig. 4c, there was an
obvious difference between the wild type and the mutant is that
the wild type has a band at 1742 cm�1 (Fig. 4a), while the mutant
has one at 1712 cm�1 (Fig. 4c) during their EET process. The both
bands at 1742 and 1712 cm�1 were assigned to the stretching
vibration of carbonyl n(C = O). However, the two bands at 1742 or
1712 cm�1 are not observed in the dry film of the wild type and the
mutant in Fig. 2. Wang et al [35]. reported that no carbonyl band



Fig. 4. Electrochemical in situ FTIR spectra in 50 mM PBS (a and c) and 50 mM PBS + 10 mM sodium lactate (b and d), at a S. oneidensis MR-1 wild type modified Au electrode (a
and b), and4omcA-4mtrC mutant loaded Au electrode (c and d); ER is �0.5 V, ES is indicated in every spectrum, 400 scans collected; resolution is 8 cm�1; (e) The absolutely
integral intensity of CO2 IR band and the relative value of ICO2 / IC¼O(at 1742 or 1712 cm-1) calculated from (a,c) for two bacteria respectively, (f) S. oneidensis MR-1 wild type from (a,
b) before and after adding the lactate (b).
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(1850 � 1650 cm�1) was found in cells after being dried at 60 �C for
10 min. Parikh et al [20]. also reported that an EET process happens
when S. oneidensis is mixed with colloidal a-Fe2O3, and the
carbonyl band at 1720 cm�1 was observed. Therefore it can be
inferred that the bands at 1742 and 1712 cm�1 were the
characteristic absorption bands in the wild type and the mutant
involved in EET process. The speculation can be mutual corrobo-
ration by the transmission infrared spectra of dead cells in two dry
films (Fig. 2). In addition, the two negative-going bands at ca.
1412 and 1354 cm�1 can be attributed to the ns(�OCO) stretching
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vibration of protonated carboxyl groups which are the oxidation
products of redox proteins. A sharp negative-going band around at
ca. 2342 cm�1 corresponding to the O–C–O asymmetric stretching
mode of CO2 occurs and increases with potentials. It is ascribed to
the product of metabolism of cells at elevated potentials.

When lactate was added into the PBS solution and then the
spectra changed, which is shown in Fig. 4(b, d). The IR bands at 1742,
�1549,1452,1242 and 1098 cm�1 in Fig. 4b are clearly observed and
showed no obvious difference with the results in Fig. 4a. Because the
intensity of the CO2 band is obviously larger than that of lactate-free
solution, the intensity of CO2 band is closely related to the amount of
CO2 produced mainly by the oxidation of lactate, we proposed that
the intensity of the CO2 IR band can be used as the benchmark to
estimate the activity of bacteria.

Accordingly, we studied the relationship between the intensity
of the CO2 IR band and the applied potentials (Fig. 4e and 4f). It can
be seen from the black lines, the absolute intensity of CO2 IR band
increases with the rise in potentials. However, considering the
amount of cells is not precisely consistent on the surface of Au
electrode, we use the relative intensity of the IR band to assess the
CO2 amount so as to decide capacity of bacterial metabolism. The
intensity of C = O IR band at 1742 or 1712 cm�1 at �100 mV is taken
as a standard to measure of the relative intensity of CO2 in present
condition. The relative intensity of CO2 IR band was thus defined as
ICO2 / IC = O (at 1742 or 1712 cm�1 for the wild type and the mutant
respectively). From the red lines in Fig. 4e and 4f, the relative
intensity of CO2 IR band has increased with the rise of potentials
Fig. 5. Electrochemical in situ FTIR spectra in 50 mM PBS D2O solution (a and c) and 50 m
type modified Au electrode (a and b), and4omcA-4mtrC mutant loaded Au electrode (c an
8 cm�1.
and it indicates that bacterial metabolism capacity increases with
the rise of potentials. It is noteworthy that the absolute and relative
intensity of CO2 band of the wild type are much higher than that of
the mutant (Fig. 4e), the reason may be that electron transfer
capability in the wild type is stronger than that in the mutant. In
the presence of lactate, the intensity of CO2 IR band increase even
more greatly (Fig. 4b, d, f), and this illustrates that bacterial EET
activity increases. The absolutely integral intensity of CO2 IR band
of wild type and mutant from Fig. 4 (b, d) was also shown in ESI
Fig. 3. It shows that the intensity of CO2 IR band is larger in the wild
type than that in mutant. The conclusions were coinciding with the
results of CV, but electrochemical in situ FTIRS method is more
quantitative in explaining the reason why the wild type has greater
electron transfer capacity compared with mutant.

As shown in Fig. 4b and 4d, a new broad positive-going band at ca.
1684 cm�1 appears for wild type (Fig. 4b) when lactate was added
into 50 mM PBS solution, but does not occur for the mutant (Fig. 4d).
This band is strongly interfered by water and it is difficult to be
assigned. Most of the features observed for the proteins in bacteria
are barely seen in Fig. 4d especially for the band at 1712 cm�1 for
4omcA-4mtrC mutant. The bands ascribed to lactate are seriously
interfered by the absorption of the water bending mode which
makes it difficult to identify them. Therefore, H2O was replaced by
D2O solvent to perform the IR measurement in this study.

When D2O was served as a solvent to prepare the solution, the
interference by H2O was eliminated. As seen from Fig. 5a of the
wild type, the band at 1712 cm�1 appears in PBS solution but not at
M PBS D2O solution + 10 mM sodium lactate (b and d), at an S. oneidensis MR-1 wild
d d); ER is �0.5 V, ES is indicated in every spectrum, 400 scans collected; resolution is



Fig. 6. The cyclic voltammograms of bare Au electrode loaded with S. oneidensis MR-1 wild type in 50 mM PBS D2O solution (a) and 50 mM PBS D2O solution containing 10 mM
sodium lactate (b); Scan rates: 10 mV s�1.

Fig. 7. The cell growth curve of S. oneidensis MR-1 wild type and 4omcA-4mtrC
mutant cultured in LB medium prepared with H2O or D2O.
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1742 cm�1. When lactate was added to the solution, the band at
1742 cm�1 reappeared while the band at 1712 cm�1 was still
present (Fig. 5b). The intensity of the band at 1742 cm�1 is much
lower than that in water and also weaker than that at 1712 cm�1. It
is interesting to observe that the band of 1742 cm�1 is closely
related to the metabolism while the bacteria is respiring lactate.
Furthermore, the amide I mode of the proteins at ca.1655 cm�1 and
other bands, 1542, 1354, 1098 and 1068 cm�1, can also be clearly
found in these two spectra. However, some positive-going bands
like 1452 and 1242 cm�1 are obscure to be observed. The band at
ca.1418 cm�1 attributed to ns(�COO) of lactate is also found in Fig. 5b
and it increases with potential. As for 4omcA-4mtrC mutant, the
bands found in Fig. 5c and Fig. 5d are similar to those in Fig. 5a. The
difference is that the intensity of the band at ca. 1459 cm�1

decreases with the increase of the potentials and then disappears.
Under careful observation, we can see that the band at 1418 cm�1

appears at �100 mV for the wild type while it is observed at
600 mV for the mutant. This result may be related to OmcA-MtrC
protein. The most noteworthy is that the band assigning to CO2 has
not been observed in D2O solution in Fig. 5.

D2O, in general, is cytotoxic to bacteria, it depresses the
metabolism activity of cells. The cyclic voltammetry curve in D2O
solution for S. oneidensis MR-1 wild type was shown in Fig. 6. The
bacteria prefer to adsorbing onto electrode surface rather than
suspending into the toxic D2O solution, so much better quality CVs
are presented in D2O than that in H2O solution. As shown in Fig. 6, a
broad oxidative peak appears in the positive-going sweep and a
reductive peak appears in the reverse sweep. With the increase of
the number of the cyclic scan, the current of redox peaks
continually decrease in Fig. 6a. The potential of redox peaks shifts
positively simultaneously, making the value of DEp unchanged. The
phenomenon that redox peaks decrease occurs also with the
addition of sodium lactate shown in Fig. 6b. These two results
illustrated that the activity of redox of bacteria decreased in
deuterated water solution, indicating that D2O indeed depresses
the bacterial metabolism. But the cells still exhibit a weak
capability of metabolism and can transfer electrons in a short time.

Moreover, the different effects of cellular toxicity of D2O on cell
proliferation for two strains were also investigated by the cell
growth curve, in which OD600 nm value represents the bacterial
population density. Cells were cultured aerobically in LB media
prepared with H2O or D2O without shaking at 30 �C. From Fig. 7, it
can be clearly observed that the growth of wild type and its mutant
in water solution underwent four periods, i.e. adaptation period
(before 5 h), the logarithmic growth phase (5 h � 33 h), growth
stable period and decline phase. A significant growth inhibition of
wild type was found in D2O medium until culturing over 40 h while
lower amount mutant was breed. These results showed that D2O
are more significantly harmful to strain with OmcA-MtrC protein
knock-out than wild type. It can be also illustrated that OmcA-MtrC
protein in the cell outer membrane played an important role of
adaptive ability to adverse condition further bearing cellular
toxicity. The two strains used in our FTIR / CV experiment were
marked in the cell growth curve shown in Fig. 7. Although D2O
toxic effect to cells is different, the cells are alive but strongly
inhibited thus the intensity of CV current decrease with the cycles
(shown in Fig. 6b). This is the reason why the carbonyl group of
1742 and 1712 cm�1 were observed and the intensity of the band at
1742 cm�1 is much lower than that in water.

Combined with the results in H2O and D2O solution, the band at
ca. 1684 cm�1 in H2O solution may be the nas(�COO) stretching
vibration of carboxyl groups of lactate rather than the water, but
seriously affected by the water. It is an important marking of the
oxidation of lactate. In addition, we used the electrochemical
modulation P- or S-polarized FTIR spectroscopy to distinguish the
dissolved species and the surface adsorptive species and the result
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is shown in ESI Fig. 4. The results indicated that the lactate may be
adsorbed through carboxyl to the Au electrode surface in PBS D2O
solution.

Tang et al. reported that S. oneidensis has different metabolic
pathways: when in the adverse environment, its capability of
metabolism weakens, and lactate was transformed to other
products rather than CO2 [36]. Therefore, the capability of
metabolism of bacteria can be assessed by determining CO2

amount, and it also agrees with our viewpoint. This explains why
no CO2 IR band appears in D2O spectra in Fig. 5, and the difference
between Fig. 4 and Fig. 5 would be easily understood.

According to the IR bands change and the species difference, we
conclude that the band at 1742 cm�1 is attributed to the n(C = O)

stretching vibration of carboxyl groups in OmcA-MtrC, while
1712 cm�1 is related to some unknown transferring-electron
protein. When the bacteria suffers from cytotoxicity by D2O, the
outer membrane protein OmcA-MtrC is damaged and inactivated.
In this case, other proteins may begin to work and result in the
band appearing at 1712 cm�1. This is exactly like what observed in
Fig. 5a. OmcA-MtrC will be activated again under the stimulation of
substrate, resulting in the band reappearing at 1742 m�1 with the
addition of lactate (see Fig. 5b and ESI Fig. 5).

4. Conclusions

This work studied the directly extracellular electron transfer of
S. oneidensis MR-1 wild type and 4omcA-4mtrC mutant. It can be
known from cyclic voltammetry, both wild type and mutant have a
pair of redox peaks that were ascribed to be a series of proteins (c-
type cytochromes). Moreover, the wild type and the mutant
possess the enhanced capability of electron transfer with addition
of lactate.

From electrochemical in situ FTIR results, the capacity of
metabolism of the wild type is higher than that of the mutant
according to CO2 measurement; Compared with water and
deuterated water, we attribute the band 1742 cm�1 and
1712 cm�1 to the characteristic groups of OmcA-MtrC and an
unknown protein respectively. We thus inferred that OmcA-MtrC
protein exhibited the IR band at 1742 cm�1; while the directly EET
process of the mutant was carried out by the unknown protein and
displayed the IR band at 1712 cm�1. The EET process with OmcA-
MtrC protein is much stronger than that with unknown protein.

Although many questions still remain open, electrochemical in
situ FTIR is a useful tool to investigate the electron transfer
processes as it provides more information at a molecular level. It
shed lights on the study of the capability of bacterial metabolism.
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